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Passive vibration isolator with lower natural frequency has always been a challenge due to structural
integrity issues. This study presents the use of RSM statistical tool to analyze and optimize the mecha-
nical responses of BCC lattice structure for structural integrity in a passive vibration isolator application.
The optimization was done to obtain low stiffness for low natural frequency but high yield stress for
optimum load-bearing capability with unit cell size and strut diameter design parameters tweak. From
the results, the significance and contribution of each design parameter on each mechanical response
through compression test can be understood. Results indicated changes in strut diameter produced linear
growth while changes in the unit cell size produced inverse exponential responses. From optimization, a
combination of 3.9 mm strut diameter with 10 mm unit cell size produced the optimum result. Therefore,
it was demonstrated that RSM can provide statistical importance and contribution between input factors

and their influence on each mechanical response with minimal test and cost.
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1 Introduction

Lattice structure possesses intrinsically advantage-
ous properties such as good energy absorbance capa-
bility, lightweight, and low material consumption ma-
nifesting to high specific strength (Zhang et al., 2018).
Lattice structure initiated from the approximation ap-
proach from foam structure and therefore inherits the
benefit of aforementioned advantages without the
drawbacks such as non-uniform performance throu-
ghout the structure due to foam’s manufacturing tech-
nique (Ashby et al., 2000; Hasan, 2013). This is be-
cause lattice structure is a periodic structure that stems
from the repetition of a single unit cell (Helou and
Kara, 2018; Rashed et al., 2016). Lattice structure can
also be tailored to have closed-cell or open-cell confi-
guration pertinent to a specific application such as
crushable infill of solid structure or heat exchanger
(Ngo etal., 2018). The combination of lattice structure
with additive manufacturing (AM) heightens the
customizability of lattice structure to a greater extent
as compared to conventional manufacturing tech-
niques such as subtractive manufacturing and forma-
tive manufacturing which won’t allow for high design
complexity due to manufacturing limitations. Besides
that, using conventional manufacturing also led to
waste which is amiss for sustainability.

Nowadays, studies have been conducted by many

researchers on lattice structure encompassing a wide
range of customizability, the variation in lattice
structure designs is based on design parameters of a
unit cell. For example, a study on compressive beha-
vior by Abdulhadi and Mian, (2019) explored the be-
havior of modified body-centered cubic (BCC) lattice
structure with varied strut angle and constant strut len-
gth design parameters, they found that BCC lattice
with 100 degrees angle provides the highest young
modulus. A study by lyibilgin et al., (2013) investigated
modified BCC lattice with variation in unit cell designs
and found that the modified BCC lattice with vertical
members has the highest stiffness and yield stress and
in comparison, the unmodified BCC lattice produces
the least stiffness and yield stress. Gautam and Idapa-
lapati, (2019) studied the effect of layers of kagome
lattice structure as well as a comparison of the uniform
and functionally graded lattice and found that stiffness
decreased with the increase of layers while functionally
graded kagome lattice produced 35% higher energy
absorption respectively. A similar study has also been
conducted by Maskery et al., (2017) where functionally
graded BCC lattice exhibited 114% higher energy ab-
sorption as compared to non-graded equals. Besides,
they also studied two variants of BCC lattices; the re-
gular and reinforced. Mahshid et al., (2016) analyzed
the compressive strength of different designs of cellu-
lar structures; solid, hollow, lattice-filled, and rotated
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lattice-filled structures. They found that using lattice-
filled designs significantly reduced the strength as
compared to the solid structure and shown no ap-
parent changes when compared to the hollow
structure.

Elmadih etal., (2017), Syam et al., (2018) and Mon-
kova et al., (2021) explored the potential of lattice
structure in passive vibration control isolator applica-
tion. It should be noted that an isolator with a low na-
tural frequency is more favorable for a wider effective
isolation region. Because passive isolator is a purely
mechanical system, to achieve this, compromises on
the stiffness of the resilient material have to be made
as a trade-off, this, unfortunately, impairs the structu-
ral integrity of the resilient material to bear a mass
load. Nonetheless, the isolator must first be able to
withstand a certain amount of load. For this reason,
they first conducted studies on the mechanical perfor-
mance of lattice structure. Syam et al., (2018) analyzed
the effect of lattice design with different struts arran-
gements with a fixed number of nodes. Similar to Iyi-
bilgin et al., (2013) and Maskery et al., (2017), their re-
sults revealed that models with vertical struts produ-
ced significantly higher stiffness. Meanwhile, Elmadih
et al.,, (2017) explored the effect of unit cell size with
different pre-defined volume fractions and number of
layers. Changes in these design parameters can signifi-
cantly affect the results of natural frequency in dyna-
mic analysis. Monkova et al., (2021) studied the influ-
ence of unit cell size and volume ratio which is con-
trolled by strut diameter. Their investigation discove-
red that increase in unit cell size produced lower young
modulus and yield stress while an increase in volume
ratio resulted in increased young modulus and yield
stress.

Despite many studies on the variation of design pa-
rameters of the lattice structure, literature has shown
that these studies were done based on the one factor
at a time (OFAT) experimental approach which ana-
lyses the output response based on a single factor.
This approach lacks the ability to correlate the impot-
tance and contribution of each factor, besides being
unable to detect if there are significant interactions
between input factors hence more time and tests are
required to reach the same conclusion (Khuri and
Cornell, 2018). Through the response surface metho-
dology (RSM) design of experiment (DoE) design
tool, the significance, contribution, and existence of
interaction between each factor can be analyzed statis-
tically. Moreover, this design tool can determine the
optimal combination of factors for a specific applica-
tion based on predefined criteria (Khuri, 2001).

There is plenty of available literature that used
RSM to optimize process parameters in additive ma-
nufacturing but not the design parameters. For
example, Wang et al., (2020) used RSM to investigate
the effects of some laser powder bed fusion (LPBF)

process parameters on the microstructure and mecha-
nical properties of manufactured samples. They came
to the conclusion that it was possible to improve me-
chanical properties by optimizing process parameters
using RSM. Furthermore, Deng et al.,, (2020) used
RSM to optimize the process parameters to produce
316L stainless steel samples with high density and low
roughness. Terner et al, (2019) produced cobalt
chrome molybdenum (Co-CrMo) samples by optimi-
zing the laser power and scanning speed process para-
meters by using RSM that increase the hardness of the
material. Vilanova et al.,, (2020) optimized the laser
power, scan speed, hatch distance and scan strategy to
obtain lower porosity and crack density in the Inconel
738LC (IN738LC) samples. Except for study by El-
Sayed et al., (2020) that used RSM to optimize design
parameters namely strut diameter, strut length and
strut orientation angle of diamond topological design
titanium (Ti6AI4V) lattice structures for biomedical
implants, to the best of the authors' knowledge, not
many studies used RSM to optimize design parameters
of the lattice structure.

With the focus to fill this gap, this study attempts
to use RSM statistical approach to analyze and opti-
mize the mechanical responses of the BCC lattice
structure made by fused deposition modeling (FDM)
AM technique. The optimization was carried out to
obtain low stiffness for low natural frequency but high
yield stress for the optimum load-bearing capability of
passive vibration isolator using the RSM DoE design
tool. The considered design parameters were the unit
cell size and strut diameter. At the end of this study,
the significance, contribution, and interactions of
input factors can be analyzed statistically.

2 Methodology
2.1 Sample preparation

Since the advent of AM technology, the design
complexity of lattice structure can be extended to
many more design parameters and at the same time
reduce waste as oppose to conventional manufactu-
ring and formative manufacturing method which is
good for sustainability. Nowadays, access to AM tech-
nology has become rather easier at a fairly low cost
such as the fused deposition modeling (FDM) AM
technique. Lattice structure samples in this study were
made by utilizing the FDM AM technology (CubePro
machine) into cubic lattice samples with a dimension
of 60 mm3 from acrylonitrile butadiene styrene (ABS)
thermoplastic material. The samples were modeled
with a combination of design parameters in Solid-
Works computer-aided design (CAD) software and
saved into .STL file and later uploaded into CubePro
software for slicing process. All samples were made
with a similar printing process parameters combina-
tion to rule out its influence on the mechanical respon-

ses (Buonamici et al., 2018; Pernica et al., 2021). The
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combination was 200 pum layer resolution, solid print
strength and diamonds print pattern (Rosli et al,

2017). Fig. 1. shows the illustration of a2 60 mm3 tes-
sellated BCC lattice structure and a 20 mm BCC one-
unit cell unit cell (UC) with 5 mm strut diameter (SD).

Fig. 11 attice structure with 20 nm unit cell size and 5 mm strut diameter

2.2 Response surface methodology (RSM)

RSM is a powerful statistical tool in the DoE that
has been extensively used due to its prevailing capabi-
lities in interpreting the interactions between pre-set
process variables with substantially least test runs ne-
eded which further helps in sustainability (Karmoker
et al,, 2019; Khuri and Cornell, 2018). The indepen-
dent process variables investigated in this study were
the unit cell (UC) size and strut diameter (SD) of the
BCC topological lattice structure. Face central compo-
site design (FCCD) experimental design was em-
ployed to keep the alpha, o = % 1, this was done to
satisfy the three levels of the unit cell size design para-
meter with a high of 30 mm and a low of 10 mm and
with « = * 1, the center point becomes 20 mm.
Otherwise, the unit cell size will be out of the 30 mm
to 10 mm range. This is unfavorable because any size
smaller than 10 mm is impractical. After all, it leads to
high lattice density, which negates the benefits of a
lightweight lattice structure. As such, unit cell sizes lar-
ger than 30 mm will not match the pre-set size of 60
mm3 and will need a larger size to accommodate the
three levels of unit cell size, for instance, 2 40 mm unit
cell size with two levels of tessellation will result in 80
mm3 volume. The other design parameter is strut di-
ameter with a high of 5 mm and a low of 3 mm and a
center point of 4 mm. Therefore, the region of interest
for this study encompasses a range from 30 mm to 10
mm for unit cell size and 3 mm to 5 mm for strut dia-
meter. With 1 replication for each factorial point and
5 replications for the center point, the total number of
test experiments was 13. The responses selected were
the 1) modulus of elasticity which relates to stiffness,

2) yield stress which is important for load-bearing
capability determination, and the derived of these two
responses to give 3) specific stiffness and 4) specific
strength for comparability to other studies by other
researchers. These responses were analyzed using Mi-
nitab software version 19.1 with a 95 % confidence
level (P-value = 0.05). Analysis of variance (ANOVA)
was used to assess the importance and contribution of
each factor subjected to the analysis.

2.3 Compression test

Each lattice sample was compressed using an In-
stron 5585 universal compression test machine by ad-
hering to ASTM D695-15 (standard test method for
compressive properties of rigid plastics) as a guideline,
all the data were recorded by using BlueHill 3 soft-
ware. The samples were compressed at a quasi-static
axial loading speed rate at 1.5 mm/min. To exclude
the influence of the build printing orientation on the
mechanical responses, all samples were loaded in the
perpendicular upright direction with printing orienta-
tion (Bai et al., 2020; Hossain et al., 2021; Zeng et al.,
2021). The samples were compressed just enough un-
til yielding occurrence can be discerned graphically in
stress-strain plots during the compression test. Fig. 2
shows the schematic of the compression setup. Seve-
ral compression tests were done for some lattice
samples to test for consistency and repeatability. It
should be noted that the data inputted into the RSM
table were not averaged data from these tests but data
from an individual test each. However, as mentioned
in the previous section, there were five replicates for
the center point, these replicates should be enough to
estimate pure error and give enough power for the
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lack of fit test where model fitness to data is tested
(Pat, 2017). Replicated measurements for all factorial
points will be inefficient as it is costly and time-consu-
ming to collect.

Loading frame =—>

System controlunit \

Crosshead

Lattice sample

Machine bed

Fig. 2 Schematic diagram of the compression setup (not to
scale)

3 Results and discussion

3.1 The effect of the independent variable on mecha-
nical responses

Fig. 3 shows the stress-strain plots obtained from
compression tests. The plots shown only up to ma-
ximum stress before plastic deformation occurs as all
needed responses of interest can already be determi-
ned (Rashed et al., 2016; Syam et al., 2018). These
plots are categorized according to the stress scale to
give better readability. The slope of the linear part of
the linear elastic region before yielding from the stress-
strain plots gives the lattice moduli. Meanwhile, the
yield stresses of the lattice structure were evaluated at
the 0.2 percent elastic-plastic strain offset at which the
built line intersected the existing stress-strain plot. In
addition, the other next two responses were determi-
ned by dividing the above-mentioned responses na-
mely young modulus and yield stress to the estimated

lattice density. The estimated lattice density was calcu-
lated by dividing the measured mass of lattice samples
to the solid volume of dimension 60 mm3 where the
lattice structure is considered as not a solid block ma-
terial (Hasan, 2013). It should be noted that the values
of yield stresses tabulated in column five of Tab. 1 are
lesser than what can graphically discern in Fig. 3. Hull
and Bacon, (2011) mentioned that the yield stress is
inexplicit where deformation due to dislocation is not
a point of an occurrence but a continuous diffused
progression, which means the yield stress could be
anywhere along the yielding region. Besides that,
Christensen, (2008) stated that the yield stresses com-
puted from the 0.2% offset rule deviated from the
actual yield stress at a point where nonlinearity can be
graphically observed. However, due to difficulties in
determining the yield stress resulted in the arbitrary
method of adopting the 0.2% offset rule for conve-
nience (Christensen, 2008). Therefore, the yield stres-
ses values used in this study also adopting this method.

The responses measured for each sample from 13
sample test experiments were inputted into its re-
spective columns and rows in Minitab software as ta-
bulated in Tab. 1 in uncoded actual factors for easy
readability. The 3D surface contour plots for each me-
chanical response are shown in Fig. 4. From the sur-
face contour plots, it can be observed that the trend
for all mechanical responses revealed an almost similar
trend where the contour peaked at a combination of
10 mm and 5 mm unit cell size and strut diameter re-
spectively. In contrast, a combination of 30 mm and 3
mm resulted in lowermost values. A similar trend can
be observed in a study conducted by Monkova et al.,
(2021). Fig. 5 illustrates the mean effect plots for the
unit cell size and strut diameter factors obtained
through the Taguchi method. The mean effect plots
of each response agree well with the contour plot
where the unit cell size culminated at the lowest value
while the strut diameter at the highest value and vice
versa. Therefore, a combination of lowest and highest
values for these two design parameters will be resul-
ting in the extreme maximal and minimal values in the
mechanical responses. From Fig. 5, it can be seen that
the strut diameter has linear growth with mechanical
responses which gives insight that either lowering or
increasing the strut diameter will result in lower and
higher mechanical responses. Similar response can be
observed in study conducted by Hanzl et al., (2019).
On the other hand, for unit cell size, further increases
in unit cell size might have a slight effect on mechani-
cal responses as it begins to plateau from 20 mm to 30
mm size.
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Fig. 3 Stress-strain plots for lattice samples
Tab. 1 Compression test results for lattice structure
Independent variable Mechanical response
Run or-  Strut diameter, SD  Unit cell, UC Young modulus Yield Specific stiff- - Specific
der (mmm) (tmm) (MPa) stress ness strength
(MPa) (le-6 Nm/g) (le-6 Nm/g)
1 4 20 6.08 0.24 37.52 1.49
2 5 10 251.84 10.81 370.81 15.92
3 3 30 0.24 0.02 5.36 0.34
4 4 20 6.04 0.24 37.41 1.49
5 5 30 2.08 0.15 17.81 1.27
6 4 20 3.85 0.28 23.70 1.69
7 5 20 16.61 0.74 69.39 3.10
8 4 20 4.81 0.24 29.63 1.49
9 3 20 1.56 0.08 16.23 0.84
10 4 30 0.80 0.06 10.34 0.73
11 4 10 132.85 5.30 262.53 10.47
12 3 10 37.43 1.69 115.33 5.21
13 4 20 4.89 0.23 30.25 1.44
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3.2 Analysis of variance (ANOVA) lambda value to produce the best transformation
fitting. Hence, natural log transformation was used for
each response as it represents growth data. Tab. 2,
Tab. 3, Tab. 4, and Tab. 5 sum up the analysis of vari-
ance (ANOVA) for young modulus, yield stress, spe-
cific stiffness, and specific strength respectively.

Upon examination, due to the large ratio of ma-
ximum to minimum of each response range, Box-Cox
transformation was required for each response. A dia-
gnostic measure was employed to determine the ap-
propriate type of transformation to obtain the optimal

Tab. 2 Analysis of variance for transformed response young modulus

Sour D Adj Adj F- P- Contribution R R-sq
ouree F SS MS  Value Value % 9 (pred)
Strut diameter 1 688 688 21250 000 1513
Unit cell 1 3729 37.29 115 L5 000 s201
Strut diameter *Strut di- 53 003 089 038 0.06

ameter

Unit cell *Unit cell 1 1.00  1.00 30.94  0.00 2.20

Strut diameter *Unit cell 1 0.02  0.02 0.48 0.51 0.03

Lack-of-Fit 3 008 0.03 0.78 0.56 0.18

Pure Error 4 014 0.04 0.31

Total 12 45.46

Model Summary 99.50 9792 0.179

Yo %o 9

DF: degrees of freedom; Adj SS: adjusted sum of square; Adj MS: adjusted mean of square

Tab. 3 Analysis of variance for transformed response yield stress

Sour D Adj Adj F- P- Contribution R R-sq
ouree F SS MS  Value Value % 9 (pred)
Strut diameter 1 670 670 94480 000  17.25
Unit cell 1 3056 30.56 3309'1 0.00 7870

Strut diameter *Strut di- 00 000 320 041 0.06
ameter

Unit cell *Unit cell 1 1.38 1.38 194.21  0.00 3.55

Strut diameter *Unit cell 1 0.04 0.04 6.13 0.04 0.11

Lack-of-Fit 3 0.03 0.01 2.46 0.20 0.08

Pure Error 4 0.02 0.00 0.04

Total 12 38.83

Model Summary 99.87 99.30 0.084

% % 2
DF: degrees of freedom; Adj SS: adjusted sum of square; Adj MS: adjusted mean of square

Tab. 4 Analysis of variance for transformed response specific stiffness

Source D Adj Adj F- P- Contribution Rsq R-sq
F S8§ MS Value Value % (pred)

Strut diameter 1 243 243 79.45  0.00 13.76

Unit cell 1 14.54 1454 47450 0.00 82.19

Swut diameter *Strut di- 4550 000 011 075 002

ameter

Unit cell *Unit cell 1 0.45 0.45 14.82 0.01 2.57

Strut diameter ¥Unit cell 1 0.00  0.00 0.01 0.93 0.00

Lack-of-Fit 3 0.07  0.02 0.62 0.64 0.39

Pure Error 4 0.15 0.04 0.83

Total 12 17.69

Model Summary 98.79 9550 0.175

% % 0
DF: degrees of freedom; Adj SS: adjusted sum of square; Adj MS: adjusted mean of square
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Tab. 5 Analysis of variance for transformed response specific strength

Sour D Adj Adj F- P- Contribution R R-sq
ouree F SS MS  Value Value % S (pred)
Strut diameter 1 233 233 38846 000  17.05
1746.3
Unit cell 1 1046 1046 000  76.64
Strut diameter *Strut di- 1 000 000 027 062 001
ameter
Unit cell ¥Unit cell 1 072 072 11959 000 525
Strut diameter #Unitcell 1 001 001 168 024 007
Tack-of-Fit 3003 001 209 024 019
Pure Frror 4 002 000 0.12
Total 12 13.65
99.69 9847  0.077
Model Summary % % 4

DF: degrees of freedom; Adj SS: adjusted sum of square; Adj MS: adjusted mean of square

The statistical significance of individual factors and
whether the interaction between them is important to
individual response can be determined by the p-value
of less than 0.05 and a large F-value. This means that
there is a 5% risk of falsely assuming a model term has
a significant effect where there is none. From Tab. 2,
Tab. 4, and Tab. 5, it can be seen that the square term
for strut diameter and the two-way interaction
between strut diameter and unit cell size are not statis-
tically significant. Meanwhile, from Tab. 3, only the
square term of strut diameter is not significant. This
gives insights that the interaction between unit cell size
and strut diameter is only associated with yield stress
but not with other mechanical responses. Apart from
that, all other model terms are showing a great signifi-
cance and are highly associated with young modulus,
yield stress, specific stiffness as well as specific stren-
gth. For all cases, the unit cell size linear model term
contributing the most for responses with at least
76.64%, 78.70%, 82.01%, and up to 82.19% to the
specific strength, yield stress, young modulus, and spe-
cific stiffness responses followed by the strut diameter
linear model term accounted for 13.76%, 15.13%,
17.05% and 17.25% for specific stiffness, young mo-
dulus, specific strength, and yield stress respectively.
This is also observable from Fig. 5 where unit cell size
gives inverse exponential growth as compared to al-
most linear growth for strut diameter. Other model
terms have a low contribution to the responses. From
the contribution percentage, it is apparent that the unit
cell size model term has a higher influence on young
modulus and its derivative, specific stiffness as com-
pared to its influence to yield stress and its derivative,
specific strength. On the contrary, the strut diameter

model term has a higher influence to yield stress and
its derivative than it is when compared to young mo-
dulus and its derivative, specific stiffness.

The goodness of fit of the model to data can be
determined by referring to the S, R-sq, and predicted
R-sq. All models produced notably low S values which
infer that the models can adequately describe the me-
chanical responses. High R-sq with the lowest of
98.79% indicates low variation in the responses. A si-
milar high percent of predicted R-sq can be observed
for all models with the lowest value of 95.50% give the
apprehension that the models have excellent pre-
dictive ability. This is also shown by the not significant
lack of fit term for all mechanical responses with a p-
value of more than 0.05 and small F-values implies the
lack of fit is not significant relative to the pure error.
Therefore, this indicates that the models fit well and
can be used to accurately predict the corresponding
response.

Fig. 6 shows the normal probability for residual
plots and its corresponding residual vs fitted plots for
all mechanical responses. From the normal probability
plots, it can be seen no apparent departure from the
approximate diagonal straight line can be observed
which assured the data were normally distributed.
Therefore, it can be concluded the combination of
controlled factors presents a good fit with output re-
sponses which accurately depict the relationship
between factors and responses (Kiernan, 2014). In ad-
dition, from the residual vs fitted plots, it can be seen
that data were symmetrically and arbitrarily distributed
with constant variance to the upper and lower half of
the straight zero line.
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The empirical relationship between mechanical re-
sponse namely young modulus, yield stress, specific
stiffness, and specific strength as a function of linear,

and (d) specific strength

square, and two-way interaction terms of the indepen-
dent input factors strut diameter (SD) and unit cell size

(UC) are detailed in equations (1) to (4). The compari-
son between measured and predicted values using
these equations is presented in Fig. 7.
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In (young modulus) = 3.63 + 1.764 SD - 0.5151 UC - 0.102 SD? + 0.00602 UC? + 0.00623 SD*UC 1
In (yield stress) = 1.098 + 1.583 SD - 0.5498 UC - 0.0919 SD2 + 0.007061 UC? + 0.01042 SD*UC 2
In (specific stiffness) = 5.17 + 0.897 SD - 0.3211 UC - 0.035 SD2 + 0.00405 UC2 + 0.00082 SD*UC 3
In (specific strength) = 2.643 + 0.716 SD - 0.3558 UC - 0.0242 SD?2 + 0.005093 UC? + 0.00502 SD*UC (4
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Fig. 7 Measured vs predicted comparison for mechanical responses

3.3 Optimization of mechanical response for passive
lattice vibration isolator

The advantage of using RSM enables the responses
to be optimized in accordance with pre-defined crite-
ria by manipulating the input factors. A vibration iso-
lator with low natural frequency is more favorable for
a wider effective isolation region, this is achievable by
using low stiffness material, as the stiffness is directly
related to young modulus, hence low young modulus
material. However, this diminishes the load-bearing
capability culminating in excess deflection and result
in overstressing of the material which proceeds to
failure (Baravelli et al., 2013; Lagoudas et al., 2001;
Yan and Gong, 2017; Zhang et al., 2019). The limit of
load-bearing of a material is determined by its yield
stress point. Typically, low young modulus material
has a low yield stress limit where irreversible deforma-
tion occurred as the compressive behavior changes
from elastic to plastic. However, there are instances
where the structure can have low young modulus but
high or comparable yield stress as illustrated in Fig. 8

which is the preferred case for passive vibration isola-
tor as it provides a wider isolation region with better
load-bearing capability (Matsumoto et al., 2005).

—-=-=- High stiffness
= = Low stiffness
wv)
1%
[
= . |
- yield stress .
>
ﬁ |
g l”‘-si-"-‘—_:—. ——
g / - . plateau,
O e
e . !
N
N
S | I
i -
/4
s l ! >

Compressive strain
Fig. 8 1llustration of stress-strain plots for low stiffness and
high stiffness material

Minitab response optimizer was used to find the
optimum combination of input factors. The uppert,

indexced on: http:/ | www.scopus.com
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lower, and target responses according to selected re-
sponse goals to meet the aforementioned criteria
above are tabulated in Tab. 6. The optimum condition
for the output responses is displayed in Fig. 9 with
composite desirability of 0.49. There were four soluti-
ons suggested by the response optimizer following
pre-selected goals, the first and fourth solutions were

used for the confirmation test, the results from the
confirmation test are tabulated in Tab. 7, the strut di-
ameter used for solution 1 was rounded to 3.9 mm due
to limitation of the machine used. The confirmation
test revealed a good agreement between predicted and
measured values with percentage errors of a maximum
of 10.03%.

Tab. 6 Lower, target, and upper value of responses for low stiffness and high yield stress lattice structure

Response Goal Lower Target Upper
Young modulus (MPa) Minimum 0.2 251.8
Yield stress (MPa) Maximum 0.0 10.8
Specific stiffness (le-6 N.m/g) Minimum 5.4 370.8
Specific strength (1e-6 N.m/g) Maximum 0.3 15.9
Tab. 7 Confirmation test at response optimizer solution 1 and solution 4
Solution 1 (SD =3.9 UC =10) 4 (SD =5 UC =30)
R Measured Predicted Percentage  Measured Predicted Percentage
esponses 0 0
value value error (%) value value error (%)
Young modulus 103.0 92.7 10.0 2.2 2.1 6.0
Yield stress 4.4 4.0 9.8 0.2 0.2 3.4
Specific stiffness 213.6 209.3 2.0 18.8 17.8 5.1
Specific strength 9.1 8.9 1.8 1.3 1.4 4.4
Optimal Strut di Unit cel 4 Conclusions
High 5.0 300 . . : :
D:04905 - [3.8889] [10.0] In this study, the influence of unit cell size and strut
aw 30 100 diameter design parameters of BCC lattice structure
made via FDM additive manufacturing on mechanical
Cormpasie responses was investigated statistically using RSM
Desirability ] DoE. Through RSM, the statistical importance of
each input factor and its influence on each mechanical
D:0.4905 \ \ response is understood and subsequently, the empiri-
cal relationship between input factors and each me-
Specific strength / chanical response was formulated into individual
Maximum L L equations for each response. Using these equations,
y = 9.0954 / the confirmation test shown good agreement with me-
d =0.56195 asured values with acceptable percentage errors. It can

Specific stiffness
Minimum
y = 213.5907
d = 0.43021

Yield stress
Maximum
y = 43873
d = 0.40493

Young modulus

Minimum
y = 103.0283  —oemmve
d = 059147 ]

Fig. 9 The optimal condition for low stiffuess and high yield
stress lattice structure

be concluded the unit cell size linear term contributes
the most to the responses followed by the strut dia-
meter linear term. Decreasing or increasing the strut
diameter will result in lower and higher mechanical re-
sponses. On the other hand, for unit cell size, a further
increase in unit cell size than 30 mm might have a
slight effect on mechanical responses. Thru opti-
mization, the predicted combination of strut diameter
3.9 mm and unit cell size of 10 mm provides the best
result for low stiffness and high yield stress criteria.
However, the result only produced 0.49% composite
desirability. Findings give insight that to vastly tune
the lattice structure, unit cell size design parameter is
the advantageous route while strut diameter is for fine-
tuning the lattice structure. The recommendations for
future works are to include other design parameters of
the lattice structure that can give better composite de-
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sirability to better satisfies the goal for passive vibra-
tion isolation application. Other work can also include
a case study that attests to the potential of lattice
structure to real passive vibration isolation application.
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