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Abstract

The present article is focused on investigating the influence of process parame-
ters under compressive loading in case of reentrant auxetic structures fabri-
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cated by fused deposition modeling (FDM). Auxetic structures of acrylonitrile
butadiene styrene (ABS) and poly-lactic acid (PLA) materials are fabricated.
Three process parameters of FDM namely layer thickness, raster angle, and
number of contours are considered to investigate their influence on compres-
sive strength, stiffness, and specific energy absorption (SEA). Experiments are
performed on the basis of central composite design and analysis is performed
using ANOVA. It is found that compressive strength of auxetic structure
improves with increase in layer thickness. But with increase in raster angle, it
increases first and then decreases. Compressive stiffness of structures initially
decreases and then increases with increase in raster angle, while it increases
with increase in number of contours. SEA of structures increases with decrease
in layer thickness. Based on the analysis of experimental results, regression
models are developed to predict these responses. Also, multi-response optimi-
zation is performed to optimize strength, stiffness, and SEA. Auxetic structures
failed under compressive loading are also examined using scanning electron

microscope.
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1 | INTRODUCTION

Auxetic structures have wide applications in automotive,
aerospace, sports, and marine applications.[4'6] In appli-

Auxetic structure is a class of meta-material in which lon- cations, such as automobile frame, good compressive

gitudinal compression results in lateral compression. It
has negative Poisson's ratio (NPR).'"! The unusual behav-
ior of auxetic structure is due to the geometry of its unit
cell; which results in greater in-plane indention resis-
tance, impact resistance, fracture toughness, bending
stiffness, and transverse shear modulus as compared to
conventional positive Poisson’s ratio structures.!*?!

strength, and stiffness of auxetic structures, is required.
While, high specific energy absorption (SEA) is needed in
applications, such as vehicle bumper and structure used
behind the instrument panel of vehicles. Reentrant type
auxetic structures have better mechanical properties than
other NPR structures.!?! Strength, stiffness, and SEA of
the structure mainly depend on material and fabrication
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FIGURE 1 A, CAD model of auxetic structure and B, FDM fabricated auxetic structures. CAD, computer-aided design; FDM, fused
deposition modeling [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Range of process parameters
Sr. no. Process parameters Range
1. Layer thickness (mm) 0.18-0.38
2. Raster angle (degree) 0-90
3. Number of contours 1-3

process.”**! Fused deposition modelling (FDM), one
technique of additive manufacturing, is capable to fabri-
cate lightweight auxetic structures of various polymers
economically.""**®! Layer thickness, raster angle (direc-
tion of raster deposition), and number of contours are
some of the major process parameters of FDM influenc-
ing responses namely strength, stiffness, and SEA of
structures.'®?%! Realistic applications of FDM-fabricated
components as load-bearing or energy absorbing struc-
tures are very restricted because of their anisotropy.
Several studies have been reported on investigating
the influence of process parameters of FDM on mechani-
cal properties of standard fabricated parts.!>*2% A sum-
mary of such research efforts is reported in the
literature.?*3") Some efforts have also been made to
investigate various structures.l**?*! Because of the heat
generated by FDM extruder, the hot layer is bonded by
fusion to the previously deposited layer.'®! Ang et al.!?!
studied the impact of process parameters on compressive
strength and stiffness of tissue engineering scaffold fabri-
cated by FDM. They found that Air gap and raster width
are most significant parameters. Dong et al.*'! reported
that fan speed and layer thickness are most significant
process parameter for inclined and horizontal strut,
respectively. Further, they optimized process parameters
for improving effective elastic modulus and ultimate
compressive strength of lattice structures. Dave et al.*?!
found that infill density is most significant process
parameter for compressive strength of tissue engineering
scaffold. Magalhaes et al.l**! observed that stiffness of

specimen having sandwich deposition configuration
(with raster angle + 45°) is higher than the specimen
with default configuration (i.e. with zero raster angle).
Too et al.®! investigated the effect of factors on the
porosity and compressive strength of the porous struc-
tures. A model was established for the forecast of the
effect of the air gap on the porosity of the structure. Van-
aei et al.**! concluded that influence of extruder temper-
ature was more on cooling rate of material than other
process parameters, such as support temperature, speed,
and layer height. Also, investigators focused on signifi-
cant parameters to optimize the process and ultimately
get the combination of factors.!**!

The above literature review reveals that although
efforts have been made to study influence of FDM pro-
cess parameters on mechanical properties of standard
components, but no researcher have studied mechanical
properties, such as strength, stiffness, and SEA of auxetic
structures.**! Also, there is need to study failure mode of
auxetic structures under compressive loading. Therefore,
the present work is focused on investigating compressive
strength, stiffness, and SEA of reentrant auxetic struc-
tures of acrylonitrile butadiene styrene (ABS) and poly-
lactic acid (PLA) fabricated by FDM. Objectives of the
present experimental study are following—(a) to study
the influence of process parameters on strength, stiffness,
and SEA of reentrant auxetic structures under compres-
sive loading; (b) to develop regression models for
strength, stiffness, and SEA; (c) to optimize significant
process parameters for maximization strength, stiffness,
and SEA; and (d) to study failure mode of reentrant
auxetic structures.

2 | EXPERIMENTAL

The methodology of present experimental study consists
of computer-aided design (CAD) of auxetic structure,
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TABLE 2 Design of experiments and results of compressive test of auxetic structures

enciNeerina_ W LEY. 3

Design of experiments ABS material PLA material
Number

Run Layer Raster  of Compressive  Compressive Compressive  Compressive
no. thickness angle contour strength stiffness SEA strength stiffness SEA

mm degree MPa MPa J/g MPa MPa J/g
1 0.28 45 2 3.13 53.04 68243 2.521 62.21 230.42
2 0.28 90 2 3.154 110.54 760.85 2.089 120.11 380.74
3 0.28 45 2 3.3 54.048 663.07 2.623 60.99 218.49
4 0.38 90 3 3.2 134.73 723.48 2.23 148.1 396.78
5 0.28 0 2 2.79 64.78 773.56  1.721 78.89 432.78
6 0.28 45 2 3.202 54.72 659.86  2.419 63.44 215.74
7 0.28 45 3 3.207 66.84 67042 2.512 75.84 226.48
8 0.38 90 1 2.6 60.74 671.56  2.66 68.42 266.98
9 0.28 45 2 3.21 54.12 669.75  2.427 61.6 243.16
10 0.18 0 1 1.535 54.25 801.29  1.348 62.13 440.74
11 0.18 45 2 3.064 54.13 654.82  2.507 65.74 220.02
12 0.18 90 3 3.014 123.47 745.87 1.873 133.07 372.49
13 0.28 45 2 3.393 54.73 688.85 2.614 62.82 242.74
14 0.18 0 3 2.771 62.74 73525 1.874 72.84 365.41
15 0.28 45 1 2.302 36.74 670.86 2447 38.84 229.46
16 0.38 45 2 34 58.71 598.78  3.07 68.13 192.74
17 0.18 90 1 1.895 110.74 746.58  1.895 124.71 490.47
18 0.38 0 3 2.952 118.74 727.83  2.258 128.37 465.78
19 0.38 0 1 2.144 51.27 714.89  2.047 59.15 305.42
20 0.28 45 2 3.3 55.89 674.58  2.523 65.69 249.85

Abbreviations: ABS, acrylonitrile butadiene styrene; PLA, poly-lactic acid; SEA, specific energy absorption.
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A, Load—displacement curve and B, Stress-strain curve for Run no. 1, ABS structure (Region 1-Elastic, Region 2-Plateau,

Region 3-Densification). ABS, acrylonitrile butadiene styrene [Color figure can be viewed at wileyonlinelibrary.com]
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design of experiment, fabrication, and response measure-
ment. Each step of this methodology is briefly described
as under.

2.1 | CAD of auxetic structure

The unit cells of auxetic structure are modeled in the
Autodesk Inventor 2020 software and then arranged in
the plane and extruded along Z-direction as shown in
Figure 1A. To prevent buckling in compressive loading,
width of structure is kept as 40 mm."*® Based on the trial
experiments, geometrical parameters (i.e. reentrant angle,
arm-length, and height) of unit cell of configurations of
auxetic structure are decided. Geometric files of CAD
model are saved in stereolithography (STL) format to pro-
vide input to the slicer software.

2.2 | Design of experiment

Three control factors of FDM viz. layer thickness, raster
angle, and number of contours are taken in the present
investigation. Settings of these factors (Table 1) are decided
based on the existing experimental set-up. Central composite
design technique is used to plan experiments by using the
Design- Expert 11 software. As given in Table 2, experimen-
tal design suggested total 20 experiments for each material
(i.e. ABS and PLA).

2.3 | Fabrication of structures

STL files of auxetic structures are fed to the slicing software;
in which levels of control factors are set. GCODE files gener-
ated from this software are given to FDM machine (Delta
Wasp 2040) for fabrication of structures.®”! Structures are
manufactured along Z-direction to avoid use of supports and
impact of build orientation on mechanical properties. Also,
Z-axis as build orientation and Y-axis as loading direction
produces parts with maximum strength as load is carried
axially along fibers.*®! For fabrication of ABS structures,
print temperature and bed temperature is kept as 240°C and
100°C, respectively. While, for PLA structures, these values
are set as 210°C and 60°C, respectively. Infill percentage is
kept as 100% for all structures. Inner and outer wall speeds
are 60 and 30 mm/s, respectively.

Quasi-two dimensional specimens are fabricated with
same number of unit cells (3 x 3). The size of ABS structure
and PLA structure is 38x40x 66 mm> and
31 x 40 x 48 mm?, respectively. Total 40 structures are fabri-
cated as shown in Figure 1B (PLA structures are shown in
black color while ABS structures are shown in white color).

2.4 | Response measurement

Quasi-static uniaxial compressive tests are performed on
universal testing machine limited to 60% strain at a cross-
head speed of 5 mm/min. Load-displacement curves,

TABLE 3 Means and SD of responses with respect to process parameters

. ABS PLA
Material
Compressive  Compressive Compressive  Compressive
strength stiffness strength stiffness
(MPa) (MPa) SEA (J/g) (MPa) (MPa) SEA (J/g)
Process
parameter Levels Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Layer 0.18 245 0.7 81.07 3339 73676 5258 1.9 041 917 343 37783  102.14
thickness g 5g 3.09 0.32  60.54 19.30 69142  40.92 2.39 0.28  69.042 2085 26699 7546
(mm)
0.38 2.85 0.5 84.84 38.82 68731 5431 245 041 9443 40.76 32554  107.49
Raster 0 243 0.6 70.36 27.63 750.56* 358  1.85 0.35 80.28 28.04 402.03* 65.54
?ngle) 45 3.15 032 543 737 66334 2482 2.57* 019 6253 939 22691  16.57
degree
. 90 2.77 0.55 108.04* 28.29 729.67 35.13 215 0.32 118.88* 30.15 38149  79.54
Number of 1 21 0.36 6275 2525 721.04 49.19 2.08 0.51  70.65 3219  346.61  113.27
contours 5 3.19% 0.17 6147 16.68 682.66  48.33 245 0.35  70.96 18.04 262.67  78.69
3 3.03 0.16 101.30  30.29 720.57 262 215 028 111.64 34.84 36539  87.19
Total 2.88 0.53 7175 2937 70173 4929 228 0.4 81.05 30.92  309.33  97.84

Abbreviations: ABS, acrylonitrile butadiene styrene; PLA, poly-lactic acid; SEA, specific energy absorption.

*Maximum average value for every response for all settings of all factors.
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TABLE 4 ANOVA results: Main, interaction, and quadratic influence of process parameters on responses

PLA

ABS

Compressive

Compressive

Compressive

Compressive

stiffness (MPa) SEA (J/g) strength (MPa) stiffness (MPa) SEA (J/g)

strength (MPa)

P

F value P Fvalue P F value P F value P F value
4.42

P

Process parameter/interaction/quadratic term F value

<.05
.06

28.43
4.39
3.67

<.05
<.05

5.82

05
<.05
.16

<.

148.87
43.66

<.05
<.05

69.73

.06

<.05
<.05
<.05
.64
<.05
.16
.99
<.05
<.05

74.10

Layer thickness (mm)

1158.61
1306.34
342.09

12.45
0.006
0.012

<.05

643.60

50.85

Raster angle (degree)

.08

<.05

2.38
0.04

.94
.89

<.05

728.68

396.86
0.23

Number of contours

<.05
<.05
13

14.03
121.56
2.79
5.56

<.05

<.05

195.31

Layer thickness and raster angle

320.01 <.05 24.69 <.05 12.70 <.05 655.08 <.05
34.33 2.56

0.09
5.83

20.42
2.40

Layer thickness and number of contours

.14

<.05
<.05
<.05
.09

15.51 <.05

.76

Raster angle and number of contours

<.05
<.05

.96

<.

18.51

<.05 27.83

<.05

52.41
310.67

<.05
<.05
<.05

0.0001
33.72

Layer thickness?

363.92

<.05

1184.79

229.42

656.22

Raster angle®

<.05 0.002

20.85

.61 3.49

7.34 0.27

113.94

Number of contours?

Abbreviations: ABS, acrylonitrile butadiene styrene; PLA, poly-lactic acid; SEA, specific energy absorption.
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stiffness, and energy absorbed by structures are assessed.
Tests are conducted according to ASTM C365 which is a
standard test method for flatwise compression properties
of sandwich cores.[>®! Compressive load is applied on
the structures along Y-axis (i.e. perpendicular to the build
direction) because the bonding strength between each
layer of the structure can be tested while loading in Y-
direction.**! Load-displacement curve obtained for
auxetic structure (Run no. 1) of ABS material is shown in
Figure 2A. Similar curves are obtained in uniaxial com-
pression tests of all auxetic structures, which are further
converted in stress-strain curves by measuring dimen-
sions of the specimens. Figure 2B shows a stress-strain
curve of auxetic structure (Run no. 1) of ABS material.
This curve has three regions (elastic, plateau, and densifica-
tion). Mechanical properties of structures depend on area
under these regions. Bonding between adjacent rasters as well
as adjacent layers of the structure is influenced by values of
process parameters. Compressive strength, stiffness, and SEA
are calculated form stress-strain curves. Compressive strength
is determined at yield point obtained before 10% strain. In
absence of such yield point, stress at 10% is considered as
compressive strength of the structure.>”! Compressive stiff-
ness (i.e. modulus of compression) is calculated by the ratio of
stress to strain in elastic region. The total energy absorbed
during compression is determined for each structure by calcu-
lating area under stress-strain curve (Equation (1)). SEA of
auxetic structure is calculated by using Equation (2). Results
of compressive test of auxetic structures of ABS and PLA
materials are given in Table 2.

W= J:U(s)de (1)
w
SEA = m (2)

where, Ap = relative density of structure, ps = density of
bulk material.

3 | RESULTS AND DISCUSSION

Table 3 gives means and SD of responses with respect to
process parameters.

3.1 | Influence of process parameters on
responses

ANOVA is performed to determine significance of pro-
cess parameters on responses. Table 4 gives main, inter-
action, and quadratic influence of process parameters on
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FIGURE 3 Effect of process parameters on compressive strength. A, raster angle and layer thickness; B, raster angle and layer
thickness; and C, number of contour and raster angle. ABS, acrylonitrile butadiene styrene; PLA, poly-lactic acid [Color figure can be viewed

at wileyonlinelibrary.com]

responses. Figure 3 depicts the effect of process parame-
ters on compressive strength of ABS structures and PLA
structures. The effects of process parameters on compres-
sive stiffness and SEA are shown in Figures 4 and 5,
respectively.

From Table 4, it is observed that layer thickness and
raster angle are most influential parameters for compres-
sive strength of auxetic structures of both materials. As

depicted in Figure 3, variation of compressive strength is
directly proportional to the layer thickness of structure.
As layer thickness increases, number of layers required
for building the structure decreases; thus, number of
interlayer bond also decreases. It results in minimization
of warping between successive layers due to temperature
variation and thus compressive strength of structure
increases. Compressive strength initially increases and
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then decreases with increase in raster angle. For zero to
45° raster angle, not enough resistance is offered by ras-
ters to the movement of platen because of sliding
between them. This resistance is maximum at raster
angle of around 45° due to sandwich effect of raster in
between layers which results in maximum strength. As
raster angle increases from 45° to 90°, this resistance
reduces due to sliding effect which results in decrease in
compressive strength.

For compressive stiffness of structures of both mate-
rials, raster angle and number of contours are found most

significant parameters. As shown in Figure 4, compres-
sive stiffness initially decreases and then increases with
increase in raster angle. Stiffness is the resistance offered
by the structure against deformation on applying load.
With increase in raster angle from zero to 45°, deforma-
tion in between adjacent rasters increases which results
in decrease in stiffness. Stiffness is minimum at 45° raster
angle due to minimum deformation. As raster angle
increases from 45° to 90°, deformation starts reducing
which result in increase in stiffness. Compressive stiff-
ness increases with increases in number of contours. As
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FIGURE 5 Effect of process parameters on SEA. A, raster angle and layer thickness; B, number of contour and layer thickness; and C,
number of contour and raster angle. SEA, specific energy absorption [Color figure can be viewed at wileyonlinelibrary.com]

number of contours increases, zone of stress concentra-
tion shifts towards center of the structure. Specimen nor-
mally fails by shearing at stress concentration zone.'?*!
Therefore, moving of stress concentration region toward
the center reduces chances of failure at edge resulting in
increased stiffness.!”! Also, there is no requirement of ras-
ters, when walls of the structure are filled by contours. It
results in minimum cavities in fabricated structures and
thus high stiffness.

For SEA of ABS structures, layer thickness and raster
angle are the most influential parameters. For PLA struc-
tures it is found that SEA is influenced mainly by layer
thickness. As shown in Figure 5, SEA of auxetic struc-
tures of both materials increases with decrease in layer
thickness. With decrease in layer thickness, number of
layers (obviously number of interlayer bonds) to fabricate
structure increases. As more energy is required to break
these increased number of interlayer bonds, therefore
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TABLE 5 Regression models for strength, stiffness and SEA of auxetic structures

Material ABS

Compressive strength (MPa) (-1.23) + (4 X A) + (0.02 x B)
+ (272 x C) + (0.008 X A X B)-
(1.07 x A x C)—(0.0002 x B x C)
+ (0.06 x A*)~(0.0001 x B?)-

(0.5 x C?~(0.003 x A x B x C)

((9.28)-(19.2 x A)—(0.03 x B)-(0.3 x C)-
(014 xAXB)+(8XxAXxXC)
+ (0.0003 X B x C) + (18.43 x A?)
+ (0.0009 x B*)-(0.2 x C))?

Compressive stiffness (MPa)

SEA (I/g) (658.8) + (1717.4 x A)-(5.2 X B)-
(71.1 x C)—~(0.1 x A x B)
+ (164.5x AX C) + (0.2 x Bx C)-
(4087.95 x A?%) + (0.049 x B?)

+ (2,96 x C?)

POLYMER
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PLA

(1.63)-(8.49 x A) + (0.04 x B)
+ (0.73 x C) + (0.006 x A x B)-
(0.79 x A x C)—(0.002 x B x C)
+ (22.82 x A%)—(0.0003 x B?)-
(0.08 x CH)—(0.003 X A x B x C)

(103.51)-(422.12 x A)-(0.34 X B)-
(1.72 x C)—~(3.32 x A X B)
+ (146.27 x A x C)-(0.077 x B x C)
+ (465.23 x A?) + (0.018 x B?)-
(4.94 X C?) + (0.36 X A x B x C)

(562.5)-(30.56 x A)-(6.47 X B)-
(148.89 x C)-(4.57 x A x B)
+ (604.34 x A x C)-(0.2 x Bx C)-
(2203.98 x A?) + (0.09 x B?)-
(0.45 x C?)

Abbreviations: A, layer thickness (mm); ABS, acrylonitrile butadiene styrene; B, raster angle (degree); C, number of contours; PLA, poly-

lactic acid; SEA, specific energy absorption.

Debonding of contours

FIGURE 6 Compression tested auxetic structure showing
debonding of contours [Color figure can be viewed at
wileyonlinelibrary.com]

SEA of structure increases. Also, SEA of ABS structures
initially decreases and then increases with increase in
raster angle. At 45° raster angle, there is deformation
between adjacent rasters, which offers minimum resis-
tance to movement of platen and thus minimum SEA.1®
As PLA is a brittle material, therefore no such deforma-
tion of adjacent rasters is observed in structures. Based
on ANOVA, regression models of compressive strength,
stiffness, and SEA of auxetic structures of ABS and PLA
materials are generated by using the Design-Expert
11 software. All regression models are given in Table 5. It
is found that model predictions are in good agreement
with experimental results.

3.2 | Microstructural characterization

The fracture zones of the auxetic structures are studied
using SEM to examine the probable microscopic details
for the failure. The SEM images give a good perception
about the layer interface, voids, and non-uniformities in

fabricated structure at microscopic level. Figure 6 shows
compression tested auxetic structure highlighting
debonding of contours. Figure 7 depicts SEM images of
fractured specimens of both materials.

Defects such as porosity (ie, voids), non-
homogeneous raster distribution, and weak interlayer
bonding (due to shrinkage, molecular diffusion, and
cross-linking between layers) are observed in SEM
images. This weak interlayer bonding gives path for
crack-propagation as shown in Figure 7. The main rea-
son of these defects is uneven temperature distribution
of rasters causes distortion and interlayer porosity; dur-
ing fabrication. Voids/pores get enlarged on applying
compressive load on the auxetic structure, and thus
stress concentration in these regions increases which
results in lesser strength and stiffness as compared to
specimen manufactured by injection molding, multi jet
modeling and ballistic particle manufacturing.[*>*!!
Anisotropic properties of FDM fabricated structures are
also responsible for less strength.[*?! Also, the interfacial
de-bonding between rasters and layers occurs on apply-
ing compressive load on the auxetic structure. It influ-
ences the overall stress-strain behavior of the structure.
As interfacial bonding between raster breaks, the load
carrying capacity in that region decreases. But rasters
still carry load in bonded region. This uneven bonding
creates regions of high stress concentration, which
results in bending followed by fracture of rasters. It is
observed from the SEM images of failed structures that
de-bonding at interface between rasters, and fracture of
the raster are the main reasons of failure of auxetic
structure.
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FIGURE 7
interlayer bonding. SEM, scanning electron microscope

500um

SEM images of sample fractured auxetic structures showing. A, voids; B, nonhomogeneous raster distribution, and weak

TABLE 6 Criteria for optimization and optimized values of responses

Material ABS PLA

Sr. Factors and Lower Upper Optimized Lower Upper Optimized

No. responses Goal bound bound value bound bound value

1 Layer thickness (mm) In range 0.18 0.38 0.289 0.18 0.38 0.38

2 Raster angle (degree) In range 0 90 90 0 90 0

3 Number of contours In range 1 3 2.89 1 3 3

4 Compressive strength Maximize 1.54 34 3.16 1.35 3.07 2.26
(N/mm?)

5 Compressive stiffness Maximize 36.74 134.73 124.44 38.84 148.1 127.42
(N/mm?)

6 SEA (I/g) Maximize  598.78 801.2 772.61 192.74 490.47 470.89

Abbreviations: ABS, acrylonitrile butadiene styrene; PLA, poly-lactic acid; SEA, specific energy absorption.

As layer thickness increases number of layers
required to build the structure decreases. This results
in lesser distortion because of low temperature gradi-
ent between top and bottom layer of the structure. It
causes increase in compressive strength and stiffness
of auxetic structures. However, as layer thickness
decreases number of layers required to build the struc-
ture increases. This result in increase in SEA of the
structure as energy applied during compressive load-
ing is used in breaking more number of interlayer

bonds. With change in raster angle failure mechanism
of rasters varies. With raster angle of about 45°, rasters
offer more resistance to the applied load, which results
in increased strength and decreased stiffness and SEA.
As number of contours increases, walls of the auxetic
structure are filled by contours itself and there is no
requirement of rasters as shown in Figure 6. Thus,
voids in the walls are reduced which result in
improved strength and stiffness but reduced SEA of
the structure.
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FIGURE 8 A, Desirability value with optimum levels and B, Bar graph of desirability [Color figure can be viewed at

wileyonlinelibrary.com]

3.3 | Optimization of process parameters
The optimum combination of process parameters is
determined to maximize compressive strength, stiffness,
and SEA with the help of desirability analysis technique.
Responses are related with each other in an unitless
entity that is, desirability function which is constrained
between 0 and 1; where 0 and 1 are undesirable and
desirable response, respectively. The desirability of each
response is calculated as reported in literature.*>*#! Opti-
mized values of layer thickness, raster angle and number
of contours are obtained which simultaneously fulfills
optimization criteria for each response. Table 6 gives
criteria for optimization and optimized values of com-
pressive strength, compressive stiffness, and SEA for ABS
and PLA structures. Figure 8 shows desirability values
with optimum levels and bar graph of desirability of ABS

and PLA structures. Desirability values of all responses
are close to one and therefore agreeable.

3.4 | Confirmation tests

Random and optimized levels of parameters are selected
and confirmation experiments are performed.'*>! Confir-
mation tests results for random values and optimum set-
ting of factors are given in Tables 7 and 8, respectively.
Deviation percentage is calculated using Equation 3,
which is less than 10%, therefore acceptable.

| Predicted value — Observed value |
Predicted value

x 100%
(3)

deviation% =
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The fracture zones of the auxetic structures are stud-
ied using SEM [model: 3400 N Hitachi]. Samples are
coated with carbon to enhance conductivity. Study is per-
formed to examine the probable microscopic details for
the failure.

4 | CONCLUSION

In this article, research work focused on experimental
study of compressive strength, stiffness, and SEA of reen-
trant auxetic structures of ABS and PLA materials fabri-
cated by FDM is described. It is found that layer
thickness and raster angle are most influential control
factors for compressive strength of auxetic structures.
Compressive strength improves with increase in layer
thickness. But with increase in raster angle, it increases
first and then decreases. Compressive stiffness of auxetic
structures is influenced mainly by raster angle and num-
ber of contours. It initially decreases and then increases
with increase in raster angle, while it increases with
increase in number of contours. For SEA of auxetic struc-
tures, layer thickness is most significant parameter. It
increases with decrease in layer thickness. Defects, such
as porosity (ie, voids), nonhomogeneous raster distribu-
tion, and weak interlayer bonding, are observed in SEM
images of fractured auxetic structures.

Based on the analysis of experimental results, regres-
sion models are developed to predict compressive
strength, stiffness, and SEA of auxetic structures. Also,
optimization of process parameters is performed to opti-
mize compressive strength, stiffness, and SEA. From con-
firmation experiments, good agreement is found between
regression models and experimental results.

The present study is certainly useful in setting of pro-
cess parameters to maximizing strength, stiffness, and
SEA of auxetic structures fabricated by FDM. Future work
will be focused on investigating strength, stiffness, and
SEA of auxetic structures under shear and flexural loading.
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