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This study demonstrates the use of fused filament fabrication (FFF) 4D printing (4DP) to print programmable
continuous fibre-reinforced composite (CFRC) structures with exceptional strength and eco-friendly features.
This research focuses on bio-shape memory polymer composites (SMPCs) and employs experiments to fabricate
lightweight CFRC parts using FFF technology. Different types of continuous fibres, including carbon fibre (CF),
aramid fibre (AF), and fibreglass (FG), are incorporated into a biopolymer matrix made of biodegradable pol-
ylactic acid (PLA). The study evaluates microstructure, mechanical properties, and shape memory properties of
SMPCs, employing techniques like cold and hot programming. Continuous fibres significantly enhance me-
chanical properties, increasing strength by over 1027.5 % in tensile tests and nearly 497.3 % in three-point
bending tests. The research also addresses shape recovery and fixity ratios in 4D-printed SMPCs, finding a
decrease when continuous fibres are incorporated into PLA. Notably, FGPLA specimens achieve the highest shape
recovery ratio of approximately 95 + 1 % after pure PLA. These findings highlight the potential of 4D-printed
CFRCs in various applications, from human-material interaction to mechanical and biomedical fields. They
contribute to sustainability by reducing material consumption and waste, demonstrated through the creation of

reusable and lightweight items like hooks, lockers, finger splints, and meta-composites.

1. Introduction

4D printing (4DP) is an advanced method of additive manufacturing
[1]. It’s used to create dynamic structures that can change shape and
structure when exposed to certain environmental factors [2]. This
technology allows materials like thermoplastics to be programmed to
transform over time. Shape memory polymers (SMPs) and shape mem-
ory polymer composites (SMPCs) are materials that are often used in 4D-
printed actuators and structures that can change their shape and
configuration [3,4]. They show great potential for applications from
engineering to medical fields [5-7]. They can maintain a predefined
shape and then return to their original, permanent shape when triggered
by external factors [8].

The fused filament fabrication (FFF) approach stands out as the most
popular among 3D printing processes, mostly due to its affordability in
terms of printer equipment and the accessibility of a large variety of
affordable SMPs and SMPCs [9,10]. FFF 3D printers are widely used in a
variety of sectors, particularly for fast prototyping [11-13]. Thermo-
plastic SMPs in the FFF process offer benefits in terms of affordability
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and ease of printing, yet they typically exhibit limitations in terms of
their mechanical strength and performance [14-16]. Continuous fibre
printing has been a key approach for enhancing the mechanical char-
acteristics of SMPs produced by FFF 4DP [17,18]. The procedure of 3D
printing of continuous fibre-reinforced composites (CFRCs) involves
incorporating continuous fibres into the material through a combination
of in-situ impregnation and fibre tension in FFF process [19]. CFRCs
improve mechanical properties while reducing material usage and
promoting lightweight products [20-22].

The potential uses of SMPCs have been expanded by several in-
vestigations that have focused on 4DP CFRCs [23,24]. Research works
also focused on shape recovery and shape fixity of printed CFRCs met-
amaterials and their performance [25-27]. Zeng et al. [28] investigated
the electro-induced shape memory effect (SME) of the 4D-printed
continuous carbon fibre (CF) reinforced polylactic acid (PLA)-based
composites by conducting tests involving electric heating to observe the
shape recovery process. The stability and feasibility of the resistance
heating approach were demonstrated by the results, which showed a
shape recovery rate of more than 95 % [29]. Dong et al. [30]
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investigated the influence of both printing and structural parameters on
the mechanical properties and shape memory capabilities of the printed
CFRGCs. The results from experiments demonstrated that even a modest
inclusion of 3.8 % fibre in the composite led to a significant increase in
tensile strength by more than 300 %. However, introducing more fibre
had an adverse impact on the composite’s ability to recover its shape,
thereby negatively affecting its shape-changing properties.

Moreover, Zhou et al. [31] introduced a co-extrusion 4DP technique
that incorporates continuous metallic fibres into thermoplastic SMPs.
This integration established an electrical heating pathway within the
polymer matrix. The heating rate achieved for SMPCs using this method
was 70 times faster. Chen et al. [32] used FFF to fabricate SMPCs
comprised of continuous CF and reinforced PLA. This composite
exhibited remarkable qualities such as high strength, potent shape re-
covery force, swift response to low-voltage stimuli, and outstanding
electrothermal SME. Under electrical thermal stimulation, most speci-
mens achieved a shape recovery ratio of 90 %. Also, Yang et al. [33]
found out the distinct bending characteristics of this cost-effective
printed active composite across various physical states. The note-
worthy magnitudes of maximum deformation and deformation force
measuring 7 mm and 100 mN for CF/PLA specimens, and 10 mm and
200 mN for CF/polyether-ether-ketone specimens highlighted the po-
tential application of this dual-layer SMPCs and the 4DP technique in

~
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areas such as biomimetic sensors, actuators, transducers, and artificial
muscles.

While prior research has extensively examined the progression and
analysis of SMPCs strengthened by continuous fibres [34-36], these
inquiries predominantly revolved around the utilization of such
continuous fibres to strengthen the mechanical attributes of 4D-printed
meta-composite structures. Additionally, they aimed to evaluate the
efficacy of SMPCs in terms of critical factors like shape recovery and the
SME. However, it’s important to highlight that these earlier in-
vestigations have often overlooked a significant aspect in terms of fibre
comparison in SMPC printing. These roles are played by fibres like
aramid fibre (AF), fibreglass (FG), and CF when integrated as reinforcing
agents within 4D-printed PLA smart materials. The examination of
reusability and lightweight properties in 4D-printed SMPCs remains
unexplored. Exploring the potential reduction in structural weight and
material usage will pave the way for sustainable and environmentally
friendly design practices. This omission underscores a valuable research
gap, underscoring the need to delve into the unexplored terrain of these
specific fibre reinforcements.

The novelty aspect of this research lies in the investigation of FFF 4D-
printed CF, FG, and AF in conjunction with a biodegradable PLA matrix.
The main goal is to understand the shape memory properties in printed
SMPCs via cold and hot programming while analysing the

Sustainability

Lightness
" Degradability Resource
R Conservation
euse - - Waste @
‘ Reduction . .
-~ Design

Meta-structure

Fig. 1. 4DP of SMPCs showcasing their role in sustainability and demonstrating applications across industries. The transformative potential of 4DP technology in

revolutionizing material engineering and design.
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microstructure and mechanical properties of printed CFRCs. This
method results in reduced material usage and waste, yielding a final
product that is both lighter and stronger, ultimately enhancing its
overall quality. It also allows for the reusability of 4D-printed objects
due to the shape recovery feature, aligning with circular economy
principles for eco-friendly, long-lasting manufacturing. This technique is
crucial for sustainability as it minimizes material usage in printing while
improving mechanical strength. Additionally, shape fixity and shape
recovery in fibre-infused specimens are evaluated under identical
printing conditions. A detailed examination of the shape memory
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responses of 4D-printed SMPCs for a deeper understanding is conducted
as well. This includes a thorough analysis of microscopic and SEM im-
ages of fractured specimens and microstructure with integrated fibres.
Findings highlight the potential of SMPCs to revolutionize various fields
including soft actuators, human-material interaction, medical devices,
and cellular structures. Fig. 1 illustrates the application concept
achievable through this method. The ability to reuse printed structures
minimizes material waste and consumption during the printing process.
These printed structures are both lightweight and sufficiently strong. In
essence, this technique promotes sustainability through its highlighted

Hot End

Fig. 2. (a) The schematic depicts a diagram of an FFF printer and its nozzle utilized for printing CFRCs, along with an illustration of printing composite specimens.
(b) Images of CFRC beams and samples fabricated following ASTM standards for mechanical tests.
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attributes.
2. Materials and methods
2.1. Materials

The matrix material utilized in this study needs to possess SME
properties to achieve the capability of changing shape. PLA is exten-
sively employed in 4DP due to its significant SME characteristics [37].
Moreover, PLA filament constitutes an environmentally friendly ther-
moplastic polymer sourced from renewable materials [38]. PLA is
known for its user-friendly nature, often requiring minimal exertion to
create high-quality components, particularly when using an FFF 3D
printer [39]. In this research, we utilize red PLA filament with a 1.75
mm diameter and a density of 1.24 g/cm3, obtained from 3DGence, for
all the printed specimens. Thermoplastics currently exhibit suboptimal
mechanical properties. As a result, CFRCs have been employed to
enhance the mechanical attributes of printed products. A range of fibre
reinforcements are suitable for printing purposes. CF, AF, and FG are all
amenable to FFF printing. The fibres used in this study are all procured
from Markforged, and no pre- or post-processing is conducted on the
fibres. The fibres have a uniform diameter, each measuring 0.36 mm.
Specific fibre properties are in the company’s datasheets [40-42].

2.2. Extruder development and printing process

This section gives a thorough explanation of the manufacture of
CFRCs and the design extruder developed for FFF printers. This work
employs a Creality Ender 3 V2 3D printer. The printer has been assem-
bled, and its extruder has been appropriately modified for the purpose of
this study. The extruder is in charge of integrating extended continuous
fibres and molten plastic at the same time so that they may later be
deposited together. In this regard, predetermined designs are followed
to build the extruder [43,44]. A brass nozzle, an aluminium hot block,
heaters, and an aluminium heat sink are just a few of the components
that make up the ensemble of the planned extruder, as shown in Fig. 2a.
The extruder of the Creality Ender 3 V2 has been adapted, and the hot
end has been redesigned and constructed to enable the printing of
CFRGCs. This extruder has two inlets, the first of which is for inserting
unprocessed PLA plastic filament and the second of which is for intro-
ducing continuous fibre. The fibre moves through the hot block within a
slender stainless-steel pipe, ensuring that the fibre doesn’t encounter the
molten plastic until it reaches the nozzle’s tip.

The Teflon PTFE tubing that surrounds the stainless-steel pipe acts as
insulation, preventing direct contact between the pipe and the block.
Therefore, the stainless-steel pipe is efficiently kept from overheating
thanks to the PTFE pipe, which has a thermal conductivity of 0.25 W/
(m.K). This configuration is essential for avoiding nozzle blockage. The
plastic filament is extruded while printing is taking place, stretching the
fibre originating from the printed area of the fibres. This force protects
the fibre against deformation along the print path, which results from
motion between the nozzle and the print bed. The ratio of molten plastic
to fibres is equal for all samples since the extruder’s speed controls the
feed rate of the plastic filament.

All specimens in this study are printed using constant printing

Table 1

Printing parameters of CFRCs.
Parameters Value
Nozzle Diameter (mm) 1.5
Layer Thickness (mm) 0.25
Printing Speed (mm/s) 15
Infill Density (%) 100
Printing Pattern Linear
Nozzle Temp. (°C) 210

Bed Temp. (°C) 60
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parameters as shown in Table 1. The designed extruder with a diameter
of 1.5 mm is used to create all test samples without clogging issues
[45,46]. The SolidWorks software is used to design the geometry of
these prototypes. The specimen’s shape is then saved as a stereo-
lithography file (STL) and loaded into the slicing Slic3r program where
processing settings are adjusted. Due to the 180° printing route shift at
both ends of the length direction, a drop in printing speed is imposed for
flat CFRCs. This modification gives the requisite fibre tension plenty of
time to grow and for solidification to occur.

To further explain, utilising the G-code approach in numerical con-
trol, numerous aspects like the nozzle’s feed speed, the length of the
extrusion pause during fibre redirection, and route programming to
prevent fibre entanglement are taken into consideration. A single layer’s
printing route is adhered to while arranging material layers along each
composite part’s thickness. Utilising the G-code approach in numerical
control, numerous aspects like the nozzle’s feed speed, the length of the
extrusion pause during fibre redirection, and route programming to
prevent fibre entanglement are taken into consideration.

2.3. Dynamic mechanical analysis (DMA)

The SME of 4D-printed SMPCs is related to two crucial thermody-
namic variables, the storage modulus and the glass transition tempera-
ture (Tg). To evaluate the material’s ensuing shape memory behaviour,
several characteristics must first be assessed. Analysis of the effects of
fibre incorporation on the storage modulus and Ty of the used semi-
crystalline PLA is required. In order to perform dynamic thermo-
mechanical analysis on 4D-printed pure PLA and CFRC specimens, a
dynamic thermo-mechanical analyser (DMA 8000 PerkinElmer) is
employed in this study. A beam sample is printed with 30 mm in length,
8 mm in width, and 1 mm in thickness. At a frequency of 1 Hz and a rate
of 5 °C/min, the temperature is raised from 30 °C to 80 °C.

2.4. Mechanical properties

The CFRC samples’ mechanical characteristics are assessed utilizing
a versatile mechanical testing apparatus, specifically the Shimadzu AG-X
plus machine, which is fitted with a 50 kN load cell and monitored
specimen movement using an optical camera. The dimensions of the
tensile specimens for pure PLA and CFRCs are chosen according to the
standards ASTM D638 and ASTM D3039 with a speed of 2 mm/min,
respectively [47,48]. Similarly, beams with dimensions of 100 mm in
length, 1.5 mm in width, and 0.5 mm in thickness are employed for the
tensile test. This aims to explore the impact of a layer of fibre within a
PLA matrix on mechanical properties. Furthermore, samples are pro-
duced to examine their characteristics through a three-point bending
examination. The bending specimens’ dimensions are selected in line
with ASTM D790 with a speed of 2 mm/min and a span length of 40 mm
[49]. The required qualities are tested on a total of five samples, and the
average values for each are presented. All the samples are printed in the
longitudinal direction to maximize their strength. Fig. 2b shows the test
specimens and the final printed samples. The calculation of stress and
strain is based on ASTM D790 as follows:

3FL

% = b W
6Dd

€ = 7 (2)

In this context, F represents the force causing bending, L denotes the
distance between supports, b stands for the width of the test sample,
d represents its thickness, and D is the maximum deflection of the centre
of the beam.
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2.5. Scanning electron microscope (SEM) and optical imaging

A scanning electronic microscope (JSM-7100 F LV FEG) and Leica
ICC50 W microscope are used to examine the phase structure of the
CFRCs and evaluate the fracture and fibre integration within the PLA
matrix. After the tests, the printed samples’ interface shapes and broken
cross-sectional views are analysed. The purpose of this investigation is to
assess the printed composite’s overall bonding strength as well as how
effectively the individual components are integrated.

2.6. Shape memory properties

It may be deduced that the basic idea of SME includes the production
of thermal energy because the majority of SMPCs are triggered by heat,
which is created by the application of external heat. The shape recovery

(a)

Hot Programming SMPC
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of the printed samples shape under thermal stimulation is evaluated
through the application of both cold and hot programming techniques
(see Fig. 3a) [50,51]. To explore the SME of the printed samples, every
specimen is designed using SolidWorks. Simple beams with a size of 50
mm length, 1.5 mm width, and 0.5 mm thickness are designed and
printed. The aim is to find out the effects of fibre on SME of PLA matrix.
A beam is fabricated to assess the impact of a single layer of fibre within
a PLA matrix. To achieve this, a two-layer printing method is employed.
As depicted in Fig. 3b, the initial layer comprises PLA infused with fibre.
Subsequently, the fibre is manually cut, and the second layer solely
consists of a PLA matrix. This approach effectively encases the fibre
within the initial matrix layer, preventing fibre breakage and ensuring
robust bonding. A set of 10 samples is tested for CFPLA, AFPLA, and
FGPLA, respectively.

Fig. 3c depicts the procedure for programming shape memory in

Recovery Procedure

Heating Heating Cooling
Loading ll Cooling Heating i
u L]

Original

Shape Phase Shape

Cold Programming SMPC

Rubbery Temporary Temporary Rubbery
Shape

Shape  Original

Phase Il Recovery Shape

Recovery Procedure

Loading _H Unloading

»

Original

Shape Shape
(b)

Deformed

(c)

Heating
T>Tg

Roller
(r=5mm)

~

Room
Temp.

P

Beam
Original
Shape

Unloaded
Cooling

Unloaded
Room Temp.

Heating [l Cooling
Heating
u L]

Temporary Temporary Rubbery
Shape

Shape  Original

Phase Il Recovery Shape

Cross Section A’

Heating
T>Tg

Fig. 3. (a) The process of programming SMPC in both cold and hot conditions. (b) Image of the printing procedure and printed SMPC with a cross-sectional view. (c)

The steps involved in cold and hot shape programming and recovery.
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detail. The process of deforming through hot programming occurs
within a heat gun that is temperature-controlled and set above the Tj.
Following this, the deformed specimens are cooled to establish their
shape stability. Conversely, during cold programming, the beams are
deformed at room temperature, and subsequently, the force is released
to ensure their shape stabilization. Eventually, all the beams pro-
grammed through both hot and cold methods are heated above Ty to
return to their original forms. The shape fixity and recovery ratio can be
computed using Equations (3) and (4).

0, —a
Ry = Shape fixity ratio = Zddormed = 100% 3)
deformed
_ L Hdefarmed — Hunremvered
R, = Shape recovery ratio = —————— x 100% 4

Oueformed

The sample’s residual deformation that does not reverse after the
delivery of a stimulus is referred to in this context as the angle
Ounrecovered- The greatest angle to which the sample is distorted and
momentarily kept in situ is represented by the Ogeformed (se€ Fig. 3¢
unloaded section). In the experiment, the mean values for both angles
are calculated. The beams are secured at one end and positioned verti-
cally. The process of heating is carried out using a heat gun at a pre-
determined temperature. The sequence of shape recovery is captured
and documented using a camera, PASCO software, and FLIR E5-XT
thermal imager from FLIR. Also, A Keithley 2110 bench multimeter
equipped with a wired thermocouple is employed to gauge the tem-
perature of beams during their shape restoration process.

3. Results and discussion
3.1. Mechanical properties

The efficiency of the developed extruder and the performance of fi-
bres in CFRCs are evaluated by producing standard tensile and bending
test specimens, as well as simple beams, using both pure PLA and PLA
enhanced with continuous fibres. The printing accuracy of the printer to
print specimens is = 0.25 mm. We have conducted the fibre content
measurement by adhering to the outlined steps. The fibre is continually
dispersed throughout the printing head’s tool path after being extruded
together with the melted plastics during the printing process. The weight
of the fibre within the specimen is determined by multiplying the weight
per unit length, while the length of the tool path automatically de-
termines the length of the fibre [52]. As a result, the weight ratio of the
fibre to the composite specimen is the fibre content. Layer thickness is a
reflection of the tool path and unit volume of the extruded plastic ma-
trix, which dictates the fibre content in the printed CFRCs. Therefore,
the determination of fibre content for printed specimens is essential. In
the case of CFPLA, AFPLA, and FGPLA, the calculated fibre content
stands at 18.11 %, 17.98 %, and 17.86 %, respectively. This metric
serves as a crucial indicator of the composite’s composition, directly
influencing its mechanical properties and performance characteristics.

Fig. 4a displays the results of the tensile tests conducted on printed
PLA and CFRCs, following ATSM D638 and D3039 standards. All sam-
ples are printed under consistent conditions, with the same fibre con-
tent. The results clearly indicate a significant increase in strength when
using printed CFRCs. A comparison between CFRCs and pure PLA re-
veals a notable enhancement in mechanical properties with the incor-
poration of continuous fibre [53,54]. CFPLA exhibits the highest
strength in comparison to FGPLA and AFPLA with an average value of
461 MPa. However, it’s worth noting that the samples tend to develop
cracks sooner due to the inherent brittleness of continuous CF [55].
Meanwhile, AFPLA and FGPLA display a strength of approximately 335
+ 5 MPa, with FGPLA exhibiting notably higher strain up to the point of
failure compared to CFPLA and AFPLA. Additionally, tensile tests are
conducted on simple beams with dimensions of 100 mm in length, 1.5
mm in width, and 0.5 mm in thickness. A layer of fibre/PLA is printed
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with the objective of assessing the impact of this single fibre layer on
mechanical properties. Fig. 4b illustrates the results of the tensile tests
performed on pure PLA and CFRC beams. The findings mirror those of
the ASTM specimens. Notably, the incorporation of a single layer of FG
within the PLA matrix demonstrates slightly higher strength compared
to AFPLA in this case.

Furthermore, three-point bending tests are conducted to assess the
performance of the printed samples (refer to Fig. 4¢). As observed in the
tensile tests, CFPLA exhibits superior mechanical properties compared
to AFPLA, FGPLA, and pure PLA, averaging 222 MPa. Pure PLA reaches a
maximum stress value of 37 MPa, followed by AFPLA with an average
stress value of 102 MPa. The CF and FG specimens exhibit progressive
cracking due to the stiffer and more brittle nature of these fibres in
comparison to AF. The CFPLA specimens exhibit superior mechanical
properties across various tests including both tensile and three-point
bending, outperforming the FGPLA counterparts. In contrast, AFPLA
and FGPLA strength levels appear to be comparable when subjected to
the ASTM tensile test. Notably, the strength of CFPLA demonstrates a
remarkable enhancement, registering an impressive surge of 1027.5 %
and 497.3 % in comparison to pure PLA in both the ASTM tensile and
three-point bending tests. Although the maximum stress values for
AFPLA and FGPLA remain closely aligned, a discernible distinction
emerges in the context of three-point bending. It is worth noting that in
tensile tests, FGPLA exhibits a greater strain at the fracture point, indi-
cating a noteworthy mechanical behaviour.

The results from the three-point bending test unequivocally indicate
that incorporating fibres into PLA material can enhance its strength,
consistent with findings from prior research on PLA/Kevlar conducted
by Cersoli et al. [56]. Meanwhile, this procedure concurrently reduces
material usage and waste. This application holds substantial promise for
real-world scenarios, particularly in the realm of 4DP, where it allows to
produce of diverse items with reduced material input without compro-
mising their mechanical properties. This development not only enhances
structural robustness but also makes a notable contribution to envi-
ronmentally conscious manufacturing practices.

As depicted in Fig. 4e, initial fractures emerge within the layers,
progressing along the length of the specimen as the load intensifies. This
leads to a separation between the two layers. When the interlayer
fractures intersect, they generate perpendicular fractures in the layer
directly beneath the applied load point. Simultaneously, tensile frac-
tures form in the lowest layer beneath the neutral axis. Both types of
fractures, originating from opposite sides, advance towards each other,
ultimately culminating in failure. The observed failure modes in the
experiments encompass delamination, matrix cracking, as well as fibre/
matrix detachment and fibre rupture. It is noteworthy that delamination
significantly influences the initiation of failure. Subsequently, after
delamination, fibre/matrix detachment takes on a more prominent role
compared to other modes of failure. The same issue occurred with the
tensile test samples, as illustrated in Fig. 4f, where both the matrix and
fibres experienced breakage. However, it’s worth noting that some fibres
remained bonded and no cracks developed in those fibres due to their
robust adhesion.

For a more in-depth examination of the fibre/matrix bonding, the
fracture surface of the CFRCs specimen is sectioned, and several pho-
tographs are taken using an optical microscope and SEM (see Fig. 4g
and h). It is evident that the ends of the fibres are susceptible to void
formation. This phenomenon may be attributed to fibre shrinkage and
an uneven distribution of the molten polymer during the printing pro-
cess. These images indicate that the fibre/matrix bonding persists until
the final fracture, with observable fibre pull-out at the fractured section
of the bending specimens. A key factor constraining the increase in fibre
volume fraction is the presence of certain limitations in the printing
process, such as the minimum return radius. This radius is defined as the
distance that the fibre must circulate and loop around when it reaches
the end of the specimen [16]. If this radius falls below a critical
threshold, the fibres are pulled out from the matrix, resulting in fibre
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breakage. Consequently, there must inevitably be a gap between the two
parallel paths of the fibres, as depicted in SEM images in Fig. 4h.

Furthermore, to evaluate the shape memory characteristics of CFRCs
in relation to their mechanical properties, the DMA test is carried out on
all printed composites under uniform size and printing conditions. Fig. 5
illustrates the storage modulus and tan & values for both pure PLA and
SMPCs. The results indicate a notable increase in the storage modulus of
SMPCs compared to PLA. However, the Tan & is lower in CFRCs
compared to PLA. This is attributed to the relatively rigid nature of
printed CFRCs in contrast to pure PLA. Consequently, the incorporation
of fibres significantly augments the stiffness, strength, and overall me-
chanical attributes of the PLA matrix. The Ty of pure PLA stands at
approximately 61 °C, whereas for AFPLA and FGPLA, it is around 64 °C
and 70 °C for CFPLA. Furthermore, to ensure consistent results in shape
memory properties, all samples are tested at temperatures surpassing
their respective Ty values.

3.2. Shape memory property

In the methodology section, both cold and hot programming tech-
niques are applied to all printed PLA and CFRC samples. The objective is
to investigate how the inclusion of a layer of fibre impacts the shape
fixity and recovery of SMPCs. During cold programming, the presence of
fibres within the PLA matrix leads to increased rigidity of the samples.
Fig. 6a provides an illustration of the programmed shape and the sub-
sequent recovered shape in cold programming for FGPLA specimens.
The printed samples are held in a vertical position using a gripper to
evaluate their shape memory behaviour. Temperature measurements
are taken using a combination of a thermocouple and an infrared cam-
era. As observed in the cold-programmed shape of FGPLA, the FGPLA
beam tends to revert to its initial shape after cold programming, a result
of its higher stiffness compared to hot programming. Consequently, this
has an impact on the shape fixity of printed CFRCs. By subjecting the
beam to heat from a heating gun at a specific distance, the sample
regains its original shape due to the SME of the PLA matrix. The same
process is carried out in hot programming, as depicted in Fig. ©b.
However, due to the nature of hot programming, the sample exhibits
higher shape fixity, a point that will be further discussed later. The
infrared images clearly demonstrate the return of the printed FGPLA
composites to their original shape after the application of heat.

Furthermore, the study involves precise documentation of the tra-
jectory of samples during both their programmed and recovered stages.
This is accomplished through the utilization of a camera in conjunction
with Capstone software, enabling a thorough assessment of their shape
recovery percentage and fixity. In Fig. 6¢ and d, we visually depict the
programmed and subsequently recovered shape of the FGPLA specimen
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under conditions of both cold and hot programming. In addition, to
ensure the robustness of our data, we meticulously monitor the tem-
perature of each specimen using a thermocouple. This step is crucial in
confirming the consistency of the experimental conditions. As demon-
strated in Fig. 6e, the graph illustrates the temperature increase to 70 °C
over time, meticulously recorded by the thermocouple wire. It is evident
that the temperature progression in both cold and hot programming
phases follows a comparable trend, further substantiating the reliability
of our experimental setup.

The performance of SMPCs that have been printed is thoroughly
assessed. In Fig. 7a, we can see the recorded ratios of how well the shape
is maintained for beams that have undergone both cold and hot pro-
gramming. When hot programming is applied, there is a significant
improvement in how well the shape is retained. For instance, in CFPLA
and AFPLA, the ability to maintain shape increases from 24 % to 78 %
and 38 % to 92 % when transitioning from cold to hot programming,
respectively. On the other hand, in cold programming, the ability to
maintain shape decreases because the fibres and PLA matrix become
stiffer and stronger at room temperature compared to programming at
temperatures above Tg. Among these materials, pure PLA has the highest
ability to maintain shape, followed by AFPLA and FGPLA in both cold
and hot programming. The CFPLA printed beams exhibit the lowest
ability to maintain shape. When the material is subjected to cold pro-
gramming, however, it tends to lose some of its shape-holding ability
due to the fibres and PLA becoming stronger and less flexible at room
temperature.

Furthermore, Fig. 7b illustrates the shape recovery ratio of 3D-
printed SMPCs. A set of 10 specimens is used for each variant.
Notably, beams crafted solely from PLA exhibit the most exceptional
shape recovery, boasting an impressive 97.9 % in cold and 98.3 % in hot
programming. Following closely are the FGPLA composites, displaying
the second-highest shape recovery rates at 95.3 % in cold and 96.1 % in
hot programming. The CFPLA specimens demonstrate comparable shape
recovery to the FGPLA, albeit slightly lower. This disparity arises from
the inherently greater rigidity of CF as opposed to FG, particularly
noticeable during cold programming, where fibre breakage may occur in
CFPLA. In contrast, printed AFPLA beams exhibit the lowest shape re-
covery performance. The introduction of AF into PLA significantly di-
minishes the material’s shape recovery capabilities, resulting in a stark
reduction. Specifically, the shape recovery ratio for AFPLA stands at
81.2 % in cold and 83.2 % in hot conditions [30]. These findings un-
equivocally underscore that the incorporation of fibres leads to a
reduction in the shape recovery performance of printed CFRCs.

Continuous fibres in 3D printed PLA can diminish shape recovery
primarily due to their inherent structural properties. When integrated
into the PLA matrix, these fibres introduce a level of rigidity and stiffness
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Fig. 5. DMA findings for printed CFRCs and PLA matrix.
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Fig. 6. (a) Fixed shape and recovered shape of cold-programmed printed FGPLA beam illustrated with Infrared imagery at the initiation of heating and the
conclusion of the cycle. (b) Fixed shape and recovered shape of hot-programmed printed FGPLA beam displayed with Infrared images at the initiation of heating and
the conclusion of the cycle. (c) The projection of fixed and recovered shape of FGPLA beam through cold programming. (d) The projection of fixed and recovered
shape of FGPLA beam through hot programming. (e) Temperature recorded over time using a thermocouple during the shape recovery process in both cold and hot

programming.

that may not harmonize with the more flexible nature of the polymer
[35]. This discrepancy in material behaviour can lead to a reduction in
the composite’s overall elasticity, hindering its ability to return to its
original shape after deformation. Additionally, if the fibres are unevenly
distributed or misaligned, they can create localized stress concentrations
within the material, further impeding shape recovery [25]. Moreover,
the bonding strength between the fibres and the PLA matrix plays a
crucial role; if this interface is weak, it can result in delamination or
separation, weakening the material’s capacity to regain its initial form.
Therefore, thoughtful consideration of factors like fibre type, orienta-
tion, concentration, and processing techniques is essential to optimize
the performance of continuous fibre-reinforced 3D printed PLA
composites.

Moreover, the investigation includes monitoring the shape recovery
of SMPC beams after undergoing hot programming. Hot programming is
preferred due to its prolonged shape recovery duration, enabling more
precise time measurements. As shown in Fig. 7¢, CFPLA and FGPLA
composites regain their shape more rapidly compared to AFPLA and PLA
[32,57]. This can be attributed to the rigid and brittle nature of the fibres
in this context. Fig. 7d provides data indicating that PLA takes 8 s to

recover its shape, while CFPLA and FGPLA only require 5.5 and 6.2 s
from the initiation of heating, respectively. However, AFPLA necessi-
tates 7 s, which is a bit similar to PLA. This is due to the fact that AF
exhibits a softer nature compared to CF and FG, as indicated by the
results of the three-point bending test. It’s worth noting that while
CFRCs exhibit faster shape recovery, their shape recovery ratio is lower
compared to pure PLA.

A shape recovery test involving cycles of both cold and hot pro-
gramming is being carried out, as depicted in Fig. 7e and f. The test
involves specimens resembling 4D-printed beams. These specimens
undergo 20 cycles of alternating cold and hot programming followed by
recovery. In both the cold and hot programming phases, pure PLA
consistently exhibits shape recovery, fully returning to its original form
[58]. However, for CFRCs, there is a slight reduction in the shape re-
covery ratio, particularly noticeable during cold programming. In
contrast, FGPLA demonstrates superior performance in the cyclic test
during the hot programming phase when compared to CFPLA and
AFPLA. This suggests that SMPCs perform better in hot programming
conditions compared to cold programming due to their reduced stiffness
during the shape programming process. Additionally, the brittleness of
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and PLA. (e) Cyclic shape recovery ratio in cold programming. (f) Cyclic shape recovery ratio in hot programming.

both PLA and fibres is less during hot programming, resulting in an in-
crease in shape fixity.

In short, FGPLA outperforms AFPLA and CFPLA in terms of both
shape recovery and cyclic shape recovery after PLA samples. It’s
important to highlight that the cyclic shape recovery of CFRCs can see
improvement if the applied programming load is reduced to 20 %. While
CFPLA shares similar shape recovery characteristics, FGPLA demon-
strates more consistent performance in cyclic shape properties. Addi-
tionally, FGPLA exhibits the second-highest mechanical strength,
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trailing only behind CFPLA in both tensile and three-point bending tests.
This is attributed to the superior bonding between PLA and FG during
printing, as well as FG’s reduced brittleness compared to CF. Notably,
CF’s higher stiffness creates a mismatch with the PLA matrix, leading to
diminished performance in cyclic shape memory tests for CFPLA.
Consequently, FG is the preferred choice for applications due to these
mentioned advantages over other fibres.
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4. Applications
4.1. Human-Material interaction

Recently, there has been a sustained fascination and focus on 4DP
within the realm of human-material interaction [22,59]. The impor-
tance of design principles that support the creation of environmentally
sustainable 4D-printed items is underscored, with a focus on minimizing
material usage and waste. Custom and personalised products that are
perfectly suited to a certain product’s requirements may be produced
thanks to FFF 4DP technology. This versatility makes it possible to create
unique gadgets that closely match user preferences, resulting in an
improved user experience and more satisfaction [60]. Furthermore, FFF
4DP offers a cost-effective manufacturing solution through product
reusability, eliminating the need for complex tooling and moulds
commonly associated with traditional manufacturing methods [4]. The
availability and user-friendly characteristics of non-toxic materials in
FFF 4DP enhance the overall appropriateness and usefulness of 4D-
printed devices produced using this technology [61].

In this work, several designs are developed focusing on human-
material interaction. These designs are notable for their reusability,
lightweight construction, and durability, all attributed to the incorpo-
ration of continuous FG within a PLA matrix. Fig. 8a showcases the
initial design, specifically the beam actuator with specified dimensions.
This hook-shaped actuator weighs 0.36 g and, following hot program-
ming of its shape demonstrates the ability to securely hold a key or lift
and hold objects weighing up to 500 g. Remarkably, the beam actuator
can support a dead load equivalent to 1385 times its weight. In contrast,
when tested under similar conditions, the beam PLA matrix alone breaks
under the heavy load. Additionally, this actuator holder boasts a
remarkable shape recovery ratio of 94 % after heating, making it suit-
able for reuse in various consumer products as needed. This feature not
only minimizes material consumption and waste but also contributes to
a more sustainable design approach.

Meanwhile, an alternative configuration is conceived, presented as a
locker in Fig. 8b. This actuator locker weighs 0.94 g and exhibits an
impressive shape recovery rate of 96 %. The degree of shape recovery in
printed SMPC products hinges on factors such as design and product
thickness. The process encompassing shape programming, shape lock-
ing, and shape recovery of these actuators is examined accordingly. One
shape-programmed arrangement of the design is established, yet there
exists the potential to adapt and amend the shape programming as
needed. By incorporating continuous FG, the actuator design can be
adjusted to function as a robust locker, endowed with high strength. This
design can secure its shape onto an object, subsequently grasping and
securing another object on the opposite side of the actuator.

Another human-material interaction design is related to the field of
the field of orthopaedics [62]. A plastic finger splint is a multipurpose,
portable medical aid used to brace and immobilise broken or damaged
fingers [63]. Plastic finger splints are a vital tool in the treatment of
finger injuries because of how simple they are to apply and how well
they work to speed rehabilitation, allowing patients to regain func-
tioning. A 2-D sheet is employed to craft a sustainable CFRC finger splint
tailored for a patient. In Fig. 8¢, the initial design of the splint, the
process of hot shaping, the subsequent shape recovery, and the ultimate
regained form are shown. This lightweight splint (2.79 g) demonstrates
an impressive shape recovery rate of about 95 %, and its design permits
multiple reuses. Notably, no top layer matrix cover is used in its fabri-
cation to investigate how the fibres behave post the shaping and re-
covery stages. As shown in Fig. 8¢, some fibre fragmentation does occur
in the bent area after shape recovery. However, due to the inherent
properties of the fibres and the strong bond between PLA and FG, this
does not compromise the splint’s ability to be reused or its mechanical
strength. The splint is constructed from plastic with continuous fibres
and is meticulously shaped to snugly fit over the injured finger,
providing support for both the finger joints and palm. Its adjustability
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ensures a secure fit for a range of finger sizes smaller than the one
depicted in Fig. 8c. Furthermore, these plastic finger splints are often
translucent, allowing for easy monitoring of the wounded area, which
can be crucial in assessing the progress of healing. Meanwhile, another
advantage of this method is using other types of thermoplastics by
modifying the printing settings. In brief, these concepts apply to mate-
rials exhibiting SME. However, establishing a robust connection be-
tween continuous fibres and the matrix poses a notable challenge. While
exploring diverse materials for advancing this application is plausible,
it’s crucial to emphasize that alternative materials must possess SME to
restore their form for reuse, a pivotal feature found in finger splints but
often absent in the majority of materials utilized in the FFF process.
Moreover, attaining a robust bond between continuous fibre and matrix
introduces another considerable hurdle, particularly when modifying
the matrix composition.

The manufacture of SMPC consumer goods contributes to a reduction
in material usage without compromising strength in the realm of human-
material interaction. The outstanding strength-to-weight ratio of CFRCs
makes them the perfect choice for a variety of applications. Contrary to
traditional materials like metals or solid plastics, SMPCs enable the
production of durable items with a substantially lower material usage.
This is accomplished by utilising the inherent strength of continuous
fibres. In today’s ecologically concerned climate, when resource con-
servation is of the highest significance, this reduction in material uti-
lisation is crucial. Additionally, the shape recovery capabilities of
printed SMPCs enable product reusability, leading to a decrease in
material waste. Another benefit of 4D-printed SMPCs pertains to pack-
aging. Given the nature of 2D sheet printing involved in this process, it
becomes feasible to transport products with compact and minimized
packaging. Consequently, this aids in cost reduction for both packaging
and delivery. This not only simplifies logistics but also lessens the
environmental effect of the packing and shipping processes.

4.2. Cellular meta-composite structures

There are several intrinsic benefits of lattice or cellular structures,
including their lightweight, excellent specific strength, and stiffness
[64]. Due to these qualities, lattices are being thoroughly researched in
various fields [65]. Incorporating a hierarchical arrangement into lattice
structures shows its capacity to withstand heavy loads. These specialised
lattice structures have been successfully used in a variety of building
sectors because of their minimal weight and amazing strength [66]. A
few examples of materials having a reputation for being lightweight are
honeycomb structures, which have been the focus of extensive research
and development due to the wide range of applications they have
[67-70]. To evaluate the effectiveness of cold programming and shape
recovery in CFRCs, a 2D honeycomb cellular structure is created. The
compression phases and cyclic loading graphs for this construction are
shown in Fig. 9. In each compression test, three specimens are used,
employing a 50 kN load cell at a speed of 2 mm/min. The structure
undergoes cyclic compression up to 80 % of the initial height which is
62 mm, as depicted in Fig. 9a. Subsequently, the structure is completely
unloaded, as illustrated in the image. An identical procedure is applied
to another specimen, this time up to 50 % strain, to discern the impact of
minimal loading on the honeycomb structure (see Fig. 9b). The struc-
tures are then heated past their Ty to regain their original shape and
return to their initial height. The shape recovery ratio in this test is
determined by the ratio of the recovered height to the initial height.

The outcomes of the cyclic compression test following heating and
shape recovery are meticulously observed and recorded. Fig. 9¢ and
d present the findings of the cyclic compression tests, conducted up to
80 % and 50 % strain, respectively. Additionally, Fig. 9e displays the
results of shape recovery for structures subjected to cyclic thermo-
mechanical loading. Based on the acquired data, it is evident that
when the structure is loaded up to 80 % strain, its shape recovery drops
to 92 %. Consequently, the structure’s performance is compromised, as
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Fig. 8. (a) Images depicting the printed SMPC actuator holder, along with stages of hot shape programming, applications, and shape recovery shown in 1 through 4.
(b) Images illustrating the printed locker, as well as the steps of shape programming and recovery outlined from 1 to 3. (c) 1. Image of the printed SMPC finger splint.
2. Programmed CFRC splint. 3. Infrared image captured during the shape recovery process. 4. Final shape of the recovered finger splint with observed fragmentation
in FG fibres. The finger splint is designed to provide support for the pointed finger joint.
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Fig. 9. (a) Progression of the compression test and loading/unloading process for CFRC honeycomb up to 80% strain. (b) The sequence of stages during the
compression test and loading/unloading of SMPC honeycomb up to 50% strain. (c) Results of force versus stroke during cyclic loading on a single sample after shape
recovery through heating up to 80% strain. (d) Results of force versus stroke during cyclic loading on a single sample after shape recovery through heating up to 50%
strain. (e) The shape recovery ratio of printed SMPC honeycomb after unloading in cyclic compression tests.

it fails to completely regain its original shape. This is attributed to the
extensive displacement experienced during loading, leading to plastic
deformation of the sample and internal cracks in the PLA matrix.
Moreover, as illustrated in Fig. 9¢, after each cycle, the structure’s
performance and shape recovery continue to deteriorate. In contrast,
when the structure is compressed up to 50 % strain, the shape recovery
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after heating reaches approximately 96 %. This notable recovery is
attributed to the incorporation of continuous fibres in the meta-
composite structure. The compression test and subsequent shape re-
covery results indicate that after the loading and unloading, the out-
comes remain consistent in cycles 2 and 3. This suggests that the
structure can be reused effectively, thanks to its high shape recovery
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properties and improved performance.

Moreover, the constructed structures have the ability to absorb a
substantial amount of energy during compression without putting
themselves under excessive stress [71,72]. They are capable of signifi-
cant compressive deformation at a particular stress threshold, making
this conceivable. The basic idea behind energy absorption in meta-
composite structures is that they may change the kinetic energy from
an impact into different types of energy through processes including
elastic or plastic deformation, mechanical instabilities, and fracture.
Fig. 10a shows the dissipated energy and absorbed energy from the
force-displacement graph. Energy absorption (EA) and specific energy
absorption (SEA) are investigated for the structures as well. The EA and
SEA are calculated as follows:

EA= / Flod, (5)
0
EA

SEA =2 )
m

The EA can be calculated by finding the area beneath the
load-displacement curve. F(x) represents the displacement function,
while d signifies the deformation. The overall energy absorption refers
to the cumulative load-displacement graph spanning from zero to the
highest deformation point. SEA is determined by the energy absorption
value per unit mass. Fig. 10b displays the outcomes of SEA for cellular
SMPC specimens. For samples with 80 % compression, SEA values
exhibit a steep decline after the initial cycle. Conversely, samples sub-
jected to compression up to 50 % strain undergo a relatively modest
decrease, yielding values of 0.055 for SEA. In both structures examined
in this study, the amount of energy dissipated exceeds that which is
absorbed. This is attributed to the plastic hardening characteristics of
both the PLA material and the lattice structure, resulting in more energy
being dissipated rather than absorbed. Nonetheless, the design demon-
strates consistent effectiveness in its capacity for reuse.

Cellular structures find extensive use in industries like automobiles,
marine, and aerospace, owing to their favourable attributes like light-
weight construction and impressive energy absorption potential. In
practical applications, both the energy absorption capacity and the
weight of the sandwich structure hold significant importance. Therefore,
by augmenting the number of unit cells, it becomes feasible to create
SMP meta-composite structures with significant applications across
diverse fields, thanks to their combination of high strength and low
weight. The resultant materials have the potential to push the limits of
strength-to-weight ratios, creating new possibilities for use in the con-
struction, automotive, aerospace, and other industries. The future
promises the potential of safer, more effective, and ecologically sus-
tainable solutions across a variety of sectors as we stand on the edge of
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this transformational breakthrough.
5. Conclusion

This research employed FFF technology to perform 4DP of CFRCs
utilizing various fibre types through cold and hot programming tech-
niques. The objective was to employ continuous fibres to minimize
material usage and decrease the weight of plastic for 4D-printed prod-
ucts. This approach contributes to sustainability due to its reusability
and promotes eco-friendly design principles. An FFF 3D printer with one
feed channel was modified to manufacture CFRCs with different
continuous fibres. Various types of fibres, such as CF, FG, and AF, were
simultaneously printed with a PLA matrix using a specialized nozzle.
Consistent printing parameters were applied for both pure PLA and
CFRGCs. Three-point bending and tensile experiments were carried out to
evaluate the impact of different fibres on the tensile and bending
strength of 4D-printed SMPCs. The findings indicate that CFPLA exhibits
superior tensile and bending performance in terms of mechanical
properties, followed by FGPLA and AFPLA, with all three significantly
outperforming pure PLA. The tensile and bending properties of CFPLA
exhibited a remarkable increase, reaching up to 1027.5 % and 497.3 %
respectively, compared to pure PLA. The variable stiffness property and
SME of the 4D-printed CFRCs were evaluated using DMA and heating
form recovery tests, respectively.

Despite the substantial enhancement in mechanical properties, the
shape memory attributes of CFRCs were found to be inferior to those of
pure PLA. Specifically, the shape recovery ratio for basic CFRC beams
was approximately 93.2 % for CFPLA, 95.6 % for FGPLA, and 83 % for
AFPLA, whereas it reached almost 100 % for pure PLA. Nevertheless, the
shape recovery time was quicker for CFRCs owing to their higher stiff-
ness and strength. Moreover, cyclic shape tests were conducted for 20
cycles, and after a few cycles, the shape recovery ratio of CFRCs expe-
rienced a slight decline, with FGPLA demonstrating the best perfor-
mance in the cyclic test. Notably, among the fibres, FG exhibited the
most favourable performance due to its reliable and superior shape re-
covery ratio, as well as commendable mechanical properties when
combined with CFPLA. FGPLA was employed to demonstrate the prac-
tical application of 4D-printed SMPCs. Human-material interaction and
cellular structures were selected to assess the performance of printed
FGPLA in real-world scenarios. Items such as a hook-shaped holder,
locker, and finger splint were 4D-printed as consumer products,
designed with reusability features. For example, the 4D-printed hook/
holder, weighing 0.36 g, demonstrated the capability to support loads of
up to 500 g. Additionally, a single cell of a cellular meta-composite
structure was printed to evaluate its performance in cyclic compres-
sion loading, cold programming, and subsequent shape recovery.

In conclusion, compared to typical 3D-printed pure polymer or
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Fig. 10. (a) Distribution of absorbed and dissipated energy from the first cycle up to 80% strain. (b) SEA observed in cyclic compression tests at 50% and 80%

strain levels.
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particle-reinforced composite structures, the CFRCs significantly in-
crease mechanical strength. It also addresses the limitations of con-
ventional 3D-printed structures, which lack active deformation
capabilities. Therefore, it plays a pivotal role in sustainable design by
significantly reducing material consumption and waste in consumer
products. CFRCs produced via 4DP offer a unique manufacturing strat-
egy, and to further expand the technology’s potential applications,
future work should focus on creating complicated components.
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