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Abstract

Traditional manufacturing methods struggle to incorporate complex internal configurations
within structures, thus restricting the potential for enhancing the strength of offshore
structures through internal design. However, the advent of 3D printing technology presents
innovative solutions to this challenge. Previous research has investigated the use of 3D
printing to integrate lattice-like structures within conventional frameworks to achieve
lightweight designs. Building upon this foundation, this paper models an embedded
structure and other marine structures subjected to similar loads using simplified models
and conducts a thorough investigation into their mechanical properties. Specifically, it
examines the effects of the 3D-printed infill structure, infill rate, and tilt angle of printed
specimens on the mechanical properties of 3D-printed components. The goal is to identify
the optimal parameter combinations that ensure structural strength while also achieving a
lightweight design and a secondary lightweight design for the embedded structure. This
paper concludes, from tensile, torsional, and compressive experiments, that honeycomb
infill structures, with specimens printed at an inclination angle of 0°, exhibit superior
performance across all properties. Additionally, the bonding between the layers of the
printed parts is identified as a key factor influencing the tensile and torsional properties.
While increasing the infill rate can significantly improve the overall mechanical properties
of speciments, it also results in a corresponding reduction in the lightweighting index.

Keywords: manufacturing; 3D printing; offshore structures; mechanical properties;
lightweighting index

1. Introduction

With growing global attention on clean energy, developing and utilizing renewable en-
ergy sources such as hydropower and tidal energy has become a key strategy for achieving
a sustainable, low-carbon future [1-3]. Hydropower, characterized by its cleanliness, effi-
ciency, and low-carbon footprint, has emerged as a vital renewable energy source driving
sustainable development. Its flexibility and energy storage capabilities provide signifi-
cant advantages in electricity generation and grid stability [4—6]. Tidal power generation
serves dual functions of energy storage and electricity generation, playing a vital role in
regulating power supply and maintaining grid frequency stability. These characteristics
render hydropower and tidal power indispensable for achieving low-carbon economies and
sustainable energy strategies [7,8]. Among these, the collection of mechanical energy has
garnered increasing attention due to the widespread availability of target resources [9-18].
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This approach effectively harnesses the flow of liquid earth in oceans and rivers to drive
generators and generate energy [19]. Head height significantly impacts turbine efficiency
and output power. Micro-hydropower generation (MHPG) systems must be installed at
low heads, resulting in low turbine rotational speeds. Conversely, conventional generators
exhibit low power conversion efficiency at low speeds, necessitating speed enhancement via
gearboxes and/or belts [20]. To enhance hydropower efficiency, researchers have pursued
multiple avenues. For instance, Wei et al. developed a 1 kW low-speed high-efficiency per-
manent magnet generator (LHPM generator) aimed at enabling direct-drive MHPG systems
to boost power generation efficiency [21]. Brian et al. utilized vibration measurements and
frequency domain analysis to locate vibrations within a series of hard-to-reach checkpoints
in hydropower installations, thereby improving efficiency [16]. Yadav and Chauhan [22]
proposed a micro-hydropower system based on generating electricity from household
water tanks. Ridzuan et al. [23] investigated a system harnessing water flowing through do-
mestic pipelines. H. Zainuddin [24] introduced a system utilizing domestic pipeline water
energy for power generation. However, none of these experiments considered enhancing
hydroelectric generator efficiency through material innovations. Substituting materials for
bearings and blades in hydroelectric generators necessitates consideration of mechanical
properties. This paper evaluates the mechanical performance of new materials through
tensile, compression, and torsion tests, thereby demonstrating the feasibility of replacing
conventional materials in hydroelectric generators.

In recent years, 3D printing technology has emerged as a focal point for exploration
across various research domains and is widely considered one of the groundbreaking and
emblematic technologies of the third industrial revolution. Its diverse applications, ranging
from the design and production of small items like children’s toys [25] to intricate tasks such
as the manufacturing and repair of aircraft engines in the aerospace industry [26], clearly
illustrate its immense potential. What is particularly noteworthy is that in the medical field,
3D printing technology has created a new connection between living and non-living matter.
For instance, by utilizing biomaterials that closely resemble the composition of human
bone tissue, researchers have successfully printed artificial bones with excellent biosafety
and osteogenic properties [27].

Also referred to as additive manufacturing (AM), 3D printing technology is an in-
novative process that constructs products by stacking materials layer by layer [28]. This
method contrasts with traditional subtractive manufacturing, which involves physical
processes such as cutting, chipping, and grinding to remove excess material. As illustrated
in Figure 1, Attaran Mohsen outlines five key advantages of 3D printing technology for
product manufacturing: speed; cost-effectiveness; quality optimization; potential for in-
novation and transformation; and a broader impact on the environment, logistics, and
other sectors [29]. He also forecasts that from 2013 to 2023, the printing speed of metal 3D
printing will increase significantly, while costs will decrease markedly.

For rod elements, drive shafts, columns at the intersections of strong crossbeams and
reinforcing ribs, and other columnar pressurized structures of various sizes, conventional
manufacturing methods impose significant limitations, making it challenging to create com-
plex internal structures. As a result, traditional weight reduction strategies typically involve
material removal, such as designing shafts to be hollow or incorporating weight-reducing
holes into plates. Importantly, a lattice-structured unit cell can be seen as an alternative
rod element to conventional support structures. Moreover, 3D printing technology offers
considerable advantages for the fabrication of such intricate structures [30-32].

In summary, this paper simplifies the truss rod element, lattice structure unit, drive
shaft, and column into physical models that are subjected to single tension, single torque,
and single pressure. According to international standards [33,34], we developed models



J. Mar. Sci. Eng. 2025, 13, 2007

30f24

for the compression, tensile, and torsion specimens, as illustrated in Figure 2 (notably, the
tensile specimen and the torsion specimen share the same model). The specific dimensions
of each specimen will be detailed later.
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Figure 1. Five advantages of 3D printing.
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Figure 2. Simplified model of marine engineering structures.
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In this paper, we will utilize 3D printing technology to manufacture these specimen
models by modifying their internal structures and printing parameters, with the goal of
investigating the mechanical properties of specimens exhibiting different internal config-
urations and printing parameters under various load conditions. This research aims to
identify a parametric design solution that satisfies lightweighting requirements while main-
taining excellent mechanical properties. We anticipate that this paper will further advance
the application of 3D printing technology in the field of ship and ocean engineering and
contribute to the development of this discipline.

2. Experiment
2.1. Specimen Size

In accordance with international standards, this paper presents designs for a tensile
test specimen, a torsion test specimen, and a compression test specimen, as illustrated in
Figure 3, below. Notably, the parameter dimensions of the torsion test specimen and tensile
test specimen are identical, and all numerical units in the figure are in millimeters. All
experiments were conducted under atmospheric conditions.
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Figure 3. Experimental specimen size parameters. The dashed line indicates the centerline of the
component. Dotted lines indicate the centerline of the component.

Figure 3 illustrates the structure of the compression specimen as an example. All
experimental specimens are structured internally by the “wall,” which comprises the top
and bottom surfaces, forming a complete closed shell around the internal structure. This
shell not only protects the filled structure but also ensures that the manufactured specimens
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exhibit good surface quality. Specifically, the “wall” consists of an inner wall and an outer
wall, totaling two layers, while both the top and bottom surfaces are composed of three
layers each. The thicknesses of the “walls” correspond to the width of the wire extruded
from the nozzle, while the layer thicknesses of the top and bottom surfaces align with the
layer thicknesses defined by the slicing parameters. The above materials will be printed
using the 3D printer shown in Figure 4.

Storey height: 0.2 mm

Line width: 0.42 mm

Number of layers of walls: 2
Number of layers on the bottom: 3

Number of layers on top: 3

Glass Door Switch

3D Printer Space:
256x256x256mm

Figure 4. Basic printer parameters.

2.2. Research Factors

The first factor examined was the filling structure, encompassing a total of 3 variables.
The second factor was the filling rate, which comprised 4 variables. The third factor
pertained to the specimen inclination angle, totaling 7 variables. Lastly, the fourth factor
was the form of load applied to the specimen, consisting of 3 variables. As shown in Table 1.

Table 1. Study variables and load forms.

Research Factors

Filling structure
Filling rate
Specimen tilt angle
Experimental load

Honeycomb Spiral Linear
25% 35% 50% 75%
0° 15° 30° 45° 60° 75° 90°
Tensile load Torsional load Compressive load

As indicated in the combined formula, Formula (1), let a, m, ¢, and g represent the
number of variables for the four research factors: filling structure, filling rate, specimen
inclination angle, and experimental load, respectively. The total number of specimens,
denoted as P in Equation (2), is established with b = n = f = h = 1 using the control

variable method.
y x!

Cylx—y)!
p = cicrclch @)

)

Substituting thedatab=n=f=h=1,a=3,m=4,e=7, g =3 to find the total number
of specimens, P = 252, we get 252 independent data points.

2.3. Filling Structure and Filling Rates

The pattern of each layer constitutes our infill structure. When printing a layer, it is
essential for the printer’s path to avoid repetition to reduce nozzle wear and prolong its
lifespan. Therefore, we selected three infill structures that do not involve repetitive paths
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for the nozzle: honeycomb; spiral; and the simplest option, straight line. Figure 5, below,
illustrates these three infill structures along with 3D prints featuring different infill rates,
where each row represents the same infill rate, and each column corresponds to the same
infill structure.

Honeycomb Filling

Figure 5. Three fill structures and four fill rates. The green arrow indicates an increase in fill rate.

The volume of the model we created in SolidWorks 2024 is referred to as the model
volume, denoted by V. The fill volume represents the portion of the model volume that has
been hollowed out, with the remaining volume classified as the fill volume, which directly
indicates the amount of material used. The filling rate is defined as the ratio of the total fill
volume to the model volume, multiplied by 100%. The specimen is constructed layer by
layer, where V; represents the fill volume of the 7 layer, M; denotes the model volume of the
i layer, S; refers to the filling cross-sectional area of the i layer, and A; signifies the model
cross-sectional area of the i layer. The filling rate is represented by p, the height of the layer
is indicated by h, and the extruded material of the 3D printer for the i layer is expressed
as L;. The total length of the filament is also denoted as L;, while & represents the width
of the extruded filament, determined by the print nozzle. In summary, we can derive the
definition in Equation (3) for the fill rate.

0= (%) % 100% ®)
Vi=S;-hM;=A;-h 4)
ZVi:ZSi'h/ZMi:ZAi'h (5)
Si =Li-« (6)

0= EZLZ'“ % 100% @)

2.4. Specimen Inclination Angle

Printing complex structures will inevitably involve sections of the component’s axis
being printed at a certain angle due to heat transfer. To investigate the mechanical properties
of the printed specimen under these conditions, this paper will print the specimen at a
tilted angle. This tilted angle refers to the angle between the specimen’s axis and the print
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bed, as shown in Figure 6, below, representing a line that forms an angle with the surface.
This angle is referred to as the print tilt angle or specimen tilt angle. Adjusting the print tilt
angle can also enhance the surface quality of the printed specimen by reducing the step
effect, as well as optimizing printing time and the amount of support material used [35].

Test piece

Specimen centre axis
Print direction (z-axis)l ——

1

Printer heat bed

Angle between axis and print heat bed

Figure 6. Tilt angle schematic. The red arrow indicates the transition between the 3D and 2D
schematic diagrams, while the blue arrow indicates the positive direction of the Z-axis.

3. Theoretical Formulas

Hooke’s law: The relationship between stress (¢) and strain (¢) in the elastic range can
be expressed as Equation (8), where E is the modulus of elasticity of the material (Young’s
modulus), and F is the force, A, is the cross-sectional area in Equation (9).

o =Ee (8)
F
—— 9
o= ©)
1
S:%,v:—sl“t,W:fae (10)
Ly €long 2

where AL denotes the change in length of the specimen under load, and L is the original
length of the specimen. v denotes Poisson’s ratio, which describes the ratio of the strain in
one direction to the strain perpendicular to that direction. ¢;,; indicates transverse strain,
€long indicates longitudinal strain, and the energy density of storage is expressed as W.

Consider the microelementary hexahedron in one of the specimens, and let it possess
stress components in three main directions in the x, y, z coordinate system: positive stress, oy,
0y, 0z, and shear stress components, Tyy, Tz, Tyz; therefore, the stress state of the microelemen-
tary hexahedron can be expressed by the following stress tensor in Equation (11):

Oz Tzy Tzz
C=|Twy 0y Ty (11)
Tzz Tyz 0Oz

The maximum stress can be found from the characteristic equation, Equation (12),
where A is the principal stress, and I is the unit matrix.

oy — A Txy Tex
dlo—Al)=0d=| Ty oy—A T | =0 (12)
Tex Tyx 0, — A

Tianyun Yao et al. pointed out that 3D printing is stacked layer by layer, which can be
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considered transversely isotropic in the plane of any layer, and provided the elastic intrinsic
relationship of the material [36], as shown in Equation (13), below.

€1 S11 S12 S 0 0 0 f|o

€ S12 S Sx3 0 0 0|

&3] _ |S12 53 S» 0 0 0|03 (13)
€4 0 0 0 2(522 — 523) 0 0 04

€5 0 0 0 0 856 0 05

_86_ L 0 0 0 0 0 565_ _0'6_

For the plane stress state, then we have 03 = 0,53 = 04 = 0,731 = 05 = 0; the
eigenstructure matrix can be written as Equation (14):

€1 Su Sz O o}
&2 | = [S12 S 0 | |02 |7a=7a =0,e3 = S51301 + S0 (14)
712 0 0 Ss5| |2

where the Ej, E; engineering constants are Young’s modulus; Poisson’s ratio, v1, v51; and
shear modulus, G1. The matrix of four elastic constants can be expressed as Equation (15):

1
Sn=rg
1
52 =g
o _ 1 (15)

56 = G,

1% 1%

Sp=-—F=—-%

In our current study, we aim to reduce the weight of both turbines and hydroelectric
generators while maintaining their structural integrity, thereby enhancing energy genera-
tion efficiency. Therefore, we now define lightweighting as follows.

The stress—strain relationship of elastic segment materials satisfies Hooke’s law:

oi=E- ¢ (16)
Fitting the effective stress-effective strain curve using the Swift constitutive equation,
o= k- (g +d)" 17)

For the elastic and plastic regions, the strain energy density is
(e = ode (18)

Integrating (. over the entire volume and assuming the stress state within the material
is independent of volume yields the deformation potential energy, Q;, as

o / | / /ngxdydz _ / / | /(éa tgy)dxdydz = V- < /0 * oide; + /:b Ujdsj> (19)

In the equation, V' represents volume; {; and (¢ denote the strain energy densities for
the elastic and plastic regions, respectively; ¢ is the strain at yield strength; and ¢y, is the
maximum effective strain.

Substituting Equations (16) and (17) into Equation (19) yields

_ E 2 k m-+1
Q. =V (285 m+1£b (20)
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For a given material volume, when specimen dimensions are identical, the volume is
proportional to the material thickness, t. When two materials achieve equivalent energy
absorption efficiency, their deformation potential energies are equal; thus,

2 ko mp+1 ky mp+1

ti . ESQ + m2+l£b2 ~ H12+1 bz

t T2 ky mi+1 ~ ky mp+1
2 S51 + myp+1 £b1 mﬁ-lsbl

(21)

The readily applicable Formula (21) can be used for material thinning design.

4. Tensile Experiment Analysis
4.1. Curve Form of Tensile Specimen Load Variation with Specimen Length

The ETM series electronic universal testing machine was used for this tensile exper-
iment. During the experiment, the specimen is firmly clamped by the fixture, the upper
fixture is kept fixed, and the lower fixture moves downward at a slow speed until the
specimen breaks. The data for the force applied to the specimen during the tensile process
will be transmitted to the computer in real time for recording and analysis.

As shown in Figure 7, the computer-generated force versus elongation images of all
the tensile specimens present three different types, corresponding to Figure 7a—c. Figure 7
demonstrates the type of image when the inclination angle of the tensile-printed specimen
is 0°. This image is characterized by the fact that at the initial stage of stretching, the
tensile force exerted on the specimen rises sharply with the increase in elongation. When
the tension reaches a certain peak, it begins to decrease as the elongation continues to
increase, and this process lasts for a relatively long time. When the elongation reaches
a certain critical value, the specimen ruptures, at which time the tensile force decreases
instantaneously, which is shown in the image as a sudden vertical fall in the curve. The
second image type is shown in Figure 7b; when printing the specimen at a tilt angle of 15°,
the computer forms this type of data image, which is characterized by a curve in the initial
stage of the specimen force with an increase in elongation, which is relatively fast. When
the tension reaches a peak, the tension begins to increase with the amount of elongation,
and the very small rate of decrease in the image of the curve is approximately a straight
line; when the amount of elongation reaches a certain value, it begins to decline rapidly.
The third image type is when the specimen tilt angle is greater than 30°, where the initial
stage of the curve has more specimen force, with an increase in elongation at a faster rate of
increase, reaching a certain value, and then experiencing a slightly shorter period of time,
which is instantly reduced to zero.

4.2. Tensile Fracture Form

As shown in Figure 8, below, all the tensile specimens have a specimen tilt angle of 0°
when fractures occur, such as in the root of the pulled fiber; that is, the print layer is parallel
to the axis, so all of the tilt angles of the specimen are 0° along the direction of the axis
parallel to its print direction; we can as also see several PLA fibers constituted by filaments.
However, the print layer has a certain angle of inclination with the axis along the direction
of the axis, and the fiber filament is composed of a segment; the number of segments is
equal to the number of print layers. The experimental results show that, in addition to the
specimen’s tilt angle of 0°, other specimens are along the angle of their print tilt breaks; in
other words, they are along the print layer fractures. Print specimens stacked together in
the two layers were then pulled apart.

The specimen’s tilt angle of 0° in the experiment occurs when elongation continues
to increase to a certain value from the outside to the inside of the slow break; the process
lasts for a long time. When the broken fiber filament reaches a certain amount, the fiber
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filament will instantly pull the rest of the fiber filaments broken all the way. When the
specimen tilt angle is 15°, or when the specimen is along the print level from the outside
to the inside of the fracture, the fracture pulls up a small number of PLA fibers out of the
plastic deformation of the filaments; this phenomenon occurs at the same time at a high
fill rate (greater than or equal to 50%) and a specimen print tilt angle of 30°. When the
specimen print angle is greater than 30°, the specimen will be loaded to a certain value, and
instantaneous fracture separation will occur along the print level; the larger the specimen
print angle, the flatter the cross-section.

Force(KN)
Force(KN)

00

00 20 40 60 80 100 120 140 160 180 200 220 24.0

displacement(mm)

Force(KN)

displacement(mm)
Figure 7. Tensile specimen curve forms. The green area represents the linear stage, the yellow-brown
area represents the yield stage, and the pink area represents the fracture stage. (a) represents an

inclination angle of 0°, (b) represents an inclination angle of 15°, and (c) represents an inclination
angle of 30°.

Figure 8. Tensile specimen fracture surface form.

From the loading stage to the specimen fracture process, the fracture time of the
specimen inclination angle of 0° is much greater than that of the other inclination angles,
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followed by the fracture time of the 15° inclination angle, which is significantly greater
than the 30° inclination angle; the fracture time of the 30° inclination angle does not differ
significantly. Combined with the experimental phenomena and computer-generated image
curves, we can initially conclude that the inclination angle of 0° allows the material to
withstand the tension of the fiber; when the tension exceeds the range of the material,
the fibers can withstand fracture. When a certain angle of inclination printing is used
to produce a specimen, there is an interlayer bonding force between the printing layers;
therefore, the force is much smaller than that of the PLA fiber, which can thus withstand
the force. As such, the specimen has an angle of inclination along the print layer fracture.

4.3. Tensile Strength Data Analysis

The maximum tensile force that the specimen can withstand before tensile rupture,
as a measure of the tensile strength of the specimen, is shown in Figure 9, below, with the
conditions of different filling rates. The vertical axis represents force, and the horizontal
axis represents the specimen’s tilt angle. Figure 9a—d, respectively, show filling rates of
25%, 35%, 50%, and 75% under three kinds of filler structure under maximum force. For
the tilt angle change, the black, solid-line nodes are rectangular, indicating that the filler
structure is a honeycomb. The red dashed line nodes are round, indicating that the filler
structure is a spiral. The last symbol indicates that the filler structure is a straight line. It
is not difficult to see in Figure 9 that, regardless of the filling ratio, the maximum tensile
stress that the component can withstand generally shows a decreasing trend as the printing
inclination angle increases.

(a)Fill rate=25% (b)Fill rate=35%

—=— Honeycomb —=— Honeycomb
i — o— Spiral — e— Spiral
1.0 \ — A- -Linear 104 —A- -Linear
0.8
g _ 0.8+
306 )
B @
& 0.6
0.4 =
024 0.4
0.0 T T T T T T T T T T | 0.2 T T T T T T T T T T 1
-10 0 10 20 30 40 50 60 70 80 90 100 -10 0 10 20 30 40 50 60 70 80 90 100
i o
Tilt angle(®) Tilt angle(®)
(c)Fill rate=50% (d)Fill rate=75%
1.4 4 1.6
—a— Honeycomb —=— Honeycomb
— @— Spiral —@— Spiral
1.24 —A--Linear 1.4 1 —A--Linear
é 1.0 4 _ 1.21
5 151
208+ g 109 “ D
= Nor .
\: Lo~
0.6 0.8 \f 2 I
. ‘ - I‘ &~ - = ~i
0.4 AN S 2 0.6 ¥
B 0!’ . \! .
T T T T T T T T T T 1 T T T T T T T T T T 1
-10 0 10 20 30 40 50 60 70 80 90 100 -10 0 10 20 30 40 50 60 70 80 90 100

Tilt angle(®) Tilt angle(®)
Figure 9. Variation in maximum load of tensile specimen with printing inclination angle.
(a) represents a fill rate of 25%, (b) represents a fill rate of 35%, (c) represents a fill rate of 50%,
and (d) represents a fill rate of 75%.
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Removing the individual accidental anomalies from the graphs, the specimens of the
three filling structures have a similar trend with the changes in specimen inclination angle
at different filling rates. The trend is that the maximum tensile stress that the specimen
can withstand decreases from 0° to 30°, increases from 30° to 45°, and decreases from 45°
onward. Under the four filling rates, the curves of the honeycomb filling structure are,
in most cases, located on the curves of the other two filling structures; from this, we can
conclude that the tensile properties of the honeycomb filling structure are greater than
those of the other two. At 35% and 50% filling rates, the curves of the spiral and linear
filling structures are close to each other; at a 25% filling rate, the tensile properties of the
spiral filling structures are better than those of the linear filling structures at inclination
angles from 15° to 60°; and at the 75% filling rate, the tensile properties of the linear filling
structures are better than those of the spiral filling structures.

The data images in Figure 10a—c, below, show the fill rate as the horizontal axis and
the force size as the vertical axis; data points in the longitudinal axis coordinates show the
specimen before the fracture of the maximum load appears in the transverse coordinates of
the specimen’s fill rate. From 10a—c, it can be seen that when the filling rate is greater than
50%, the maximum tensile load that the specimen can withstand at any inclination angle
and under any filling structure increases with the increase in filling rate. The maximum
tensile load that the specimen can withstand under each parameter when the filling rate
is in an interval of 25% to 50% is uncertain, with the increase in the filling rate, so this
interval is unstable. It can also be seen from the Figure 10 that when the specimen tilt
angle is 0°, any filling rate and any filling structure of the specimen can withstand a large
maximum load better than the other inclination angles; this again proves that an inclination
angle of 0° for the tensile properties of the specimen is better than the other inclination
angles. Secondly, the tensile properties of specimens with an inclination angle of 15° are
also better than those with an inclination angle of more than 15° in general. It is not difficult
to see from Figure 10 that, for the three different infill patterns, the maximum tensile stress
that the component can withstand increases with the rise in the infill density ratio. This
indicates that the infill ratio is one of the key factors determining the tensile capacity of
the component.

Given the comprehensive experimental conclusions drawn in this section, in the
manufacture of ships and marine engineering structures, we should make the inclination
angle 0° when 3D printing structures that are subjected to tensile force; i.e., the nozzle-
extruded material fiber filaments should lie flat in the printing layer, and the direction of
tension should be the same as the longitudinal direction of the fiber filaments. Andrea
Manes [37] pointed out that in fishery-rich areas where submarine pipelines are subjected
to impacts, after removing the load, these pipelines are straightened and deformed due to
rebound and applied axial tensile force; the deformation zone of the material is very easy
to fracture, and leakage occurs. Dapeng Zhang [38] and others provided the theoretical
basis and design method for the design of marine pipelines to cope with the complex
marine environment. Combining the problems raised above and the design method of the
reference pipeline, for the application of 3D printing technology for the manufacture of
marine pipelines, the axial direction of the pipeline should be parallel to the longitudinal
direction of the fiber filaments of the printing material; i.e., the specimen is printed with an
inclination angle of 0°, and at the same time, the cellular structure is chosen. In order to
satisfy the requirements of engineering safety, the filling rate should be set at more than 50%,
so as to keep the tensile properties in a stable interval. For other marine structures subjected
to tensile loads, 3D printing parameters and marine pipeline setup parameters should be
the same, and the requirements of the surface quality can be appropriately adjusted to
print the tilt angle while increasing the filling rate to compensate for the change in the tilt
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angle brought about by the change in compressive properties. For the requirements of
very high elasticity and deflection changes in special pipelines, 3D-printed soft materials
can be used [39] and then combined with rigid materials in the design of the parameters,
hopefully achieving a number of excellent properties in one place.

(a)Honeycomb filling structure (b)Spiral filling structure
1.6 g 1.6 1 =
—e—15° o (1’50
1.4 1 —a—30° 1.4 4 a—30°
——45° A
12{—e—60° 1] >

75

o
90° 75

90°

Force(kN)
f=1
o]
1
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=
%
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T T T T T T T T T T 1 0.0 T T T T T T T T T
20 25 30 35 40 45 50 55 60 65 70 75 80 20 25 30 35 40 45 50 55 60 65 70 75 80

Fill rate(%) Fill rate(%)
(c)Linear filling structure
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Figure 10. Variation in maximum load of tensile specimen with filling rate. (a) represents honeycomb
filling structure, (b) represents spiral filling structure, and (c) represents linear filling structure.

5. Compression Experiment
5.1. Compression Specimen Load Changes with the Specimen Length in the Form of a Curve

The compression test machine we used is an ETM series electronic universal testing
machine that is integrated with a tensile test machine. Before starting the experiment, the
lower platform needs to be leveled so that it is in a horizontal position; the upper platform
compresses the experimental specimen downward at 3 mm per minute. The curve of the
force and compression amount has only one form (as shown in Figure 11); the initial stage
involves force, increasing the amount of compression in the specimen, so it can bear the
rapid increase in pressure after reaching a certain value at a slow increase. Up and down
the two end surfaces of the platform’s sassafras force, the specimen’s constraints cannot
produce deformation; the middle of the specimen with the section with increased pressure
will continue to become thicker; and the bearing capacity increases. When the amount of
deformation is close to 5 mm, the experiment is stopped.

5.2. Compression of Experimental Data Analysis

As shown in Figure 12a—d, below, the print tilt angle of the specimen is used as the
horizontal axis, and the pressure is used as the vertical axis; the coordinates of the vertical
axis of the data points are the pressures on the specimen when the deformation of the
printed specimen is close to 5 mm. Figure 12a—d represent the variations in the maximum
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force of the three infill structures with the tilt angle under infill rates of 25%, 35%, 50%,
and 75%, respectively. The black solid line nodes are rectangular, indicating that the filling
structure is a honeycomb; the red dotted line nodes are circular, indicating that the filling
structure is a spiral; and the last symbol indicates that the filling structure is straight.
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Figure 11. Compression specimen and force versus compression curve form. The green area repre-
sents the linear stage, the yellow-brown area represents the yield stage, and the pink area represents
the fracture stage.
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Figure 12. Variation in the maximum load that can be carried by a compression specimen with print
tilt angle. (a) represents a fill rate of 25%, (b) represents a fill rate of 35%, (c) represents a fill rate of
50%, and (d) represents a fill rate of 75%.

When the filling rate is lower than 50%, the change curve of the loads of the three
types of filling structures at a specimen deformation of 5 mm, with the print inclination
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angle of the specimen, is in the overall shape of a W. It decreases in an interval of 0° to
15°, rises in an interval of 15° to 45°, decreases in an interval of 45° to 75°, and rises in an
interval of 75° to 90°; the trend of this curve is determined based on the statistical data of
all the data, but there is bias in the individual data. At a 75% fill rate, the curves for the
three fill structures show a decreasing trend in the 0° to 15° interval and an increasing trend
in the 15° to 90° zone. The curve of the specimen with the honeycomb filling structure is
located above the curves of the other two filling structures in all four filling rates, followed
by the spiral filling curve above the curve of the linear filling structure. In summary, it can
be concluded that the compressive performance of the specimens with honeycomb filling
structure is better than that of the spiral one, and the compressive performance of the spiral
filling structure is better than that of the linear filling structure.

As shown in Figure 13a—c, with the magnitude of the force as the vertical axis and the
size of the filling rate as the horizontal axis, the vertical coordinates of the data points in
the Figure 13 represent the magnitude of the compressive deformation of the specimen
under pressure at the respective printing inclinations. The amount of deformation reaches
5 mm when subjected to pressure. The horizontal coordinates are the filling rate of the
specimen. Figure 13a—c in the Figure 13 denote the honeycomb filling structure, the spiral
filling structure, and the linear filling structure, respectively.
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Figure 13. Variation in the maximum load that can be carried by a compression specimen with filling
rates. (a) represents the honeycomb filling structure, (b) represents the spiral filling structure, and
(c) represents the linear filling structure.

From a large number of data points, we can see that the size of the pressure on the
specimen increases with the increase in the filling rate, and the difference between the
values of each specimen becomes smaller and smaller, which leads to the conclusion that
the compressive resistance of the specimen increases with the increase in the filling rate. It
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can be inferred that the compressive resistance grows closer and closer to the filling rate
when it reaches a certain value. Individually, the compressive properties of the specimens
with printing inclination angles of 0° and 15° are better than the others, while the line with
a printing inclination angle of 0° shows an increasing trend in the filling rate range of 25%
to 50% and a decreasing trend in the range of 50% to 75%.

Columns [40] are a typical solution for designing wind turbine towers and supporting
foundations (e.g., monopiles and buoyancy), and the study of the structural stability and
strength of column structures when subjected to axial pressures is of great significance for
the wind energy industry [41]. Combined with the conclusions drawn from the compression
experiments, in the use of 3D printing technology to manufacture towers, monopiles,
offshore platforms, steel guides, and other such pressure-bearing structures, we can see
that, regarding the compressive performance of the three infill structures under high infill
rates of compression resistance, the honeycomb infill structure is more stable. The tilt angle
of each of the compression resistance values also tends to be similar to the printing tilt
angle. The two choices are 0° and 90°. If the overall printing structures need to be adjusted
for the parameters or reasonable design of the local angle of the print bed components to
obtain sufficient strength, we should choose high-fill-rate printing to achieve more than
80% success. However, then, the lightweight requirements will be reduced; therefore, this
is a matter of trade-offs.

6. Torsion Experiment
6.1. Curve Form

This torsion experiment uses the ETT series torsion testing machine, as shown in
Figure 14, below; it uses a computer through a sensor generated by the torque of the torsion
angle of the curve. All the torsion specimens for the experiment generated three forms
of curves, as shown in Figure 14a—c, which correspond to print inclination angles of 0°,
15°, and greater than 30° for the specimen. The three forms of the curve can be divided
into three stages. The first stage is a rapid climb stage; that is, the specimen withstands
the torque with a rapid increase in the torsion angle. In the second stage, there are three
forms of the 0° curve, with the increase in the torsion angle of the torque withstanding a
rate of increase, which is slightly slower than the first stage of the torque. The torque then
increases to a certain value with the torsion angle, which continues to increase in a small
range of change, that is, 15° for the specimen in this stage of the curve, within this range
of the torque. The specimen in this stage increases its ability to withstand the torque with
the increase in torsion angle, but there is a faster rate of decline. At greater than 30°, the
specimen’s ability to withstand the tilt angle with the torque increase will last longer within
a small range of change. However, the 30° specimen, with the exception of the tilt angle of
the specimen at the second stage, will endure for a relatively short period of time. In the
third stage, the specimen is unable to withstand the torque falling sharply, proving that
the specimen has been completely destroyed. From the curve of the second stage, it can be
initially judged that the specimen’s torsional performance is stronger at an inclination of 0°.

6.2. Torsional Experimental Fracture Forms

As shown in Figure 15, two fractures form in the torsion specimen. The first is for
a specimen with a print inclination angle of 0°; with an increase in the torsion angle of
the threaded specimen, the specimen surface will protrude from the marking distance,
which is of a cyclic nature; this fracture and a tensile fracture in similar fiber filament
material occur from the outside to the inside layer. The second form of fracture is along
the print layer, with fractures and tensile fractures consistent with the larger angle of the
cross-section, which is flatter. The 0° torsion specimen with the large number of threads on
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the surface is positively correlated with the torsion angle of the test piece before fracturing,
which usually reaches 800° or more, while other specimen angles are usually within 500°,
which further illustrates that the 0° print inclination angle of the specimen is better for its
torsional performance than other inclination angles. This further indicates that the torsional
properties of specimens printed with an inclination of 0° are better than those of specimens
printed with other inclinations.
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Figure 14. The maximum torque that can be carried by a torsion specimen as a function of the torsion
angle. The green area represents the linear stage, the yellow-brown area represents the yield stage,
and the pink area represents the fracture stage. (a) represents an inclination angle of 0°, (b) represents
an inclination angle of 15°, and (c) represents an inclination angle of 30°.

Figure 15. Sectioning of torsion specimens.

As shown by a,b,c,d in Figure 16 below, the horizontal axis of the coordinate system
represents the print inclination of the specimen, and the vertical axis represents the torque
that the specimen is subjected to. From Figure 16a—d, it can be seen that the fold line of the
honeycomb infill structure is located above the other two infill structures in most cases,
which shows that the torsional performance of the honeycomb infill structure is better than
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that of the other two infill structures. The variation curves of the three filler structures
tend to decrease in an interval of 0° to 15°; in an interval of 15° to 30°, there is no obvious
pattern in an unstable region, and there is a decrease in the interval from 45° to 90°. The
maximum values of the data points of the three infill structures in the figure mostly appear
at printing inclination angles of 0° and 45°, which indicates that the torsional performance
of the specimens with these two printing inclinations is better. The torsional properties of
the three infill structures are similar at low infill rates, and the honeycomb infill structure
has a stronger variation pattern than the other two infill structures, indicating that it is
more predictable.
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Figure 16. Variation in the maximum torque print with inclination angle that the torsion specimen
can carry. (a) represents a fill rate of 25%, (b) represents a fill rate of 35%, (c) represents a fill rate of
50%, and (d) represents a fill rate of 75%.

As shown in Figure 17a—c, the horizontal axis represents the filling rate, and the vertical
axis represents the torque; each folded line represents a particular print inclination and a
filling structure of the torsional specimen and its maximum torque, along with its change in
filling rate. From Figure 17, it can be seen that, for the filling rate interval of 25% to 50%, the
majority of the data points carrying the torque are increased by the increase in filling rate,
but there are still a few parts that do not comply with this rule; furthermore, the filling rate
of more than 50% also increased the compressive properties of specimen. For specimens
with a spiral filling structure, inclination angles of 0° and 30° and a filling rate greater
than 50% torsional performance are better; this is also true of 45°. From Figure 17, we can
observe that under the three printing methods, the changing trend of the component’s
torsional resistance mainly shows an upward pattern as the infill ratio increases.

Marine structures subjected to torsion are very important for the study of their failure,
and determining the torsional performance of traditional marine structures is mostly based
on the material itself [42]. The use of 3D printing technology to manufacture marine
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structures requires us to determine the torsional performance of not only the material itself
but also the bonding force between the printed layers. A tilt angle of 0° for print specimens
is more beneficial to the material’s torsional capacity, and the design of other parameters
can improve the torsional performance of a material. In summary, it can be seen that the
choice of the honeycomb filling structure fulfils the principle of a higher filler rate being
better. A print tilt angle of 0° is preferred, followed by 30°.
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Figure 17. Variation in maximum torque that can be carried by a torsion specimen with filling
rates. (a) represents the honeycomb filling structure, (b) represents the spiral filling structure, and
(c) represents the linear filling structure.

7. Conclusions

Through tensile experiments, it can be concluded that the tensile properties of the
honeycomb infill structure are better than those of the other two infill structures, and the
tensile properties of the specimens with a printing inclination angle of 0° are determined
by the strength of the fiber filaments of the material itself; the tensile specimen inclination
angle of the specimen breaks along the printing layer between 15° and 90°, which indicates
that the inter-layer bonding force is also one of the indicators for determining the tensile
properties of 3D-printed specimens. The tensile properties of specimens with inclination
angles of 0° and 15° are significantly greater than those with other inclination angles. A
filling rate above 50% is in a regular and stable interval, in which the tensile properties of
the specimens are positively correlated with the filling rate. The statistical data are shown
in Table 2.

Through the compression experiment, it can be concluded that the quality of the
compressive properties of the three kinds of filling structures is in the order of honeycomb
filling structure, then spiral filling structure, and then linear filling structure. The compres-
sive properties of the specimens with inclination angles of 0° and 90° are better than those
of the other inclinations, but the specimens with an inclination angle of 90° have the best
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print surface quality (which does not have any effect on the mechanical properties); a filling
rate of 50% is positively correlated with the filling rate when the compressive properties
are positively correlated with the filling rate. The compressive properties are positively
correlated with the filling rate when the filling rate is above 50%. The statistical data are

shown in Table 3.

Table 2. The statistical data of the tensile experiments.

) . Fill Rate
Tensile Experiments 5% 35% 50% 75%
0° 0.80 1.02 1.28 1.50
15° 0.65 0.85 0.88 1.18
30° 0.68 0.87 0.81 1.16
Honeycomb filling structure 45° 0.50 0.69 0.65 0.93
60° 0.35 0.58 0.65 0.83
75° 0.47 0.53 0.65 0.78
90° 0.40 0.64 0.55 0.97
0° 1.10 0.83 1.12 1.20
15° 0.60 0.69 0.80 1.12
. 30° 0.69 0.3 0.51 0.74
Spiral filling structure Maximum load (kN) 45° 0.62 0.52 0.60 0.72
60° 0.51 0.46 0.41 0.63
75° 0.29 0.44 0.49 0.74
90° 0.39 0.32 0.37 0.70
0° 0.84 0.93 0.91 1.18
15° 0.56 0.56 0.80 1.05
30° 0.51 0.42 0.55 0.86
Linear filling structure 45° 0.38 0.43 0.54 0.97
60° 0.42 0.42 0.36 0.79
75° 0.40 0.36 0.41 0.86
90° 0.29 0.40 0.57 0.84
Table 3. The statistical data of the compression experiment.
Fill Rate
Compression Experiment
25% 35% 50% 75%
0° 3.30 3.83 4.77 4.66
15° 1.95 2.40 3.17 4.14
30° 2.59 2.98 3.06 4.40
Honeycomb filling structure 45° 2.59 3.03 3.28 4.34
60° 2.72 3.17 3.39 4.51
75° 2.30 2.59 3.25 4.60
90° 3.78 3.75 4.22 4.83
0° 3.04 3.39 3.91 3.71
15° 1.88 2.21 2.62 3.76
. 30° 2.37 2.65 2.43 3.59
Spiral filling structure Maximum load (kN) 45° 2.27 2.65 252 3.56
60° 2.27 2.65 3.11 3.74
75° 1.60 1.90 2.59 3.68
90° 2.46 2.67 3.67 4.34
0° 2.05 2.87 3.47 3.33
15° 1.63 1.82 2.32 3.16
30° 1.34 2.26 2.54 3.33
Linear filling structure 45° 2.05 2.35 2.07 3.39
60° 2.14 2.26 2.40 3.59
75° 1.56 1.79 2.43 391
90° 2.34 2.73 3.31 4.02
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The torsion experiment shows that the specimen with honeycomb filling structure
has better torsional performance; the specimen with 0° inclination angle breaks in torsion
from the outer layer to the inner neck shrinkage, and then, one layer breaks; the specimens
with other inclination angles break along the printed layer, similar to the tensile specimen;
and the larger the angle, the flatter the section. This proves that the bonding force between
the layers is one of the most important indices for determining torsional performance; the
specimen printed with 0° is able to withstand larger torque and not fail at larger torsion
angles, while the specimen with a 15° inclination angle has poorer torsional performance.
The print specimens at 0° are able to withstand large torsion angles without failing and can
withstand large torque, while torsional performance at a 15° inclination angle is poor; the
positive correlation between torsional performance and the filling rate increases when the
filling rate is higher than 50%. The statistical data are shown in Table 4.

Table 4. The statistical data of the torsion experiment.

Fill Rate

Torsion Experiment 25% 35% 50% 75%
0° 2.66 3.18 3.70 4.66

15° 2.29 2.76 3.34 3.97

30° 2.62 3.08 3.51 4.19

Honeycomb filling structure 45° 2.73 3.38 3.30 3.79
60° 2.50 292 3.21 415

75° 2.69 2.75 3.00 3.83

90° 2.18 2.52 2.96 3.49

0° 2.53 2.47 3.18 3.39

15° 1.83 2.23 2.94 2.78

. 30° 2.54 2.38 2.68 2.78

Spiral filling structure Maximum load (kN) 45 2.61 2.71 3.54 3.73
60° 2.58 2.80 3.12 3.80

75° 2.37 2.56 2.75 3.13

90° 2.11 2.45 2.53 3.16

0° 1.84 2.34 3.40 4.24

15° 1.67 2.27 2.64 3.83

30° 2.61 2.47 3.22 4.09

Linear filling structure 45° 2.77 2.81 3.11 3.82
60° 2.43 2.33 2.78 3.49

75° 2.37 2.23 2.50 3.26

90° 2.03 2.08 2.65 3.45

The above situation is shown in Table 5. In the table below, we have compared the
aforementioned experiments and identified the advantages of and variations in different
printing methods under various experimental operations. In the above experiments, we
used the maximum stress that the components can withstand as the reference standard.
This is also our basic reference method for evaluating a component. The ability to withstand
higher ultimate stress means that the component possesses better performance parameters.

In summary, for the three properties, the best performance parameters are a hon-
eycomb filling structure, an inclination angle of 0° specimen, and 15° specimen tensile
performance. These are good for good compressive performance. For the 90° specimen,
compressive performance is good, and torsional and tensile performance are poor, but it
has the best surface print quality. The filling rate applies a full range of enhancements to
the overall performance, but although increased fill density delivers superior performance,
higher fill density inevitably leads to increased weight. The objective of this study is to
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reduce the weight of turbines and hydroelectric generators using 3D-printed materials
while maintaining strength, thereby enhancing efficiency. The definition of lightweight is
the ratio of strength to weight. When the strength requirements of turbines and hydro-
generators are met, appropriately increasing the lightweight ratio can reduce the weight
of components, which can effectively improve the mechanical motion efficiency of the
machines and thus enhance energy generation efficiency. However, since PLC material
is not a traditional high-strength material, its mechanical performance under severe sea
conditions remains to be verified. Additionally, its lightweight nature means that when
used in large marine structures, it may exhibit excessive buoyancy, resulting in poor wave
resistance. These are areas requiring future optimization. Future research may explore the
varying structural impacts of different printing methods at equivalent mass.

Table 5. Summary of different performance characteristics.

Torsional Strength Stress Strength Tensile Strength
Filling method Honeycomb filling outperforms the other two continuous filling methods.
. . When the filling ratio exceeds 50%, all three properties of the component begin to
Filling ratio . -
increase significantly.
Specimens printed at 0° can . e The tensile properties of
. Specimens with inclination . e 1
withstand greater torque and o 5 o specimens with inclination
. ) angles of 0° and 90° exhibit o o
o do not fail at larger twist . . angles of 0° and 15° are
Print tilt angle . superior compressive strength . 2.
angles, whereas specimens . significantly greater than those
. o b - compared to those with other . :
with a 15° tilt exhibit poorer S of specimens with other
. inclination angles. A
torsional performance. inclination angles.
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