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INTRODUCTION

1. INTRODUCTION

Additive manufacturing (AM) is one of the most sustainable advanced manufacturing
techniques, primarily depositing materials layer by layer to produce parts with improved
characteristics such as better surface finish, lower manufacturing costs, reduced material waste,
and desirable mechanical properties [1]. Therefore, this technique is currently adopted across
multiple industries, including aerospace, construction, automotive, and biomedical sectors.
[1].Moreover, the fabricated parts require a shorter manufacturing process compared to traditional
or conventional manufacturing methods, including a wider scope for adopting various raw
materials. In AM, additional benefits include the ability to produce intricate geometries, reduced
carbon emissions, and potential energy savings|2].
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Figure 1: (a) Manufacturing processes of additive manufacturing (AM) methods; (b) benefits of
AM methods [1], (c) energy consumption of different AM methods [3], (d) comparison of carbon
dioxide emissions among different manufacturing methods [4].

Moreover, AM possesses several other highly demanded industrial features, including
recyclability, renewability, biodegradability, cost-effectiveness, prolonged service life and
environmental friendliness, making it superior to conventional manufacturing processes [5]. In
particular to aerospace and automotive industries, the main goal is to reduce the weight of the
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materials with increased the machine and material overall efficiency which can be achieved
through the AM or 3D/4D printing techniques [6]. However, in the biomedical industry, AM plays
a significant role in designing prototypes of complex structures, which assists both researchers and
industries in decision-making processes and, in some cases, is applied directly in real-life scenarios
such as bio implantations [7]. Based on the type of raw materials or reinforcement materials and
manufacturing processes, the AM or 3D printing methods are classified as material extrusion
(ME), vat polymerization (VP), material jetting (MJ), sheet lamination (SL), powder bed fusion
(PBF), direct energy deposition (DED), binder jetting (BJ), Cold Spray Additive Manufacturing,
and additive friction stir deposition [7]. In most cases, the manufacturing process follows a similar
process flow. Initially, a 3D CAD model is created using specialized design software [8]. The
model is then converted into an STL file format, which defines the surface geometry of the part.
This STL file is subsequently imported into slicing software, where it is digitally divided into
layers and the corresponding G-code is generated. The slicing software also enables the
configuration of key manufacturing parameters such as layer thickness, print speed, and infill
density. Finally, the generated G-code is transferred to the 3D printing machine, which fabricates
the component layer by layer to produce the final part. The manufacturing processes of additive
manufacturing (AM) methods are illustrated in Figures 1(a) and 1(b). In contrast, Figures 1(c) and
1(d) depict the energy consumption and carbon dioxide emissions associated with various AM
methods and conventional manufacturing techniques.

Considering these outstanding advantages, the adoption of AM or 3D/4D printing has significantly
increased in modern industries. One study reported that the market size of the U.S. AM industry
was approximately USD 3.56 million in 2022, and it is projected to grow at a compound annual
growth rate (CAGR) of 21.3% from 2023 to 2030. Furthermore, the analysis revealed that this
method supports the production of software, hardware, and related services, with hardware alone
accounting for more than 64.1% of the total revenue share in 2022[9]. However, a recent study
highlighted that the market revenue of additive manufacturing (AM) in the U.S. market was USD
17.99 billion in 2024, and it is projected to increase linearly to USD 110.13 billion, with a
compound annual growth rate (CAGR) of 19.83%, as depicted in Figures 2 (a) and 2 (b). The study
further indicated the market share by region as follows: North America — 36.14%, Europe —
30.40%, Asia-Pacific — 26.41%, Latin America — 5.02%, and the Middle East and Africa —
2.03%[10], as shown in Figure 2(c). Figure 2(d) presents the market share distribution of different
types of 3D printers, including industrial and desktop systems. In addition, the adoption of AM or
3D printing contributes to reducing carbon dioxide emissions, which are typically produced
through conventional manufacturing processes. For example, one study highlighted that AM can
reduce carbon dioxide emissions by up to 70% in the building and construction industries. Notably,
the AM market has shown significant growth in healthcare and biomedical industries. According
to the study, the market value of AM in the U.S. healthcare sector was USD 7.4 billion in 2022
and is expected to reach approximately USD 27.3 billion by 2030[9]. The analysis further indicated
that the market’s CAGR would be 18.1%, with key applications in medical implants, prosthetics,
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wearable devices, tissue engineering, dental applications, and other related fields, as depicted in

Figure 3 (a).
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Figure 2: (a-b) Analysis of the U.S. additive manufacturing (AM) market size; (c) regional
distribution of the AM market share in 2023; (d) AM market share in 2023 based on different types
of 3D printers[10], (e) projected U.S. AM market trends based on different manufacturing
methods, and (f) U.S. market shares of AM-fabricated hardware, software, and services[9].

Moreover, the study demonstrated that the market value of polymers in AM is considerably higher
compared to metals, biological cells, and other materials, presented in Figure 3 (b). Reducing
carbon dioxide emissions and energy consumption in manufacturing processes has become one of
the major priorities of modern industries, as most manufacturing operations are directly or

indirectly associated with carbon emissions throughout their production stages [1].
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Figure 3: (a) U.S. additive manufacturing (AM) market size in biomedical industries and (b)
global market size of AM-fabricated metals, polymers, and biological cells based on different
material types[9].

In the aviation industry alone, approximately 3% of global greenhouse gas emissions originate
from this sector, and this figure is expected to increase by 300-500% by 2050. However, this can
be drastically reduced through the adoption of 3D/4D printing technologies in various
applications[11] . Compared to traditional manufacturing processes, additive manufacturing (AM)
or 3D/4D printing can produce the desired components with significantly lower carbon emissions
and energy consumption. A comparative study analyzed the environmental impacts of a 3D-
printed part versus a conventionally manufactured one [4]. The findings revealed that replacing
conventional manufacturing machines with industrial-scale 3D printers can reduce global warming
potential by about 88%, decrease carbon emissions by 94%, and improve energy efficiency and
material utilization through waste reduction and enhanced performance. Similarly, another study
compared different 3D printing methods used in pharmaceutical applications and found that most
3D printers produced less than 120 g CO2-eq per 10 units—substantially lower than conventionally
manufactured alternatives [3]. Furthermore, specific examples of carbon emission reductions have
been reported in the construction industry. One investigation found that adopting 3D printing
technology could potentially reduce carbon emissions by approximately 16.16% compared to
conventional manufacturing processes in construction [12]. Regarding energy consumption, it
varies depending on the 3D printing process and selected parameters, although it generally remains
more efficient than traditional methods. For instance, a study on fused deposition modeling (FDM)
revealed that higher layer thickness, higher printing speeds, and lower bed temperatures
significantly reduced total energy consumption. The study further concluded that bed temperature
alone accounted for 60—70% of the total energy use in FDM 3D printing [13].

Lattices are a class of cellular structures intentionally designed with voids to enhance the overall
efficiency of materials by reducing weight, decreasing manufacturing costs, and maintaining
desired mechanical performance compared to conventional solid structures used in various
domains [14,15]. Although the primary objective of lattice structures is to improve load-bearing
capacity in different applications, it is important to note that variations in lattice geometry, material
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type, and fabrication processes can result in different mechanical and functional responses. The
selection of lattice configuration and material type largely depends on the intended application. In
biomedical applications, materials such as ceramics, metals, polymers, hydrogels, and their
composites or hybrid composites are widely employed for the fabrication of lattice structures [16].
Lattices are generally classified based on their porosity characteristics and unit cell orientation
[16]. Specifically, in tissue engineering and bone scaffold applications, unit cell-based lattice
structures are predominantly adopted due to their ability to mimic natural bone architecture.
Among all available fabrication techniques, additively manufactured lattice structures are
considered more suitable for biomedical applications because of their superior design flexibility,
smooth surface finish, and simplified material handling compared to conventionally manufactured
counterparts [17]. However, there are several limitations associated with additively manufactured
lattice structures. These include insufficient mechanical strength, the need for extensive post-
processing, potential material toxicity, and the requirement for complex equipment and support
structures during fabrication [18]. Moreover, not all materials used in AM are approved under
global standards such as those established by the U.S. Food and Drug Administration (FDA). In
evaluating the performance of lattice structures, key parameters such as compressive strength,
biocompatibility, biocorrosion, and biodegradation are critically assessed before their
consideration for real-life biomedical applications such as bio implantations[18]. In biomedical
tissue engineering applications, scaffolds are defined as three-dimensional frameworks that
facilitate cell attachment, proliferation, and migration, while maintaining biocompatibility and
supporting tissue regeneration and integration in vivo [19]. The main distinction between a
scaffold and a lattice structure lies in their primary functions: the lattice represents the architectural
component within the scaffold that plays a crucial role in tailoring its mechanical properties,
including porosity, permeability, and bio-integration performance [20]. In essence, the lattice
provides the engineering support, whereas the scaffold delivers the biological functionality. In
scaffold design, biological performance is strongly influenced by the surface area-to-volume ratio
and the geometric configuration of the internal lattice structure, which collectively determine the
extent of cell-material interactions and biological responses [21]. In particular, bone tissue
scaffolds are designed to enhance patient recovery by reducing pain, restoring functional capacity,
and promoting new bone and cell growth within damaged regions [22]. It is important to note that
the mechanical performance of a scaffold such as its load-bearing strength—is not directly
responsible for cell proliferation or tissue generation. Instead, its primary role is to provide
structural support to withstand physiological loads, thereby maintaining mechanical stability until
new tissue formation occurs. Consequently, mechanical characterization often precedes biological
assessment in scaffold evaluation, particularly for applications focused on bone and tissue
engineering.

Composite materials are defined as materials in which certain fibers or particles are reinforced
within a specific matrix in a particular proportion. In the case of hybrid composite materials, the
types of reinforcing fibers can vary and are often more diverse than those used in traditional
composites. The primary objective of developing composite materials is to achieve a combination
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of desirable mechanical and functional properties, such as improved load-carrying capacity, high
strength, and enhanced strength-to-weight ratio [1] . In biomedical applications, composite
materials are widely utilized for bone replacement, spinal and joint implants, and various other
medical applications [23]. Hybrid composites, in particular, are often more advanced than
conventional composites, offering superior mechanical and biological performance. In some cases,
hybrid composites have demonstrated elastic modulus and strength values comparable to those of
natural bone, as reported in recent studies [24]. Both conventional and hybrid composites can be
fabricated from a wide range of materials—such as polymers, natural fibers, metals, ceramics,
minerals, and hydrogels—depending on the specific application and intended purpose. The
primary focus in biomedical fabrication lies in achieving biocompatibility and other favorable
biological responses necessary for successful bio implantation. In addition to traditional additive
manufacturing (AM) processes, recent research has explored innovative approaches, such as
incorporating nanomaterials into fabricated parts. For example, one study fabricated a lattice
scaffold from extracted cellulose reinforced with nano-hydroxyapatite (n-HAP) using an
extrusion-based AM method and reported excellent biological responses, suggesting its potential
for tissue engineering applications [25]. Despite these promising outcomes, several challenges can
arise during the fabrication and application of AM-based lattice composite bioimplants. Improper
composite formulation may lead to poor cell adhesion and impaired osseointegration, resulting in
weak bonding between the lattice and surrounding tissues [26]. Furthermore, stress-shielding
effects may occur if the AM-fabricated composites are composed of excessively strong or dense
materials. Long-term complications can also develop after implantation, such as wear, corrosion,
fibrous encapsulation, inflammation, and reduced fracture toughness. Over time, these issues may
lead to cracking or failure of the implant, necessitating revision surgery. Such complications can
result in prolonged recovery times, increased medical costs, and, in severe cases, fatal outcomes
[26]. To overcome these challenges, further biomechanical and biological performance evaluations
are required through extensive experimental trials before real-life applications or bio implantations
are undertaken[27].

In material extrusion, Fused Deposition Modelling (FDM) or Fused Filament Fabrication (FFF)
has become increasingly popular for fabricating lattice composite structures due to its low
manufacturing cost, simpler processing, wide range of available biopolymers and composite
filaments, and its environmentally friendly and energy-efficient nature[8]. Before fabricating
lattice composite scaffolds, the filaments are first produced as composite formulations. For
example, an extruder—either twin-screw or single-screw—is used to fabricate the filaments,
where a hopper feeds the filament matrix pellets along with the desired composite powders or
pellets[1,28]. Among the extrusion processes, nanoparticles are added to enhance the mechanical
properties and achieve the desired performance of the lattice composite scaffolds [29]. After
obtaining the filaments, they are fed into an FDM 3D printer to further fabricate the lattice
composites.

FDM can be applied in multiple areas of the biomedical industry, particularly in bone defect repair,
bone regeneration, osteogenesis, tissue engineering, and other related applications. For example,
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this research used polyetheretherketone (PEEK) incorporated with calcium hydroxyapatite (cHAp)
to fabricate a lattice composite scaffold, which showed significant in vitro results and was further
proposed for potential applications in bone defect repair through implantation [29]. Similarly, this
study fabricated a polylactic acid (PLA) composite incorporating magnesium (Mg) and nano-
hydroxyapatite (n-HA) and investigated the in vitro and in vivo outcomes of FDM-printed
composite scaffolds. In the in vitro experiments, the biocompatibility, osteogenic properties, and
angiogenic capabilities were evaluated, while the in vivo studies explored the underlying pathways
of osteogenesis and angiogenesis. The results indicated that the 10% Mg composite exhibited
optimal osteogenic properties, whereas the 20% Mg composite showed superior angiogenic
effects. In terms of mechanical performance, the highest compressive modulus (200-210 MPa)
was achieved at 10% Mg content. Although the addition of Mg slightly reduced the overall
modulus, the study concluded that the proposed composite scaffold is a promising candidate for
treating critical-size trabecular bone defects, as it demonstrated favorable outcomes in animal trials
[30].
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2. METHODOLOGY OF THE STUDY

In this section, the overall methodology for the lattice composite is presented, covering the
design, fabrication, and experimental processes. The method includes finite element method
(FEM) analysis, modeling, fabrication, data analysis, machine learning, and other related
processes. Moreover, the necessary precautions, along with the biological evalua-tions, are
discussed in detail in accordance with ASTM and ISO standards. Each stage is de-scribed in the
following sections.

2.1. Research methodology for FEM investigations on different lattice structures

To optimize and understand the performance of different strut diameters, filament types, and
lattice structures, finite element method (FEM) analysis was first conducted. Three different
polymeric materials such as PLA, ABS and nylon filaments are considered to calculate the
compressive behavior of different lattices and their struts. The isotropic properties of all filaments
are listed in Table 1. The material properties of the considered polymeric materials are taken from
the literature[31,32].

Table 1: Isotropic material properties of PLA,ABS, and nylon.

Material Young’s modulus Poisson’s ratio Density (g/cm3)
(GPa)

PLA 3.5 0.38 1.25

Nylon 618 2.95 0.36 1.10

ABS 0.862 0.35 0.78

A design of experiment (DOE) was developed using a software called Minitab-19 to investigate
the compressive behavior on three different lattice structures, filaments and strut diameters. The
design is based on Taguchi L9 orthogonal array. The DOE has been presented in Table 2.

Table 2: Design of the experiment in L9 orthogonal array.

Factor Name Level values Column Level
A Strut diameter 1.01.52.0 1
B Filament type PLA ABS Nylon
C Lattice type SC 3
SC-BCC
FCC

The finite element investigations were conducted using the ABAQUS software. The validity of
this work is checked by comparing with the literature [33], where two types of simple cubic (SC)
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unit cells (1,27 cell numbers) with Ti-6Al-4V alloy material are considered. The material properties
are defined as elastic-plastic in behavior by the Johnson-Cook material model. However, it should
be noted that the increment steps are 15 for the analysis. From the analysis and comparison, it is
evident that the results obtained by FEM and other literature outcomes are compatible with each
other. The stress-strain curve with comparison is presented in Figure 4 (a) and Figure 4 (b) below.
The deviation between the reference study and the current research was less than 5%.
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Figure 4: (a) Stress-strain curve comparison with current research outcomes and other literature
outcomes[33]for unit cell 27, (b) Stress-strain curve comparison with current research outcomes
and other literature outcomes[33] for unit cell 1, (¢) SC lattice at 2 mm strut diameter, (d) SC-
BCC lattice at 1.0 mm strut diameter with implemented boundary conditions, (¢) FCC lattice
structure at 1.5 mm strut diameter with tetrahedral mesh, (f) FCC lattice structure’s deformation
pattern after compression test.

First, the lattice unit cell has been designed according to DOE’s strut diameter. Since, the
number of unit cell does not play a significant role in computing the mechanical properties [33],
therefore, we considered a unit cell in this study. The overall dimension in the unit cell is 4 mm x
4 mm x 4 mm. After that, the material properties are assigned to the unit cell and a tetrahedral
mesh is created in the unit cell. The boundary and loading conditions need to be defined in the
lattice cell before conducting the compression test. Hence, three sets are created at the bottom, top
and a reference point of the lattice structure to define the boundary and loading conditions.

However, the reference point is defined at the (0,4,5) point to create a gap between the loading
point and the lattice structure. Later on, the bottom section is fixed in all directions and load is
generated from the Y direction of the reference point. An earlier study found that different
compression speeds have a significant role in the outcomes[34], therefore in this study the
compression speed is considered as 1.5 mm/min which is suitable for polymer type materials[35].
The incrementation in the loading step is 15. Before submitting the simulation, a constraint
equation has been created which is defined in the top sets and reference point set. The force-
displacement curve has been plotted from the reference point. The finite element set up is
demonstrated in Figure 4 (c-f).
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2.2. Research method for PLA simple cubic lattice scaffold investigations

The material used in this research is a commercial PLA filament with a diameter of 1.75 mm.
The material was purchased from Creality (Shenzhen, P.R. China). Compared to other lattice
structures such as body centered cubic, and face centered cubic, simple cubic lattice structure
provides better mechanical performance[33]. Therefore, this research considers a simple cubic
lattice structure. Firstly, a CAD model is designed in a commercial CAD software with a
dimension of 36.0 mm X% 36.0 mm X 30.21 mm to conduct the compression test (according to
ASTM D695) [36] and evaluate the mechanical properties.

The design of the experiment (DOE) has been performed through Minitab 19. For Taguchi
selection, 4 level design has been opted, considering four significant printing parameters such as
layer height, printing temperatures, printing speed, and bed temperatures. The levels were chosen
based on the manufacturer's instruction and existing literature. Finally, the Lis orthogonal array
has been employed to design the DOE. DOE is presented in detail in Table 3.

Table 3:Taguchi Lis Experimental design (DOE).

DOE Layer height Printing Printing speed Bed temperature
SL. (mm) temperature (°C) (mm/s) O
E-1 0.1 195 30 50
E-2 0.1 200 40 55
E-3 0.1 205 50 60
E-4 0.1 210 60 65
E-5 0.15 195 40 60
E-6 0.15 200 30 65
E-7 0.15 205 60 50
E-8 0.15 210 50 55
E-9 0.2 195 50 65
E-10 0.2 200 60 60
E-11 0.2 205 30 55
E-12 0.2 210 40 50
E-13 0.25 195 60 55
E-14 0.25 200 50 50
E-15 0.25 205 40 65
E-16 0.25 210 30 60
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To fabricate the design on the FDM 3D printing machine, the model has been introduced with an
available slicer software named Creality Slicer. After combining all the input parameters from the
DOE into the slicing software, the software provides a predicted production time with a G-code.
Later on, the obtained G-code was inserted into the FDM printing machine using a memory card.
During fabrication, some crucial factors, such as the dimension of the lattice structure and strut
diameter, have been scrutinized. In addition, PLA filament can be significantly affected by
moisture content and humidity [37,38]; therefore, this study considers some precautions, such as
using a polyethylene bag to put the sample after fabrication, and checking the dimension
measurements against CAD modeling for printing accuracy., as shown in Figure 5 (b) . However,
other parameters, like the infill density of 100%, shell thickness of 1.2mm, flow rate of 100%, and
the nozzle size of 0.4mm are kept constant during printing.

Filament

Pull gears

Heater Liquefier

Nozzle
7 Printed object
X .
Build plate /
Y

/ Printing bed

Figure 5 (a) A schematic process of lattice cube printing on FDM 3D printer, (b) lattice dimension

measurement.

The compression test has been conducted (according to ASTM-D695) on a SENS universal
testing machine (model CMT-6000) with a compression speed of 2 mm/min and a 10 KN load
cell. An earlier study found that different compression speeds can remarkably influence
mechanical properties [39]. To achieve better outcomes, this study considered 2mm/min speed,
which has been obtained from other literatures of PLA materials[31,40,41] . Likewise, to get
accurate results, five samples are tested of each consideration (from DOE). The preload between
platens and samples is 0-5N for all tests. The accuracy of this universal testing machine is +0.5%.
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On the other hand, SEM test has been conducted on a JSM7800F (origin-Japan) machine. First,
the sample is cut with scissors, and a specific size is taken from different regions of the sample.
After that, the sample was attached to the sample plate by using conductive glue. Before
conducting the test, all samples were dried and sputtered with gold in a sputtering machine. Each
sample sputtered 4 times (a total of 120 seconds). It is important to note that the conductive glue
and spraying gold are used to increase the conductivity of the sample surface. The thickness of the
coating was approximately 2-3 nanometers (nm). Later on, the sample plate was placed in the
sample chamber. Finally, SEM photos of different samples have been collected at 5.0 Kilo Volt
(KV) and secondary electron mode with different magnifications.

2.3. Research method for wood-PLA simple cubic lattice scaffold investigations

2.3.1. Wood-PLA lattice scaffold fabrication, mechanical, physical and biological
process

In this research, also a wood—PLA composite containing 10% wood particles was
used. The wood-PLA filament was commercially purchased from Qidi, a manufacturer of
filaments for FDM 3D printing [42]. Although various types of commercial wood—PLA filaments
are available, a 10% wood content was selected for this study because this proportions are more
suitable for NFRCs based composite. A comparative study evaluated the effect of wood content
ranging from 0% to 50% in PLA composites, focusing on tensile strength [43]. The results revealed
that the highest tensile strength (57 MPa) was obtained at 10% wood content. As the wood
proportion increased, both tensile strength and elastic modulus decreased linearly. This reduction
may be attributed to increased brittleness at higher wood loadings, leading to earlier collapse or
failure of the material. Furthermore, the lowest tensile strength (30 MPa) was observed at 50%
wood content. However, in terms of dimensional stability, the 10% wood—PLA composite exhibits
slight deviations in moisture absorption and thickness swelling ratio compared with pure PLA
[44]. Nevertheless, due to the relatively low wood content, the dimensional changes in the printed
parts remain limited and do not significantly affect their structural stability. The density of the
considered wood—PLA filament for this study ranged from 1.22 to 1.24 g/cm? [42].

The design of the experiment was developed using the statistical analysis software Design-
Expert (Version 13). Four critical input parameters were considered: layer height, nozzle
temperature, printing speed, and infill density. Previous studies have indicated that, for NFRC-
based composites, lower layer heights, lower nozzle temperatures, and moderate to high infill
densities are generally more suitable for FDM-fabricated parts[28]. However, these variables do
not always produce consistent outcomes, as the results may vary depending on the geometry and
structural configuration of the printed components. Therefore, the selected parameter ranges were
determined based on existing literature and the manufacturer’s recommended settings [28,42]. A
Central Composite Design (CCD) was employed to structure the experimental plan. The design
consisted of 30 experimental runs, including 24 unique design points and 6 replicates at the center
points. The detailed design matrix is presented in Table 4.
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Table 4: Experimental design matrix for the wood—PLA lattice composite prepared using Central
Composite Design (CCD).

Input variables Low level High level
Layer height (mm) 0.1 mm 0.3 mm
Printing speed (mm/s) 40 mm/s 60 mm/s
Nozzle temperature (°C) 195°C 215°C
Infill density (%) 70% 100%

Apart from these variables, several additional printing parameters were kept constant
throughout the investigation, as previous studies have indicated that they do not have a significant
influence on the measured outcomes. These fixed parameters are listed in Table 5.

Table 5: Constant process parameters used in the FDM 3D printing machine.

Constant parameters Values
Infill pattern Cubic
Travel speed 100 mm/s
Build plate temperature 60 °C
Fan speed 100%
Z offset 0.0 mm
Top layers and bottom layers 4

The samples for the wood-PLA lattice scaffold were designed similarly like PLA
lattice. The specimens were fabricated using an FDM (Fused Deposition Modeling) 3D printer
(QIDI brand, model QIDI Max 4) with a build volume of 390 x 390 x 340 mm? and a nozzle size
of 0.4 mm. During fabrication, nozzle clogging was encountered due to the use of natural fiber-
reinforced wood—PLA filament. To mitigate this issue, the nozzle was thoroughly cleaned before
and after each fabrication process. Figure 6(a) illustrates the FDM fabrication process, while
Figure 6(b) presents the fabricated wood—PLA composite lattice structure.

The primary objective of this research was to investigate the compressive behavior of the
wood-PLA composite lattice. Compression testing was performed using an MTS 322 test frame
with a maximum load capacity of 100 kN. The loading rate can significantly influence the
mechanical response of lattice structures. To ensure consistency and avoid unintended variations
in the results, a crosshead speed of 2 mm/min was selected, following previously reported studies
[45,46].
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Thickness 36 mm

Length 3 6 mm

Y
Width 36 mm —>

(c) ) (d

Figure 6: (a) Fabrication process of the FDM 3D-printed wood—PLA composite lattice; (b)
fabricated lattice structure with dimensions; (c) compression test setup using the MTS 322 Test
Frame universal testing machine; (d) microscopic examination setup using the Zeiss Stemi 2000-
C.

Furthermore, to improve the accuracy and reliability of the experimental results, the
compression displacement was limited to 22 mm. Beyond this displacement, the lattice structure
exhibited densification behavior, effectively transforming into a sandwich-like compact structure
and demonstrating artificially elevated compressive strength. Therefore, restricting the
compression bar travel ensured that the results reflected the intrinsic compressive performance of
the lattice structure prior to full densification. The compression test setup is illustrated in Figure
6(c).

Finally, to compare the mechanical performance within the designed DOE framework, the
fracture regions of the wood—PLA lattice composites were examined using a microscope, as shown
in Figure 6(d). The microscope used in this study was a Zeiss Stemi 2000-C model. The fractured
surfaces were analyzed at different magnifications to evaluate the failure modes and crack
propagation characteristics.
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After conducting the compression test, the load—displacement curve was obtained for each
experimental design. The load values were then converted into stress by dividing by the surface
area. The total surface area was 1296 mm?. However, the void section was excluded by subtracting
577 mm? from the original area. Therefore, the effective cross-sectional area of the lattice was
taken as 719 mm?, which was used to calculate the stress of the wood—PLA composite lattice. The
effective cross-sectional area mainly represents the mechanical properties of lattice-type
structures, as reported in earlier studies [8,47,48].

To evaluate and understand the compressive behavior of the wood—PLA lattice composite, two
key responses were considered: compressive strength and compressive modulus. These responses
were determined for each DOE specimen based on its corresponding stress—strain curve. Previous
studies have shown that higher values of compressive strength and compressive modulus indicate
a stronger and stiffer material or structure compared to those with lower values[8]. The
compressive strength and compressive modulus reported in this study represent the average of

three experiments, conducted to minimize experimental errors and improve the accuracy and

reliability of the overall investigation.

Figure 7: (a) Prepared lattice samples for the water absorption experiment, (b) water absorption
and thickness swelling measurements (%) after 24 h and 48 h, and (c) experimental setup for the

contact angle measurement.

Water absorption and thickness swelling tests were conducted following ASTM D570, with
slight modifications due to the lattice geometry of the specimens, similar to the procedure reported
in the literature [49]. The lattice samples were immersed in distilled water, and the changes in mass
and thickness were recorded after 24 h and 48 h of immersion as depicted in Figure 7 (a) and (b).
To ensure accurate thickness swelling measurements, a reference point was marked on the
specimen using a permanent marker so that the same location could be measured after 24 h and 48
h. For the surface wettability analysis, the static contact angle was measured using the sessile drop
method according to ISO 19403-2:2024, similar to the approach described in previous research
[50]. A 10 pL droplet of distilled water was deposited on the surface of the lattice specimens due
to their thin-wall structure. After 30 s, the droplet images were captured using a microscopic
imaging system illustrated in Figure 7 (c). The captured images were analyzed using KSV CAM
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software (version 2008) to determine the contact angle. The baseline was carefully fitted to the
sample surface to obtain accurate measurements. For each specimen, three contact angle
measurements were taken at different locations, and the average value was reported. Prior to
testing, the samples were dried and conditioned at 23 °C and handled carefully during the

measurements to ensure reliable and consistent results.

Scanning electron microscopy (SEM) analysis was performed using a ZEISS EVO 10 MA
SEM equipped with an EDAX Genesis Apex2 energy-dispersive X-ray spectroscopy (EDS)
detector. The fracture regions and selected parts of the lattice structures were carefully considered,
cut, and mounted onto the sample holder using conductive carbon cement. Prior to observation, a
thin conductive gold coating was applied using a sputter coater to prevent surface charging during
imaging. SEM examinations were conducted under high vacuum conditions with an accelerating
voltage of 10 kV for the original surfaces and 20 kV for the fracture surfaces. The beam current
was maintained at 0.4 nA during the analysis.

In order to assess the cytocompatibility of the 3D-printed wood—PLA lattice structures, a cell
viability test using the Neutral Red uptake assay was performed. The human buccal carcinoma cell
line TR-146 (ECACC No: 10032305, passage number 25) was seeded into a 96-well plate at a
density of 1 x 10* cells per well in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with cell culture additives (10% (v/v) fetal bovine serum (FBS), 3.7 g/L sodium hydrogen
carbonate, 1% (v/v) non-essential amino acid solution, 100 IU/mL penicillin, and 100 pg/mL
streptomycin sulphate). The cells were incubated for 7 days at 37 £ 1 °C in a humidified
atmosphere containing 5% CO- to allow cell attachment and growth. Fragments of the 3D-printed
structures were incubated in cell culture medium for 7 days at 37 + 1 °C to prepare the material
extracts. Three extract concentrations (16.6 mg/mL, 50 mg/mL, and 100 mg/mL) were prepared,
and 200 pL of each extract-containing medium was added to the cells in the 96-well plate (12 wells
per treatment group) after removing the original culture medium. The cells were exposed to the
extracts for 24 h. After the treatment period, the medium was removed and 200 pL of Neutral Red
solution (33.3 pg/mL Neutral Red dye in culture medium) was added to each well, followed by
incubation for 2 h. Subsequently, the dye-containing medium was removed and 100 puL of a
desorption solution consisting of isopropanol and 1 M hydrochloric acid (25:1) was added to each
well to dissolve the incorporated dye. The absorbance of the extracted dye was measured at 540
nm using a Thermo Fisher Multiskan Go microplate reader (Thermo Fisher Scientific, USA). Wells
without cells were used as blanks. The cell viability values were expressed as mean + standard
deviation (SD) relative to the untreated control cells containing only culture medium [51].

2.3.2. Machine Learning Modelling

In this research, machine learning (ML) models were employed as an efficient predictive
tool to reduce reliance on destructive experimental testing and computationally expensive, time-
consuming numerical simulations. Traditional experimental and finite element analyses, although

accurate, require significant material preparation, testing time, and computational resources. By
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learning the relationship between printing parameters and the corresponding compressive strength
and compressive modulus response from a limited set of experimental data, the developed ML
models enable rapid and reliable prediction for new configurations.

The dataset constructed for machine learning prediction for this study was derived from 24
unique specimen configurations, each tracked via a unique specimen ID. The experimental stress-
strain data for each specimen was uniformly sampled to yield 500 discrete points per curve.
Consequently, a comprehensive dataset comprising 12,000 rows and 6 columns was generated.
For the development of the predictive model, stress was defined as the target feature, while layer
height, printing speed, nozzle temperature, infill density, and strain served as the input features.
Table 6 represents the dataset used for this study.

Table 6. Dataset for Machine Learning modelling

Layer L. Nozzle Infill
. . Printing . .
Specimen_ID  height, temperature density  Strain Stress
speed, mm/s

mm (°C) (“o)
1 0.2 50 185 85 0 0.018539
1 0.2 50 185 85 0.000159 0.019113
1 0.2 50 185 85 0.000318 0.019687
24 0.3 40 215 70 0.081526 2.617483
24 0.3 40 215 70 0.081689 2.614002

The models utilized in this work are based on ensemble learning techniques. The
fundamental principle of ensemble learning is to employ more than one learner and integrate their
predictions to form a single model that is stronger and more accurate than any individual learner.
By combining multiple models, ensemble learning improves predictive performance, robustness,
and generalization capability. This framework includes several methodologies, among which
bagging and boosting are the most prominent. Boosting is a major ensemble learning technique
and is regarded as one of the most powerful learning methods, forming the foundation of advanced
algorithms such as XGBoost, LightGBM, and CatBoost [52]. In this research only the XGBoost

model is used.
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Figure 8: XGBoost Algorithm [53].

Root mean squared error (RMSE) measures the square root of the average squared
differences between predicted and observed values, thereby assigning greater weight to larger
prediction errors and emphasizing model sensitivity to significant deviations. Eq. (1) represents
the numerical formulation of RMSE.

n
1
RMSE = |- (= 5)? (1)
i=1

Mean absolute error (MAE) computes the average absolute difference between predicted
and observed values, providing an intuitive and easily interpretable measure of overall model
prediction accuracy. Eq. (2) is the numerical equation of MAE.

n
1
MAE =2 |y, - 5 @)
i=1

Coefficient of determination (R?) quantifies the proportion of variance in the observed data
explained by the model, where a value of 1 represents a perfect prediction. The numerical formula
of R? is given in Eq. (3).

_ Yies i —9)?
Xt i = ¥)?
The optimized hyperparameter sets obtained from this procedure were subsequently used

R* = (3)

to train the final models. The selected hyperparameters and their corresponding search ranges for
each model are summarized in the following Table 7. This standardized and systematic tuning
strategy ensures that all models operate under near-optimal conditions and enables a reliable
performance comparison across different ensemble learning techniques.
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Table 7: Hyperparameter tuning ranges and optimal values for XGBoost

Machine Learning

Technique Hyperparameters Range Tested
Learning Rate 0.01-0.19
Max Depth 3-10

XG Boost Subsample 0.4-0.6
Colsample Bytree 0.4-0.6
N Estimators 50-300

In summary, to ensure accurate predictions on unseen data, the input dataset is grouped

based on specimen ID and split into an 80/20 training-to-testing ratio. An XGBoost base model is

trained first, followed by a hyperparameter-tuned model. After evaluating the comparisons, the

highest predictive accuracy is found in the base model. Consequently, this base model is deployed

to predict the continuous stress-strain curves for the unseen data. Finally, the compressive modulus

and compressive stress are extracted from these predicted curves and evaluated against the actual

experimental data. Figure 9 represents the workflow for machine learning modelling for the

present study.

Merge Data Based Split the Data Evaluate Matrices
Input on Specimen ID Based on Gt (R2, RMSE, MAE) AEETT IR R
: - . == Modelto —= - +WAS P~ Tuning and
Data {Make Specimen Specimen 1D in Train Data of Test and Train Evaluation
ID Unique) 80% & 20% Ratio Data
Comparison of Experimental Predict Stress-
and ML-Predicted b<—— Strain Curve for
Compressive Properties Unseen Data

Figure 9. Workflow for machine learning modeling.
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3. NEW SCIENTIFIC RESULTS - THESES

Published article related T1: REF-1

T1: Finite element analysis on polymeric lattice materials.

I investigate the compressive properties of various lattice structures by examining the effects of

lattice design, filament type, and strut diameter through FEM method. These parameters are

systematically analyzed to understand, optimize, and evaluate their influence on compressive

behavior. FEM analysis produced satisfactory results, demonstrating strong agreement with

experimental observations with 5% deviations and capturing the interactions between key

parameters. The developed FEM approach provides reliable validation and predictive capability,

enabling the assessment of lattice performance without the need for extensive fabrication trials.

This approach reduces experimental complexity and cost while offering valuable insights for

future filament development and aiding researchers in decision-making, performance evaluation,

and comparative analysis of lattice structures.

1.

In terms of PLA, ABS, and nylon polymers used for lattice-based structures, PLA was
found to be the most suitable material, exhibiting comparatively higher effective strength
703.67 MPa and elastic modulus 2.793 GPa.

The SC lattice was found to be the most suitable lattice structure due to its simpler
geometric design, lower manufacturing complexity, and favorable surface area compared
with the FCC and SC-BCC lattice structures. The surface area of the SC lattice was
determined to be approximately 7 mm?, which contributed to its efficient structural

performance and ease of fabrication.

The strut diameter was identified as a highly significant parameter for lattice structures,
with a percentage contribution of 46.80%, demonstrating its strong influence on the
mechanical properties of the lattice. The investigated strut diameter range and parameter
combinations provide valuable guidelines for manufacturers in selecting appropriate
design conditions to achieve improved compressive performance and optimize lattice-

based applications.

Published article related T2: REF-2

T2: Experimental investigation on PLA based SC lattice structures.
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I identified that the compressive properties of PLA lattice structures are highly dependent on FDM
manufacturing parameters. The interactions between these parameters and the compressive
performance of PLA simple cubic (SC) lattices were systematically analyzed using the Taguchi
method.

1. The layer height showed highest contribution with 86.78% for compressive strngth.
Moreover, this parameter is found highly significant for lattice type structure.

2. The optimized manufacturing parameters I identified for the PLA-based SC lattice
structure were a layer thickness of 0.1 mm, a printing temperature of 210°C, a printing
speed of 40 mm/s, and a bed temperature of 60°C.

3. A prototype lattice scaffold I developed using SC PLA structures from the optimized
parameters, specifically designed for bone-related applications. This scaffold will be
utilized for implantation and educational purposes, particularly in fracture-related studies.
The use of PLA is advantageous due to its biocompatibility and FDA approval for certain

biomedical applications.
Published article related T3: REF-3

T3: Compressive properties and Al based performance prediction of wood-PLA SC lattice
composite.

I investigated simple cubic (SC) lattice structures fabricated using wood—PLA filament via FDM
and examined the influence of manufacturing parameters on their compressive properties. The
selected parameters and corresponding outcomes were analyzed using the Response Surface
Methodology (RSM), which demonstrated significant interactions and strong relevance in
predicting mechanical performance. Furthermore, an artificial intelligence (Al)-based framework
I developed to enhance the prediction process.

1. The developed Al prediction framework demonstrated excellent predictive performance,
achieving a training R? value of 0.999, an RMSE of 0.012, and an MAE of 0.0082, while
the testing MAE was 0.1788. The proposed framework will be applied to predict the
performance of wood—PLA SC lattice composites based on manufacturing parameters,
thereby reducing the need for extensive fabrication and experimental testing.

2. The CatBoost prediction model achieved an error range of only 2—8.14%, demonstrating
reliable predictive performance. In addition, hyperparameter tuning significantly enhanced
the prediction process and improved the overall accuracy of the model, making it a robust
tool for predicting the compressive behavior of wood—PLA SC lattice composites within
the investigated parameter range.

Published article related T4: REF-3 and REF-4

T4: Surface analysis and performance evaluations of wood-PLA SC lattice.
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An integrated validation approach was developed using Scanning Electron Microscopy (SEM) and
microscopic analysis to explain the variations in mechanical properties. This approach enabled the
identification of underlying reasons for both improvements and deterioration in the performance
of lattice structures. Through detailed microstructural investigations, the relationship between
manufacturing defects and mechanical behavior was systematically established.

1. Through microscopic and SEM analyses, I found that a higher layer height (0.3 mm),
higher printing speed (60 mm/s), lower printing temperature (195°C), and 100% infill
density resulted in insufficient bonding between the fibers and the matrix, as well as

excessive material accumulation within the printed structures.

2. The best manufacturing outcomes with the fewest defects were achieved using a lower
layer height (0.06-0.10 mm), a moderate nozzle temperature (195-205 °C), a lower
printing speed (40 mm/s), and an infill density of 70%. These parameter combinations
promoted improved fiber—matrix bonding, enhanced print quality, and reduced

manufacturing defects in the wood—PLA SC lattice composites.
Published article related TS: REF-4
TS: Surface Chemistry Analysis of Wood—PLA SC Lattice Composites

Through a systematic investigation, I determined that manufacturing parameters significantly
influence the physical properties of lattice structures, particularly for wood—PLA materials. Key
properties such as contact angle, thickness swelling, and water absorption were found to be highly
sensitive to processing conditions. Furthermore, the study demonstrated how and why these
physical properties are closely linked to biomedical performance, especially in bone and tissue
engineering applications.

1. All investigated manufacturing parameters were found to influence the surface chemistry
of the wood—PLA SC lattice composites. The optimal condition was identified as DOE-27
(0.1 mm layer height, 40 mm/s printing speed, 215°C nozzle temperature, and 70% infill
density), which resulted in a contact angle of 75°.

2. Among the investigated parameter combinations, DOE-27 demonstrated the lowest water
absorption value of 0.91%, indicating enhanced dimensional stability and suitability for
potential biomedical applications.

Published article related T6: REF-4
T6: Biomedical applications of wood-PLA SC lattice composite

I designed and proposed a scaffold for tissue engineering applications, based on the optimized
outcomes of the wood—PLA lattice structures. The biological performance of the scaffold was
evaluated using the TR146 cell line, where the results demonstrated that the optimized
manufacturing parameters significantly enhanced cell viability, achieving approximately 98%

compatibility after 7 days of exposure. Moreover, the estimated fabrication cost of the developed
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wood-PLA lattice scaffold is less than 1 USD, making it a highly cost-effective solution. This
presents a promising alternative to conventional bone graft materials, particularly for non-load-
bearing applications such as cancellous bone repair, maxillofacial and oral tissue engineering, and
temporary biodegradable scaffolds.
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