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Abstract: manufacturing (AM) enables the production of
lattice structure architecture due to its capability to produce
complex geometries. Lattice structure is a design that contains a
space-filling unit cell that can be tessellated among any axis. It is
an analytic design to reduce mass and weight of the object.
However, many challengesarisein the AM- printed lattice such as
warping, shrinkage, elephant foot, first layer problem, surface
finishing and mechanical properties especially when fabricated
using fused deposition modeling (FDM) technique. Hence, this
study aims to optimize the influence of process parameters of
collinear lattice FDM printed part using Taguchi. Meanwhile,
S/N ratio was used to find the optimal process parameters in
improving the printing quality. Other than that, the analysis of
variance (ANOVA) was used to provide the significance ranking
of variousfactorsanalyzed. From theresults, it wasfound that the
layer thickness is the most significant factors that affect the
maximum force (N) of collinear lattice structures. In addition, this
study was conducted to assist thefabrication of printed part for the
structural applications.

Keywords: AM, Fused Deposition Modeling, Collinear Lattice,
Layer Thickness, Nozze Temperatures, Travel Speed

[. INTRODUCTION

Fused deposition modeling (FDM) is an additive
manufacturing (AM) process that involves the extrusion of
plastic material in layer-by-layer process.
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The process extruded plastic onto abuild platformto build the
complete parts according to 3D CAD model and processed
using STL file. It has been widely used for its reliability and
affordability.

Common materials used in this process are acrylonitrile
butadiene styrene (ABS), polylactic acid (PLA), nylon,
polycarbonate (PC) and several composite materials such as
carbon fiber reinforced polymer (CFRP) and metal powder
reinforced polymer.

This technique has an enormous impact on certain
applications. For example, the aerospace industry employs
this technology because of the capabilities to manufacture
light weight parts with lattice structures [1]. Lattice structures
defined as a continuously repeating unit cell that connects to
each other in three dimensionswhich typically created using a
truss design [2-3]. Truss design is a structure that contains a
core that isfully opened in all directions and it was classified
into three groups; pyramidal structures, tetrahedral structures
and collinear structures [4] as shown in Figure 1. In general,
lattice structures are referred as a cellular solid which can be
categorized into stochastic  structures  (foam) and
non-stochastic structures [5]. Lattice structure is also suitable
to be used as ultralight structures, conformal cooling, low
thermal expansion structures and energy absorber [6-9] in
automotive industry. It is widely used in a biomedical
application such as tissue engineering and orthopedic implant
[10-11].

(b)tetrahedral

(c)collinear

(a)pyramidal
Fig 1: Typesof trusslattice structure

Previoudly, thelattice structures were manufactured using a
variety of traditional manufacturing process such as
deformation forming, wire bonding, sheet metal and
investment casting [12]. Therefore, only a simple macro scale
lattice structure was capable to be manufactured. These often
require multiple post-treatment techniques to finish
production and also require specific apparatus with precise
process control and assembly to produce the whole lattice.
Recently, the usage of lattice structures has been in high
demand for the industries.
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AM or 3D printing provides an alternative to produce these
complex design of lattice structures in microscales without a
requirement of additional tooling and costs [13]. Thus, the
functional flexibilities of lattice produce from AM are very
attractive to many applications. However, many challenges
till arise in AM part’s quality such as warping, shrinkage,
elephant foot, low dimensional accuracy, low mechanical
properties and surface roughness especially for the FDM
technique [14]. FDM involves a technique that can produce
lattice structures using layer by layer movement of the heated
nozzle and work plate. Before the extrusion of the semi-liquid
material happened, suitable printing process parameters were
selected such aslayer thickness, diameter of the extruder, and
printing speed. From this point of view, it can be found that
the manufacturing quality of the FDM printed part was
affected by many factors. Therefore, the optimization process
and quality control of the FDM process is necessary. Many
scholars have studied the optimization process parametersin
FDM. For example, the layer thickness, temperature, printing
speed and other process parameters have agreat impact on the
printing quality [15-19]. Rao et a. [20] studied on the
monitoring concept using multi-sensor to monitor the
manufacturing process and investigated the effects of the
material extrusion speed, temperature of the extruder and
layer thickness on the surface roughness of the printed parts.
Meanwhile, some researchers studied the method to reduce
the model error by modifying the layer thickness and
optimizing the STL model [21-23]. However, these studies
were conducted using a simple geometry rather than the
complex structures. It is compelling for a structure to be
optimized because it contains a very small features and
overhangs. In the lattice design, the overhang was found in a
horizontal struts and incline struts which challenge the
manufacturability in the AM process [24]. Due to the lack of
research on the effects of process parameters on complex
structures, there are no guidelines provided to obtain the
optimal process parametersfor FDM fabrication on the lattice
structures. Therefore, it isessential to explorethe relationship
among the process parameters of FDM and the quality of
lattice structures produced from this technology. It is the
motivation of this study to analyze the truss collinear lattice
structures. The structure was produce using FDM, and the
optimization processwas conducted using Taguchi analysisto
obtain the better quality of maximum force (N) in terms of its
design and fabrication process. This lattice type was chosen
because the design contains open-celled topologies that can
provide a good load support in either compression or tension
and the mechanical performance of such lattice truss is
therefore superior to the other stochastic foams structures.
Further explanation of the lattice design was described in the
methodology section.

. METHODOLOGY

During the experiment, the material polylactic acid (PLA)
was used on FDM 3D printer. Then, the lattice structure was
fabricated using open source 3D printer machine. Three
process parameters were selected as a potential factor to
influence the maximum force (N) in the compression testing
of the lattice part. The detail descriptions of the experiment
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were discussed in the following sub-sections.
A. Design method for trusscollinear lattice

As mention, a lattice structure is generated by a unit cell’s
repetition following a spatial pattern. Therefore, a production
of lattice structure isincluded in the pattern design and a unit
cell. In this study, the truss collinear lattice structure was
chosen. There are two types of collinear lattice designs; (a)
collinear in diamond (b) collinear in square [25]. However,
collinear in square was designed and discussed further in this
paper. In addition, there are three component parts in a
collinear lattice structure. It consists of a node, a cell and a
beam as shown in Figure 2.

Node

Cell

Beam

Fig 2: A component in collinear lattice structure

From Figure 2, node is a component that was attached
together between the unit cells, meanwhile the cell is a
representative as a single unit cell that is hollow and open
celled [26]. Lastly, abeam connects all the nodes and unit cell
together. This beam is commonly referred as overhang parts
or abridge which challenge the manufacturability in the FDM
process. The lattice structures were then developed using
direct patterning in which the unit cells are collinearly
repeated. The dimensioning of the 3D CAD model of the
designed lattice structure is shown in Figure 3.

" Unit cell

25 mm

Fig 3: Dimensioning of the 3D CAD model of truss
collinear latticein square
The cube specimen in Figure 3 was designed using

SOLIDWORKS software with a measurement of 25mm x 25
mm x 25 mm. It contains a unit cell size of 3mm? for x, y and
z directions. After the design is completed, it was simplified
into the STL file and later g-code was generated.
B. Experimental setup

An FDM open source 3D printer was used for the
experiments. The build volume of thismachineis 250 x 250 x
180 mm. The porosity percentage of thislattice is constant for
all of the specimens which is 40%. The porosity is expressed
either in a fraction varying between 0 and 1 or a percentage
between 0% and 100%. The porosity, p, is calculated using
the relationship as in equation 1 as follows,

P=7r x100 1)
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where;
Vp =total volume of apore
Vr =total volume of asolid part

C. Parameter sdection and orthogonal array L9
Taguchi analysis
In this study, Taguchi analysis was conducted which
involved nine samples of lattice structure being fabricated.
The design parametersfor the Taguchi analysisinvolved three
levels of parameterswhich arelower rank, mediumrank and a
higher rank. Three parameters were selected as factorsfor the
experiment and serve as an entry parameter to calculate the
orthogonal arrays. The parameter descriptions were
elaborated in Table I. Meanwhile, Table Il describes the
selected optimized parameter and their levels respectively.
Tablel: Summary of printing parametersand its
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parameters, orthogonal array L9 was selected to minimize the
specimens. According to the orthogonal test array, nine sets of
comparative test were conducted.

Tablelll: Control log of experiment for collinear lattice

fabrications
Specimen  Layer thickness  Temperature Printing
number (mm) (Céelsius) speed (mm/s)
1 0.15 200 40
2 0.15 215 60
3 0.15 220 80
4 0.25 200 60
5 0.25 215 80
6 0.25 220 40
7 0.35 200 80
8 0.35 215 40
9 0.35 220 60

descriptions
Par ameter Descriptions Recommendations
Layer Lower height, greater It is  between
thickness quality 0.1 mm to 0.3 mm.
The layer thickness
should not be
greater than 80% of
the nozzle diameter
Travel speed The speed of extruder The default s
when travelling from one  between 80 to 150
point to another mn/s depends on
the type of printer.
However, it is
recommended  to
print  with a
moderate speed of
130 mnvs.
Temperature The temperature in 3D It is recommend to
printer is  variance use the lower
depending on the type of  temperature
thermoplastic ~ material  because higher
that is used. The temperature lead to
composite material  the degradation of
however having a higher polymer materia
temperature compared to and affected the
the thermoplastic  part’s quality
polymer especialy strength
Tablell: Factorsand levels
Symbol Printing Unit Level Level Leve
parameters 1 2 3
A Layer mm 0.15 0.25 0.35
thickness
B Nozzle C 190 200 215
temperature
C Travel mm/s 40 60 80
speed

These experiments were produced using a solid density to
maximize the strength of the parts in order to achieve the
maximum forces of the printed specimens. The lattice
structure also contains hollow parts and these factors help to
reduce the usage of materials and also optimize the built time.
Taguchi analysis was conducted to obtain the optimal
combination of process parameters. It measures the maximum
force (N) of lattice structure using compressive testing. The
lattice specimens were then fabricated according to the
sampl e sequences described in Table I11.

Based on three influence factors and three levels of
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[1l. RESULTSAND DISCUSSION

In this section, results and discussion were discussed based
on two parts; (A) analysis of S/N ratio and (B) Analysis of
variance (ANOV A). The resultsfrom experiments expressthe
maximum force (N) for lattice structure when the force was
applied through the compression testing.
A. Analysisof S/N ratio for compressive strength

S/N ratio measures the variation of the compressive

strength data in experiment. The best value for thisanalysisis
to have the maximum force (N). Therefore, the S/N ratio is
calculated using the objective function “larger-the-better”.
The S/N ratio for this function was expressed as;

>y

SN, =~10log[ MSD, , | =~10log| “-—— @

where;

y = responses for the given factor level combinations

n = number of responses in the factor level combinations

In the experiment, nine test samples were fabricated and

inspected to determine the quality of thelattice printed part. In
Figure 4, the schematic diagram to compare the successfully
printed lattice and the broken lattice was presented. The
printed lattice was eval uated as a successful fabrication when
all the elements of the whole lattice such as unit cell, nodes
and beams were fully fabricated. If one of the element is
broken, the printed | attice was categorized as afailure printed
part. The results of the part quality from the inspection were
tabulated in Table IV.

The broken part developed when the three elements in
collinear lattice was not fully connected to each other when
the fabrication occurs. Some parts of the unit cell were broken
asshownin Test 9in Table V. This was happened when the
material is not properly extruded due to the uncontrolled
printing temperature.
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(a) Successful part (b) Broken part
Fig 4: Schematic diagram of (a) successful printed lattice
and (b) broken printed lattice structures
TablelV: Printed part and its quality evaluation

Sample Printed part I nspection
no
1 Successfully
fabricated
2 Successfully
fabricated
3 Successfully
fabricated
4 Successfully
fabricated
5 Fabricated
T
2
6 1 Fabricated
|
)
|
|
7 \ Slightly
) broken part
I
L
3
8 " Broken node
i
9 Broken unit

According to Table IV, al of the samples were fabricated.

Retrieval Number: L35661081219/2019©BEIESP
DOI: 10.35940/ijitee.L3566.129219
Journal Website: www.ijitee.org

However, some of the compartmentsin the lattice such as unit
cell, nodes and beam were broken and considered asfailureto
be fabricated as shown in Test 7, 8 and 9. It was already
expected that these three samples number having a lower
mechanical strength compared to the other samples. Figure 5
presented the S/N ratio graph of the maximumforce (N) based
on the Instron compression testing. From the graph, it can be
seen that the layer thickness gave the significant factors that
contribute to the maximum force of lattice structure followed
by the printing speed and nozzle temperature.

Main Effects Plot for SN ratios
Data Means

Layer thickness Print speed Nozzle temperature

775
770
765
760 /’lA
755

750

Mean of SN ratios

745

740
015 025 035 40 60 80 190 200 215

Fig 5: Main effect graph between the layer thickness,
travel speed and nozzle temperature of the maximum
force (N)

Meanwhile, in Table V, the travel speed (mm/s) gave less
significant effect to the findings. According to FDM theory
and practical, the printing process happened when the
material is deposited in layer-by-layer manner. Thus, in order
to produce a strong printed layer, the material needs to be
properly adhered to the respective layer. Therefore, sow
printing process is recommended to improve the layer
adhesion and the quality [27]. However, in this study, fast
printing was recommended to build the lattice structure
because the parts contain a repeating beam (overhang/
bridges) in every unit cell. Thus, in order to fabricate the
successful overhang parts, printing with fast speed is
necessary to prevent the material extrusion from falling out,
and produces unwanted sagging underneath the constructive
layers.

TableV: Response table and ranking factors

Level Layer thickness Trave Nozzle
(mm) speed temperature
(mm/s) (°C)
1 76.77 75.38 75.55
2 77.43 75.84 76.36
3 74.12 77.09 76.41
Delta 331 171 0.86
Rank 1 2 3

3136

B. ANOVA analysis

Analysis of variance (ANOVA) was conducted to
determine the higher maximum force of latticein compression
testing. According to Table VI, the layer thickness shows a
significant effect with p = 0.113, meanwhile for print speed p
= 0.294 and nozzle temperature contributes by p = 0.719.
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TableVI: ANOVA for amaximum force of lattice

produce
Source DF AdjSS p-value C% YesdNo
Layer 2 9304392  0.113 67 Yes
thickness
Travel 2 2849871  0.294 13 No
speed
Nozzle 2 463937 0.719 33 No
temperature
Error 2 1185027
Total 8 1380322

7

From Table VI, 67% of the maximum force of lattice was
affected by the layer thickness. At layer thickness 0.25 mm,
the sample has the highest maximum force of the lattice.
Meanwhile, for the lattice produced using the layer thickness
of 0.35 mm, lower mechanical strength and forces were
produced. The samples produced using low thickness are
closely staked together, thus creating a better interlayer
bonding between the layer and stronger compared to those
with larger layer thickness values. In the hypothesis
statement, it was expected that the sample producesfor Test 1,
Test 2 and Test 3 having a higher maximum force, however,
the findings in this study is dlightly different from the
expected results and the man reasons was discussed
further.After thoroughly examined on the lattice printed parts,
the load was applied at the center of the lattice structure, thus,
the center part must be stronger to extend the maximum load
applied. Figure 6 describes the schematic diagram on the load
applied to the lattice parts.

Vertical
bar

[T i
IO
IRl

Il B
T AT [T,

¢ t Load

X

Fig 6: Schematic diagram of applied load at the center of
thelattice part

According to Figure 6, the center of the lattice part is very
important and it is necessary to be stronger compared to the
other areas. Whilst printing the center of this collinear lattice,
it was examined that the vertical bar produced on the lattice
using layer thickness of 0.25 mm was constructed with a
linear (straight line) layer compared to the layer thickness of
0.15 mm as described in the schematic diagram in Figure 7.
Even though the parts produced using 0.15 mm layer is
compact, the line is so small and closed to each respective
layer, and however, the vertical bar produced isnot in alinear
shape. The distribution of the inconsistent force produces on
the area, thus, the part is easily broken when the load was

applied.
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Non-linear Linear
constructive constructive
layers layers

(a) layer thickness 0.15 mm
mm

Fig 7: Schematic diagram on the comparison of the
constructive layer on the vertical bar at the center of the

lattice parts

From the experiments, the nozzle temperature does not
giveany significant effectsin the findings. In contrast with the
other studies, the nozzle temperature does contribute on the
mechanical properties. For example, the study conducted by
Behzadnasab and Y ousefi (2016) found that the melt viscosity
of PLA isstrongly dependent to the temperature. Hence, with
the increasing of nozzle temperature while printing process
occur; the melt viscosity of PLA decreased whichresulted ina
better diffusion of newly extruded PLA molecules in
underlaying layer which produced a stronger interlayer
adhesion [28]. However, in the studies made by [29], higher
temperature increased the possibilities of the materia
degradations that lead to the lower mechanical properties of
the printed part.

(b) layer thickness 0.25

[V. CONCLUSION

In this paper, the process parameter of FDM has been
optimized for the truss collinear lattice structures. The lattice
structure was designed using CAD software with consisted of
a repeating unit cells, beam and node. Taguchi method was
conducted which involved orthogonal array of L9 and nine
sample of printed parts were produced. Three parameter was
observed which are layer thickness, travel speed and nozzle
temperature. In the study, it was found that the layer thickness
with asmall layer height (0.25 mm) contributed a significant
effect to the high mechanical properties of the lattice structure
with contribution factor (C) of 67%. Meanwhile, travel speed
showed less significant effect to the mechanical properties
with a contribution factor (C) of 13%. Furthermore,
compression testing was conducted to investigate on the
mechanical properties of lattice structure fabricated by a
different processing parameters. From the study, it was
observed that the proposed methodol ogical work can improve
the mechanical performance of lattice structure based on the
printed part quality. In future, this research can be expanded
by investigating the other materials properties such as the
composite fiber reinforced polymer to produce a stiffer
printed part that is suitable for the high impact and structural
applications
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