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Abstract

This study introduces a groundbreaking methodology for 3D/4D printing of continuous
fiber-reinforced meta-composites, achieving unprecedented precision and performance through
the development of custom G-code modifier software. This novel software, which automatically
detects part edges and locally reduces printing speed, creates a modified G-code so-called
compo-code for printing composites. This represents a breakthrough in composite additive
manufacturing by significantly enhancing fiber alignment, printing quality, and reducing print
time. These innovations enable the fabrication of high-performance lattice composites with
optimized energy absorption, dissipation, and shape recovery capabilities. This research
examines hexagonal and re-entrant meta-composites reinforced with continuous glass fibers (0,
20, 40 wt%) to evaluate their thermo-mechanical behaviors. Results demonstrate that
meta-composites printed with the compo-code achieve approximately remarkable tensile
(2700 N), bending (200 N), and compressive (400 N) forces compared to conventional methods.
Comparing meta-composites with non-reinforced meta-structures, the tensile, bending, and
compression strengths rise by 1000%, 1000%, and 450%, respectively. Hexagonal patterns
exhibit superior tensile and bending strength, while re-entrant patterns, with their auxetic
behavior, achieve supreme compressive performance and demonstrate a stable quasi-constant
force plateau, critical for efficient energy absorption and dissipation. Hexagonal
meta-composites with 40 wt% fibers deliver the highest energy dissipation and absorption
(0.51 J and 0.10 J). Additionally, shape recovery tests under compression and bending reveal
recovery ratios of 100% for non-reinforced and ~95% for reinforced samples. By integrating
advanced software, meta-material design, and continuous fiber reinforcement, this study
provides a transformative framework for high-precision manufacturing of next-generation
meta-composites, paving the way for advanced applications.
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1. Introduction

The Greek prefix ‘meta’ means ‘beyond’; hence, meta-
material implies a man-made structure designed to show
unique properties that cannot be found in nature [1-3].
Metamaterials are engineered materials which their unique
properties such as effective thermal properties [4, 5], neg-
ative Poisson’s ratio [6], variable softening/ hardening [7]
and unusual dynamic behaviors [8, 9] arise from their
internal architecture rather than their composition. While
many metamaterials are based on periodic unit cells, a
broader definition includes graded [10], hierarchical [11],
and non-periodic or stochastic architectures [12], which can
also achieve unconventional mechanical, thermal, or acoustic
responses. The unique properties of metamaterials support a
wide range of applications such as energy absorption, impact
resistance, vibration damping, and bio-scaffolding [13-15].

Energy absorbing structures play a significant role today
and many natural energy absorbing structures such as bones,
woods, teeth, and hooves can be found in the nature [16].
Energy absorbing meta-materials are widely used across vari-
ous industries such as aerospace [17], automotive industry
[18], civil engineering [19], sport protection equipment [20],
medical devices [14], and energy sector [21]. Figure 1 shows
different applications of meta-material composites or so-
called meta-composites in various industries.

Meta-materials are capable of absorbing a significant
amount of energy without producing elevated stress levels
by experiencing significant compressive strains at nearly con-
stant stress levels [22]. The ability to transform kinetic energy
into different forms of energy through elastic and/or plastic
deformations, mechanical instability, and structural collapse is
provided by the energy absorption principle in meta-materials
and lattice-based structures. The most efficient traditional
technique for absorbing energy among the different energy
absorption methods has been plastic deformation in ductile
materials like metals and polymers [23, 24].

The majority of meta-material applications have not yet
been fully utilized due to the current lack of manufactur-
ing processes capable of producing large-scale meta-materials
with complex geometries [25]. Nevertheless, advancements in
additive manufacturing (AM) are anticipated to result in much
wider adoption of metamaterials in daily life in the future [1].
One of the most popular AM techniques for the fabrication
of meta-materials is fused deposition modeling (FDM). By
depositing the extruded molten thermoplastic polymer on the
print surface in accordance with the specified paths from the
computer-aided design (CAD) model, the FDM process cre-
ates complex parts layer-by-layer [26, 27]. Because FDM prin-
ted objects are made layer-by-layer, their mechanical proper-
ties are lower than those made using traditional techniques
like plastic injection and machining [28]. Although research

on using many techniques to enhance the mechanical prop-
erties of printed parts has been conducted recently, printing
parameter optimization, nanoparticle addition, and continuous
fibers have all been presented as effective approaches [29-32].

One of the main approaches for using continuous fibers in
FDM process is the simultaneous impregnation technique, or
in-situ impregnation. It was a promising approach to enhance
the mechanical properties of parts which are printed by FDM
[33]. Akhoundi ef al [34] investigated the impact of volume
fraction of glass fiber on mechanical properties of parts that are
printed by simultaneous impregnation technique. The results
show that by using 30% glass fibers, the analyzed PLA’s tensile
strength and elastic modulus increased by five times (from 59
to 296 MPa) and six times (from 3.5 to 20.8 GPa), respectively
[34, 35]. On the other hand, most of the printed parts with
simultaneous impregnation technique have a simple geometry
and it is challenging to print complex parts with high precision
and sharp edges and the surface quality of samples was often
undesirable [36-38].

While various approaches have improved mechanical per-
formance, achieving adaptive or responsive behavior in prin-
ted composites has remained limited. Therefore, recent stud-
ies have increasingly focused on integrating shape memory
polymers (SMPs) and adaptive functionalities into printed
composites, a concept known as 4D printing [14, 39]. As
traditional 3D printing technologies have grown, 4D printing
has been entering into the AM era [40]. The fourth dimen-
sion corresponds to ‘shape change’ that occurs as 3D printed
parts change over time. Xin et al [39] provided an extensive
review of the mechanical models of SMPs, SMP composites,
and SMP nanocomposites, as well as their uses in 4D print-
ing and space deployable structures. Several studies have been
carried out to offer reconfigurable mechanical single material
meta-structures with impact-mitigation capabilities using 4D
printing technology [41, 42].

Despite significant advancements in 3D/4D printing,
achieving high-precision manufacturing of continuous fiber-
reinforced meta-materials remains a formidable challenge,
especially for applications demanding exceptional energy
absorption, recovery, and structural integrity. Addressing this
challenge requires not only advancements in manufactur-
ing processes but also the careful selection of reinforce-
ment materials that balance strength, affordability, and suit-
ability for AM techniques. Among available options, glass
fibres glass fibers have been widely reported as a practical
reinforcement due to their favorable combination of high
strength-to-weight ratio, cost-effectiveness, and compatibil-
ity with extrusion-based 3D/4D printing processes [34, 35].
While carbon fibers offer superior strength and stiffness, their
higher cost and brittleness can limit processability and make
them less suitable for applications where impact resistance and
ductility are important [32]. Aramid fibers, such as Kevlar,
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Figure 1. Application of meta-composites.

provide excellent toughness and energy absorption, but present
challenges in handling and impregnation due to their flexibility
and surface chemistry [43].

Although various methods have improved mechanical
properties and demonstrated shape memory effects in prin-
ted composites, achieving high-precision manufacturing of
fiber-reinforced meta-materials with complex geometries and
tunable reinforcement levels remains challenging. To bridge
this gap, this study contributes to composite science and
engineering by developing a novel G-code modifier soft-
ware package to generate a new tailored G-code so-called
compo-code for simultaneous impregnation 3D/4D printing.
The software automatically detects part edges and dynam-
ically adjusts the printing speed, enhancing precision, fiber
alignment, and printing quality while maintaining efficiency.
Additionally, this research investigates the mechanical proper-
ties, energy absorption/dissipation, constant force feature and
shape recovery of hexagonal and re-entrant patterned meta-
composites with varying glass fiber volume fractions (0, 20,
and 40 wt%). The findings of this study provide new insights
into the design and manufacturing of high-performance meta-
composites, enabling broader applications in energy absorp-
tion systems, biomedical devices, and automotive/aerospace
engineering.

2. Materials and methods

2.1. Equipment and procedure

Prusa MK4S 3D printer was used, and its extruder was
modified for printing the continuous fiber-reinforced

Nozzle

Figure 2. The scheme of printing continuous fiber-reinforced
composites based on the simultaneous impregnation technique.

composites based on simultaneous impregnation technique
[33, 36]. The scheme of printing continuous fiber-reinforced
composites process is provided in figure 2.

In simultaneous impregnation technique, the glass fiber is
impregnated by passing continuously through the melted poly-
mer inside the heated nozzle, after which the composite fila-
ment is deposited onto the print bed. During the first stage of
printing, a raster composed of impregnated fiber and molten
polymer is laid down. Once the polymer cools and solidifies at
the starting point, it effectively anchors the fiber to the bed.
As the nozzle moves along the printing path and continues
feeding the polymer filament, tension is applied to the glass
fiber due to this fixed point of the cooled polymer. This ten-
sion maintains consistent fiber alignment and ensures that the
impregnated fiber is pulled smoothly through the nozzle and
accurately deposited along the intended path. In this way, the
continuous fiber is fed and laid down in synchronization with
the nozzle motion and filament extrusion. The feeding rate of
the polymer filament is controlled by the extruder motor, while
the tension in the continuous fiber is passively maintained by
the movement of the nozzle relative to the anchored starting
point of the fiber on the bed. This approach eliminates the need
for an active fiber tension system and relies on the coordina-
tion of nozzle motion and extrusion speed to achieve proper
fiber alignment [34]. In this approach, no additional surface
treatment or chemical sizing was applied to improve adhe-
sion between the fiber and the polymer matrix. To enhance
the adhesion of the first layer to the printing bed itself, a glue
stick was applied to the bed surface, and the bed was heated to
maintain sufficient adhesion.

2.2. Samples preparation

In this research, PLA filament with diameter of 1.75 mm
was purchased from Esun, China and E- glass fiber yarn was
provided by Jiahe Taizhou Co, China. Table 1 represents the
material properties of PLA and glass fiber.

Two meta-material designs were investigated. Two
parameters were selected as variables in this research,
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Table 1. Material properties of PLA and glass fiber.

Parameter Value

Density of PLA (p) 1250Kg/m? [36]
Mass per length 0.1 gm™! [36]
Convection heat transfer coefficient 75w/ m2°C [44]
(hC()nv )

Specific heat capacity of PLA (C) 2060j/Kg°C [45]

Thermal conductivity coefficient of 0.195 [45]

PLA (k)

Specific heat capacity of glass fiber 800j/Kg°C [43]
©

Thermal conductivity coefficient of 0.12w/ m?2°C [43]
glass fiber (k)

Tensile strength of glass fiber 1000 MPa [34]

Table 2. The list of samples.

Volume Actual
Label Pattern Fraction (wt%) Weights (gr)
RO Re-entrant 0 9.5+0.2
R1 Re-entrant 20 9.8 £0.2
R2 Re-entrant 40 103 £0.5
HO Hexagonal 0 9.0£0.1
H1 Hexagonal 20 9.3+£0.5
H2 Hexagonal 40 10.0 £0.1
including the meta-material’s pattern (re-entrant and

hexagonal) and the volume fraction of glass fiber (0, 20, and
40 wt%). Two common patterns with different applications
are selected. The re-entrant was selected as a representative
and widely studied auxetic geometry with a negative Poisson’s
ratio, whereas hexagonal structures offer traditional stiffness
and isotropic response. These representative designs enabled
clear validation of the process feasibility and capability of
new G-code modifier software without introducing additional
variables associated with more complex patterns. The chosen
fiber volume fractions (0, 20, and 40 wt%) were selected
based on a combination of practical considerations and the
objective to demonstrate tunability of reinforcement content.
Specifically, these values were determined by the printing
parameters, including nozzle diameter, fiber diameter, extru-
sion width, and extrusion multiplier, as well as constraints
on print quality and process stability documented in previous
studies. Table 2 presents the different samples, their actual
weights, and their labels 3D printed to evaluate the effect of
pattern and volume fraction on the mechanical properties.
The observed weight variations (£0.1-0.5 g) are attributed
to normal FDM process dynamics—including extrusion fluc-
tuations during acceleration/deceleration, filament diameter
tolerances, and retraction cycles—as well as, in reinforced
samples, additional variability from manual fiber feeding and
transitions between high- and low-speed printing near edges.
The tensile test samples were 3D printed in a rectangular
cuboid shape with dimensions of 200 x 32 x 3 mm accord-
ing to ASTM D3039M standard. Due to the acceptable fail-
ure mode and reasonable frequency, no tabs are applied to the

Table 3. Dimensions of samples for different mechanical tests.

Mechanical test Dimensions (mm)

Tensile test 200 x 32 x 3
Three point bending test 45 x 32 %3
Compression test 40 x 32 x 10

Table 4. Printing parameters for manufacturing non-reinforced pure
samples.

Parameter Value
Layer height 0.2 mm
Total number of layers 15
Extrusion width 1 mm
Nozzle diameter 1 mm
Extrusion multiplier 0.97
Nozzle temperature 205°C
Bed temperature 55°C
Ambient temperature 25°C
Printing speed 40mm~'s

specimens. The three point bending test and compression test
samples were 3D printed in a rectangular cuboid shape with
dimensions of 45 x 32 x 3 mm and 40 x 32x 10 mm, respect-
ively. As the samples show no slip during the bending test, no
support span has been used. Table 3 illustrates the dimensions
of different samples according to the mechanical tests.

2.3. 3D/4D printing parameters

The printing parameters of the samples with and without con-
tinuous glass fiber reinforcements were selected differently
due to the adjustment of fibers in the correct location. The
stiffness of glass fiber is much higher than the PLA, and there-
fore a high printing speed leads to misalignment of fibers at
the corners of the parts. To overcome this issue, it is crucial
to reduce the printing speed at the corners. Consequently, a G-
code modifier software package was developed in this research
to automatically detect the edges of the parts and reduce the
speed at the edges locally. Table 4 illustrates the printing para-
meters for pure samples without reinforcement.

The volume fraction of the samples is adjustable by chan-
ging the printing parameters such as layer height, extrusion
width, and extrusion multiplier. The volume fraction of the
parts is defined by the volume fraction of a single printing ras-
ter. As is shown in figure 3, the volume fraction can be calcu-
lated based on the area of the fiber yarn and total cross section
of a raster according to equation (1)

_ w.D*/4

Vi=— 1 ey

where the Vf is the volume fraction of glass fiber, D is the
fiber diameter, w is the extrusion width, and # is the layer
height. This calculation method has been adopted from pre-
vious studies [34-36], where it was demonstrated to produce
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Extrusion width

Layer height

(a)

Figure 3. The scheme of a printed reinforced raster (a), its cross section (b) and thermal analyze element (c).

Convection

(b) (©

Table 5. Printing parameters of the reinforced composites.

Volume

fraction (wt%) Parameter Value

20 Layer height 0.3 mm
Extrusion width 1 mm
Nozzle diameter 1 mm
Extrusion multiplier 0.8
Printing speed of the straight line 40 mm~'s
Printing speed of the corners 4mm~"s

40 Layer height 0.3 mm
Extrusion width 0.5 mm
Nozzle diameter 0.5 mm
Extrusion multiplier 0.6
Printing speed of the straight line 40 mm~'s
Printing speed of the corners 4mm~'s

accurate estimates of fiber volume fraction and therefore was
applied in this study without further modification.

To enhance the printing quality, it is essential to control the
flow of the polymers. If the polymer is deposited more than the
demand, the printing quality may decrease and if it is deposited
less than demand, the part may not stick to the printing bed.
The flow of the polymeric matrix can be adjusted by extrusion
multiplier calculated by the following equation

Extrusion multiplier = 1 — Vf. 2)

The fiber diameter is constant; therefore, the layer height
of the raster is considered constant too. Then, the only vari-
able parameters to achieve desired volume fraction are extru-
sion width and extrusion multiplier which is a coefficient in
commercial slicer software that adjusts the extrusion rate of
polymer. Table 5 lists the printing parameters for manufactur-
ing fiber-reinforced composites to achieve for different volume
fractions.

2.4. Tool path design

Designing an optimized tool path is essential for successfully
printing meta-materials reinforced with continuous fibers due

to their complex patterns. A key challenge in this process is
eliminating nozzle jumps and non-extruding travels, which are
typical in conventional printing but detrimental to continuous
fiber placement. For continuous fiber-reinforced composites,
the nozzle must maintain uninterrupted extrusion to ensure
proper fiber alignment and structural integrity. Figure 4 com-
pares G-codes generated for reinforced and non-reinforced
samples using the Prusa slicer. In figure 4(a), the conventional
G-code exhibits numerous non-extruding nozzle travels (blue
lines), making it unsuitable for continuous fiber-reinforced
composites. In contrast, figure 4(b) demonstrates the newly
developed G-code, specifically designed to enable continuous
extrusion and eliminate nozzle jumps during printing.

To generate a G-code without nozzle jumps or non-
extruding travels, two separate paths were designed and
subsequently combined to create the final continuous path.
Figure 5 illustrates the designed paths for different patterns.
Specifically, Path #1 and Path #2 were independently created
using CAD software and then imported into the slicing soft-
ware to generate a new G-code. As shown in figure 5, bridge
sections were strategically added to the top and bottom of
each path. These bridges ensure a continuous extrusion path
and alignment of the start and end points of each segment,
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b)

Figure 4. Conventional G-code consists of many nozzle jumps and travelling without extrusion (blue lines) (a) and newly developed
G-codes generated for printing continuous fiber-reinforced composites without any nozzle jump (b).

enabling seamless printing without interruptions. During the
printing of a single layer, the 3D printer first deposits path #1,
which results in the formation of one half of each cell in the lat-
tice geometry. After completing this path, no fully closed cells
exist. To maintain continuous extrusion without interruption,
the printer then follows short bridge sections that connect the
end of path #1 to the start of path #2. Once path #2 is depos-
ited, all cells in the layer are fully completed. This sequen-
tial approach ensures consistent filament flow and minimizes
potential defects related to nozzle retraction and restarting. It
should be mentioned that the top and bottom bridges were
not the same and different patterns used the unique bridges
to avoid any nozzle jumps.

Printing speed poses a significant challenge in fabricating
continuous fiber-reinforced composites. High printing speeds
can lead to improper fiber alignment, particularly at corners,
due to the greater stiffness of the fibers compared to the mol-
ten polymer. This misalignment makes it difficult to achieve
sharp edges in printed parts [36]. To produce sharp edges,
the printing speed must be significantly reduced, allowing the
molten polymer to solidify and properly secure the fibers in
place. While reducing the overall printing speed through sli-
cing software is possible, it results in prolonged printing times.
To address this issue, a G-code modifier software package was
developed based on LabView programming language in this
research. This software identifies the edges of 3D models and
selectively reduces the printing speed at the edges, maintain-
ing a higher speed for straight-line segments. Figure 6 illus-
trates the graphical user interface (GUI) of the G-code modi-
fier software. The software operates in two main stages. In the
first stage, the printing parameters for composite samples are
calculated based on equations (1) and (2). In the second stage,
edge recognition and G-code modification are performed to
optimize the printing process.

After developing an initial G-code with no nozzle jumps
during printing, the file was imported into the custom G-code
modifier software to optimize edge-specific printing speeds
and create a modified G-code so-called compo-code for 3D/4D
printing. This software reduces the printing speed at the edges,
where the nozzle path changes abruptly, ensuring proper fiber
placement and part quality. The compo-code generated by
the software incorporates these adjustments, enabling precise
printing at critical points. Figure 7 compares the original and
compo-codes, clearly demonstrating the reduction in printing
speed at the edges locally.

2.5. G-code modifier software logic

The newly developed G-code modifier software identifies the
edges of parts directly from the original G-code rather than the
STL file. When a CAD file is converted to an STL format, it
is represented as numerous triangular meshes, causing curves
in the design to be approximated by a series of small straight
segments. Figure 8 illustrates the STL file of the re-entrant pat-
tern. Typically, commercial slicers output G-code containing
only the GO1 and GOO commands, which are used for mov-
ing along straight-line paths. Unlike CNC machines, they do
not include G02 and G03 commands for circular interpolation.
The slicing software generates a G-code line for each of small
segments that interpolate the curves when printing curves, as
well as for long straight lines. Each time the nozzle changes
its path, a new G-code line is created. As a result, the gener-
ated G-code contains thousands of lines describing individual
straight segments. Each line specifies the coordinates of the
endpoint of a straight path, while the preceding line defines
the start point of that segment.

These straight-line segments can be classified into two
categories:



Smart Mater. Struct. 34 (2025) 085007

O Kordi et al

Path #2

(a)

Bridge section —p

0 Starting Point

A
“
.‘
[}
.‘
2]
“
Path #2 —» “
“

@
)
‘.

)

@

@
9
“
)

Bridge section _>

(b)

©

Bridge Section —p <+—— Starting Point

<«— Path #1

Bridge Section—»

(d)

Figure 5. Two separately designed paths (a) to create a hexagonal patterned meta-material (b). Two separately designed paths (c) to create a

re-entrant patterned meta-material (d).

o True straight lines, which represent actual straight edges in
the geometry of the printed part.

e Approximation lines, which are short segments used to
approximate curves.

To distinguish between these categories, the software defines
an edge recognition value (figure 6(b), #1), specified by the
user. The algorithm iteratively calculates the coordinates of
each segment’s start and end points, computes the angle
between consecutive segments, and measures the length of
each line. If the length of a segment is less than the edge recog-
nition threshold, it is classified as an approximation line; oth-
erwise, it is considered a true straight line.

For approximation lines (curved regions), the soft-
ware reduces the printing speed across the entire seg-
ment. Specifically, it multiplies the original feed-rate by the

user-defined speed reduction percentage (figure 6(b), #2) and
appends the adjusted feed-rate to the corresponding G-code
line. For example:

e Original G-code:
GO01 X...Y... E... F100

e Modified G-code with 10% speed:
GO01X...Y...E... F10

For true straight lines, the software further refines speed con-
trol by introducing deceleration zones at the beginning and
end of each segment. Based on the angle between the pre-
ceding and following lines, the program generates two new
shorter lines before and after the original segment, defined
by a user-specified edge shift back distance (figure 6(b), #3).
Reduced speed is applied only within these short transition
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Figure 6. The first (a) and second (b) pages of the newly developed G-code modifier software.

lines, allowing the nozzle to traverse the central portion of the
straight path at the original feed-rate. For example, consider
two consecutive straight-line G-code commands:

e Original G-code:
GO01 X10 YOE... F100
GO01 X10 Y10 E... F100
e Modified G-code with an edge shift back of 1 unit and 10%
speed reduction:
GO01 X9 YOE... F100
GO01 X1I0 YOE... F10
GO1 XI0 Y1 E... F10
GO01 X10 Y9 E... F100
GO01 X10 YI0E... F10

This approach ensures that speed is selectively reduced near
edges and curves, improving deposition accuracy while main-
taining higher feed-rates along straight paths.

Figure 9 illustrates the algorithm implemented in the G-
code modifier software, demonstrating how edges and curves
are identified and optimized for improved printing perform-
ance to generate compo-code.

The algorithm implemented in the G-code modifier soft-
ware enables it to accurately detect edges in parts with any
geometry. Additionally, the software can identify the edges
of infill patterns, ensuring comprehensive optimization of
the printing process. Based on the algorithm, it should be
noted that the performance of the edge recognition algorithm
depends on the resolution of the STL mesh used to generate the
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(a)

Figure 7. Original G-code (a) and compo-code (b) for 3D printing a re-entrant patterned meta-material.

Figure 8. The STL file of the re-entrant patterned meta-material.

original G-code. High-resolution meshes yield a greater num-
ber of short segments approximating curves, requiring appro-
priate adjustment of the edge recognition value. Figure 10
illustrates the capability of presented algorithms to detect the
different features such as curves and sharp edges that cause
the misalignment of fiber. Figure 10 demonstrates a printing
speed comparison between the original G-code and compo-
code, highlighting the enhanced edge detection and optimized
printing parameters. Print time reduction can be estimated by
calculating the cumulative length of edges and curves printed

at reduced speed and applying the corresponding speed differ-
ences. This functionality is not yet integrated into the software
but will be considered for future development.

Based on equations (1) and (2), the desired volume frac-
tion of glass fiber can be achieved by modifying three key
parameters: layer height, extrusion width, and extrusion multi-
plier. Since the layer height remains constant due to the fixed
diameter of the glass fiber, the primary adjustable variables
are the extrusion width and extrusion multiplier. Reducing the
extrusion width from 1 mm to 0.5 mm effectively doubles
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Figure 9. The algorithm of G-code modifier software.
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the volume fraction of the printed parts. During this process,
the nozzle extrudes two rasters to form a single line, ensur-
ing uniform fiber distribution. Figure 11 illustrates the extru-
sion widths for samples with 20 wt% and 40 wt% glass fiber
volume fractions.

(b)

Figure 10. The printing speed of the original G-code (a) and compo-code (b) using the G-code modifier software.

2.6. Heat transfer

The best printing speed of continuous fiber reinforced com-
posites is the one which allows partial part of the polymer
to cool down to below the glass transition temperature (7'g)
before printing the edges or curves are finished. Therefore, it is
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(a)

(b)

One raster with extrusion
width of 1 mm.

Two rasters with extrusion
width of 0.5 mm.

Figure 11. The G-codes of 3D printing composite sample with (a) 20 wt% and (b) 40 wt% of the glass fiber.

essential to analyze heat transfer in the FDM process. Figure 4
shows a raster of a defined length is being deposited onto the
bed and an element is selected to compute the temperature at
various locations through thermal analysis. It is assumed that
the cross-section of both the element and the deposited raster
resembles a rectangle. Consequently, the rounded corners of
the raster are not considered in analyzing, as they do not sig-
nificantly affect the cross-sectional dimensions and analysis.
The heat transfer from the printed raster to the bed was neg-
lected, as the bed temperature (approximately 55 °C) was only
slightly above ambient temperature and primarily affected the
first layer. As additional layers are deposited, the relative
influence of bed conduction decreases. It is assumed that the
heat transfer is one-dimensional along the x-axis and that the
coordinate origin is at the nozzle output and the element length
is equal to dx [36, 46]. This simplification facilitates analyt-
ical tractability. However, it is acknowledged that the roun-
ded corners introduce localized variations in surface area and

1

convective heat loss, which may lead to slight discrepancies
between the model predictions and the actual temperature dis-
tributions, particularly near the filament edges. The first law
of thermodynamics states that the heat transfer from the ele-
ment’s bottom to its bed (or previous layer) is equal to the heat
transfer caused by convection from the surroundings:

dT

qx — Grtd, — hcomAcony (T — Tog) = pCV (E) ®

where T and 7o, Acony, and Acony represent the temperature of
the specimen at a specific point in time, the ambient temperat-
ure, the convection heat transfer coefficient, and the sections
that are in contact with the environment, respectively. gy44,
and g, are respectively the output conduction heat transfer
from the element and the input conduction heat transfer from
the element. p, C, V, and (‘;—f ) represent density, the specific



Smart Mater. Struct. 34 (2025) 085007

O Kordi et al

Loading Direction

Loading Direction

In

X
IxX

IIX3X
2525253
653525

Iz

X wk:
Awh
X

2§73

} £

X

X
X

X §’x
II3X3X

} ¢

iyiy
I

4
b 4

X

3

X
X

4

[vAiwi

\4

(@) (b)

Loading Direction

(©

Figure 12. Loading direction of tensile test (a), compression test (b), and three-point bending test (c).

heat capacity, the volume of the element, and the temperature
change over time, respectively.

By assuming the temperature at x = 0 equals the nozzle
temperature (TN) and layer height is equal to the fiber dia-
meter, the solution to equation (3) for temperature at a specific
distance from the nozzle is obtained as [36, 46]:

T(x) = (Ty — Too) e (e VaH0) 1 @)

a:f§? 5)

_ 2'hConv (h + W) (6)
k(wh—(3)@)

where k and v represent and conduction heat transfer coeffi-
cient and printing speed, respectively.

2.7 Mechanical properties

Mechanical properties of the fiber-reinforced composites in
various modes such as tensile, compressive, and flexural
strength were evaluated according to ASTM D3039M, ASTM
D695, and ASTM D790, respectively. A universal testing
machine with a load cell capacity of 20 kN was used to evalu-
ate the mechanical properties. Crosshead displacement speed
was adjusted to 5, 3, and 3 mm min —! fortensile, compressive,

and three-point bending tests, respectively. Figure 12 demon-
strates the loading direction for different tests.

2.8. Shape memory behavior

To investigate the shape memory behavior of the fiber-
reinforced composites under different mechanical loading
conditions (bending and compression) and cold program-
ming method, two different tests were conducted. To invest-
igate the shape memory behavior of samples under com-
pression loading conditions, the samples with dimensions of
40 x 32 x 10 mm were programmed in a compression mode
with a displacement of 15 mm and loading rate of 3 mm min—".
The samples experienced loading and unloading and then were
heated in a container full of 70° C water for shape recov-
ery. Finally, the samples were cooled to the lab temperature
(22° C) and then their height was measured by a digital cal-
iper. To analyze the shape memory behavior of samples under
bending loading conditions, the samples with dimensions of
45 x 32 x 3 mm were programmed via a three-point bend-
ing loading-unloading with a maximum displacement of 6 mm
and loading rate of 3 mm min~!. After loading and unloading,
the samples were heated in a container full of 70° C water
for shape recovery. Finally, Images were taken before and
after heating the samples by Microscope (Dino-Light Premier,
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AnMo Electronics, Taiwan), and the shape recovery angle was
measured by Dino Capture 3.0 software.

2.9. Statistical analysis

All mechanical and shape-memory tests were conducted on
five samples, to calculate standard deviation (SD) and achieve
reliable result. Force—displacement curves represent a typical
specimen from each group. Due to variability in displacement
behavior among samples, statistical analysis was performed
on peak force, and energy absorption values. A two-sample t-
test (Minitab16 software) was implemented for statistical ana-
lyses. A p-value < 0.05 was considered significant. SD and
mean were calculated and used to present all experimental data
in the following section.

3. Results and discussion

In this section, meta-materials 3D/4D printed via the compo-
code are demonstrated and their mechanical and shape-
memory properties such as tensile strength, compression
strength, bending strength, shape recovery and energy absorp-
tion capabilities are investigated.

3.1 Calculating printing speed

When the nozzle starts printing a straight line from the starting
point to the endpoint, the polymer at the starting point must
cool below the glass transition temperature before the nozzle
reaches the endpoint. This ensures that the fiber is properly
positioned and remains fixed in place when the nozzle changes
direction. The smallest length of a straight line in the re-entrant
and hexagonal pattern is about 10 mm, so the best printing
speed is the one that causes the temperature drop down below
the glass transition of PLA (about 80 °C [36]) in 9 mm. The
solution of equation (4) by using the values of tables 1, 4, and
5 for printing speed of 40 mm s~! and 4 mm s~! are presented
in equations (7) and (8) respectively:

T(x) = 180019 1 25
T(x) = 180e~ 1036 425,

(N
®)

Figure 13 illustrates the temperature reduction for two dif-
ferent printing speeds (4 mm s~! and 40 mm s~ 1), calculated
using equations (7) and (8). As shown in the figure, at a print-
ing speed of 4 mm s, the temperature drops below the glass
transition point within 10 mm. This allows for proper fiber
alignment, as the minimum feature length of each metama-
terial pattern is approximately 10 mm. It should be noted that
equations (7) and (8) are scalable and can be re-parameterized
for different pattern sizes, extrusion widths, layer heights,
and printing speeds by adjusting the extrusion widths, layer
heights, and travel distance (x) and incorporating updated pro-
cess parameters into equations (6) and (4). This flexibility
enables the cooling model and G-code modification strategy
to be applied to a wide range of design geometries and print-
ing conditions.

3.2. Lattice printing methods

The newly developed G-code modifier software was imple-
mented to increase the accuracy of latticed meta-material
printing. The G-code modifier software decreases the printing
speed at the edges to enhance the accuracy of continuous fiber-
reinforced parts. Figure 14 demonstrates two re-entrant meta-
materials one of which was printed by the compo-code and
another one was printed by a common G-code. As shown in
figure 14(a), the fibers were located properly in samples prin-
ted by the compo-code. However, the fibers were not located
at right positions when printing by the common G-code, espe-
cially at the corners, see figure 14(b). There is a gap between
fibers in samples printed by the common G-code and the fibers
tend to move inside the re-entrant cell due to the printing path.
However, no gap is seen in figure 14(b) between fibers of
samples printed with the compo-code.

It is worthwhile to mention that it would be possible to
print continuous fiber-reinforced composites with low printing
speed to achieve high accuracy, but the printing time increases
dramatically. Table 6 illustrates the accuracy and printing time
of the re-entrant pattern with 20 wt% of glass fiber and differ-
ent G-codes. Itis found from table 6 that using the compo-code
results in high accuracy with less printing time. It reveals the
importance of the new G-code modifier software for printing
continuous fiber-reinforced composites. ‘High Accuracy’ was
determined qualitatively by comparing the printed pattern to
the original CAD geometry, assessing fiber alignment accur-
acy, consistency of raster deposition, and the absence of visible
defects such as gaps, over-extrusion, or fiber misalignment.

3.3. Tensile tests

Figure 15 shows the tensile force-displacement response
of the meta-composites with re-entrant pattern with differ-
ent glass fiber volume fractures and G-codes (Compo-code
and common G-code). As shown in figure 15, the tensile
strength of samples printed using the Compo-code increased
slightly by approximately 8% due to improved fiber alignment.
Additionally, this increment was expected due to the previous
researches which show that reducing the printing speed results
in higher tensile strength [47]. The Compo-code achieves this
by decreasing the printing speed at the edges-locations where
residual stress typically occurs.

Figure 16 demonstrates the tensile force-displacement
response of the meta-composites with different glass fiber
volume fractures and patterns. Figure 16 clearly illustrates an
increase in tensile strength when volume fracture of glass fiber
increases and results are consistent with the rule of mixture
shown in equation (9)

G‘C:Vf.O'f+ (I—Vf).O'm ©)]

where o, is composite tensile strength, oy is fiber tensile
strength, o, is matrix tensile strength and V; is volume frac-
tion. The tensile strength of non-reinforced parts with a re-
entrant pattern is higher than samples with a hexagonal pat-
tern. On the other hand, the tensile strength of reinforced
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Figure 13. Temperature reduction according to nozzle travel for different printing speeds.
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Figure 14. Re-entrant meta-materials printed with (a) common and (b) modified G-codes.

Table 6. Printing time of the whole parts and accuracy of different samples printed with high, low, and modified printing speeds.

G-code Type Printing Speed Accuracy Printing Time
Common 40 mms~! Low 18 min
Common 4 mm s~ High 137 min
Compo-code 40 mm s~! for printing the straight line High 85 min

and 4 mm s~ for printing the edges

samples with a hexagonal pattern is higher than the re-entrant
samples. It may be due to stress concentration in the corners
of the re-entrant pattern. Figure 16 shows that the sample
with a hexagonal pattern and 40 wt% of glass fiber reaches
the maximum force of 2614 £+ 96 N and a failure displace-
ment of 25 mm. The hexagonal pattern shows the higher
tensile strength while the re-entrant pattern shows the higher

failure displacements of 27 and 38 mm for non-reinforced and
reinforced samples. Figure 16 also clearly demonstrates that
increasing the percentage of glass fiber makes the samples
stiffer. The reinforced hexagonal pattern shows a higher stiff-
ness than the re-entrant pattern under tensile loading due to
the orientation of fibers. In addition, a quasi-constant force
region can be seen in non-reinforced samples according to
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Figure 16. The tensile force-displacement response of reinforced and non-reinforced meta-materials with different patterns and glass fiber

volume fractions.

figure 16, where force remains approximately constant over
a range of displacements before failure. Re-entrant pattern
shows a wider quasi-constant force region than hexagonal pat-
tern due to the auxetic nature of re-entrant structure which pro-
motes stress distribution in structure. Therefore, it causes min-
imum amount of stress concentration and structure can deform
locally over a range of displacements without an increase in
force. Reinforced hexagonal pattern shows no quasi-constant
force region due to parallel loading with fibers that leads
to carrying the loads effectively by the fibers. This type of
fiber orientation causes a highly resistance configuration to

the deformation. On the other hand, the quasi-constant force
region can be observed in reinforced re-entrant pattern with
higher force plateau than non-reinforced samples.

Figure 17 demonstrates the fracture mode of non-reinforced
and reinforced (40 wt% fiber) meta-materials under tensile
loading. As can be seen in figure 17, the fracture at samples
with a re-entrant pattern occurs at the corners and the samples
fail from the sharp edges. In addition, the orientation of fibers
is one of the main reasons for the lower tensile strength of
re-entrant patterns. The strength of the transverse lines in
re-entrant patterns is much lower than longitudinal tensile
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Figure 17. The failure configuration of non-reinforced (a), (b) and
40 wt% fiber-reinforced (c), (d) meta-materials with (a), (c)
re-entrant and hexagonal (b), (d) patterns.

strength because the matrix material, which is weaker than
the fibers, primarily resists the load in this direction. On the
other hand, fibers and loading are parallel approximately in a
hexagonal pattern and this causes the highest tensile strength
for most fiber-reinforced composites as the fibers carry the
majority of the load.

3.4. Compression tests

Figure 18 demonstrates the compressive force-displacement
response of meta-materials with different fiber volume frac-
tions and patterns and the densification point of each sample.
In contrast to the tensile test, it is observed that the re-entrant
pattern has a higher compression strength than the hexagonal

pattern for all cases. The re-entrant pattern with 40 wt% of
glass fiber has the highest compression strength before the
densification phase. As illustrated in figure 18, the auxetic
structure contracts in both longitudinal and transverse direc-
tions under vertical mechanical loading. Specifically, as the
external indenter applies additional compression to the meta-
structure vertically, the auxetic design also contracts laterally.
This causes the material to flow toward the collision area, res-
ulting in a denser structure with enhanced resistance to col-
lisions. This characteristic influences the force-displacement
curve, where a localized hardening effect (local densification)
is observed. Figure 18 exhibits that the re-entrant pattern with
40 wt% of glass fiber reaches a maximum force of 360 N
before the densification phase starts at 18 mm of displace-
ment. Figure 18 clearly demonstrates that the non-reinforced
hexagonal pattern experiences multiple local densifications at
8, 12 and 18 mm of displacement, but the densification of other
samples starts approximately around 18—-20 mm of displace-
ment. Because there is no reinforcement in non-reinforced
hexagonal lattices, the cell walls cannot tolerate significant
force and deform easier locally. Multiple densifications begin
earlier because of this early collapse. The reinforced and
non-reinforced hexagonal samples lack the re-entrant design’s
inward-slanting walls. Under compressive loads, its cell walls
are more likely to flex or collapse uncontrollably. Because
the hexagonal structure does not possess auxeticity to pre-
vent deformation, it achieves lesser force resistance in com-
pression. The reinforced re-entrant pattern shows an exten-
ded quasi-constant force plateau which shows a great steady
energy absorption capability by local deformation of structure
before densification phase. In contrast, the hexagonal pattern
demonstrates a lower quasi-constant force level. Generally,
increasing volume fraction of glass fibers leads to an extended
and stable quasi-zero stiffness regime and a more consistent
force plateau while non-reinforced samples show a lower and
shorter quasi-constant force range due to lower stiffness and
earlier start of densification.

3.5. Three-point bending tests

Figure 19 illustrates the three-point bending force-
displacement behaviors of meta-composites with different
fiber volume fractions and patterns. Figure 19 reveals that the
hexagonal pattern always results in a higher bending strength
than the re-entrant pattern due to the fiber orientation of the
hexagonal pattern. A similar trend was observed for the meta-
composites under tensile loading as presented in figure 16.
The impact of the glass fiber volume fraction on the bending
performance seems very less significant compared to the pat-
tern’s effect. For instance, re-entrant meta-composites with
20 and 40 wt% of glass fiber have a very similar behavior
under bending. It is also the case for hexagonal patterns till
3 mm of displacement after which the one with 20 wt% of
glass fiber experiences a drop in force. The hexagonal pattern
with 40 wt% of glass fiber reaches the maximum force of
196 £ 18 N. On the other hand, the re-entrant pattern reaches
the maximum load of only 56 & 6 N. It is worthwhile to men-
tion that all samples experience plastic deformation during
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Figure 18. The compressive force-displacement response of meta-materials with various fiber volume fractions and patterns.
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Figure 19. The three-point bending force-displacement of meta-materials with different fiber volume fractions and patterns.

loading. The quasi-constant force plateau can be seen in all
samples. The reinforced re-entrant shows a more stable plat-
eau region with a lower force level than reinforced hexagonal
pattern. It is the result of a more efficient load transfer mech-
anism to the fibers in hexagonal pattern. Figure 19 clearly
shows reinforcing the samples with continuous glass fibers
leading to extended quasi-constant force plateau.

The mechanical hysteresis of meta-composites, identified
as noncoincident loading-unloading curves, is further invest-
igated via mechanical loading up to 6 mm displacement and
then unloading to zero force. Figure 20 shows the bending

hysteresis loop of meta-composites with different fiber volume
fractions and patterns. The meta-structures partially recover
their original shapes while a residual plastic deformation
around 2.7 mm remains into the material and meta-structure
at the end of unloading stage. The external force’s input
energy is converted to kinetic energy, and part of it is dissip-
ated through the mechanism of the plastic deformation. The
mechanical hysteresis loop shows all the energy dissipation
via two mechanisms of the plastic deformation and buckling-
type instability. Figure 20 demonstrates that a higher level of
external force is dissipated by the hexagonal design, resulting
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Figure 20. The bending hysteresis force-displacement response of meta-composites with different fiber volume fractions and patterns.
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Figure 21. The loading-unloading force-displacement path with dissipated and absorbed energies highlighted in red and green for the
meta-composites with re-entrant (a), (b) and hexagonal (c), (d) patterns and 20 wt% (b), (d) and 40 wt% (a), (c) of glass fiber.

in larger energy dissipation and absorption during the loading-
unloading cycle.

The energy dissipation and energy absorption capabilities
of meta-composites investigated in figure 20 is further stud-
ied in figure 21. The energy absorption and energy dissip-
ation quantities have been computed using the trapezoidal
numerical integration method implemented in MATLAB. The
preliminary conclusion drawn from this figure is that more

energy is dissipated than absorbed for all lattice structures and
fiber volume fractions due to the presence of plastic harden-
ing behavior of the composite. The energy dissipated by both
re-entrant meta-composite with 20 and 40 wt% is calculated
as 0.13 + 0.02 J while their hexagonal counterparts result
in 048 4+ 0.02 J and 0.51 £ 0.05 J energy dissipation. On
the other hand, the energy absorbed by the re-entrant meta-
composite with 20 and 40 wt% is calculated as 0.03 £ 0.005 J
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Table 7. Shape recovery behavior of meta-structures with different patterns and fiber volume fractions under the compression load.

Length of samples Length of samples Length of samples after
Label  before loading (mm) after unloading (mm) heating- cooling (mm)  Shape recovery (%)
RO 30.3 £0.1 242 +0.5 30.3+04 100
R1 31.8+0.3 26.7+ 1.0 30.1£0.8 95
R2 327+£04 26.1 £ 1.1 30.8 £ 1.1 94
HO 299 £0.1 241+ 04 298+ 0.5 100
H1 29.7£0.2 25.1+09 28.4+0.9 96
H2 31.3+04 245 +0.7 29.7+0.9 95

Befor compression loading

After compression loading

Figure 22. The configuration of the hexagonal meta-structure with 20 wt% of glass fiber: (a) before compression loading, (b) after
compression loading-unloading, (c) after heating-cooling showing 96% shape recovery.

Table 8. Shape recovery behavior of meta-structures with different patterns and fiber volume fractions under bending.

Bending angle Bending angle after
Label after loading heating- cooling Shape recovery (%)
RO 19 +£0.8 02+02 99
R1 18+ 1.1 144+09 92
R2 16 £ 0.9 21+1.1 87
HO 18.8 £0.9 05+0.5 97
H1 175 £0.7 19+ 1.1 89
H2 159+1.2 23+£1.7 86

and 0.04 + 0.007 J while both hexagonal counterparts result
in 0.10 = 0.007 J energy absorption.

3.6. Shape recovery

Table 7 represents the shape recovery feature of samples with
different fiber volume fractions and patterns under a compres-
sion load. The preliminary conclusion drawn from table 7 is
that by increasing the fiber volume fraction, the shape recov-
ery decreases as expected. The main reason for the shape
recovery is the shape memory feature of PLAs, therefore by
decreasing the amount of matrix, the shape recovery of com-
posite decreases as well. The non-reinforced hexagonal and
re-entrant patterns possess the highest shape recovery (100%)
and the reinforced re-entrant pattern with 40 wt% of glass fiber
has the lowest shape recovery (94%). Figure 22 illustrates a
sample with a hexagonal pattern and 20 wt% of glass fiber,
before loading, at the end of the loading-unloading, and at

the end of the heating-cooling step. It is seen that the meta-
structure has capability to release the residual plastic deform-
ation parietally and recover its original shape (96%).

Next, the shape recovery feature of the meta-structures
under bending is investigated. Table 8 lists the shape recovery
ratio of samples with different fiber volume fractions and pat-
terns under bending. It can be found that increasing the volume
fraction of glass fiber decreases the shape memory of compos-
ites as expected. The non-reinforced samples show the highest
shape recovery ratio near to 100%. The re-entrant pattern with
20 wt% of glass fiber results in the highest shape recovery
ratio (92%) among other reinforced samples. In contrast, the
hexagonal pattern with 40 wt% of glass fiber has the low-
est shape recovery ratio (86%). Figure 23 presents a sample
with a hexagonal pattern and 20 wt% of glass fiber, before
bending, after bending, and at the end of the heating-cooling
step. It can be observed that the meta-structure releases the
residual plastic deformation parietally and recovers its original
shape (89%).
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Figure 23. The configuration of the hexagonal meta-composite with 20 wt% of glass fiber: (a) before bending, (b) after bending, (c) after

heating-cooling showing 74% shape recovery.

4. Conclusion

This research introduced a groundbreaking approach to 3D/4D
printing recoverable, energy-absorbing meta-composites rein-
forced with continuous glass fiber via FDM technology. The
newly developed G-code modifier software introduced in
this study successfully and automatically detects geometrical
edges, even in complex structures such as meta-materials,
using a robust algorithm that precisely identifies curves
and sharp turns. This algorithm enables localized reduc-
tion of printing speed, significantly improving fiber place-
ment and printing accuracy in critical regions. This innova-
tion enables the efficient manufacturing of high-performance
meta-composites, overcoming key challenges in continuous
fiber-reinforced AM. While this work focused mainly on val-
idating the accuracy improvements achieved with the compo-
code, future studies are required to fully quantify its impact
on the mechanical performance. In this study, the mechan-
ical performance of hexagonal and re-entrant meta-composite
structures, reinforced with varying glass fiber volume fractions
(0, 20, and 40 wt%), was systematically investigated under
tensile, compression, and bending loadings. Tensile, bend-
ing and compression strength of meta-composites increase by
1000%, 1000% and 450% compared to non-reinforced meta-
structures, respectively. The hexagonal pattern with 40 wt%
glass fiber demonstrated superior tensile (2800 N) and bending
(200 N) strength, while the re-entrant structure with 40 wt%
exhibited exceptional compressive strength (400 N) and a
stable quasi-constant force plateau, indicative of efficient
energy absorption and steady zero-stiffness behavior before
densification. This quasi-zero stiffness regime highlights the
capacity of the re-entrant pattern to deform steadily under con-
stant force, making it ideal for energy absorption applications.
Energy dissipation and absorption were maximized in the
hexagonal meta-composite at 40 wt%, with values of 0.51 J
and 0.10 J, respectively. Additionally, shape recovery tests
demonstrated impressive recoverability, with non-reinforced
and reinforced meta-composites achieving ~100% and 95%
recovery under compression. Although bending recovery
was lower, the results underscore the synergy between
meta-material design, continuous fiber reinforcement, and
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advanced software-driven manufacturing. This study closes
a critical gap in the field, introducing a powerful frame-
work for creating versatile and high-performance meta-
composites. These findings advance the state of 3D/4D
printing and open avenues for applications in energy
absorption systems, aerospace, automotive and biomedical
devices, significantly contributing to composite science and
engineering.
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