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PURPOSE. The objectives of the current study were to estimate the influence
of self-reinforced hollow structures with a graded density on the dimensional
accuracy, weight, and mechanical properties of Co-Cr objects printed with the
direct metal laser sintering (DMLS) technique. MATERIALS AND METHODS.
Sixty-five dog-bone samples were manufactured to evaluate the dimensional
accuracy of printing, weight, and tensile properties of DMLS printed Co-Cr. They
were divided into Group 1 (control) (n =5), Group 2, 3, and 4 with incorporated
hollow structures based on (spherical, elliptical, and diamond) shapes; they
were subdivided into subgroups (n = 5) according to the volumetric reduction
(10%, 15%, 20% and 25%). Radiographic imaging and microscopic analysis

of the fractographs were conducted to validate the created geometries; the
dimensional accuracy, weight, yield tensile strength, and modulus of elasticity
were calculated. The data were estimated by one-way ANOVA and Duncan’s tests
at P<.05. RESULTS. The accuracy test showed an insignificant difference in

the x, y, zdirections in all printed groups. The weight was significantly reduced
proportionally to the reduced volume fraction. The yield strength and elastic
modulus of the control group and Group 2 at 10% volume reduction were
comparable and significantly higher than the other subgroups. CONCLUSION.
The printing accuracy was not affected by the presence or type of the hollow
geometry. The weight of Group 2 at 10% reduction was significantly lower than
that of the control group. The yield strength and elastic modulus of the Group 2
at a 10% reduction showed means equivalent to the compact objects and were
significantly higher than other subgroups. [J Adv Prosthodont 2024;16:91-104]
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INTRODUCTION

Three dimensional printing’s unique capabilities
have driven recent interest in additive manufacturing
(AM) to generate predetermined intricate geometries.
AM processes add layers of material successively to
build a complex object. Compared to conventional
techniques, additive manufacturing provides great
freedom from geometrical limitations and can con-
veniently produce components that are difficult or
impossible to produce using traditional methods.!?
Due to a condensed manufacturing cycle of operation,
a component with an intricate geometric form can be
manufactured in a short amount of time, simultane-
ously with the development of additive manufactur-
ing techniques (for instance, the lattice designs with
a higher degree of architectural freedom, including
various minute, intricate geometrical details) can be
created.3" A typical scenario of an optimal topology
is a strategy that reduces the structure’s weight while
meeting all physical and mechanical performance re-
quirements.®” Previous studies demonstrated higher
energy absorption by integrating topologically opti-
mized structures in solid objects.®® For the fabrica-
tion of hollow structures, 3D printing techniques are
evolving and becoming feasible. The selective laser
melting (SLM) is recognized for its production inde-
pendence among the most promising additive manu-
facturing technologies.1%!! The samples printed with
the SLM have exceptional mechanical properties and
can produce 3D printed metal with variable density
levels.?2 The laser performs selective particle layer
melting based on the computer-aided design (CAD)
Standard tesselation language (STL) file’s specified
shape. Each component layer is constructed in two
phases using SLM. First, the perimeter is constructed,
a process known as contouring, and then the materi-
al within the contour is fused to form one layer. This
method is repeated until the desired three-dimen-
sional component is complete.!3!* Huang et al.*® in-
vestigated the influence of topology optimization and
printing parameters on the cost; they discovered that
the cost was significantly reduced due to the weight
reduction technique in topology optimization. Galeta
et al.*® evaluated honeycomb and lattice interior con-
figurations with compact manufactured pieces. They
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asserted that the samples with honeycomb voids
demonstrated superior tensile performance to that of
the lattice form but inferior to that of the compacted
specimens. Nonetheless, both designs showed suffi-
cient tensile strength to be used as medical implants.
Challis et al.1” designed two-phase isotropic three-di-
mensional recurring substances with the highest
modulus of bulk and conductance using topology op-
timization to enhance the microstructure of lattice
solids with unique topological boundaries. Lesueur et
al.!® evaluated the impact of integrating macro-scale
interior geometric shapes on the yield strength of the
polylactic (PLA) printed items. They determined that
the yield strength depended on the topological voids
rather than the material used. However, no studies
are available that evaluate the improvement of the
yield strength at a comparable level with the compact
objects without compromising the elastic modulus
and printing dimensional accuracy of the direct metal
laser sintering (DMLS) printed Co-Cr by incorporating
novel custom-designed hollow structures implement-
ed in the current study. For this reason, the current
study aimed to estimate the influence of self-rein-
forced micro-voids as hollow structures with a graded
density on the dimensional accuracy in the x, y, z di-
rections, weight, the yield tensile strength, and elas-
tic modulus (Young’s modulus) of Co-Cr printed with
DMLS technique. The study hypothesis was that the
incorporation of multiple shapes and density graded
self-reinforced hollow structures could improve the
yield tensile strength of the topologically modified 3D
printed Co-Cr without compromising the dimensional
accuracy and the elastic modulus of the printed Co-Cr
metal.

MATERIALS AND METHODS

Sixty-five dog-bone samples were fabricated per
(1ISO 22674:2016) with (15 mm working length, 4 mm
width, and 1 mm thickness); the length of the sample
(working length 15 mm + free length between the grip
on each side and the working bar 3 mm + the length
of each grip 6 mm) was (15 + (3 X 2) + (6 X 2) =33
mm).%® The dimensions and shape of the dog-bone
specimen are illustrated in Fig. 1. The samples were
created virtually by AutoCAD 2021 software program
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Grip length Free length Working length

=6mm =15mm =15mm

D .

T Dispensing channel orifice
Thickness = 1mm - » T
A Total length = 33 mm
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Grip width 6 mm

Fig. 1. Dog-bone shaped tensile test sample. (A) Diagram of the shape and dimensions of the dog-bone sample. (B) DMLS

printed tensile test sample.

(AutoDesk Co., San Francisco, CA, USA) to integrate
a self-reinforced custom-designed hollow structures
in the core of the test samples. The virtual samples
were prepared for 3D printing using Materialise Mag-
ics 2022 (Materialise Magics Co., Leuven, Belgium) as
a slicer program. For this purpose, a powdered Co-Cr
alloy was used to fabricate the samples (Adentatec,
GmbH, Koln, Germany) and fabricated using a direct
metal laser sintering (DMLS) machine (Riton, dual-
150, Guangdong, China).

The samples were printed transversally at (0°), with
fabrication parameters listed in (Table 1). The creat-
ed samples were divided into four groups. The first
group (Group 1) (n = 5) was compact, devoid of any
internal hollow structure to be the control group, and
Group 2 (n =20) had a sphere-based hollow structure.
Group 3 (n = 20) was fabricated with an ellipse-based
hollow structure. Group 4 (n = 20) was fabricated
with a diamond-based hollow structure. Each of the
Group 2, 3, and 4 was subdivided into four subgroups
according to the reduction percentage per volume
(10%, 15%, 20%, and 25%) to render each final sub-
group (n=5) according to ASTM standard E9 (2000).2°

The incorporated hollow structures were integrat-
ed as an enclosed cell configuration with a channel
extended to the end of the sample to dispense the
non-sintered alloy particles after the printing pro-
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cess. Then, the dispensing channel’s orifice was weld-
plugged using Kobalt-Chrom-lot solder (Bego Co.,
Bremen, Germany) to preserve the constraint con-
dition of the hollow structure (basic hollow geome-
tries and the cylindrical connectors).?! The soldering
process started with grinding about 1 - 1.5 mm of the
area around the dispensing channel orifice with alu-
minum oxide sandpaper; the samples then were in-
vested with Biosint-supra phosphate bonded invest-

Table 1. Standard parameters of 3D printing process with
Riton dual 150 machine

Parameter Value
Laser speed 1050 mm/s
Laser power 165W
Support laser power 140 W
Layer thickness (powder supply) 0.05mm
Oxygen content 0.06%
Building plate 150 X 150 X 110 mm
Building direction 0 degree
Protect gas Argon
Scan speed 14000 mm/s
Operating system Windows XP
Wavelength 1064 pm
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ment (Degussa Co., Frankfort, Germany) except for
the area to be weld-plugged. The intended area was
preheated for one minute according to the manufac-
turer’s instructions; when the orifice area became dull
red-colored, the soldering material was allowed to
melt and fill the orifice area of the dispensing chan-
nel, and then the welded area was finished with sand-
paper and rubber disk.

In Group 1, the samples had no internal geome-
tries and were the constructed compact object (con-
trol group). In Group 2, the integrated structure was
spherical-based following the topologic structure of
Mackenzie,?? with modifications where the spheres
created ranged from 200 - 500 um in diameter de-
pending on the reduction percentage of volume, and
they were connected with cylinders that had diam-
eters of =50 - 75% of the diameter of the spherical
shaped object; also, the length of the cylindrical tun-
nels among the spheres ranged from ~50 - 125% to
the diameter of the sphere according to the reduced
volume percentage. In Group 3, an elliptical-base
hollow structure was created, with ellipses aligned
transversely with 200 - 500 pm lesser diameter. Cy-
lindrical hollow connectors were used to connect the
basic elliptical shapes using the same ratios of length
and diameter according to the lesser diameter of the
ellipses. The basic shape in the Group 4 was a dia-
mond-based hollow structure. The diamond-based
hollow structure was designed with a ratio of 1 : 1.5
horizontal to vertical diameters of 200 - 500 um less-
er diameter to ensure printability of the shape, and
the connecting cylindrical hollow tunnels connected
them with the same dimensions ratio using the hori-
zontal diameter as a reference dimension. The diam-
eter and length of the cylinder varied according to the
percentage of the reduced volume. In all the virtual
samples designed, the designed interior hollow struc-
tures were positioned at one level in the inner core
of the sample. Each specimen’s four lateral surfaces
measured at least 0.5 mm in thickness. According to
the reduction percentage, the upper and lower sur-
faces had a thickness range of 0.2 - 0.5 mm. The hol-
low structures of Group 2, 3, and 4 are shown in Fig. 2.

The dimensional accuracy was evaluated on the
length, width, and thickness levels using an elec-
tronic digital caliper (S.H, Shanghai Shenhan Co.,
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Shanghai, China) with 0 - 150 mm gauge and 0.00 mm
precision. Then, the fabricated specimens were ra-
diographed with a digital X-ray to verify the validity
of the 3D printing of the specimens and the quality
and extension of the soldering process using a digi-
tal dental radiographic machine (Planmeca, Helsinki,
Finland). The quality of the printed hollow structures
and the soldered orifice that was encircled with red
were shown in the radiographic images in Fig. 3.

Then, the mass of the samples was measured us-
ing a digital balance (Mettler Toledo Ltd., Greifens-
ee, Switzerland) with a precision of 0.000 g (PG 503-
S MonoBloc inside, Mettler Toledo Ltd, Greifensee,
Switzerland) to determine the reduction per mass of
the samples.

The tensile test specimens were used as built with-
out finishing and polishing procedures. The tensile
test was conducted in an ambient atmosphere with
a crosshead speed of 2 mm/min according to ISO
22674:2016.1° The tensile test was conducted using
a digital universal tensile testing machine (GESTER
International Co., LTD, Fujian, China). The digital-
ly drawn plot curve was used, as shown in Fig. 4, to
calculate the yield tensile strength at 0.2% strain off-
set,1923.24 according to the following equation:?®

the yield tensile strength=F /S,

where F is the applied force at the yield point at 0.2%
proof stress in the plot curve, S, is the cross-sectional
area of the sample.

The Young’s modulus was calculated from the ten-
sile stress/strain curve as shown in Fig. 4 according to
the following equation:*®

elastic modulus (Young’s modulus) =AF /S, X L,/ AL

where F is the applied force, S, is the cross-sectional
area of the sample, L, is the original working distance
(length), and AL is the difference in length of the sample
at the determined force points, as illustrated in Fig. 4.

To evaluate the changes in the hollow structures
after the tensile stress application, the samples were
cut to create cross sections with hollow shapes other
than the fractographs, using a carbide disk (0.3 mm)
and treated with sandpaper at a specific point lo-
cated by a distance measured from the CAD designs.
The fractographs of the tensile test specimens were
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Fig. 2. Designs of the three types of architected hollow structures. Designed hollow structures. (A) Tensile test sample in-
corporated with sphere-based hollow structure with the isolated sphere-based hollow structure and the single unit of the
hollow geometry. (B) Tensile test sample incorporated with ellipse-based hollow structure with the isolated ellipse-based
hollow structure and the single unit of the hollow geometry. (C) Tensile test sample incorporated with diamond-based
hollow structure with the isolated diamond-based hollow structure and the single unit of the hollow geometry.

Fig. 3. Radiographic images of the samples with three incorporated geometries, with red circles to identify the end-weld-
ed orifices. (A) Tensile test sample with a sphere-based hollow structure. (B) Tensile test sample with an ellipse-based
hollow structure. (C) Tensile test sample with a diamond-based hollow structure.
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Fig. 4. Stress/strain curve where YTS is the yield tensile strength, the green line is the
change in the applied force AF, and the red line is the change in length AL.

treated with sandpaper only and inspected by a ma-
terial optical microscope (SLX, Optika Co., Bergamo,
Italy) with magnification power of 4.5X to verify the
production of hollow geometries and to estimate the
crack propagation at the fracture site.

The statistical analyses were conducted by the
SPSS 17 program (SPSS Inc., Chicago, IL, USA). ANO-
VA test and Duncan’s post hoc test were conducted
to estimate the statistical difference in means of the
dimensional accuracy (width, length, and thickness),
the weight, the yield tensile strength (YTS), and the
elastic modulus at a significance level of P <.05.

RESULTS

The results of the measured dimensional accuracy of
the width, length, and thickness are listed in (Table
2). The results of the conducted dimensional accura-
cy in the x,y coordinates (width and length) demon-
strated that there was an insignificant lower mean
of the width and length of the tested samples in all
groups (3.992 = 0.0109 mm, and 32.993 *+ 0.0076
mm, respectively), compared to the CAD designs of
the models in the same directions (4 mm, and 33 mm,
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respectively). Results also showed that the mean of
the measured dimensional accuracy in the z direction
(thickness) of the tested samples in all groups (1.1366
* 0.01417 mm) was significantly higher than that of
the CAD designs (1 mm). Despite that, all groups, in-
cluding the control printed samples, demonstrated
a significant difference in the z direction compared
to the virtual CAD designs. The results of the dimen-
sional accuracy indicate that there were insignificant
differences in the width, length, and thickness of the
printed compact samples of the control group and
the groups with hollow structures.

The mean and standard deviation of the weighting
test of the samples shown in (Table 3), revealed a sig-
nificantly lower weight of the samples of the Group 2,
3, and 4 at all volumetric reduction percentages com-
pared to the control compact samples. The weighting
test results also showed significant differences among
the subgroups within each topologically modified
group proportional to the volume reduction percent-
age. The weight of the samples was not dependent on
the shape of the hollow geometries used in the Group
2, 3, and 4, where the weight of the samples was in-
significantly different among the three groups at a

https://jap.or.kr
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Table 2. The means and standard deviation of the dimensional accuracy of the samples in the x, y, and z directions

Reduction percentage

Dimension means mm * SD

Subgroups N % Width (x) Length (y) Thickness (z)
CAD design 5 -- 4.0000 % .00002 33.0000 = .00000P 1.0000 = .00000¢
Compact 5 -- 3.9960 * .01673° 32.9920 * .00837" 1.1300 = .01000d
Spherical-based 5 10 3.9980 * .00837 32.9940 * .00894b 1.1360 £ .020744
Spherical-based 5 15 3.9860 * .01140° 32.9900 * .01000P 1.1300 = .01000d
Spherical-based 5 20 3.9980 * .00837 32.9940 * .00548 1.1360 * .011404
Spherical-based 5 25 3.9860 * .01140° 32.9920 * .00837" 1.1360 + .01140d
Ellipse-based 5 10 3.9900 £ .010002 32.9980 =+ .00447° 1.1340 £ .02074¢4
Ellipse-based 5 15 3.9980 £ .00837° 32.9940 + .00894°b 1.1440 £ .01517¢
Ellipse-based 5 20 3.9880 £ .010952 32.9920 + .00837P 1.1360 % .020744
Ellipse-based 5 25 3.9900 £ .01000° 32.9980 =+ .00447b 1.1360 £ .01342¢
Diamond-based 5 10 3.9920 * .01483° 32.9940 =+ .00894b 1.1480 % .00837d
Diamond-based 5 15 3.9960 * .00548° 32.9940 + .00894b 1.1360 £ .01517¢
Diamond-based 5 20 3.9880 * .00837° 32.9920 =+ .00837b 1.1340 £ .011404
Diamond-based 5 25 3.9920 £ .01483° 32.9940 + .00894b 1.1400 £ .01581¢
Sig. at P <.05 0.086 0.87 0.00

Where SD is the standard deviation, the means labeled with different letters indicate significant differences within the same column.

Table 3. The means and standard deviation of the weight test results of the four groups

Subgroups N Reduction percentage % Weight (grams) = SD
Control 5 -- 1.22940 £ .00328?
Spherical-based 5 10 1.10160 % .00207°
Spherical-based 5 15 1.04460 £ .00114¢
Spherical-based 5 20 0.98400 * .00291¢
Spherical-based 5 25 0.92038 * .001105¢
Ellipse-based 5 10 1.10100 * .001732°
Ellipse-based 5 15 1.04400 £ .002449¢
Ellipse-based 5 20 0.98380 =+ .0040254
Ellipse-based 5 25 0.92100 % .002000¢
Diamond-based 5 10 1.10180 % .001304°
Diamond-based 5 15 1.04260 £ .002510¢
Diamond-based 5 20 0.98420 * .002683¢
Diamond-based 5 25 0.92000 % .003240¢

Sig. at P <.05

0.00

Where SD is the standard deviation, the means labeled with different letters indicate significant differences within the same column.

specific volume reduction percentage.

The statistical analysis of the means of the yield ten-
sile strength is shown in Fig. 5A. The results demon-
strated that the yield tensile strength (YTS) of the
Group 2 at a reduction (10%) per volume (485.2376 *
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4,71083 MPa) was insignificantly higher than that of
the control group (480.0202* 4.0896 MPa) and sig-
nificantly higher than the rest of the subgroups. In-
dicating that the sphere-based hollow structure in-
creased the yield strength of the samples integrated
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M ¥ Yield Tensile
Strength (MPa)
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Young's Modulus (GPa)

¥ Young's Modulus
(GPa)
Sig. = 0.00

Fig. 5. Bar graphs of the means of (A) the yield tensile strength (B) Young’s modulus. According to ANOVA and Duncan’s
multiple range tests at P <.05. Bar names with different letters indicate significant differences.

with the hollow structure to be equivalent to that of
the compact samples at a 10% volume reduction. The
results of the statistical analysis of the yield strength
revealed a gradual decrease in the yield strength
as the volumetric reduction percentage increased,
where the YTS of the samples in the Group 2 was sig-
nificantly different among the four subgroups at (10%,
15%, 20%, and 25%) volume reduction. The statistical
comparison among the groups showed that the YTS
of the Group 2 at 10% and 15% volume reduction was
significantly higher than the subgroups of the Group
3 and 4. Indicating that the YTS of the samples inte-
grated with hollow structures depended on the shape
of the hollow structure used. The results demonstrat-
ed that the YTS means of Group 3 and 4 were signifi-
cantly lower than that of Group 2 with the same volu-
metric reductions; however, the YTS of Group 3 and 4
had the same pattern of strength reduction as that of
the Group 2 where the YTS values were inversely pro-
portional to the volumetric reduction percentages.
The results of the elastic modulus (E) analysis
showed a declination according to the geometry used
and the reduction of volume as illustrated in Fig. 5B.
The mean of the E in Group 2 at a 10% reduction per-
centage per volume (239.3188 *+ 4.4838 GPa) was
insignificantly higher than that of the control group
(237.1862 * 5.2432 GPa), indicating comparable

98

means of the Young’s modulus between the control
group and the Group 2 at a 10% volume reduction.
The statistical evaluation of the E showed a gradual
decrease in the E values in Group 2 that was inverse-
ly proportional to the volumetric reduction percent-
age and proportional to the reduction of the YTS val-
ues. The results of the E in Group 3 and 4 followed
the same regression pattern as that in Group 2, which
was directly proportional to the YTS and inversely
proportional to the volumetric reduction. The statisti-
cal analysis of the E among the groups demonstrated
that the E values of Group 2 were significantly higher
than that of the Group 3 and 4 when the volume re-
duction percentage was equal.

The microscopic inspection of the cross sections at
the sample’s body other than the fracture area shown
in Fig. 6 (A, B, C) illustrated a valid reproduction of the
hollow geometries of the Group 2, 3, and 4, where the
sphere-based and the ellipse-based geometries were
perfectly outlined in the cross sections. In contrast,
the diamond-based geometry had less accuracy with
an acceptable rhomboidal outline. The microscopic
inspection of the fractographs shown in Fig. 6 (D, E, F,
G) illustrated that the hollow basic geometries were
slightly changed due to the tensional stress. The crack
propagation in the fractographs was noticed in Group
1 near the lateral end of the sample as a non-split
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unidirectional crack. In Group 2 with sphere-based
geometry, the crack was split with an arc shape, lo-
cated within the metallic shell of the hollow sphere
structure, and its direction was perpendicular to the
direction of the applied stress. In contrast, the crack
propagation was not clear in the ellipse-based and di-
amond-based geometriesprobably because the crack
did not split or was not redirected by the geometrical
shapes and ran within the fracture lines.

DISCUSSION

In the current paper, the internally architected hollow

Direction of the crack
propagation

J Adv Prosthodont 2024;16:91-104

structures were sphere-based, ellipse-based, and dia-
mond-based geometries representing three principal
physical shapes: the arc, straight line, and sharp an-
gle, respectively. The validity of the printing of the in-
ternally designed hollow structures was evaluated by
non-destructive testing using digital X-ray, the dimen-
sional accuracy of the printed objects was measured,
and the yield tensile strength and Young’s modulus
were calibrated to find the role of the designed hol-
low structures on the dimensional accuracy and the
mechanical performance of the samples.

Results have shown that the dimensional accura-
cy of the 3D printed models was insignificantly lower

Fig. 6. Microscopic images of samples’ cross sections (A, B, C) Microscopic images of cut cross sections of the sphere,
ellipse, and diamond-based geometries, respectively. (D) Fractograph of the sphere-based geometry with multiple cracks
formation (white arrows). (E) Fractograph of the ellipse-based geometry showing hollow shape changes due to the in-
duced tension. (F) Fractograph of the diamond-based geometry showing hollow shape changes due to the induced ten-
sion. (G) Fractograph of the sphere-based geometry with crack formation (white arrows).

https://jap.or.kr
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than that of the CAD values in the width and length,
but the dimensional measurements of the samples’
thickness were significantly higher than the CAD de-
signs in all groups, including the control samples;
these results showed that there were insignificant dif-
ferences in the three dimensions (x, y, z) among the
compact samples and the other groups with incorpo-
rated hollow geometries at all levels of volume reduc-
tion, and shapes of the basic hollow geometry. Also,
the sphere-based hollow structures with a 10% reduc-
tion percentage per volume had insignificantly higher
means of the yield tensile strength when compared to
the compact samples and significantly higher mean
of the yield tensile strength compared to the other
types of geometries in Group 3 and 4. This indicates
that the sphere-based hollow structure at a 10% vol-
ume reduction was able to produce weight reduced
samples with a tensile strength that is equivalent to
the compact samples and higher than other types of
the geometries without producing significant chang-
es in the elastic modulus and dimensional accuracy
of the printing compared to the compact samples. Ac-
cording to these results, the study hypothesis was ac-
cepted.

The results revealed a significantly lower means of
the z coordinate (thickness) of the CAD designed sam-
ples compared to the printed samples, including the
control group in the buildup direction, probably be-
cause of the inaccuracy of the descending piston on
the level of millimeter fraction. The slight reduction
of x,y measurements could be the resulting layout of
the samples (transversally at 0°) during the printing
process without using supporting structures where
the first layer positioned directly at the printing table
led to slight shrinkage due to the residual heat stress-
es generated by the laser beam.?62" The dimensional
accuracy test of the groups indicated that the dimen-
sional accuracy was independent of the geometry of
the integrated hollow structures. Still, more logical-
ly, it depended on the software programs in the CAD-
CAM process. The AM building process is competent
with the tessellation and machine accuracy. The Mag-
ics slicing program creates denser and more precise
meshes than comparable CAD products; a more pre-
cise algorithm limits triangle bordering lengths. This
method allows for a less uneven finishing when print-
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ing metallic objects, which improves the transmission
of design information to the printing machine and
results in more precise printings when compared to
the initially generated CAD files.?® Also, the use of the
laser-powder bed fusion (L-PBF) in the fabrication of
the metallic denture bases reduced the total discrep-
ancies of frames, where the fabricated frameworks
had significantly higher precision than those of tra-
ditionally manufactured structures, indicating high-
er accuracy of the 3D printed objects.?82° The current
study supports the previous study’s findings that no
appreciable differences exist between the additively
built parts and CAD designs in the x and y directions
and that significantly higher difference exists in z di-
rection measurements.?’

The results revealed a significant reduction in
weighted samples compared to the compact sam-
ples. Also, the weights of the tested samples were sig-
nificantly different at different reduction percentages.
The internally integrated hollow structures can de-
crease the mass of the additively manufactured ob-
jects due to the apparent reduction in density, conse-
quently reducing the cost and period of the printing
procedure.3%3! These results are consistent with pre-
vious studies that confirmed a significant mass reduc-
tion when hollow structures are incorporated inside
the printed object relative to the reduction in density
of the item.3233

The yield tensile strength test was conducted to
evaluate the tensile strength and Young’s elastic mod-
ulus of the as-built printed Co-Cr specimens using the
DMLS technique. The yield tensile strength and the
modulus of elasticity were calculated depending on
the 0.2% strain offset at the stress/strain curve. The
yield tensile strength was evaluated due to its high
importance of revealing the strength point within the
elastic limit, where no plastic deformation occurs in
the object, which is undesirable deformation in the
dental restoration which, consequently, will produce
irreversible deformation in the dimensional accura-
cy and fitness of the removable partial denture. The
results revealed an insignificant higher mean of the
yield strength in the sphere-based hollow structure at
10% volume reduction compared to the compact con-
trol group and a significantly higher mean of the yield
strength compared to other topologic modifications
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with graded densities, indicating that the incorpora-
tion of the sphere-based hollow structure improved
the tension properties of the density reduced objects
at a specific reduction of volume (10%). There was a
significantly lower mean of the yield strength of the
sphere-based hollow samples at 15% reduction per-
centage compared to the compact and sphere-based
samples of 10% volume reduction, which pointed to
the start of the yield tensile strength declination due
to more reduction of the density of the printed items.
Results also showed insignificant differences among
the means of Young’s modulus at this volumetric re-
duction (10%) compared to the control group, which
indicates that the material’s stiffness has not changed
due to the sphere-based internal geometries inte-
grated into the samples at a 10% reduction per vol-
ume. The decrease in the resistance of the objects to
the tension force was observed as the reduction per-
centage increased and when varied shapes of inte-
rior geometries were utilized. The findings provided
in this study illustrate that the incorporation of engi-
neered sphere-based voids has significant promise
for enhancing the structural integrity of components
and frameworks produced by the DMLS method that
contain hollow structures to reduce weight. The ob-
served enhancement in fracture resistance accom-
panied the obvious weight reduction corresponding
to the volumetric reduction percentage used in this
study. The yield strength of the samples incorporated
with sphere-based hollow structures at 10% volume
reduction was significantly higher than those of other
geometry shapes, specifically attributed to a geomet-
ric alteration. This alteration could be the result of
the internal gaseous pressure induced in the spheri-
cal void inside the solid structures that could enhance
the stress resistance; the effect of the algorithmic rise
in the gaseous pressure inside the confined geom-
etries could be more applicable in situations when
compression forces were applied.?? It may also be at-
tributed to the arrest and termination of cracks. The
crack propagation could be reoriented in a direction
parallel to the applied force instead of a perpendicu-
lar one, in the presence of angle-free arc surfaces mi-
cro-voids like the spherical geometry that can reduce
the stress concentration on a specific point, leading
to resolution of the applied forces in more than one
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direction; this effect was amplified by the presence
of the horizontal cylindrical connectors that redirect-
ed the crack propagation to a direction perpendicu-
lar to original crack propagation vector, leading to a
better strength quality of the object.3*3> In addition,
the crack propagation intensity could be split and bi-
furcated by the presence of angle-free micro-voids
inside the solid body; the splitting and bifurcation of
the crack intensity are evident in the sphere-based
geometry due to the sphere-shaped shell of metal
that surrounds the void. This effect is absent in the
geometry with sharp angles represented by the dia-
mond-based hollow structure, and the straight lines
represented by the dorsum of the hollow ellipse that
was located transversally.3® The effect of the hollow
structures can also be clarified by the fact that the ob-
jects incorporated with internal hollow structures can
absorb a higher amount of the energy induced by the
externally applied stress.823738 |n contrast, conven-
tional geometries experienced catastrophic fractures
at very low driving pressures. The results showed a
reduction in the tensile strength with different hol-
low shapes, and the increase in the volume reduction
can be explained by the fact that different geometries
with graded density within the object can induce dif-
ferent levels of energy absorption and different inter-
action with the crack terminal. In addition, the larger
voids with the lower density of these voids can play
as a focal point for the crack propagation.36:37,39-41

The results revealed a significantly higher means
of Young’s modulus in the control group and Group 2
at a 10% volume reduction than the rest of the sub-
groups. The Young’s modulus means showed a gradu-
al regression relative to the yield strength declination
and increased reduction percentage in each sub-
group, where it was the highest in the sphere-based
structure at 10% volume reduction followed by insig-
nificantly lower mean of the control group. The low-
est mean of elastic modulus was in the ellipse-based
and diamond-based geometries at 25% volume re-
duction. The gradual reduction of the mean of the
elastic modulus was clearly affected by the gradual
reduction of the yield tensile strength when the strain
of the measured objects was nearly the same. This
phenomenon is usually accompanied by high brittle-
ness and extremely lower flexibility because of the
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less grain dislocation of the samples that were tested
as built without heat treatment; in addition, the sam-
ples were printed transversally in a perpendicular di-
rection to the applied force during testing, which also
contributed to less grain dislocation of the untreated
printed samples. 444

The accuracy of the hollow-shaped topological
manufacturing can be assessed through radiograph-
ic evaluation or microscopic study of the fracto-
graphs.*>%6 The study investigated the microscopic
images of the produced model obtained from the to-
pology-modified geometrical architecture construct-
ed with direct selective laser sintering (DMLS). The
analysis was performed utilizing a visual qualitative
inspection. The cross-sectional area analyses of the
printed hollow shapes demonstrated that the DMLS
process effectively produced all shapes. Furthermore,
the examination of the cross sections of the three ge-
ometries revealed that the geometric shapes with
circular forms in the sphere and ellipse were printed
satisfactorily, with no or minimal residual defects. On
the other hand, the diamond-shaped objects showed
more significant variations, particularly in the upper
and lower regions near the sharp angles in the print-
ing direction; this suggests that hollow shapes with
sharp angles may have lower printing quality than
angle-free circular shapes. These findings suggest
that the parameters employed in the DMLS procedure
and the selected relocation position were suitable for
the production of the hollow structures.*-*° The crack
propagation present in the sphere-based geometry
supported the idea that the crack split was redirected
by the metallic shell surrounding the sphere shapes
due to the absence of straight lines and angles in the
designed sphere pattern.3®

The main limitation of the current study was that
the proposed geometries were not optimized to the
exact reduction percentage using the artificial intel-
ligence programs, or FEA, so it can be suggested that
one of the software analysis programs be used to
study the proposed geometries. The proposed hollow
structures were not tested in clinical situations, espe-
cially after aging in the oral environment; for this rea-
son, further studies are recommended to be conduct-
ed in clinically simulated circumstances.
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CONCLUSION

In the current study, three types of internal geome-
tries were used to design three different hollow struc-
tures incorporated in the core of the dog-bone tensile
specimen with a graded reduction of the specimen
volume (10%, 15%, 20%, and 25%). Results of the
yield strength revealed that the sphere-based hollow
structure at 10% volume reduction was superior to
the other types of geometries and can be considered
as a novel internal topologic design that can achieve
equivalent yield tensile strength comparable to the
compact designs. In contrast, the diamond-based
and ellipse-based geometries of 25% volume reduc-
tion had the lowest means of strength relative to the
volumetric reduction. Results also demonstrated that
the graded increase in reduction of volume resulted
in a gradual decrease in the strength and the modu-
lus of elasticity for all geometries. The dimensional
accuracy exhibited insignificantly lower means of the
measured X, y, z coordinates of the test groups com-
pared to the compact control group, suggesting that
the printing accuracy was not correlated to the geom-
etries’ presence, size, or type. The weighing test re-
sults revealed significant differences among the test
groups and the control groups at 10%, 15%, 20%, and
25% volume reduction.
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