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Abstract The mechanical properties of a fused deposition
modeling (FDM) process product are greatly influenced by
many process parameters. The identified parameters namely
deposition orientation, layer thickness and deposition style,
raster width, and raster gap are more significant factors con-
tributing to the strength of a FDM product. In this paper,
tensile strength, flexural strength, and impact strength are con-
sidered as three evaluation indexes to characterize the me-
chanical properties of a FDM part. An experimental research
approach based on the Taguchi method was presented and
some special specimens were designed. The influences of
the five parameters on the three evaluation indexes were ana-
lyzed by the use of analysis of variance (ANOVA). Finally,
based on the gray relational analysis, a set of optimal process
parameter combination was obtained to optimize comprehen-
sive mechanical properties of FDM parts.

Keywords FDM parts - Mechanical property - Process
parameter optimization - Taguchi technique - Gray relational
analysis

1 Introduction

Rapid prototyping technology (RPT) is the collective
name of a set of different technologies and processes used
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to manufacture models directly from three-dimensional
computer-aided design model by constructing them layer
by layer. As a manufacturing technology to fabricate
physical models or parts rapidly, RPT is widely applied
in the machinery, acrospace, construction, medical, cultur-
al, and other fields [1-3]. Different from traditional ma-
chining methods, RPT adopts the additive manufacturing
processes [4]. It modifies the geometry of a mass of ma-
terial by removing parts of the material until the final
shape is achieved [5]. The most significant feature of rap-
id prototyping is the ability to manufacture parts of any
complexity of geometry entirely without the need of con-
ventional tooling and services of skilled model makers.
The representative processes of RPT are fused deposition
modeling (FDM), stereo lithography apparatus (SLA),
laminated object manufacturing (LOM), selective laser
sintering (SLS), 3D printing (3DP), etc.

FDM is a typical example of the rapid prototyping
(RP) processes. In recent years, simplicity of operation,
inexpensive machinery, and durability of parts result in its
great development. The FDM is able to produce proto-
types from plastic materials, such as acrylonitrile butadi-
ene styrene (ABS) or polylactic acid (PLA). In FDM pro-
cess, the hot-melting filament feedstock is heated up to
their melting point temperature and then deposited by an
extrusion head. Meanwhile, the extrusion head can be
moved in both horizontal and vertical directions by a nu-
merically controlled mechanism. The nozzle follows a
tool path which is controlled by computer-aided
manufacturing (CAM) software, and the part is built from
the bottom up, one layer at a time [6, 7].

Although FDM is an efficient technology, some draw-
backs still exist. One of the drawbacks of FDM parts is
the strength limitation. As a consequence, the practical
application of components processed by the FDM is
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limited to low-loaded products whose failures do not lead
to severe effects. There is a main trend to apply the mold-
ing parts directly to the actual production and life.
Especially in the field of medical application as patient’s
prosthetic limb, high load carrying capacity of the com-
ponent is urgently required. Since the final mechanical
properties of parts obtained by means of the FDM process
are influenced by a large amount of production parameters
which are difficult to combine, it is absolutely important
to study the influence of various process parameters on
the mechanical properties of FDM products and conduct
the optimization so that improvement can be made
through selection of best setting.

The rest of this paper is organized as follows: Some related
works are outlined based on literature in Section 2. The ex-
perimental research is proposed in Section 3. The experimen-
tal optimization with the gray relational analysis is elaborated
in Section 4. The conclusions and future work are summarized
in Section 5.

2 Literature review

Aiming at improve mechanical properties of molding
parts, several attempts have been made to study influence
of various process parameters on it. The study of Es Said
et al. [8] shows that raster orientation causes alignment
of polymer molecules along the direction of deposition
during fabrication and influence tensile, flexural, and im-
pact strengths. In the study of Hutmacher D W et al. [9],
the forming structures of FDM parts were analyzed from
the micro perspective. It is found that the pore volume
and structure and the porosity of the scaffolds were
mainly defined by the setting of the computer-
controlled FDM machine parameters and the honeycomb
design resulted in good mechanical properties. In Ahn S
H et al. [10], they evaluated the effect that FDM build
parameters have on anisotropic material properties. With
the use of a design of experiment (DOE) approach, they
pointed out that process parameters such as air gap and
raster orientation significantly affect the tensile strength
of FDM part as compared to other parameters like raster
width, model temperature, and color. Lee et al. [11] per-
formed experiments on cylindrical parts made with FDM,
3D printer, and nanocomposite deposition (NCDS) to
study the effect of build direction on compressive
strength. Experimental result that compressive strength
is 11.6 % higher for axial FDM specimen as compared
to transverse FDM specimen shows diagonal specimen
possesses maximum compressive strength in comparison
to axial specimen. Bellehumeur C T et al. [12] investi-
gated the mechanisms controlling the bond formation
among extruded polymer filaments in the FDM process.
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The bonding phenomenon is thermally driven and ulti-
mately determines the integrity and mechanical proper-
ties of the resultant prototypes. In Jaya Christiyan K G
et al. [13], samples with different layer thickness and
printing speed were prepared. Based on the experimental
results, it is suggested that low printing speed and low
layer thickness have resulted in maximum tensile and
flexural strengths, as compared to all the other process
parameter samples.

Many theoretical models and numerical analysis
methods had been adopted to improve the mechanical
properties. In Khan ZA et al. [14], an orthogonal array,
main effect, the signal-to-noise (S/N) ratio, and ANOVA
were employed to investigate the process parameters in
order to achieve optimum elastic performance of a com-
pliant ABS prototype so as to get maximum throwing
distance from the prototype. It was found that FDM pa-
rameters, layer thickness, raster angle, and air gap signif-
icantly affect the elastic performance of the compliant
ABS prototype. Croccolo D et al. [15] developed an
analytical model, which is able to predict the strength
and the stiffness properties, based on the number of con-
tours deposited around the component edge and on the
setting of the other main parameters of the deposition
process. The effectiveness of the theoretical model has
been verified by comparison to a significant number of
experimental results, with mean errors of about 4 %.
Kotlinski J et al. [16] summarized the common mechan-
ical property indexes of rapid prototyping materials. The
study that includes the ranges of properties allows choos-
ing the material to build an object without familiarizing
with particular time-consuming manufacturers’ offers. In
Anoop Kumar Sood et al.[17], five important process
parameters such as layer thickness, orientation, raster an-
gle, raster width, and air gap were considered to study
their influence on tensile, flexural, and impact strengths
of test specimen. Empirical models relating response and
process parameters were developed and the model was
tested using ANOVA.

These works reveal that the mechanical properties of
FDM parts can be significantly improved with proper
building parameters without incurring additional ex-
penses for changing hardware and software. Although
many process measures, theoretical models, and numeri-
cal analysis methods have been proposed to increase the
part strength of FDM parts in above literatures, system-
atic experimental study has not been done to provide the
optimum combination of process parameters. Based on
the past research on the part strength in the FDM pro-
cess, this paper tries to tackle this problem. In this paper,
some experiments based on the Taguchi method were
provided, and the optimal combination of the five param-
eters was obtained through the gray relational analysis to
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Table 1  Factors and their levels
Factors Symbol Measuring unit Levels

1 2 3
Deposition orientation A ° 0 30 60
Layer thickness B mm 0.1 02 03
Deposition style C — 0 0/90 +45/-45
Raster width D mm 04 045 05
Raster gap E mm -0.1 0 0.1

optimize the comprehensive mechanical properties of
FDM parts.

3 The experimental research approach
3.1 Process parameter selection

There are many factors which influence the mechanical
properties of FDM parts, such as molding equipment per-
formance, molding material properties, processing condi-
tions, after treatment process measures, and molding pro-
cess parameters. This paper mainly explores the influence
of process parameters on the mechanical properties of
parts. Based on previous research results [10, 18] and
practical experience in processing, the deposition orienta-
tion (a), layer thickness (b), deposition style (c), raster
width (d), and raster gap (e) are selected as the experi-
mental factors to explore the effect of these parameters
on the mechanical properties of parts. The values of each
level for these factors are determined according to the
value recommended by the past experience of equipment
manufacturer. The selected factors and their levels are
shown in Table 1 and the specific implications of these
factors are described as follows.

(a) Deposition orientation. It is the position where the
part is built. Different position orientations will lead
to different cross sections curing structure at the

Fig. 1 The cross section (a) and
different deposition orientations

same location of molding parts. 6 represents the de-
position orientation angle displayed in Fig. 1.

(b) Layer thickness. It is the thickness of layer deposited by
nozzle and depends upon the type of nozzle used.

(c) Deposition style. It is the pattern of raster used to
fill the interior regions of the PLA part in accor-
dance with the outline information of the cross sec-
tion. The schematic diagram of three typical filling
styles, including long-raster (0°), long-short-raster
(+90°/0°), and staggered-raster (+45°/—45°), are ex-
hibited in Fig. 2. The angle value is the included
angle between the filling line and ox axis.

(d) Raster width. It is the width of raster pattern used to fill
interior regions of part.

(e) Raster gap. It is the gap between two adjacent rasters on
the same layer.

3.2 Experimental specimen preparation

Special test specimens for tensile strength experiment,
flexural strength experiment, and impact strength experi-
ment are designed in this section. The CAD model of
specimen is modeled in Pro/ENGINEER Wildfire 5.0
and exported as a Standard Template Library (STL) file,
which is imported to the FDM software in order to form
date files. The specimens for each experiment are fabri-
cated using the Desktop 3D Printer MakerBot Replicator
2, and the filament feedstock used for fabricating test
specimen is PLA.

1. Specimen for tensile strength experiment
Tensile specimen is designed as GB/T 1040.2-2006 in
this paper. Its schematic diagram and dimensions are
shown in Fig. 3 and Table 2.
2. Specimen for flexural strength experiment
Flexural specimen is built based on GB/T 9341-
2008. The recommended dimensional details of the
test specimen are given in Fig. 4. The length
[=80£2 mm, width 6=10.0£0.2 mm, and thickness
h=4.0 mm=0.2 mm.

(b)

v
nl/ x|

(@) (b)
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(a) long-raster

Fig. 2 Schematic diagram of deposition style

3. Specimen for impact strength experiment
The specimen designed for impact strength exper-
iment is based on GB/T 1043.1-2008. To ensure the
accuracy of the specimen, unnotched specimen is
adopted in this paper. Its shape and size are the same
with the flexural experiment specimen in Fig. 4.

3.3 Experiment procedure
3.3.1 Experiment for tensile strength

If the classical design of experiment (DOE) method is
used to experimental design, it would require a total of
3° (243) experimental runs. The Taguchi method of ex-
perimental design provides a simple, efficient, and sys-
tematic approach, called fractional factorial method for
minimizing the number of total experiment runs [19].

The orthogonal array is employed for the Taguchi meth-
od as the experimental analysis basis. By the previous re-
search results and the practical processing experience, the
deposition orientation has great influence on the mechani-
cal properties of the parts [20, 21]. Hence, the interactions
of other parameters with deposition orientation are also
taken into consideration in this paper, such as A xB,
AxC,AxD,and A x E. Because five factors at three levels
and four interactions are considered, the orthogonal array
L, (3'3) is selected for our experiment.

Fig. 3 Test specimen for tensile
strength experiment

(b) long-short-raster

(c) staggered-raster

In addition to the five factors, other factors could be
changed during the test, which will affect the mechanical
properties of the parts, in order to reduce the influence of
these random factors as far as possible on the test results.
Three identical test specimens are built for each case,
which resulted in a total of 81 test specimens for
L,,3" orthogonal array settings. The mean value of the
three tests is calculated as the result. The microcomputer-
controlled electronic universal testing machine (WDW-
10) is used to measure the ultimate load (F) with cross-
head speed of 2 mm/s as shown in Fig. 5. Then the
tensile strength (o,) can be obtained by dividing the av-
erage ultimate load (F) by the cross-sectional area. The
experiment results for tensile strength are shown in
Table 3.

3.3.2 Experiment for flexural strength

The process of experiment for flexural strength is the
same as experiment for tensile strength. Eighty-one
specimens are built for orthogonal array L,; (3'%) set-
ting of three replications each. Microcomputer control
electronic universal testing machine is used for three-
point bending test in Fig. 6. When the specimen defor-
mation reaches to the specified deflection, the maximum
bending stress can be called the flexural strength. The
loading speed is 2 mm/min and the distance between
two supports (L) is 30 mm.

by
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Table 2 Dimensions of

tensile specimen Symbol Dimensions (mm)
L 115+1
Lo 50+0.5
L 80+2
L, 104-113
L >150
by 10£0.2
by 20402
h 4+0.2
r 20-25

The flexural strength o is calculated using the following
equation:

3PL

_ I
VS W

where P is maximum bending load in Newton; b is the
breadth of the test specimen in millimeters; and d is the
depth of the test specimen in millimeters. The experi-
ment results for flexural strength are tabulated in Table 4.

3.3.3 Experiment for impact strength

The design of the experiment for impact strength is iden-
tical with the former ones. Eighty-one unnotched speci-
mens are constructed for Charpy pendulum impact resis-
tance test. The impact resistance of the material is the
ability to resist fracture under impact load. In the test,
the specimen placed vertically is subjected to quick and
intense blow by a single swing of the pendulum weight
in Fig. 7. The absorbed impact energy is the measure of
the material toughness and can be calculated by taking
the difference in potential energy of initial and final po-
sition of swing.
The impact strength o; is obtained through the equation:

A 3
NG | 2
0; =5 x 10 (2)

/0

Fig. 4 The three-dimensional model of flexural test specimen

Fig. 5 WDW-10 microcomputer control electron universal testing
machine

where A is the impact energy absorbed; b is the breadth
of the test specimen in millimeters; and d is the depth of
the test specimen in millimeters. The experiment results
for impact strength are shown in Table 5.

3.4 Experiment result

With the Taguchi method, parameter design converts
the objective value to S/N ratio, which is known as a

Table 3  Results of tensile experiment

Exp. no Factors F (KN) o, (MPa)
A B C D E
1 1 1 1 1 1 1.83 45.52
2 1 1 2 2 2 1.65 41.19
3 1 1 3 3 3 1.74 43.53
4 1 2 1 2 3 1.94 48.54
5 1 2 2 3 1 1.66 41.49
6 1 2 3 1 2 1.76 44.11
7 1 3 1 3 2 1.97 49.18
8 1 3 2 1 3 1.70 4238
9 1 3 3 2 1 1.82 4557
10 2 1 1 1 1 1.70 42.57
11 2 1 2 2 2 1.53 38.18
12 2 1 3 3 3 1.58 39.50
13 2 2 1 2 3 1.75 43.81
14 2 2 2 3 1 1.62 40.47
15 2 2 3 1 2 1.67 41.67
16 2 3 1 3 2 1.79 44.64
17 2 3 2 1 3 1.66 41.57
18 2 3 3 2 1 1.74 4347
19 3 1 1 1 1 1.54 38.51
20 3 1 2 2 2 1.39 34.63
21 3 1 3 3 3 1.49 37.22
22 3 2 1 2 3 1.68 42.08
23 3 2 2 3 1 1.66 41.42
24 3 2 3 1 2 1.59 39.84
25 3 3 1 3 2 1.75 43.70
26 3 3 2 1 3 1.64 41.04
27 3 3 3 2 1 1.67 41.78
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Fig. 6 Microcomputer control electronic universal testing machine for
flexural experiment

quality characteristic evaluation index [22, 23]. By
means of the S/N ratio, the least variation and the op-
timal quality design can be obtained. The S/N ratio is
beneficial in increasing factor weighting effect, de-
creasing mutual action, simultaneously processing the
average and variation, and improving the quality. The
objective of this paper is to maximize the mechanical
properties of the part. Therefore, the larger-the-better
characteristic is used. Its S/N ratio (7)) can be calculated
as follows:

Table 4 Results of flexural experiment

Fig. 7 Charpy pendulum impact resistance test

1n = —10log

—_
N‘

>

1
— 3
3% 3)

where 7 is the S/N ratio; w; is the ith result of the
experiment; and p is the repeated times of a trial.

The three experimental results in S/N ratio are shown
in Table 6; n;, 15, and 73 are the S/N ratio for tensile
strength, flexural strength, and impact strength,
respectively.

Table S  Results of impact experiment

Exp. no Factors P (N) or(MPa) Exp. no Factors A o; (ld/rnz)
A B C D E A B C D E
1 1 1 1 1 1 308.06 86.64 1 1 1 1 1 1 0.870 21.75
2 1 1 2 2 2 303.04 85.23 2 1 1 2 2 2 0.873 21.83
3 1 1 3 3 3 320.47 90.13 3 1 1 3 3 3 0.897 2243
4 1 2 1 2 3 303.33 85.31 4 1 2 1 2 3 0.896 22.40
5 1 2 2 3 1 306.31 86.15 5 1 2 2 3 1 0.893 22.33
6 1 2 3 1 2 282.07 79.33 6 1 2 3 1 2 0.926 23.15
7 1 3 1 3 2 295.04 82.98 7 1 3 1 3 2 0.931 23.28
8 1 3 2 1 3 257.35 72.38 8 1 3 2 1 3 0.927 23.18
9 1 3 3 2 1 263.15 74.01 9 1 3 3 2 1 0.954 23.85
10 2 1 1 1 1 282.17 79.36 10 2 1 1 1 1 0.892 22.30
11 2 1 2 2 2 255.90 71.97 11 2 1 2 2 2 0.877 21.93
12 2 1 3 3 3 248.36 69.85 12 2 1 3 3 3 0.861 21.53
13 2 2 1 2 3 257.03 72.29 13 2 2 1 2 3 0.864 21.60
14 2 2 2 3 1 264.11 74.28 14 2 2 2 3 1 0.891 22.28
15 2 2 3 1 2 24537 69.01 15 2 2 3 1 2 0.885 22.13
16 2 3 1 3 2 261.76 73.62 16 2 3 1 3 2 0.959 23.98
17 2 3 2 1 3 241.50 67.92 17 2 3 2 1 3 0.943 23.58
18 2 3 3 2 1 237.98 66.93 18 2 3 3 2 1 0.944 23.60
19 3 1 1 1 1 218.46 61.44 19 3 1 1 1 1 0.850 21.25
20 3 1 2 2 2 205.90 5791 20 3 1 2 2 2 0.862 21.55
21 3 1 3 3 3 228.73 64.33 21 3 1 3 3 3 0.868 21.70
22 3 2 1 2 3 210.74 59.27 22 3 2 1 2 3 0.852 21.30
23 3 2 2 3 1 198.26 55.76 23 3 2 2 3 1 0.859 21.48
24 3 2 3 1 2 192.11 54.03 24 3 2 3 1 2 0.863 21.58
25 3 3 1 3 2 201.50 56.67 25 3 3 1 3 2 0.932 23.30
26 3 3 2 1 3 182.44 51.31 26 3 3 2 1 3 0.915 22.88
27 3 3 3 2 1 188.02 52.88 27 3 3 3 2 1 0.933 23.33
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Table 6  Final result in S/N ratio Table8 ANOVA table for flexural strength
Exp. no Factors S/N ratio 7 (dB) Source DOF Sum of Variance F Percentage
square value contribution
A B C D E m ™ 7
A 2 469110 23.4555 271.07 0.000
! e re b 336 38752675 g 2 40086 20043 2316  0.006
2 1 1 2 2 2 32.30 38.61 26.78
3 1 1 3 3 3 3078 39.10 27.01 C 2 1.5324 0.7662 8.85 0.034
4 1 2 1 2 3 3372 3862 2700 D 2 1.0288 0.5144 5.94 0.063
> P22 3 132360 38712698 g 2 0.0204 00147 017 0.849
6 1 2 3 1 2 32.89 37.99 27.29
8 1 3 2 1 3 32.54 37.19 27.30 AXxD 4 0.3733 0.0933 1.08 0.472
? b3 s 2 b 33T 3739 2155 AxE 4 03555 00889 103 0.490
10 2 1 1 1 1 32.58 37.99 26.97
1 2 1 2 2 2 3164 3714 2682  Emor 4 0.3461 0.0865 - -
12 2 1 3 3 3 31.93 36.88 26.66 Total 26 55.1284 - - —
13 2 2 1 2 3 32.83 37.18 26.69
14 2 2 2 3 1 32.14 3742 26.96
15 2 2 3 1 2 3240 3678  26.90 . . .
16 2 3 1 3 2 3299 3734 27.60 The sum of square deviation of jth factor (SS)) and its de-
17 2 3 2 1 3 3238 3664 2745  gree of freedom (f) can be calculated as follows:
18 2 3 3 2 1 32.76 36.51 27.46
19 3 1 1 1 1 31.71 3577  26.55 1 , 72
20 3 1 2 2 2 30.79 35.26 26.67 ——— —— (i =
21 3 1 3 3 3 3142 3617 2673 55 r ; Ti n G=12,...k) (6)
22 3 2 1 2 3 32.48 35.46 26.57
23 32 2 3 13234 3493 2664 f, =m—1. (7)
24 3 2 3 1 2 32.01 3465  26.68
25 3 3 1 3 2 32.81 35.07 27.35 .
% 3 3 ) | 3 226 3420 2719 The sum of square of error (SSE) and its degree of freedom
27 3 3 3 2 1 32.42 34.47 2736 g;) can be calculated as follows:

Furthermore, the ANOVA can be adopted to identify
the importance of degree of factors and interactions to
the strength of test specimens. The following equation
can be used to calculate the parameters for ANOVA.

The total sum of square deviation (SS7) and total degree of
freedom (f7) can be calculated as follows:

n ) T2
SST:Zn,.—7. (4)
i=1

Sr=n-L (5)

Table 7 ANOVA table for tensile strength

k

SSE = SST-)» SS;. (8)
J=1
k
fe=FrY_ [ 9)
j=1

The variance of jth parameter (MS;) and the variance of
error (MSE) can be calculated as follows:

MS; =558, /1, (10)

Table9 ANOVA table for impact strength

Source DOF Sum of Variance F Percentage
square value contribution Source DOF DOF Variance F value Percentage contribution

A 2 4.08435 2.04217 60.79 0.001 A 2 0.31828 0.15914 21.74  0.007
B 2 2.77969 1.38984 41.37 0.002 B 2 2.08621 1.04310 142.48 0.000
C 2 3.06059 1.53029 4555 0.002 C 2 0.05302 0.02651 3.62 0.127
D 2 0.02714 0.01357 0.40 0.692 D 2 0.00723 0.00362  0.49 0.643
E 2 0.05861 0.02930 0.87 0.485 E 2 0.03945 0.01972  2.69 0.182
AxB 4 0.59286 0.14821 441 0.090 AxB 4 0.13316 0.03329 4.55 0.086
AxC 4 0.32427 0.08107 241 0.207 AxC 4 0.11255 0.02814 3.84 0.110
AxD 4 0.18019 0.04505 1.34 0.392 AxE 4 0.03935 0.00984 1.34 0.391
Error 4 0.13437 0.03359 - - error 4 0.02928 0.00732 - -
Total 26 11.24207 - - - total 26 281852 — - -
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Fig. 8 Main effect plot for S/N ratio. a Tensile strength. b Flexural strength. ¢ Impact strength

MSE:SSE/fe. (11)
F ratio of jth factor can be calculated as follows:
Fj=MS; [MSE (12)

where 7 is the total number of experiments, m is the number of
levels for each factor, & is the number of columns of orthogo-
nal array, r=n/m, T is the total sum of S/N ratio, and 7} is the
sum of S/N ratio when the level of factors is fixed on ith row
for an arbitrary column.

Relative influence of factors and interactions is determined
by ANOVA [24], and the ANOVA results are presented in
Tables 7, 8, and 9 for tensile, flexural, and impact strengths,
respectively. The optimum levels of five main factors for each
response of the part can be obtained intuitively from the main
effect plot for S/N ratio in Fig. 8. Optimum factor levels with
significant factors and interactions for the part strength are
listed in Table 10.

@ Springer

4 Optimization of parameters combination
with the gray relational analysis

In actual practice, the FDM parts are subjected to various
types of loadings and it is necessary to withhold more
than one mechanical property simultaneously. To address

Table 10 Optimum factor levels with significant factors and
interactions

Factors Tensile strength ~ Flexural strength ~ Impact strength
A 1 1 1

B 3 1 3

C 1 1 3

D 3 3 3

E 1 1 2

Significant A,B,C A,B,C A,B
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Table 11  Results of gray relational analysis Table 12 ANOVA table for gray relational grade
Exp.  Gray relational Gray relation Gray Source  DOF  Sum of Variable  F Contribution
no generation coefficient relation square value percentage
grade
A 2 64.5043 32.2521 184.07 0.000
1 0.777 0929 0.190 0.692 0875 0382 0.649 B ) 19.0048 95024 5423 0001
2 0495 0900 0219 0498 0833 0390 0573 C ) 31168 40584 2316 0.006
3 0652 1.000 0438 059 1.000 0471 0.686 D ) 16141 08070 461 0.092
4 0961 0902 0429 0927 0836 0467 0.743 E ) 03837 01918 1.09 0418
5 0515 0920 0410 0507 0.863 0459 0.609 AxB 4 3.5469 08867  5.06 0.073
6 0689 0773 0705 0616 0688 0.629 0.644 AxC 4 22483 05621 321 0143
7 1.000 0.853 0752 1.000 0.773 0.669 0.813 AxD 4 10996 02749 157 0337
8 0574 0610 0714 0540 0562 0.636 0.579 Emor 4 0.7009 01752 — _
9 0780 0.651 0952 0.695 0589 0913 0.732 Total 26 1012194 - _ _
10 0.587 0.773 0.400 0.548 0.688 0.455 0.563
11 0279 0.600 0.257 0.409 0.556 0.402 0455
12 0374 0547 0.105 0.444 0525 0358 0.442 this issue, the gray relational analysis has been adopted
13 0669 0608 0.133 0602 0561 0366 0.509 to optimize more than one response at a time [25, 26].
14 0443 0657 0390 0473 0593 0451 0.505 The gray relational analysis is a quantitative analysis on
15 0528 0527 0333 0514 0514 0429 0485 exploring the similarity and dissimilarity among factors
16 0721 0641 1.000 0.642 0582 1.000 0.741 [27]. 1t uses the gray relational grade to find the corre-
17 0521 0498 0857 0511 0499 0778 0.595 lation degree of factors.
18 0.646 0471 0.867 0585 0486 0.789 0.620
19 0302 0320 0000 0417 0424 0333 0391 4.1 Gray relational generating
20 0.000 0.216 0.114 0333 0.390 0.361 0.361
21 0207 0.402 0.171 0387 0455 0376 0.406 In the GRA, the first step is to perform the normalization
22 0.554 0257 0.019 0529 0402 0338 0422 of experimental data to make the range within 0 to 1.
23 0.508 0.149 0.086 0504 0370 0354 0409 This step is called gray relational generating (GRG)
24 0.400 0.092 0.124 0455 0355 0363 0.391 [28, 29]. The GRG also expresses the deviation between
25 0.662 0.178 0.762 0.597 0378 0.677 0.550 the experimental value and the ideal value. According to
26 0482 0.000 0.610 0491 0333 0.561 0.462 objective of quality characteristics, there are three crite-
27 0.534 0.055 0.771 0.518 0.346 0.686 0.516 rions for optimization in gray relational analysis, namely
“larger-the-better,” “smaller-the-better,” and “nominal-
the-best.” Assume that there are m alternatives and »n
attributes (in this paper, m=27; n=3), the ith alternative
can be expressed as Y; (i1, Vi2s.-., Vijr-os Vin)» Where y;; is
Fig. 9 Factor effect graph for 5 A B [
gray relation grade
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Table 13  Experimental results with optimal combination of process
parameters

Factors 0,(MPa) o;(MPa) o;(kIm®) I’
A B C D E
1 3 1 3 1 5034 83.51 23.07 0.857

the performance value of attribute j of alternative i. The
larger-the-better of the GRA is used to normalize the
term X; through the following equation:

Yij~ mjmyij

S A omj=1,2, ... 13
Xij mja'xyij_m;nyijl m;Jj ) 7”) ( )

where y;; is the original value; and x;; is the value after
the gray relation generating process.

4.2 Gray relational coefficient

The gray relational coefficient ) is determined to express the
relationship between reference and actual experimental nor-
malized data. Thus, a reference sequence X)=(xg1, Xg2---»
Xgjs--s Xon) (xg;=1, 1 <j<n) is used to compare comparability
sequence. The gray relational coefficient A can be calculated
as follows:

Amin + fAmax

/\(ij7Xij> = A+ D

(i=1,2,....om;j=1,2,....n)

(16)

where A;=|xo;—x;|; and £ is the distinguishing coeffi-
cient and its value lies between 0 and 1. Usually, the
distinguishing coefficient is set as 0.5 to fit the practical
requirements; Api,=min{A;,i=1,2,",m;j=1,2,""*,n};
Amax=max{A;,i=1,2,,m;j=1,2,,n}.

4.3 Gray relational grade

After calculating the entire gray relational coefficient, the gray
relational grade I” can be calculated using Eq. (17).

n

I'(x0,X;) = Z w,-)\(xoj,x,-_,-)(i =1,2,...m;j=1,2,....,n)(17)
=

where w; is the weight of attribute j and depends on the
decision maker’s judgment or the structure of the proposed

n
problem. In addition, ) w; = 1. In this work, the weights
j=1
for percentage change in tensile strength, flexural strength,
and impact strength are set as 0.333, 0.333, and 0.333,
respectively. The results based on gray relational analysis
are shown in Table 11.

@ Springer

4.4 Results and analysis

Through the gray relational analysis method, the three
main indexes of the mechanical properties of the parts
are finally quantified as a set of gray relational grade.
The gray relational grade indicates the degree of similar-
ity between the reference sequence and comparability
sequence. If a comparability sequence for an alternative
gets the highest gray relational grade, it will be most
similar to reference sequence and the alternative would
be the best choice. Thus, the maximization of gray rela-
tion grade gives the optimum factor levels [30]. In order
to obtain the final significant factors and optimal process
parameters for comprehensive mechanical property, S/N
ratio and ANOVA were applied. The results are shown in
Fig. 9 and Table 12. The main factor plot (Fig. 9) for
gray relation grade gives factor level as A, B3, C;, D3,
E, are the optimal process parameters for the three me-
chanical properties of molding parts. And ANOVA on
gray relation grade (Table 12) shows that factors A, B,
and C are significant factors. To be exact, factor A is the
most significant factor, followed by factor B, the last is
factor C.

4.5 Experiment verification

Three specimens were designed based on the optimal
combination of process parameters. The tensile, flexural,
and impact strengths were measured by the correspond-
ing test machine. The experimental results are shown in
Table 13.

The data in Table 13 was compared with the result of
no. 7 in Table 11, and it is found that the gray relational
degree of prototype test increased from 0.813 to 0.857.
That is to say, under the same experimental conditions,
the optimal combination of process parameters based on
gray relational analysis can achieve the best comprehen-
sive mechanical properties of molded parts.

5 Conclusions and scope for future research

In this paper, the tensile strength, flexural strength, and
impact strength of molding parts were considered as the
evaluation indexes to characterize the mechanical proper-
ties. The orthogonal test of five factors and three levels
was designed, and the Taguchi method was used to op-
timize and study the influence of various process param-
eters on the three performance indexes. Furthermore, the
combination of five process parameters was obtained
based on the gray relation analysis method and analysis
of variance to acquire optimal comprehensive mechanical
properties of molding parts.
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However, the mechanical properties of FDM parts are only

analyzed from a macro perspective in this paper. From the
micro perspective, a further study is needed to explore the
influence of process parameters on the internal organization
structure mechanism of the forming parts.
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