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ABSTRACT

Fused deposition modeling (FDM) is the most widely-
used additive manufacturing technique for the produc-
tion of cost-effective polymers and composites. FDM
offers design flexibility over the traditional manufac-
turing techniques. Local structure can also be con-
trolled through selective deposition of extruded mate-
rial. Therefore, porous materials can be produced with
desired porosity level, pore pattern, and pore size via
FDM. Porous materials are lightweight and can be de-
signed to introduce functionality, such as heat/mass trans-
port and translucency. However, FDMed materials in-
herently contain inter-bead pores, which cause varia-
tions in mechanical properties and lower mechanical re-
liability. Here, we discuss the origins of the reliabil-
ity in FDMed materials. We also report the effect of
raster orientation and Bouligand structure on FDMed
ABS containing a single hole and patterned pores.
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1 INTRODUCTION

FDMed polymers and composites have found appli-
cations in various industries, such as defense, automo-
tive, aerospace, biomedical, and consumer product. Con-
sumers also use FDM to manufacture products, of which
the CAD models are generally free and online. Profes-
sional production of FDMed parts include modeling and
testing to ensure proper functioning of the parts. Con-
sumers, however, manufacture and use FDMed products
without understanding the mechanical behavior and re-
alizing part-to-part variations in mechanical properties,
i.e., mechanical reliability. We recently showed that the
mechanical reliability of FDMed polymers and compos-
ites can be as low as technical ceramics [1, 2]. There-
fore, stochastic fracture of FDMed materials have to be
better understood for reliable and safe use of FDMed
products.

FDM allows local control of deposition unlike tra-
ditional manufacturing, that is, functional porous ma-
terials can be produced via FDM. These porous ma-
terials have intentional pores that can be used to de-
crease weight and introduce functionality for applica-

tions, such as filter and catalyst. Porosity also allows
transfer of heat, mass, and light, required for cooling,
filter, and lighting applications. Porous materials are
also ubiquitous in nature. For example, bone, crab ex-
oskeleton, and wood contain functional pores, yet bio-
logical materials are strong and tough compared to arti-
ficial porous materials [4]. Biological materials have hi-
erarchical structure, which improve toughness through
various mechanisms. One of these mechanisms depend
on helically rotating fiber structure–Bouligand structure
[3].

Being an extrusion-based manufacturing technique,
FDM is suitable for the production of porous materials
with a Bouligand structure. However, effects of inten-
tional porosity on the mechanical reliability of FDMed
materials are unclear, limiting their wider use. In this
context, we produced porous ABS with a helically ro-
tating Bouligand raster inspired by the crab exoskeleton
[4] and with the default 450/-450 raster. We compared
the stochastic fracture behavior of these porous struc-
tures. Tensile tests on FDMed ABS with uniform raster
orientations were performed.

2 MATERIALS and METHODS

We used a Stratasys Fortus 250mc to print porous
ABS (P430 ABSPlus, Stratasys) rectangular bars of size
120x27x3.5 mm (Figure 1a), FDM parameter are given
in Table 1. The pores were 1 mm in diameter, printed 4
mm apart horizontally, and 2 mm apart vertically (Fig-
ure 1b). The porosity due to patterned pores was „10
vol. %. Twenty specimens with the 450/-450 raster (Fig-
ure 1b) and twenty-eight specimens with the rotating
raster (Figure 1c) were printed. The rotating raster rep-
resented the Bouligand structure, in which we changed
raster angle in each layer by 200 starting from 00 to 3600.
Total number of layers were 19 for all the specimens.
We also printed samples with and without a 4 mm di-
ameter hole to show the sole effect of raster orientation
on the mechanical behavior; fourteen specimens (single
specimen per orientation) were printed and tested. An
Instron 4204 with a crosshead speed of 1 mm/min was
used for the tensile tests.
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Table 1: Fused deposition modeling parameters.
Parameter Setting
Extrusion temperature 280 0C
Chamber temperature 75 0C
Infill percentage Solid 100 %
Infill type Rectilinear or rotating
Raster angle 450 or rotating
Layer height 0.18 mm
Contour width 0.36 mm
Raster width 0.36 mm
Internal raster width 0.46 mm

Figure 1: a) Schematic of the porous specimens, b) 450/-
450 raster, and c) 200 rotating Bouligand raster. Micro-
graphs show the optical images from the top surface of
the porous specimens. Scale bars represent 2 mm.

3 RESULTS AND DISCUSSION

FDMed Bouligand structure included raster orienta-
tions changing from 00 to 3600. Therefore, we tested the
effects of raster orientation on the mechanical behavior
of FDMed ABS with and without a hole to identify the
strong and tough orientations. The 00 raster orienta-
tion, which represents the raster orientation parallel to
the applied tensile stress, showed the highest strength
and nominal strain at break w/ and w/o the hole (Figure
2a and b). The change in raster from 00 to 150 slightly
reduced the strength of the specimens without a hole,
but the strain at break reduced from „30 % to „4 %
(Figure 2a and b). The introduction of the hole to 00

raster also reduced the strain at break significantly (Fig-
ure 2b). A color change due to crazing is visible in the
00 rasters, but not in other orientations (Figure 2c). We

observed brittle fracture for all the raster orientations,
except the 00 raster.

Figure 2: Effect of raster orientation on a) tensile
strength, b) nominal strain at break, and c) fracture
plane for specimens with (˝) and without the hole (ˆ).
Width of the specimens is 27 mm.

The effect of plasticity on the mechanical behavior
of 00 raster with the hole under tensile loading can be
seen in Figure 3, where 00 raster showed ductile frac-
ture compared to the brittle fracture of other orienta-
tions. In the absence of stress concentrators such as
inter-bead pores, all the raster orientations should expe-
rience ductile behavior. We also observed pores around
the hole, because the linear raster cannot completely
fill the area near the circular holes. We call these de-
fects: misfit pores (Figure 3b-e). These misfit pores
change the local stress around the hole and affect frac-
ture behavior. Fracture occurred near the largest misfit
pore for the specimens with hole and crack propagated
along the raster orientation–same as the inter-bead pore
direction–for all the specimens w/ or w/o the hole, ex-
cept for the 00 raster (Figure 2c). Accordingly, deposi-
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tion path should be engineered to align raster orienta-
tion with the applied stress.

Figure 3: a) Effect of raster orientation on the mechan-
ical behavior of FDMed ABS containing a single hole of
4 mm diameter, holes printed in raster orientation b) 00,
c) 150, d) 450, and 900. White arrows indicate some of
the misfit pores. Scale bars represent 1 mm.

Change in raster orientation from the default 450/-
450 to 3600 helically rotating raster increased the frac-
ture strength by 34 % (11.5 MPa to 15.4 MPa) and
nominal strain at break by 38 % (2.1 % to 2.9 %) for
the porous specimens, Figure 4a. We also observed a
slight increase in elastic modulus (Figure 4a). The main
reason for the increased strength and strain at break
is the presence of continuous 00 rasters in the Bouli-

gand structure (Figure 1c). There are three layers in 00

raster and four layers in 200, 1600, 2000, and 3400 rasters.
These layers showed higher strength and strain at break
compared to the other raster orientations (Figure 3a).
Accordingly, the toughness of the Bouligand raster was
higher compared to 450/-450 raster. The brittle failure
of the 450/-450 raster was manifested by the smoother
fracture surface (Figure 4b). Whereas, the ductile be-
havior of the Bouligand raster accounted for the tortu-
ous surface (Figure 4b).

Figure 4: a) Change in fracture strength and strain with
raster, lower strength blue data (ˆ) represent the 450/-
450 orthogonal raster and higher strength red data (+)
represent the Bouligand raster. Fracture plane showing
b) smoother path for the 450/-450 raster and c) tortuous
path for the Bouligand raster. Width of the specimens
is 27 mm.

In addition, Bouligand structure had higher mechan-
ical reliability. The Weibull modulus [5] of the FDMed
porous Bouligand structure was 25 compared to 17 for
the 450/-450 raster with 90 % confidence intervals of 19-
31 and 12-22, respectively. Weibull modulus is directly
related to the scatter in fracture strength; thus, a lower
modulus means higher variation in fracture strength.
Bouligand structure contained 7 layers out of 19 layers
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that fail above 3 % strain. These layers decreased the
probability of low strength failure and introduced plas-
ticity specifically with 00 raster. In general, ceramics
have low Weibull modulus ă10 [6], but technical ceram-
ics with modulus of 25 has been reported [7]. On the
other hand, the Weibull modulus of FDMed ABS con-
taining a single 3 mm hole was 30; whereas, the modulus
was 46 for dense ABS with 450/-450 raster [1]. These
moduli are higher than the moduli for the porous spec-
imens. Consequently, there is a large room for an im-
provement of the reliability in FDMed porous materials.

On the origin of the variations in fracture strength of
FDMed materials (polymers and short-fiber-reinforced
composites, excluding continuous fiber-reinforced com-
posites) lies the variations in inter-bead pore sizes, i.e.,
pores between the deposited beads. These pores are
the largest defects in FDMed dense materials and their
size depend on the accuracy and precision of the extru-
sion head [2]. Inter-bead pore orientation and size also
depend on the raster orientation, directly affecting me-
chanical reliability of FDMed parts [1]. We developed
a novel vibration-assisted FDM (VA-FDM) technique,
during which vibrations were introduced at the extru-
sion tip. These vibrations significantly reduced inter-
bead porosity in short-carbon-fiber-reinforced ABS com-
posites. Accordingly, Weibull modulus, which defines
the scatter in strength, increased from 24 to 57 [2].
Moreover, VA-FDMed materials had higher toughness
and strength compared to traditionally FDMed com-
posites. Stochastic fracture of the FDMed materials
can also be affected by the filament homogeneity and
changes in filament thickness.

We know that the inter-bead pore size distribution is
the largest contributor to the low reliability of FDMed
materials [2]. Accordingly, the porous specimens not
only have a distribution of inter-bead pore sizes, but
also a distribution of pore-to-pore distance and misfit
pore sizes. Pore-to-pore stress interactions depend on
pore-to-pore distance distribution and strongly affect
the fracture behavior of porous systems [6]. From a
linear-elastic fracture mechanics point of view, changes
in fracture initiating defect size and changes in stresses
acting on these defects affect stochastic fracture. There-
fore, the addition of pores–resulting in inter-bead/misfit
defect-size distributions and stress distributions unlike
the dense FDMed materials–increase variations in frac-
ture strength.

4 CONCLUSION

We reported the effects of porosity and biomimetic
Bouligand raster on the stochastic fracture of ABS con-
taining patterned pores. Porous specimens with 450/-
450 raster had a Weibull modulus of 17. The changed
in raster orientation from 450/-450 to helically rotating
Bouligand structure increased the Weibull modulus to

25. In addition, fracture strength and strain at break
were improved with Bouligand structure mainly due to
the introduction of rasters in orientations within the 200

of the applied tensile stress. We observed brittle fracture
for specimens with non-zero raster orientations. Intro-
duction of a 4 mm diameter hole decreased the fracture
strength and strain at break in all the raster orienta-
tions.

Mechanical reliability of FDMed porous materials
can be improved by reducing inter-bead pores, improv-
ing the positional accuracy/precision of the extrusion
head, and using homogenous filaments with uniform thick-
ness. Bouligand structure could also be used to decrease
anisotropy in fracture strength, because the average me-
chanical behavior of the helically rotating rasters does
not change with in-plane applied stress orientation, if
enough layers covering at least 1800 exist. More exper-
iments and simulations are needed to understand and
improve the mechanical reliability of FDMed porous ma-
terials.
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