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Synchrotron radiation X-ray micro-computed tomography (SR-uCT) is a 3D imaging technique that is widely employed for the
characterization of defects in advanced materials and structures. In this study, we characterize several typical defects in octet-
truss and re-entrant 3D lattice structures by using SR-puCT. The 3D micro-lattice structures are manufactured using projection
micro litho stereo exposure (PULSE) additive manufacturing technology. The as-fabricated 3D lattice samples are characterized
using optical microscopy, and subsequently, by SR-uCT. Further more, a statistical analysis is performed to characterize the
surface roughness and internal defects qualitatively, whereby the statistical geometrical parameters of struts along different
directions and strut joints are analyzed and classified. Consequently, several typical defects are identified: (1) holes at the joints
of the strut and irregular diameter deviations of the strut in the octet-truss lattice structure; (2) irregular diameter variations,
bulges, dislocations, grooves, accumulations, and torsion in the re-entrant lattice structure. All of these defects are related to the
building direction, the weight of the structure, bubbles, dust, and impurities during the PuLSE additive manufacturing process.
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1 Introduction

Auxetic materials expand transversely when subjected to
tension in the longitudinal direction, and contract transver-
sely when subjected to compression in the longitudinal di-
rection [1,2]. Furthermore, compared to traditional materials,
auxetic materials and structures have superior impact re-
sistance, shear resistance, sound absorption, and vibration
absorption, etc. Owing to their robust multifunctional me-
chanical performances, auxetic materials are expected to be
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used in textile, aerospace, biomedical, and smart sensor in-
dustries.

3D printing at the micro and nano scales has potential for
industrial application in manufacturing micro-nano electro-
mechanical systems, biomedicines [3,4], micro-nano sen-
sors, micro-nano electronics, biochips, optoelectronics [5],
and micro fluidic devices. In recent years, projection micro
litho stereo exposure (PuLSE) additive manufacturing
technology has been considered as one of the most promising
micro-machining technologies, demonstrating great ad-
vantages in speed, spatial resolution, and cost.

Owing to the limitations of manufacturing process, various
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types of surface and internal defects are inevitable in as-
fabricated lattice mechanical metamaterials prepared by
micro/nano additive manufacturing techniques. To improve
the manufacturing process and maintain the mechanical in-
tegrity of the products, it is important to assess the manu-
facturing defects quantitatively and analyze the relation
between defects and mechanical performances of the final
as-fabricated metamaterials. Synchrotron radiation X-ray
micro-computed tomography (SR-uCT) is a non-destructive
3D imaging technique, which can be used for characterizing
the internal 3D defects in advanced materials and structures,
and has been widely employed in the aerospace, automobile,
energy, electronics, and additive manufacturing industries.
Kim et al. [6] outlined the application of micro-computed
tomography as a through-process quantification tool for
characterizing internal pore, strut size, variation features, and
tracking morphological changes during the manufacturing
process. Kerckhofs et al. [7] proposed a novel method to
quantify the surface roughness of 3D additive-manufactured
porous structures based on high-resolution micro-computed
tomography. Song et al. [8] compounded a novel high-en-
tropy alloy-coated nano lattice composite material, and stu-
died its mechanical performance based on progressive
damage theory and damage mechanics. Using synchrotron
X-ray tomography 3D imaging, Scarlett et al. [9,10] ana-
lyzed the external morphology, dimension precision, and
internal defects of titanium parts fabricated by additive
manufacturing. Uesugi et al. [11] investigated the micro-
structures and defects of 3D carbonaceous chondrites based
on SR-CT and identified their chemical composition by in-
terpreting the linear attenuation coefficient through X-ray
images. Fan et al. [12] investigated the effect of the tensile
stress on the crystallization and average grain size of a Fe-
CuNbSiB amorphous alloy using an in-situ synchrotron ra-
diation X-ray diffraction technique. By analyzing the
morphology using in-situ compression tomography, Liu et al.
[13] investigated the effects of defects locations and spatial
distribution on the elastic response, damage initiation, and
failure evolution of 3D metallic lattice samples under quasi-
static compression. Using SR-uCT technique, Hu et al. [14]
studied the effects of micro structural features on the me-

Figure 1 (Color online) Flowchart of the lattice fabrication and defect characterization processes.

chanical properties of hybrid laser-welded 7020-T651 alu-
minum alloys, such as fatigue strength and damage
mechanism. Using SR-puCT-reconstructed microstructure
information, Wu et al. [15] analyzed the effect of micro-
structures and gas pores on the fatigue behavior and per-
formance of hybrid laser-welded high-Zn 7000 series Al-
alloys through a finite element analysis. Wu et al. [16] re-
viewed the applications of in-situ SR-pCT technique for the
investigation of internal damage accumulation and defect
evolution processes of various types of advanced-structure
materials, including the complex interaction between cracks
and pores, precipitates, inter metallic inclusions, and grains.
Wau et al. [17] investigated the mechanical performance and
3D failure mechanism maps of a pyramidal-pyramidal hier-
archical lattice material under different loading conditions.
Xu et al. [18] investigated the effect of different printing
directions of a 3D printer on the mechanical properties of
lattice elements by uniaxial tensile tests.

These studies show that SR-pCT is suitable for the char-
acterization of surface roughness and internal defects, such
as holes, cracks, and bulges in advanced materials and
structures that cannot be directly observed by 2D optical
microscopy. In this study, SR-uCT 3D image reconstruction
and optical microscopy are used to characterize the defects of
octet-truss and re-entrant lattice structures manufactured
with PULSE 3D printing, as shown in Figure 1. Further, the
surface topography, internal defects, and cross-section pro-
file of the strut are analyzed statically, and typical defects
types are classified. Subsequently, the relations between the
additive manufacturing process and typical defects are ex-
plored, and it is found that the defects are related to the
building direction, the weight of the structure, and the bub-
bles and impurities that are introduced during the manu-
facturing process.

2 Mechanical design and manufacturing

2.1 Design model of lattice structures

The geometric models of the 3D octet-truss and re-entrant
lattice structures are shown in Figure 2. Figure 2(a) and (b)
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Figure 2 (Color online) Ideal model. (a) octet-truss lattice structure (sample 1); (b) re-entrant lattice structure (sample 2); (c) unit cell of sample 1; (d) unit

cell of sample 2.

shows the octet-truss lattice structure (which is referred as
sample 1 in this paper) and its unit cell, respectively. The
struts are categorized into two types: horizontal (perpendi-
cular to the z-axis) and diagonal (45.0° relative to the z-axis).
Figure 2(c) and (d) shows the re-entrant lattice structure
(which is referred to as sample 2 in this paper) and its unit
cell, respectively. As shown in Figure 2, all unit cells have
cubic symmetry, the cross section of the strut for the sample
1 is a circle, and the diameter of the strut is 36 um. For
sample 2, the cross section of the strut is a square with a side
length of 45 um. Depending on the angle between the rod
and the z-axis, the strut can be vertical (parallel to the z-axis)
and diagonal (63.4° relative to the z-axis).

The relative density p of the lattice structure is equal to the
ratio of the macroscopic density p of the cellular structure to
the density p, of the structure’s material, as follows [19]:

7L (1)

The relative density and compressive stiffness of the ideal
octet-truss lattice structure [20,21] are given by

; (2

7 8K
e D 2[1+3+1§2], 3)

where » and / represent the radius and length of the strut,
respectively. K,=3K,; (r/le)2 is the coupling coefficient of the
strut, where

K= 1/(1+12E1/ Gredl?), (4)

where G is the shear modulus of the strut material, x is the
shear coefficient (x= 0.9 for a circular beam), / is the moment
of inertia of the beam, given by m/4 for a circular cross
section, E; is the elastic modulus of strut material, and 4 is
the cross-sectional area of the strut, given by . Finally, [, is
the effective length of the strut, given by

I = [1—[J§ +%]§] (5)
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The relative density of the ideal re-entrant lattice structure
[22] is obtained as follows:

_ tAH+4L)
P 50k —Icosh)’ (6)
where H=k+w, L= l*.L, with ¢, [, and k&
sinf sinf

being the side lengths of the strut cross section, the length of
the re-entrant strut, and length of the vertical strut, respec-
tively. 8 is the re-entrant angle between the oblique and
vertical struts.

The Poisson’s ratio and the effective modulus in the z
direction under compressive stress can be written as follows
[23]:
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2.2 Fabrication of lattice samples

The lattice samples are fabricated by high-precision PULSE
with the nanoArch® S130 3D printing system (BMF R
Precision Technology Co, Ltd, Shenzhen, China). The ma-
terials employed for printing are photosensitive resin poly
(ethylene glycol) diacrylate, PEGDA (BMF Material Tech-
nology Inc.). The fabrication sample resolution is 2 um, and
a405 nm LED light source is employed for generating a light
intensity of 45 mW/cm’, and the exposure time is 1 s. After
being printed, the harvested raw lattice sample is cleaned
with isopropyl alcohol (IPA) for 30 s to dissolve the residual
liquid resin off the lattice sample. Then, the lattice is dried in
an oven at 50°C for 10 min, and irradiation with UV light at a
35 mW/cm’ intensity is employed for final solidification of
lattice sample.

3 Tomography experiments and defects analy-
sis

Surface and internal defects of micro lattice structures are
inevitable in the as-fabricated samples, and these defects will
influence the mechanical properties and integrity of the lat-
tice structures. In this study, the surface and internal struc-
tures of the octet-truss and re-entrant lattice structures are
characterized by optical microscopy and SR-uCT, respec-
tively. The advantage of optical microscopy is that it can
clearly characterize the surface topography. However, the
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detailed internal structures cannot be characterized. Thus, the
3D surface topography and internal defects of the lattice
structure are analyzed using SR-uCT.

3.1 Optical microscopy characterization

The images of the octet-truss and re-entrant lattice structure
obtained using optical microscopy are shown in Figure 3.
The octet-truss lattice structure consists of stacked structures
on the diagonal strut and holes at the joints of the strut.
Figure 3(a) shows that the joints of the struts are thicker than
that of the ideal structure. The strut stacking and strut
thickness heterogeneity represent a mismatch between the
design and the manufactured samples. These defects will
have a substantial impact on the mechanical properties of the
octet-truss lattice structure, such as stress concentration.
These thickened joints are caused by some factors involved
with PuLSE additive manufacturing process and complex
chemical-mechanical solidification process.

It is seen that the strut surface of the 3D re-entrant lattice
structure looks smoother than that of the octet-truss lattice
structure, and no stacked structure is observed. However, as
can be seen from Figure 3(b)—(c), the thickness of the ver-
tical struts changes gradually from the middle point of the
strut to the joint node position; furthermore, the two ends of
the vertical strut (I and IIT) are thicker than the middle of the
strut (I), and the thickness of strut V is significantly different
from that of strut VI.

3.2 Synchrotron radiation X-ray 3D imaging technique

SR-uCT 3D imaging experiments were performed at the
Shanghai Synchrotron Radiation X-ray facility on the
BL13WI1 beamline for characterizing the imperfections of
the octet-truss and re-entrant lattice structures. The X-ray
beam energy was 18 keV, the pixel size was 0.65 um, the
distance between the sample and the detector was 0.1, and
the exposure time was 500 ms. During the experiments, the
specimen was rotated 180° along the vertical direction with
0.25° increments. A flowchart of the process used for har-
vesting 3D X-ray images via image reconstruction is shown
in Figure 4. The AvizoR software was employed for 3D vi-
sualization and analysis, which included the following steps:
process image filtering, image segmentation, 3D visualiza-
tion, materials characterization, and quantitative analysis.

Figure 3 (Color online) Optical microscopy images of (a) yz view of
octet-truss lattice structure; (b) yz view of re-entrant lattice structure; (b) xz
view of re-entrant lattice structure.



Hu W X, et al.  Sci China Tech Sci
Synchrotron I Data :
radiation ) prooe;ﬁlng

X-ray Detector

April (2020) Vol.63 No.4 565

| Avizo

Tomographic Three-dimensional
slice structure

Mimics

Figure 4 (Color online) Flowchart of the 3D X-ray imaging and tomography reconstruction process.

3.3 Image processing (3D reconstruction) and defects
analysis

The raw images were obtained using SR-uCT 3D imaging
and were processed using the AvizoR software to obtain a 3D
reconstructed geometric model. The steps involved in the 3D
reconstruction process were as follows: slice processing,
threshold optimization, image segmentation, and 3D re-
construction.

3.3.1 Reconstruction and defect analysis for octet-truss
lattice structure

The reconstructed 3D geometric model of the octet-truss
structure is shown in Figure 5(a). It can be seen that the cross
section of the horizontal struts of the octet-truss lattice
structure exhibits a waterdrop shape and has a smooth sur-
face that resembles melting icicles with frozen droplets. This
is because of the self-weight gravity induced viscous fluid
during the PULSE manufacturing process. The surface of the
diagonal strut exhibits a stacked structure topology, and
randomly distributed hollow voids appear on the strut joints,
as shown in Figure 5(b). These hollow voids are revealed by
both SR-uCT and optical microscopy. The octet-truss lattice
structure can be represented by a typical unit cell, as shown
in Figure 5(c).

The horizontal and diagonal struts were extracted for the
surface morphology analysis. As shown in Figure 5(d), in
front view, the top surface (1-1) exhibits an arc shape while
the bottom surface (2-2) exhibits a straight line shape. As
shown by the right elevation image in Figure 5(d), in contrast
to the design, the manufactured sample’s horizontal strut
exhibits a non-circular cross section, which is drop-shaped
and elliptical (3-3). It can be seen from the top and front
views in Figure 5(e), the top surface (6-6) is smoother than
the bottom surface (7-7), and right elevation features at
different cross sections planes are exhibited by the cut planes
(3-3), (4-4), and (5-5).

Figure 6 shows the defects formed in the strut joints of the
octet-truss lattice structure. Figure 6(a) and (b) shows the
reconstructed 3D distributions of the hollow pores and slice
images of the defects formed at the strut joints, respectively.

Figure 7 demonstrates the image processing and fitting
schemes on the strut cross section surface profile contour of

the octet-strut lattice structure. Firstly, horizontal and diag-
onal struts were extracted from the reconstructed tomo-
graphy image. Subsequently, ten consecutive slices were
selected for drawing the cross-sectional outline of the hor-
izontal strut. The closed curves of different colors in Figure 7
represent the contours of different cross sections. Finally, the
cross sections of the horizontal and diagonal struts were
selected for fitting the average circle based onthe least
squares principle. The fitted curves are shown in black
background in Figure 7(a) and (b). The closed curve is the
cross-sectional profile of the reconstructed strut. The point in
the figure indicates the centroid of the reconstructed strut
cross-section, which is used to determine the center of the
fitted circle. Finally, the radius of the fitted circle is selected
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)
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Figure 5 (Color online) Reconstructed sample 1 in 3D (a) and 2D (b); (c)
reconstructed unit cell; reconstructed horizontal (d) and diagonal (e) strut
and view of the horizontal strut in partial direction.
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Figure 6 (Color online) Images of defects. (a) 3D tomography re-
constructed distribution of defects at node locations; (b) slice image
showing node defects.

based on the cross-sectional area equivalent principle of the
reconstruction strut.

The probability density distribution of geometric defects is
analyzed statistically based on the radius values data in-
formation of the cross sections of 17029 diagonal struts and
34087 horizontal struts. Figure 8(a) and (b) shows the radius
distribution of the horizontal and diagonal struts, respec-
tively. The average value y and standard deviation & of the
horizontal and diagonal strut radii are calculated separately.
The superscripts “H” and “D” indicate the horizontal and the
diagonal struts, respectively, and subscript “7”” indicates the

ur=-30.2%
o =24.0%

Probability density

Deviation of cross-section radius
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Figure 7 (Color online) Strut cross section surface profile topology fit-
ting. (a) Horizontal strut fitted curve; (b) diagonal strut fitted curve

radius deviation information.

The radius distribution parameter in Figure 8 describes the
geometrical defects of the strut. The standard deviation of the
horizontal strut radius is o,"=24.0%. This is reflected in its
cross-sectional variation (as shown in Figure 5(d)). The
average value of the horizontal strut radius deviation is u =
—30.2%, and the radius of the horizontal strut is 30.2%
smaller than the design radius, which is consistent with the
result shown in Figure 8(c). The positive and negative signs
on the value of the standard deviation of the strut’s radius
indicate that the value is larger and smaller than the designed

21%

(b)
18%

X
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& F
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Figure 8 (Color online) Statistical distribution of strut radius for the octet-truss lattice structure. (a) Distribution of horizontal strut radii; (b) distribution of
diagonal strut radii; cross-sectional outline of the (c) horizontal and (d) diagonal struts (um).



Hu W X, et al.

radius, respectively. It was found that 5,°=14.5% and u =
—54.3%, are in good agreementwith the result reported in
Figure 8(d). The average radius of the horizontal strut (Ry)
and the diagonal strut (Rp) are 18.3 and 12.3 um, respec-
tively, i.e., Rp=2/3Ry.

3.3.2 Tomography reconstruction and defect analysis for
3D re-entrant lattice structure

The reconstructed 3D models of the re-entrant lattice struc-
ture based on SR-uCT3D imaging are shown in Figure 9(a),
where several typical types of defects are identified, such as
bulges, grooves, and stacks. Creeping-induced thickening is
generated at the bottom layer (I) as a result of the influence of
the building direction (along y axes) and structure’s weight
during the PuLSE additive manufacturing process. The color
depth indicates the level of the gray value, improving the
image contrast. Figure 9(b) shows the tomography cross

Building
4 direction

Building
direction

En :@ &
"""te“'t(‘a' % dlagonal ﬂ lcr]

strut

nght elevatlon' Frontview B Leﬂ eievatlon Back view

Top view

(d}

Figure 9 (Color online) Reconstructed model of sample 2. (a) Re-
constructed 3D model; (b) tomography in the three orthogonal planes; (c)
defects; (d) six views.
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section images in three orthogonal planes.

As shown in Figure 9(c), strut III is a vertical strut with a
groove on the side surface and an arc shape on the upper
surface. Strut IV can be further classified into two types of
diagonal struts in re-entrant lattice structure induced by the
weight: flat long and curved strut IV, and round thin and
short strut IV,. The dislocation defects of the diagonal strut
are shown by circles (marked 1); the groove on the surface of
the vertical strut is shown by rectangle (marked 6); the
curved pendant in the rectangle (marked 5) is all related to
the building direction. Blocks adhere to the surface of the
vertical strut, as shown by the circle (marked 2), owing to
factors such as dust and impurities during the PULSE man-
ufacturing process. The structure bears its own weight during
the manufacturing process, causing diagonal strut to accu-
mulate, as shown by the circle (marked 4). The unit cell V, in
the dotted frame is inclined to the lower left. The result of
unit cell V; and the result of optical microscopy are in good
agreement. The unit cell V, is leant toward the lower right;
the unit cell V3 is tilted toward the upper left; the unit cell V,
is inclined to the upper right. Figure 9(d) clearly shows the
six views of the reconstructed 3D model.

Figure 10 shows the procedures followed for extracting
strut cross-section geometrical information from the vertical
and diagonal struts of the 3D re-entrant strut lattice structure.
The cross-section of the strut was fitted with an ellipse.
Firstly, the horizontal and diagonal struts are extracted from
the reconstructed tomography models based on synchrotron
X-ray 3D imaging. The contours of different cross sections
are represented by closed curves of different colors, where
ten consecutive cross sections are selected. Finally, the cross-
section profiles of the horizontal and diagonal struts are se-
lected for fitting the ellipse based on the least squares
method, as shown by the black background in Figure 10(a)—(c).
The cross-section profile of the reconstructed strut is re-
presented by a closed curve. The dot represents the centroid
of the reconstructed strut cross section and is used to de-
termine the radius of the fitted ellipse (circle). The diagonal
strut IV, is fitted with a circle. Finally, the radius of the fitted
circle is determined by reconstructing the cross-sectional
area of the strut.

In total, 943 diagonal struts IV,, 2079 diagonal struts I[V,,
and 1207 vertical struts are selected for the statistical ana-
lysis of the probability density of geometric defects, as
shown in Figure 11. The observed statistical results are si-
milar to the results reported in Figure 8, where the subscript
“I” indicates the strut length deviation.

The side length of the vertical strut, diagonal strut IV, and
diagonal strut IV, are 37.4, 13.6, and 39.3 pum, respectively,
which are smaller than the design values by 16.9%, 69.9%,
and 12.7%, respectively. The average side length of the
vertical strut is approximately equal to that of the diagonal
strut IV,, and the average side length of the diagonal strut IV,
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Figure 10 (Color online) Surface profile contour fitting for 3D re-entrant
lattice. (a) Vertical strut fitted curve; (b)—(c) horizontal strut fitted curve.

is approximately 3 times greater than that of the diagonal
strut IV, (Ly = Ly = 3]‘1\’2)'

3.3.3 Defects classification for octet-truss and re-entrant
lattice structures

The PuLSE additive manufacturing process-induced im-
perfections of the lattice structures can be classified into the
following categories in terms of defects, as shown in Figure
12. There are mainly two types of defects formed within the
octet-truss lattice structure. Some hollow voids appear at the

nodes of the strut, and the diameter of the strut changes
irregularly along the strut length. For the 3D re-entrant lattice
structure, there are mainly six types of defects: irregular
diameter variations, bulges, dislocations, grooves, accumu-
lation, and torsion. Firstly, the generation of unwanted bub-
bles during the PULSE manufacturing process will lead to the
formation of holes at the joints. Secondly, impurities in the
raw materials will induce randomly distributed bugles on the
surface of the struts. Finally, the deviation of the struts’
diameter, the grooves on the strut surface, strut misalign-
ment, material accumulation, and torsion deformations of the
strut are all caused by their own weight during the solidifi-
cation process.

The area of each cross section (sample 1) is identified and
calculated using the MATLABR program to extract the ef-
fective radius, as shown in Figure 13(a). The underline and
solid line represent the effective radius of the diagonal and
horizontal struts, respectively. The design radius of the strut
is shown by the double dotted line. Similarly, the effective
side length of the strut of sample 2 is obtained by extracting
the area of the cross section, as shown in Figure 13(b). The
dotted line and underline are the effective side lengths of the
diagonal strut; the double dotted line is the effective side
length of the vertical strut; the solid line is the effective side
length of the designed strut.

4 Conclusion

The defects of the 3D octet-truss and re-entrant lattice
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Figure 11 (Color online) Distribution of strut cross section for the re-entrant lattice structure. (a) Deviation of side length for vertical strut; (b) deviation of
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outline for diagonal strut IV, and (f) IV,.
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Figure 12 (Color online) Strut defect classification for samples 1 and 2.

structure manufactured with PULSE additive manufacturing
technology were characterized using the SR-uCT technique.
The surface topography, internal defects, and cross-section
profiles of the struts in 3D octet-truss and re-entrant struc-
tures were analyzed quantitatively, and the features of the
defects were classified based on the geometrical statistic
parameters of the struts along different directions and strut
joints. The main findings of this study were the following.

(1) Two main defects were present in the octet-truss lattice
structure: holes formed at the strut joints and deviations in
the diameters of the struts. The average radius of the diagonal
strut (Rp=18.3 um) was approximately 1.5 times greater than
that of the horizontal strut (Ryz=12.3 um), and the radius of
the diagonal strut was approximately equal to the design
radius (R=18 um).

(2) The main defects in the re-entrant lattice structure were
the following: deviations in the diameters of the struts, bul-
ges, dislocations, grooves, accumulation, and torsion. The
average side length of the vertical strut (Ly=37.4 um) was
approximately equal to that of the diagonal strut IV,
(LIVZ =39.3 um), and the average side length of the diagonal
strut IV, was approximately 3 times greater than that of the
diagonal strut IV, (L 1\,]:13.6 um). The average side length of
the design strut (L=45 pum) was approximately 1.2 times
greater than that of the vertical strut.

(3) The generation of bubbles during the PULSE manu-
facturing process leads to the formation of holes at the joints
and impurities in the raw materials cause bulges on the
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Figure 13 (Color online) (a) Radius of the octet-truss lattice structure and
(b) side length of the re-entrant lattice structure.

surface of the struts. The variation in strut diameters, for-
mation of grooves on the surface of the struts, accumulation
of raw materials, and strut torsion and misalignment are all
caused by their own weight during the solidification process.
All of these defects are related to the building direction, the
weight of the strut, bubble formation, and the introduction of
dust and other impurities during the PULSE additive manu-
facturing process.
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