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Composite materials play a prominent role in modern engineering. The gence of [ material
technology has brought about a profound impact on almost, if not all industries. The aerospace industry, for
instance, benefits greatly from composite materials. With composites, aircraft weight can be reduced while the
structural strength is maintained. As with other classes of materials, 3D printing technique allows composite
parts of high complexity to be fabricated with great precision. Additionally, with 3D printing, mechanical
properties of the resulted part can be accurately customized and controlled by means of varying matrix-
reinforcement proportions. As the composite material can be indefinitely customized in 3D printing, it is
crucial to evaluate the mechanical properties of the printed specimen. While testing of printed specimens is
usually possible, endless production and testing of specimens not only takes time and resources but also leads to
extensive experimental waste. In this study, an optimization-based technique is proposed to determine the
optimal 3D printing material proportion in order to reduce the need of unwarranted experimental waste and
improve the efficiency of composite material selection process. The study aims to investigate the properties of
Onyx/Carbon fiber composite material and the optimization of the 3D printing c to achieve d bl

mechanical properties. The effects of the number of carbon concentric fiber rings and the percentage of infill
density of Onyx used in 3D printing were examined. ASTM D3039 tensile tests were performed to obtain me-
chanical properties of the printed specimen. Considering the values of tensile strength and modulus of elasticity

of the printed material, the printing configurations were optimized using a multi-objective non-dominated
sorting genetic algorithm II (NSGA-II) with the Kriging model for objective function estimation. From the pro-
posed optimization technique, it has been found that the maximum tensile strength is attained when the number
of concentric fiber rings is equal 10 3 while the percentage of Onyx infill density falls in the range of 86-90.
Contrarily, the modulus of clasticity is maximized when the number of concentric fiber rings is equal to 4 with
the percentage of Onyx infill density in the range of 70-75.

1. Introduction aviation industries are among examples where composite materials are

extensively used to cater stringent requirements for lightweight mate-

Composite materials have become a prevalent material option in
various engineering applications owing to their high strength-to-weight
ratio, versatility, and customizability to fit certain needs., aerospace and

* Corresponding author.
E-mail address: sriyarit@sut.ac.th (A, Ariyarit).
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rials with yet exceptional mechanical properties. Setlak [1] has pre-
sented the comparative characterization of the structural materials
including composite material used in aviation structure and showed the
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ple of al posite structure which prevents delamination
and strongly propagating cracks in structure. Suchat [2] used the
epoxidized natural rubber and nanosilica to improve the impact strength
of epoxy nanocomposite as reinforced materials that composite material
showed the great potential to be used as raw material for propeller
blades of unmanned aerial vehicles (UAVs) based on physical properties
evaluated within the scope of the study.

Composite material 3D printer is a composite-material specimen
fabricating machine in which the type of materials, the geometry and the
ratio of the material compositions can be configured, allowing the me-
chanical properties of the printed specimen to be controlled to meet
diverse demands. Studies have been conducted in the recent years to
explore various means to control mechanical properties of the printed
materials as well as to explore potential applications of 3D printing
technology. Li et al. [3] suggests that the geometry and fiber filament fill
pattern significantly affect the tensile properties of 3D printed contin-
uous carbon fiber reinforced thermoplastic composite material. The
experiment performed by Ramalingam [4] shows that the hexagonal
infill pattern possesses the optimum energy absorption over other pat-
terns while inappropriate setting could lead to the unfitting properties.
Experiment conducted by Sanei [5] demonstrates that 3D printed
continuous carbon fiber onyx composite samples possess inferior me-
chanical properties to conventional carbon fiber reinforced epoxy
specimens due to lower volume fraction of fiber and poorer properties of
matrix. Nevertheless, the 3D printed ¢ hold great p ial in
various applications owing to rapid advancement in printing technology
that allows the fiber direction to be precisely controlled.

Fabricating composite material with 3D printing offers a notable
advantage of combining the flexibility of 3D-printing technique in which
complex design can be easily handled with the izable nature of
composite materials where proportion of reinforcement and matrix can
be controlled to achieve desirable properties. However, an inherent
challenge of composite material 3D printing is to adjust the printing
condition and to calibrate the proportion of matrix-reinforcement to
achieve the optimum of mechanical properties in the printed compo-
nents, aligning them to be suitable with their ion, while mini-
mizing material wastage.

In determining the optimal printing configuration, a combined
optimization technique with a surrogate model is shown to provide
satisfactory results. Surrogate models are used in various engineering

pplications includi ptimization probl where experiments are
complex, expensive, or time-consuming. Such models are used for esti-
mating a fitness or objective function landscape given that a set of
training data is provided. In optimization, different surrogate models
can be employed, including a radial basis function (RBF) interpolation
[6], a response surface model (RSM) [7], a Kriging surrogate model [5],
etc. Optimization techniques with surrogate model have been studies
and proposed by a number of researchers. Bellary [9] used several
Kriging variants along with a resp surface function
to optimize the performance of a turbomachinery system. Leusink [10]
used genetic algorithm and surrogate model based on CFD to design
helicopter rotor blade with multi-fidelity optimization.

The Non-dominated Sorting Genetic Algorithm (NSGA-II) [11] is
among the most prevalent algorithms used in optimization owing to its
high level of scalability and capacity in handling large-scale and com-
plex optimization problems with multiple decision variables and ob-
jectives. Studies have been conducted to incorporate NSGA-II in
optimization, Ariyarit used NSGA-II is used in airfoil design optimization
[12] and later in optimization of helicopter rotor blade design [13].
Zhou et al.[14] applied NSGA-II with multi-fidelity surrogate model to
solve computationally expensive problems. Phiboon [15] also employed
NSGA-II for multi-fidelity multi-objective airfoil design for fixed-wing
UAVs. In order to ensure applicability and validity of the mechanical
properties of the optimal composite, a standardized tensile test must be
performed to precisely obtain the tensile properties of the material
specimens. Among the standardized tests available, the test desi; 1

Materials Today Commumications 37 (2023) 107362

Table 1

The mechanical properties of Onyx as composite based [20].
Properties Test (ASTM) Onyx
Tensile modulus (GPa) D638 24
Tensile stress at Yield (MPa) D638 40
Tensile stress at Break (MPa) D638 37
Tensile strain at Break (%) D638 25
Flexural strength (MPa) D790 71
Flexural modulus (GPa) D790 3.6
Izod impact notch (J/m) D256 10A 330
Density (g/cubic meter) - 1.2

Table 2

The mechanical properties of Carbon as continuous fiber [20].
Properties Test (ASTM) Carbon
Tensile strength (MPa) D3039 800
Tensile modulus (GPa) D3039 60
Tensile strain at Break (%) D3039 1.5
Flexural strength (MPa) D790 540
Flexural modulus (GPa) D790 51
Flexural strain at break (%) D790 33
Compressive strength (MPa) D6611 62
Compressive Modulus (GP4) D6641 0.7
Compressive strain at break (%) D6641 105
Izod impact-notch (J/m) D256 10A 960
Density (g/cubic meter) = 14

Fig. 1. Markforged X7 3D printer printing specimens.
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Fig. 2. Visualization of laying specimen on Markforged X7 printing bed.

Rectangular Triangular Hexagonal

Fig. 3. The fill pattern example: (a) Rectangular pattern, (b) Triangular
pattern, and (c) Hexagonal pattern.

by the American Society of Testing and Materials (ASTM) offers a sys-
tematic and easily repeatable testing procedure and hence is commonly
used in research community. In Velmurugan experiment [16] the ASTM
D638 has chosen to determine the tensile properties of reinforced and

Materials Today Commumnications 37 (2023) 107362

1
Roof :
layers 4
5
6
7
8
9
10
Floor 1
12
layers I

Fig. 4. Example of specimens has 4 roof layers, 4 floor layers and a total of
13 layers.

time as shown in Fig. 2.

2.1.3. Printing configuration

To investigate the effects of the matrix infill density and the number
of concentric fiber rings of the reinfi on the 1 prop-
erties of the resulting composite, the printing configurations are
controlled by adjusting the following settings:;infill settings and rein-
forcement settings.

h

2.1.3.1. Infill settings. The matrix infill setting comprises of selections of
infill pattern, infill density, roof & floor layers, and wall layers. Fig. 3
shows different infill patterns, each of which offers distinct advantages
in the resulting specimen. According to the work done by RAM-
ALINGAM [4], it was found that the hexagonal infill pattern possesses
decent characteristics in terms of impact load or energy absorption.

non-reinforced plastics, whereas in the 3D printed composite researches
[3] and [5] the ASTM D3039 standard [17] for pol r composite is
employed.

In this study, a pioneer method based on multi-objective optimiza-
tion is proposed to determine the optimal 3D printing configuration of
Onyx/Carbon fiber composite. The integration of the Kriging surrogate
model and the NSGA-II optimization algorithm, aimed at optimizing
both tensile strength and modulus of elasticity is performed. This com-
bination has never been explored before in the field of composite ma-
terial 3D printing design.

2. Multi-objective optimization
2.1. Specimen preparation and testing

2.1.1. Material

A composite material is a material consisting of 2 compositions
referred to as Matrix and Reinforcement. In this study, Onyx, the fusion
of engineering nylon and chopped carbon fibers, is selected as a matrix
while Carbon fiber is used as a reinforcement, The mechanical properties
of Onyx and Carbon, from the datasheet provided by Markforged [13],
are shown in Tables 1 and 2, respectively. The combination of strength
and lightweight of the two materials is the reason for the material option
used in this study.

2.1.2. Printer specification

The experiment was conducted based on the capabilities of the
Markforged X7. The composite material 3D printer is designed to meet
the demand of using continuous fiber to reinforce the part of matrix as
well as composite material whereas the model could be openly fabri-
cated by 3D printing under the constraint of model dimension. Mark-
forged X7 features printing bed which has the building volume of 330 x
270x200 millimeter as shown in Fig. 1. Along with this build volume, it
is capable of printing 5 specimens per one printing order at the same

H , the r pattern provides the widest range option to
custom the fill density (0-92 %) when the triangular and the hexagonal
pattern can be customized between 18 % and 62 % and 36-72 %
respectively. The setting for roof & floor layers refers to the layers of
total number of upper and lower matrix layer as depicted in Fig. 4. The
wall layer setting refers to the number of solid matrices that are printed
along the wall part.

2.1.3.2. Reinforcement settings. The isotropic fiber pattern routes fiber
back and forth in a zig-zag manner accurately to simulate the layering
found in traditional laminated composites, it can resist the bending force
that results in tension load and compression load along the fiber direc-
tion which applied the tensile or compression loads in the right direction
as shown in Fig. 5 demonstrates how the fiber resists the load in its right
direction. The fiber orientation can be described by fiber angle as shown
in Figs. 6 and 7. The fiber angle can be manually configured angle for
each layer of fiber.

If the isotropic fiber filling option is selected, two concentric fiber
rings are formed around the exterior of the specimens by default to
ensure smoothly reinforced external surface. Nevertheless, the number
of fiber rings can be adjusted to obtain desired reinforcement capability.
The isotropic fiber filling option with different numbers of concentric
fiber rings is shown in Fig. 8. The printing conditions for both Infill and
Reinforcement settings are shown in Table 3.

2.1.4. Tensile testing configurations

In this study, a tensile test is performed to determine tensile prop-
erties of the printed composite including stress-strain response, tensile
strength, and modulus of elasticity.

2.1.4.1. Shape of sp and dii Itisac practice to
use a rectangular cross section specimen for ASTM D3039 standard test.
According to the standard [3], it is advisory that the minimum length of
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(a)

X

Compression loads direction
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Tension loads direction

(b)

Fig. 5. Bending force in direction which can be resisted by fibers. (a) Compression loads (b) Tension load.

+0

Fig. 6. Isotropic patiern specimens with concentric fiber rings.

(a)6=0° (b) 6 = 90°

(c) 6 =45° (d) 6 =-45°

Fig. 7. Isotropic pattern with different fiber orientation.

99 2%

2 concentric fiber rings

20022 60

Fig. 8. Isotropic pattern specimens with concentric fiber rings.

Table 3
Printing customization for specimen.

Infill settings
Fill pattern
Fill density

Rectangular pattern
50 %, 70 %, and 90 %

Roof & Floor layers 4
Wall layers 2
Reinforcement settings

Total fiber layers 10

Fiber fill type Isotropic fiber
Concentric fiber ring 2,3, and 4
Fiber angles (Degree) 45, -45

the specimen is computed using the following expression: In all exper-
iments, 150 mm-long, 15 mm-wide specimens with 15-mm gripping
length for each side, and 70-mm gauge length is used as shown in Fig

2.1.4.2. Tensile testing procedure. As shown in Fig. 9, all specimens are
marked with lines to indicate the gage length and the gripping length.
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150 mm

-
le__24mm _‘_wmm,{_ 72mm _‘ ‘ W

|

*

15 mm,

(@

®)

Fig. 9. Standard rectangular tensile specimens: (a) tensile specimen size and
(b) tensile specimens.

Table 4
The tensile test design factors.

Factor Level of factor

Low Medium High
Infill density (%) 50 % 70 % 90 %
Concentric fiber ring 2 3 4

Upper grip

Fig. 10. Tensile testing specimen is tested in the universal testing ma-
chine (UTM).

The gage length is used to ensure that the test result is valid while the
grip length is used to indicate the clamping distance between the grips.
After the specimen is attached to the Universal Testing Machine (UTM)
and is firmly gripped, an upward load is applied at the upper while the
end of the lower grip is fixed. During the test, the upward load at the
upper grip is gradually increased until the specimen breaks. The test is
performed using 100 kN Lloyd UTM with a 2 mm/min loading rate.

2.1.5. Design of experiment

The full factorial design is selected to design the tensile testing
experiment as the method allows estimation of the main effects as well
as the interactions between factors. By testing all possible combinations
of factors and levels, the full factorial design provides the relationship
between the factors and the design variables. The experimental design
was carried out using a general full factorial design with 2 factors and 3
levels, as listed in Table 4. Each of the 9 specimen conditions is subjected
to 5 tensile tests, resulting in the total of 45 experiments being con-
ducted. Fig. 10.
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Fig. 11. Operation process of Multi-objective optimization for tensile proper-
ties of 3D print Onyx/carbon fiber.

J
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2.2. Multi-objective optimization for tensile properties of 3D print Onyx/
carbon fiber

In this study, the multi-objective optimization process involved
designing the tensile testing experiments using a full factorial design. A
surrogate model is then constructed using kriging model based on the
experimental design variables. The NSGA-II algorithm is employed to
obtain the Pareto solution and to maximize both the tensile strength and
the modulus of elasticity of the specimens. The process of optimization is
presented in the Fig. 11.

2.3. Multi-objective function via Kriging surrogate model

Surrogate models are utilized in multi-objective optimization to
approximate the values of objective functions and constraints as exact
evaluations of these functions are often computationally expensive.
Kriging is considered one of the most practical surrogate models to be
used in multi-objective optimization since the model offers fast yet ac-
curate approximation of objective functions and constraints. This
greatly reduces the computational cost and improves optimization effi-
ciency, leading to improvement in solution quality especially for

ionally expensive probl In order to train the kriging sur-
rogate model, input-output data is necessary. In this work, the input
consists of the design variables obtained from experiment whereas the
output the response variables, i.e., the objective functions.

The ordinary kriging method predicts the unknown function as
shown in following

¥(x) = p(x) +&lx) 1)
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Fig. 12. Operation process of genetic algorithm.

Where ji(x) denotes a global model and ¢(x) denotes a local model.

In Eq. (1), the unknown function can be predicted using an ordinary
kriging method as described in [3]. Using Gaussian random function, the
sample points x can be interpolated. The correlation between Z(x;) and
Z(x;) is related to the distance between the two corresponding points,
xjand x;. The distance function between points x;and x; is described
using the following equation.

d(.‘-,“.‘,) - f:o*‘,.-f 4 @
kel

where r/‘(o <ok< ) is the k"element of the correlation vector
parameter,d. The correlation between points x;and Xjis defined as

Corr|Z(x;), Z(x;)| = exp|—d(x,x;)] 3)
The kriging prediction can be described as follows

V(x) = p(x) + "R (F - p) (4

where Z(x;)represents a local deviation from the global model [19], F —

[f(x1).f(x2). f(x3), . . f(xu )]ris the value of the evaluated function value

atX = {xj, Xy, X3, ..X,}, Rdenotes the n x n matrix in which the (i, j)

entry is Corr'Z(x;), Z(x;)|, n is the number of sample points, and r is the
vector in which the i element is

rifx) = Corr{Z(.\). Z(x‘)] (5)

In the original kriging model, it is assumed that y(x)is constant, and
the estimate for u(x), denoted as Ji, is given by

B o= lp(x), p(x), p(x), . ., pix) (6)
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Fig. 13. Ranking by NSGA-II (Minimization f1 and f2).

It is defined as
URF
1TR-"1
The parameter, 6, in the kriging model can be determined using
maximum likelihood estimation (MLE) given by the following equation

ux) = @)

Lu(u. o 9) = ',: In(0?) i In(|R|) (8)

Maximum Likelihood Estimation (MLE) is an m-dimensional
nonlinear optimization problem without any constraints, which can be
solved using a genetic algorithm (GA) as proposed by Goldberg and
Holland [20]. For a given ¢, the variance ¢° can be calculated from

-'*Al Wr_%
2 = (F-a)'R'(F-p)
n

9)

The mean squared error, s%(x) at point x of this function can be

calculated using the foll

(1—1R"'r)

2 TRl
sx) = e |1=-rR'r+ TR

(10)

where 1 denotes an n-dimensional unit vector.

2.4. Multi-objective optimization via non-d
algorithm 11

d sorting genetic

NSGA-II is a powerful and widely used algorithm for multi-objective
optimization that has several key advantages. It handles multiple con-
flicting objectives by generating a set of non-dominated solutions and
maintains diversity among solutions using a crowding distance measure.
NSGA-II can also handle problems with constraints is capable of
handling large-scale problems. Additionally, it is a robust algorithm that
quickly converges to the Pareto front. These features make NSGA-II a
versatile and effective algorithm for solving a wide range of optimiza-
tion problems.

The ordinary genetic algorithm (GA) is a searching algorithm that
uses the genetic operators such as the selection, crossover and mutation.
The simple genetic algorithm flowchart is shown in Fig. 12.

The Nondominated Sorting Genetic Algorithm II (NSGA-II) is an
improved version of NSGA and is widely employed in solving multi-
objective problems. NSGA-II is represented by nondominated points
and crowding distance sorting. Elitism is used to select the individuals
for the next generation, and the new generation is filled sequentially
with each front until the population size is increased, as depicted in

Fig. 13.




101

N. Petcharat et al.

190

180 1

170

160

150

140

Tensile strength (MPa)

1201

Materials Today Communications 37 (2023) 107362

L s " L s

100 s L s L

502 503 504 702

703 704 902 903 904

Printing conditions
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In this work, The NSGA-II is selected to find the pareto solution to
maximize the tensile strength and modulus of elasticity of the
specimens.

b1 1

for multi-objective optimization

P

3. Design pr

The 2 objectives of the optimization problem are to imize the
value of tensile strength as well as the modulus of elasticity. The opti-
mization problem can be expressed as.

1700

1600

1500

Modulus of elasticity (MPa)

g

Maximize: Tensile strength.

Maximize: Modulus of elasticity.

The 2 parameters in this optimization problem are the p ge of
Onyx infill density and the number of concentric fiber rings. Each of the
parameters has 3 levels for optimization as given below:

Infill density: 50 %, 70 % and 90 %.

Concentric fiber ring: 2, 3 and 4.

The design space is defined by the percent infill represented as
continuous data with the upper and the lower bounds of 90 % and 50 %,

1000
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Fig. 15. Results of Modulus of elasticity from various 3D Onyx/carbon fiber printing.
conditions.
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Table 5
Analysis of variance of tensile strength of specimens.
Source DF AdjSS AdjMs F- P-
Value Value
Model 8 85624  1070.3 494 0.000
Lincar 4 5856.4 1464.1 6.76 0.000
Infill density 2 366.7 183.3 0.85 0.437
Concentric Fiber ring 2 5489.8 27449 12.67 0.000
2 Way Interactions 4 2706 676.5 3.12 0.026
Infill density*Concentric fiber 4 2706 676.5 312 0.026
ring
Error 36 7800.1 216.7
Total 44 16362.5
Table 6
Analysis of variance of Modulus of elasticity of specimens.
Source DF  AdjSS  AdjMS  E- P
Value Value
Model 8 509404 63676 7.18 0.000
Linear 4 265557 66389  7.48 0.000
Density 2 125017 14.09 0.000
Concentric Fiber ring 2 7762 0.87 0426
2 Way Interactions 4 60962 6.87 0.000
Infill density*Concentric fiber 4 60962 6.87 0.000
ring
Error 36 319482 8875
Total 44 828887

respectively. The quantity of concentric fiber ring is represented as
discrete data with the upper and the lower bounds of 4 rings and 2 rings,
respectively. The surrogate model is then constructed through the
Kriging method.

4. Result and discussion
4.1. Tensile properties of onyx/carbon fiber composite

The printed specimens are tested for tensile properties as designated
by ASTM D3039. Each specimen is named using a 3-digit number. The
first 2 digits refer to the percent infill and the last digit refer to the
number of concentric fiber rings. The results of the tensile tests indicate
that the tensile strength of the composite increases with the number of
concentric fiber rings. A similar trend is observed for the modulus of
elasticity, which also increases with the infill density. However, at the
infill density of 90 %, the result shows that a smaller quantity of
concentric fiber rings results in a higher value of the modulus of elas-
ticity. The maximum values of tensile strength and modulus of elasticity
are obtained by the optimum proportion of matrix together with the
optimum quantity of concentric fiber rings. The maximum tensile
strength is obtained with 70 % infill (Matrix density). While the tensile
strength at 90 % infill is less than the value at 70 % infill as noted from
Fig. 14, the observation is likely due to large experiment variance. For
the modulus of elasticity, the highest value is attained at 90 % infill with
2 concentric fiber rings as observed from Fig. 15. The higher modulus of
elasticity indicates that the 90 % infill specimen has a superior strain-to-
elongation ratio compared to other specimens.

The results obtained from the experiment show that both percent
infill density and the number of concentric fiber rings individually af-
fects the tensile strength and the modulus of elasticity. Fig. 14 shows
that the tensile strength value is increased with the trend of increasing
the number of concentric fiber rings. The tensile strength being
increased is due to the increasing of the volume fraction of the rein-
forcement fibers that has more value tensile strength than Onyx ac-
cording to datasheet in Tables 1 and 2.

Additionally, the modulus of elasticity value increases with percent
of infill density as shown in Fig. 15. As infill density increases, the
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Fig. 17. Effect of parameters to Modulus of elasticity of the optimal specimens.

material filaments are more closely packed together, resulting in a more
rigid structure. Moreover, the greater density reduces the presence of
gaps within a specimen, affecting the increased stiffness of the specimen.

The results of the tensile strength and the modulus of elasticity from
the experiment, considered by the analysis of variance at the 0.05 level
of significance, are shown in Tables 5 and 6, respectively. For the Tensile
strength analysis from Table 5, It found that the value of P-value for the
analysis of infill density was found to be 0.437 and it is greater than
alpha level. However, the analysis for two-way interaction, P-value was
found to be 0.026 with the F-value of 3.12, indicating that the interac-
tion of the infill density and the number of concentric fiber ring has a
significant impact on the tensile strength of the specimens. Despite the
fact that the null hypothesis for individual factors was not rejected by
the statistical analysis, the statistical significance of interaction of two
factors is worth a mention. Similar to the analysis of variance of the
Modulus of elasticity from Table 6, it is also found the P-value for the
analysis of the number of concentric fiber rings to be 0.426 whereas all
others P-value were found to be zero including the two-way interaction
of the infill density and the number of concentric fiber rings. The results
suggest that the interaction of these two factors is significantly
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influenced by the modulus of elasticity.

In summary, while the analysis of variance does not provide the
conclusive evidence against the null hypothesis for individual factor, the
interaction between the infill density and the number of concentric fiber
rings appeared to have a significant impact on both the tensile strength
and the modulus of elasticity.

4.2. Multi-objective function via Kriging

The influence of parameters (Percent infill and number of concentric
fiber rings) on the tensile strength of the solutions and on the modulus of
elasticity of the solution constructed via Kriging surrogate model are
represented by the three-dimensional surfaces as shown in Figs. 16 and
17, respectively. Since both infill density and concentric fiber ring affect
the tensile strength and modulus of elasticity individually, a multi-
objective optimization design technique was applied in order to find
the optimum configurations.

90

Infill density (%) Concentric fiber ring

Fig. 19. The Parallel Coordi
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4.3. Optimization results via NSGA-II

The results of multi-objective optimization are shown as pareto
frontier in Fig. 18. The relationship of the design variables (parameters)
and the objective functions are shown with the Parallel Coordinate Plot
in Fig. 19. It is observed that the maximum tensile strength is achieved
when the sp contain 3-4 ric fiber rings as demonstrated
with red lines from Fig. 19 that the tensile strength of the optimized data
are maximized around 180 MPa when the specimens contain 3-4
concentric fiber rings. Additionally, it is found that the maximum
modulus of elasticity is achieved when the specimens infill density is 90
% as demonstrated with the green lines in Fig. 19. Further increase in the
percent infill does not lead to impr in modulus of elasticity due
to a higher volume of onyx.

4.4. The reliability of optimization

The reliability of the multi-objective optimization is evaluated by
cross validation method. Fig. 19 shows the tensile strength result with
the R-Square value of 0.95716. The plot of the modulus of elasticity is
given in Fig. 20 with the R-Square value of 0.90289 indicating that the
data is less distributed compared to the case of the tensile strength.
Fig. 21.

5. Conclusions

This study presents the optimum solution of Onyx/Carbon fiber 3D
composite material printing condition obtained from Multi-objective
single fidelity optimization using NSGA-II algorithm and kriging surro-
gate model. The design variables of the optimization are the percent
infill (matrix density) and the quantity of concentric fiber rings. The
objectives of the optimization are to maximize tensile strength and
modulus of elasticity. The specimens were manufactured with 3D
composite material printer and were tested with the procedure desig-
nated by ASTM D3039 standards. The tested results are used in the
optimization procedure as well as to provide the optimum solution
represented as the pareto frontier with the optimal direction. The PCP
plot that provides the information of optimum proportion between the
percent infill and the quantity of concentric fiber ring is also presented.
Using previously described methodology, it is observed that

e an increase in the number of concentric fiber rings led to a corre-
sponding increase in the material tensile strength.
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e The R-Square values of cross validation between the results from

experiment and the prediction model of tensile strength and modulus
of elasticity are 0.95716 and 0.90289, respectively.
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e The modulus of elasticity increases with both the number of
concentric rings as well as the infill density. However, when the infill
density is 90 %, a lower quantity of concentric fiber rings leads to a
higher modulus of elasticity value.

e The maximum tensile strength is attained when the number of
concentric fiber rings is 3 and the percent infill is in the range of
86-90.

o The maximum modulus of elasticity is reached when the number of
concentric fiber rings is 4 and the infill density is between 70 % and
75 %.
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