\

Yesl materials MBPI|
e w 7
Article

Experimental Validation and Evaluation of the Bending
Properties of Additively Manufactured Metallic Cellular
Scaffold Structures for Bone Tissue Engineering

Mohammad O. Al-Barqawi **

and Adeeb Rahman 1

check for
updates

Citation: Al-Barqawi, M.O.; Church,
B.; Thevamaran, M.; Thoma, D.J.;
Rahman, A. Experimental Validation
and Evaluation of the Bending
Properties of Additively
Manufactured Metallic Cellular
Scaffold Structures for Bone Tissue
Engineering. Materials 2022, 15, 3447.
https://doi.org/10.3390/
ma15103447

Academic Editor: Reza Hashemi

Received: 24 February 2022
Accepted: 29 April 2022
Published: 11 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Benjamin Church 2Q, Mythili Thevamaran 3(J, Dan J. Thoma 3

Department of Civil and Environmental Engineering, University of Wisconsin, Milwaukee, WI 53211, USA;
adeeb@uwm.edu

Department of Material Science and Engineering, University of Wisconsin, Milwaukee, WI 53211, USA;
church@uwm.edu

Department of Material Science and Engineering, University of Wisconsin, Madison, WI 53706, USA;
mthevamaran@wisc.edu (M.T.); dthoma@wisc.edu (D.]J.T.)

*  Correspondence: albarqa2@uwm.edu

Abstract: The availability of additive manufacturing enables the fabrication of cellular bone tissue
engineering scaffolds with a wide range of structural and architectural possibilities. The purpose
of bone tissue engineering scaffolds is to repair critical size bone defects due to extreme traumas,
tumors, or infections. This research study presented the experimental validation and evaluation of
the bending properties of optimized bone scaffolds with an elastic modulus that is equivalent to the
young’s modulus of the cortical bone. The specimens were manufactured using laser powder bed
fusion technology. The morphological properties of the manufactured specimens were evaluated
using both dry weighing and Archimedes techniques, and minor variations in the relative densities
were observed in comparison with the computer-aided design files. The bending modulus of the
cubic and diagonal scaffolds were experimentally investigated using a three-point bending test, and
the results were found to agree with the numerical findings. A higher bending modulus was observed
in the diagonal scaffold design. The diagonal scaffold was substantially tougher, with considerably
higher energy absorption before fracture. The shear modulus of the diagonal scaffold was observed
to be significantly higher than the cubic scaffold. Due to bending, the pores at the top side of the
diagonal scaffold were heavily compressed compared to the cubic scaffold due to the extensive plastic
deformation occurring in diagonal scaffolds and the rapid fracture of struts in the tension side of the
cubic scaffold. The failure in struts in tension showed signs of ductility as necking was observed
in fractured struts. Moreover, the fractured surface was observed to be rough and dull as opposed
to being smooth and bright like in brittle fractures. Dimple fracture was observed using scanning
electron microscopy as a result of microvoids emerging in places of high localized plastic deformation.
Finally, a comparison of the mechanical properties of the studied BTE scaffolds with the cortical bone
properties under longitudinal and transverse loading was investigated. In conclusion, we showed the
capabilities of finite element analysis and additive manufacturing in designing and manufacturing
promising scaffold designs that can replace bone segments in the human body.

Keywords: cellular structures; additive manufacturing; SS 316L scaffolds; bending properties

1. Introduction

The availability of additive manufacturing (AM) enables the fabrication of cellular
bone tissue engineering (BTE) scaffolds with a wide range of structural and architectural
possibilities [1-4]. Moreover, AM provides the ability to design scaffolds with a specific
geometry and bone mimicking mechanical properties [5] to minimize the stress shield
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phenomenon, which is the main cause of bone weakening and reduction in bone density
due to stiffness mismatch between the scaffold and surrounding bone tissues.

The purpose of BTE scaffolds is to repair critical size bone defects due to extreme
traumas, tumors, or infections [6,7]. Clinical applications include the repair of open tibial
shaft fractures and large femoral segment bone defects [8]. Consequently, bone scaffolds
should satisfy specific mechanical and biological requirements to facilitate bone healing.
Scaffolds should be osteoconductive, osteoinductive, mechanically compatible, and made
of a biocompatible material.

Scaffolds are made from ceramic, polymeric, or metallic materials. Metallic materials
are commonly used as biomaterials such as magnesium (Mg) and titanium (Ti) alloys
due to their excellent biocompatibility, corrosion resistance, non-toxicity, and excellent
mechanical properties such as compressive strength, fatigue resistance, and fracture tough-
ness. However, scaffold materials such as magnesium undergo rapid degradation. This
early degradation rate results in a weakening of the mechanical strength of the scaffold.
Coatings improve the corrosion rate of metallic scaffolds and enhance bioactivity and
osteointegration [9]. The recent advances in coating materials of Mg alloy, including met-
als, inorganic non-metals, polymers, and composite coatings, as well as their effects on
corrosion resistance and biocompatibility, were reviewed by [10].

The scaffold structure is an open-cell foam that can be formed by replicating polyhedral
unit cells. Eleven types of unit cells were examined and presented [11,12], including trian-
gular prism, square prism, hexagonal prism, octagonal prism, cuboctetradron, truncated
octahedron, truncated cube, Rhombicuboctehedron, truncated cuboctetradron, rhombic
dodecahedron, and square pyramid. Furthermore, other unit cells such as cubic lattice [13],
diamond lattice, truncated cube [14], the truncated octahedron [15], the rhombic dodecahe-
dron [16], and rhombicuboctahedron [16], were explored. At this point, there is no general
rule for selecting the best unit cell type to manufacture the BTE scaffold.

In [17] study, numerical optimization was conducted to design bone tissue scaffolds
with a structural modulus similar to the cortical bone modulus to minimize the stress
shielding phenomenon. The pore size was fixed at 800 um, which is sufficient to allow
bone ingrowth inside the scaffold, according to studies presented by [18-20]. Cubic and
diagonal unit cells were considered. The scaffolds were additively manufactured using
laser powder bed fusion (LPBF) technology and experimentally tested in compression. The
experimental results were observed to agree with the numerical findings. More details on
the optimization procedure are presented in [17] study.

This study aims to experimentally validate and evaluate the bending and shear prop-
erties of the designed scaffolds presented in [16] study. The bending and shear moduli
were numerically calculated using finite element analysis (FEA). A three-point bending
test was conducted on additively manufactured beam specimens to validate the numerical
results and evaluate the failure mechanism for the cubic and diagonal scaffold designs.
Similar work was conducted by [21] on Ti-6Al-4V scaffolds, which was limited to numeri-
cal analysis without experimental validation. [22] studied the compressive, bending, and
torsional properties of cubic, diamond, and body-centered cubic (BCC) designs. BCC. BCC
was observed to exhibit isotropic mechanical properties and mimic bone properties of the
porous stem.

2. Material and Methods
2.1. BTE Scaffold Material

The material used for this study is stainless steel (SS) 316L since it is one of the most
common metallic BTE scaffold materials and is widely used in AM. SS 316L (EOS, Munich,
Germany) coupon was additively manufactured using the SLM process and tested by [23].
The obtained mechanical properties of the 3D-printed SS material are shown in Table 1.
The same properties were used in the FEA study to numerically evaluate the bending and
shear moduli of the cubic and diagonal scaffolds.
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Table 1. Mechanical properties of 3D-printed SS316L [23].

Mechanical Property Values Used in FEA Model
Elastic Modulus (E) GPA 190 + 45
Ultimate Tensile Strength (UTS) MPa 671 £33
Yield Strength (YS) MPa 560 + 25
Elongation % 24+ 0.8

2.2. Numerical Computation of the Bending and Shear Moduli of the BTE Scaffolds

ANSYS software (ANSYS 2021 R2, John A. Swanson, Canonsburg, PA, USA) has been
used as the FEA tool. The unit cell types investigated in this study are the cubic and
diagonal cell shapes. Each unit cell has three geometrical parameters: cell size (c), strut size
(d), and pore size (p), as shown in Figure 1.

(@) (b)

Figure 1. Unit cells: (a) cubic, (b) diagonal.

The final geometrical parameters generated from the direct optimization conducted
by [17] targeting the structural modulus of the cortical bone are presented in Table 2.

Table 2. Geometrical parameters of the optimized BTE scaffolds.

Unit Cell Type Pore Size (Micron) Cell Size (Micron) Strut Size (Micron)
Cubic 798 1444 646
Diagonal 812 2616 734

Beams were created using the results from the optimization and modeled using FEA
in bending and torsion. The beams are fixed from one end, and deformation is applied at
the other end. Vertical deflection is applied at the free end to simulate bending, and free
end rotation is applied to simulate torsion. The bending and shear moduli are calculated
using the following relationships:

FR*LO
*
Eb_B*I*(S )

3% ] *0
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where Fp is the reaction at the fixed end support, L, is the beam length, I is the moment of
inertia, ¢ is the deflection at the free end, Ty is the torque reaction at the end support, | is
the polar moment of inertia, and 6 is the free end rotation.

2.3. Additive Manufacturing of the Beam Specimens

The beam specimens were additively manufactured in an EOS M290 printer (EOS,
Munich, Germany) using laser powder bed fusion (LPBF) technology. The cubic scaffold ge-
ometry includes a replicate of 105 x 17 x 13 cells to form the specimen’s length, width, and
thickness, respectively. The average length is 151.9 mm, the average width is 25.25 mm, and
the average thickness is 19.5 mm. The diagonal scaffold geometry includes a replicate of
57 x 9 x 7 cells to form the specimen’s length, width, and thickness, respectively. The aver-
age length is 149.3 mm, the average width is 24.2 mm, and the average thickness is 19.2 mm.
The structures were oriented at an angle of 30 degrees on the 25 cm x 25 cm x 10 cm build
platform. The support structure was created in Magics software to dissipate the heat from
the newly printed layers such that thermally induced deformation during printing would
be minimized. In addition, the support structure was optimized to reduce its amount and
build time.

A 400 W Ytterbium fiber laser with a wavelength of 1060 nm and beam diameter
of 100 um was used for the LPBF processing. Argon gas was used as an inert gas to
keep the oxygen as low as 0.1% during printing to prevent oxidation. Gas atomized
316L SS powdered material with a particle size ranging from 15 to 40 microns was used.
The default process parameters used were laser power of 195 W, laser scanning speed of
1083 mm/s, layer thickness of 20 pm, and hatch distance of 0.09 mm. The support structure
was sintered in 40 um layers with a laser power of 100 W and laser speed of 675 mm/s.
Electrical discharge machining (EDM) was used to remove the scaffold from the substrate.
Figure 2 depicts the 3D-printed cubic and diagonal beam specimens using LPBF after
support material and build plate removal.

(b)

Figure 2. Beam specimens: (a) cubic, (b) diagonal.
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2.4. Flexural Testing of the BTE Scaffolds

Flexural experimental testing was conducted to validate the FEA results. The bending
and shear moduli of the cubic and diagonal scaffolds were experimentally evaluated by
conducting a three-point bending test. The tests have been conducted as per ASTM C 1674
and D 7264 /D 7264 standards. The test setup includes a scaffold with rectangular geometry
that rests on two supports and is loaded by means of a loading roller midway between
the outer supports. The loading and support rollers have cylindrical contact surfaces of a
radius of 15 mm to minimize stress concentration and prevent indentations at the loading
and support locations.

The test machine was properly calibrated, and the load was applied at a constant
rate of crosshead motion. The crosshead rate was selected so that the strain rate upon the
specimen shall be of the order of 1.0 x 10~* s~1. The crosshead rate was calculated as per
the equation below:

LZ
6xd

where ¢ is the desired nominal strain rate = 1.0 x 10~* s71, d is the specimen thickness
(mm), s is the crosshead rate (mm/s), and L is the support span (mm). Using a strain
rate of 1.0 x 10~* s, span length of 120 mm, and height of 20 mm, the crosshead rate
was calculated to be 0.72 mm/min. A 0.5 mm/min was chosen for better resolution as
recommended by the ASTM standards, and relevant researchers [24].

The specimen deflection at the center of the loading span was measured using an
internal linear variable differential transformer (LVDT) (Instron, Norwood, MA, USA)
inside the platens and an external LVDT mounted on the loading plates. The deformation
readings from both sources were compared, and no differences were found. Two specimens
of each design were loaded to failure, and one was loaded in the linear elastic region. The
number of specimens was sufficient as valid and consistent results were acquired. The
load-deflection plot was generated from the experimental data for both scaffold designs.

The maximum stress for any point in the linear elastic region was calculated using the
equation shown below:

S =€x*x

®)

3%xPxL
U_Z*b*dz @)

where ¢ is the stress at the outer surface at mid-span (MPa), P is the applied force (N), L
is the support span (mm), b is the width of the beam (mm), and d is the thickness of the
beam (mm).

The maximum strain at the outer surface also occurred at mid-span and was calculated
using the equation below:

o 6 * L(Sz* d 5)
where € is the maximum strain at the outer surface (mm/mm), ¢ is the mid-span deflection,
L is the support span, and d is the specimen thickness.

The flexural (bending) modulus is calculated as the slope of the linear elastic line as
per the equation below:

Ao
E= e (6)
where Ao is the difference in flexural stress between two points in the linear elastic region,
and Ae is the difference between two selected strain points in the linear elastic region. The
experimental setup for the beam specimens is shown in Figure 3, respectively. To evaluate
the shear modulus of the scaffolds using a three-point bending test, a strain rosette was
mounted on the specimen and loaded elastically. The shear strain, as well as normal strains

in the x and y directions, can be calculated using the three equations below:

€4 = €5 OS> 01 + €y sin? 0 + Yxy €Os 07 sin 67 (7)

€p = €5 C0S> 0y + €y sin? 0, + 7Y xy COS 0 sin 6 (8)
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€c = €y cos? 03 + €y sin’ 03 + “Yxy COS 03 sin 63 9)

Figure 3. Flexure test for cubic scaffold.

These equations can be solved simultaneously for €y, €,, and 7, knowing the values
for the strains €,, €, and €., The arrangement of strain gauges used to measure those strains
is referred to as 45°. Substituting 8; = —45°, 0, = 0°, and 63 = +45° in Equations (7)-(9), and
solving for 7y, gives the following relationship:

Yxy = €a — € (10)

The first step in installing the strain gauge is preparing the surface of the specimen for
strain gauge bonding. Five basic operations are included in the surface preparation. These
are, in the usual order of execution: solvent degreasing, abrading, application of gauge
layout lines, conditioning, and finally, neutralizing.

Initially, the gaging area was degreased with a solvent such as GC-6 Isopropyl Alcohol;
then, preliminary dry abrading was conducted with 220 grit silicon-carbide paper to remove
any surface oxidation. Final abrading was performed using 320-grit silicon-carbide paper
on surfaces wetted with M-Prep conditioner A. Then, the gaging area was marked with
layout lines to accurately locate and orient the staring gauge. After marking the layout lines,
Conditioner A was applied repeatedly, and all the residue and conditioner were removed
by slowly wiping the surface with a gauze sponge. In the final step, Neutralizer 5A was
applied to bring the conditioned surface back to optimum alkalinity of 7.0 to 7.5 pH, which
is considered appropriate for all strain gauges.

After preparing the surface, the gauge was installed and bonded to the specimen using
M-Bond 200 adhesive. Next, M-Bond 200 catalyst was applied to expedite the hardening of
the adhesive. The final step included the soldering process attaching the electrical wires to
the installed strain gauge.

The wires were connected to a calibrated strain reader device, which gives strain
values while loading the specimen. The specimens were loaded in three-point bending, as
shown in Figure 4. The load was applied manually at small increments in the elastic zone.
Three strain values were obtained at each load increment. After calculating the value of the
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shear strain “7yy,” using Equation (10), the shear modulus “G” of the scaffold was obtained
using the following equation:

where T is the shear stress at the location where the gauge was mounted, G is the shear
modulus, and 7y, is the shear strain.

.
-~
)

Figure 4. Bending test for shear modulus validation.

The shear stress can be calculated using the following equation:

VQ
T=— 12
T (12)
where V is the shear force at the strain gauge’s location, Q is the first moment of area, I is
the moment of inertia, and ¢ is the beam thickness. Since the gauge was mounted at the
center of the beam cross-section, the maximum value for Q was calculated and used in

Equation (12).

3. Results and Discussion
3.1. FEA Results and Morphological Characterization

The data in Table 3 present the elastic properties for the diagonal and cubic designs
from the numerical analysis. The same results were obtained and presented by [17] with a
detailed interpretation of the findings.

Table 3. Elastic properties from the FEA.

Cell Type Young’s Modulus Bending Modulus Shear Modulus
yp (GPa) (GPa) (GPa)
Cubic 15 10.29 1.39
Diagonal 15 16.03 14.52

The dry weighing and Archimedes techniques were used to determine the structure
relative density of the manufactured scaffolds. Dry weighing of the samples was accom-
plished in normal room temperature and atmospheric conditions. The relative density of
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the cellular scaffolds was calculated by dividing the measured weight by the theoretical
weight of the solid specimen. The theoretical weight was calculated using the theoretical
density of the solid SS316L as suggested by the manufacturer, which equals 7.9 g/cm?>. In
the Archimedes technique, the scaffolds were weighed in dry and submerged conditions to
the actual volume of the specimens. Comparisons between the manufactured scaffold struc-
ture’s relative density for each unit cell with the optimized scaffold designs are presented
in Table 4. The average relative densities for cubic and diagonal scaffolds determined
using dry weighing are 32.2% and 34.5%, respectively. The average relative densities for
cubic and diagonal scaffolds determined using the Archimedes technique are 33.3% and
35.4%, respectively. The standard deviation is approximately 0.3% for the cubic scaffold
and 0.2% for the diagonal scaffolds for both techniques. Comparing the manufactured
scaffolds with optimized designs, the percentage error for the cubic and diagonal designs
are approximately 5.0% and 6.6%, respectively.

Table 4. Comparison in structure relative densities between the CAD file and manufactured scaffolds.

Manufactured Scaffold (%)

Unit Cell Design Optimiz(f/g pesien Dry Weighing Archimedes
32.00 33.22
Cubic 34.50 32.57 33.67
32.14 33.09
34.72 35.61
Diagonal 37.39 34.29 35.15
34.39 35.45

3.2. Validating FEA Results by Experimental Testing

The load-deflection and the corresponding stress-strain curves for the cubic and
diagonal scaffolds are presented in Figures 5 and 6, respectively. The flexural properties
of the cubic and diagonal scaffolds are presented in Table 5. The beam theory used to
calculate stresses and strains from the load-deformation data assumes linear elastic behavior
throughout the test. However, this assumption does not hold true beyond the point of
yield; consequently, bending test results tend to overestimate ultimate material strength.
The yield strength (0,) and yield strain (ey) were determined using the 0.2% strain offset
method, as shown in Figures 7 and 8. Due to the overestimation of the stress in the post-
yield region, the energy to failure results rather than energy to fracture are presented in
this study, which represent estimates rather than accurate values. The slope of the linear
elastic line of the stress-strain curve represents the bending modulus of the scaffold. The
average experimental bending moduli for the cubic and diagonal scaffolds were 9.49 GPa
and 14.76 GPa, respectively. The percentage errors in the bending modulus between the
numerical and experimental results for the cubic and diagonal scaffolds were 7.77% and
7.92%, respectively. Such variation can be explained by the difference in relative density
between the manufactured specimens and CAD design. Hence, it is concluded that the
experimental values for the bending moduli of the tested scaffolds are in agreement with
the numerical results. For the diagonal scaffold, the 45 degrees orientation of the struts has
a significant impact on all determined flexural properties.



Materials 2022, 15, 3447

90f18

Load (N)

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

e Cybic 1  ess=(Cybic 2  e====Diagonall == Diagonal2

6 9 12 15 18 21

Deformation (mm)

27

Figure 5. Flexural load-deflection curve for the cubic and scaffolds.
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Figure 6. Flexural stress-strain curves for cubic and diagonal scaffolds.
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Table 5. Flexural properties of the cubic and diagonal scaffolds.
Bendi Fl 1Yield Flexural E '
ending exura Fie Strain at Yield Ultimate Strain at nergy o
Cell Type Modulus (Ep) Strength (cp) (€) (%) Strength (o) Ultimate (e,) Ultimate
(GPa) (MPa) y) e L1 10 fu “ " Strain (MJ/m3)
(MPa)
Cubic 1 9.52 107.1 1.27 147.6 4.93 6.34
Cubic 2 9.45 106.4 1.32 149.7 5.05 6.30
Diagonal 1 14.69 111.6 1.13 195.6 19.51 33.4
Diagonal 2 14.83 114.4 1.08 193.7 18.43 33.70
s (Cybic ]l === Cubic 2 Cubic 1 (0.2% offset) Cubic 2 (0.2% offset)
200
180
160
140
‘@ 120
o
2
2 100
2
& 80
60
40
20
0
0 0.025 0.05 0.075 01 0.125 0.15 0.175 0.2 0.225
Strain

Figure 7. The 0.2% offset yield strength for cubic scaffolds.

The bending modulus was 36% higher in the diagonal scaffold than in the cubic
scaffold. Similarly, the ultimate flexural strength was 24% higher for the diagonal scaffold
than for the cubic scaffold. When comparing the yield strength and yield strain of both
designs, no significant differences were observed. The yield strength of the diagonal
scaffold was slightly higher than the cubic scaffold, whereas the yield strain was a bit lower
for the diagonal scaffold than the cubic scaffold. Substantial differences were observed
when comparing the strain at ultimate and energy absorption. The ultimate strain for the
diagonal scaffold was 280% higher than the cubic scaffold, and the energy absorption was
430% higher in the diagonal unit cell design compared with the cubic design. Hence, the
diagonal scaffold was observed to be significantly tough and can absorb substantial energy
before fracture in bending. The deformed shapes for both scaffolds in bending are shown
in Figure 9.
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—— Diagonal 1 Diagonal 2 = Diagonal 1 (0.2% offset) Diagonal 2 (0.2% offset)

200
180 e \

160
140
120
100

80

Stress (MPa)

60

40

20

0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225

Strain

Figure 8. The 0.2% offset yield strength for diagonal scaffolds.

(a) (b)

Figure 9. Deformed specimens (a) cubic scaffold, (b) diagonal scaffold.

The stress-strain curve for the diagonal scaffold resembles the behavior of a cortical
bone loaded longitudinally. In contrast, the stress-strain curve for the cubic scaffolds is
comparable to a cortical bone loaded transversely. The cortical bone is classified as a
relatively ductile material for longitudinal loading since its ultimate strain for longitudinal
loading is substantially larger than its yield strain. However, it is relatively brittle for
transverse loading. The bending test results for the cubic and diagonal scaffolds fairly
agree with the cortical bone behavior for both directions of loading.
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As for validating shear modulus results, the shear strain has been calculated us-
ing Equation (10) at various load values, and the shear stress has been calculated using
Equation (12) from the measured strain gauge readings. The shear stresses with the cor-
responding strains were plotted using a scatter plot, and a linear regression was used to
generate the linear equation that best fit the plotted data, as shown in Figures 10 and 11. The
linear relation represents an estimate of the linear elastic portion of the shear stress-shear
strain curve for both scaffold designs in which the slope is the shear modulus. The exper-
imental values for the shear moduli for the cubic and diagonal scaffolds were 0.883 GPa
and 12.85 GPa, respectively. Since the scaffolds have a course microstructure for the size of
strain gauge used, strain in the scaffolds may not be completely transmitted to the grid of
the gauge, thus, impacting test results. It is important to note here that the strain gauge
readings were consistent for the diagonal scaffold throughout the test, even at higher loads.
However, the strain readings for the cubic scaffolds were consistent at very small loads and
varied significantly at higher loads. The reason could be that the strain gauge surface is
fully in contact with the angled struts in the diagonal scaffold, while in the cubic scaffold,
the gauge pores and struts are in contact with the strain gauge. Another reason is that the
strain gauge is more reliable in measuring shear strains in the diagonal unit cell as opposed
to the cubic cell due to the fact that the maximum shear stress occurs at 45 degrees in which
the diagonal struts are oriented.

® Cubic  eeeeeees Linear (Cubic)
0.0004
0.00035
vy =0.883x

0.0003 R? = 0.9863 e
—_ ‘e
& 0.00025
T ®
g ..-"..
2 0.0002
a o
2 0.00015 ®
)

9
0.0001 .
0.00005 ne
L
0 e
0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035 0.0004
Shear Strain (Radians)

Figure 10. Shear stress vs. shear strain data points for the cubic scaffold.

3.3. Characterization of Strut Failure Due to Bending

As expected, the fracture of the specimens occurred in the middle of the specimen,
where maximum bending stress exists. The bent specimens are shown in Figure 12. The
pores at the top side of the diagonal scaffold were heavily compressed in comparison with
the cubic scaffold. This is due to the extensive plastic deformation occurring in diagonal
scaffolds and the rapid fracture of struts on the tension side of the cubic scaffold.
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Figure 11. Shear stress vs. shear strain data points for the diagonal scaffold.

Figure 12. Cont.

(b)
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Figure 12. Bent specimens: (a) cubic (optical microscope), (b) diagonal (optical microscope), (c) cubic
(SEM), and (d) diagonal (SEM).

The failure in struts in tension showed signs of ductility as necking was observed in
fractured struts, as shown in Figure 13. In addition, the fracture surface was observed to be
rough and dull as opposed to being smooth and bright like in brittle fractures, as shown in
Figure 14.

(b)

Figure 13. Necking in strut at the tension side (a) cubic (optical microscope), (b) cubic (SEM).
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Figure 14. Rough and dull fractures surface for cubic scaffold (SEM).

Moreover, the image presented in Figure 15 was taken using SEM at x 10,000 mag-
nification, which shows depressions in the microstructure. These depressions are called
dimples. These dimples occur from microvoid emergence in places of high localized plastic
deformation, which is also a sign of ductility in the material. The dimples were observed to
be elongated instead of a complete rim due to the effect of shearing stress.

Figure 15. Dimple fracture.
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3.4. Comparison of the Mechanical Properties between Bone Scaffolds and Cortical Bone

Comparisons between the elastic stiffnesses of the cubic and diagonal scaffold with
the cortical bone properties are presented in Table 6. The compressive modulus of both
scaffolds falls in the elastic modulus range elastic of cortical bone loaded longitudinally.
The bending modulus of the diagonal scaffold falls in the cortical bone range loaded
longitudinally, while the bending modulus of the cubic scaffold is slightly lower than the
cortical bone modulus. The diagonal scaffold shear modulus is substantially higher than
the shear modulus of the cubic scaffold as well as the cortical bone.

Table 6. Comparison between the elastic stiffnesses of the cubic and diagonal scaffold with the
cortical bone properties.

Cubic Scaffold  Diagonal Scaffold Cortical Bone
FEA Exp. FEA Exp. Longitudinal Transverse
Compressive Modulus 1552 14762 1500 14290 15.0° 115¢
(GPa)
Bending Modulus (GPa) 10292  9.49 16.03 2 14.76 12.8-19.34 4.7-794
Shear Modulus (GPa) 1392  0.883 14.522 12.85 3.3-6.1°¢ N/A

a[17];® [25]; © [26]; ¢ [27]; © [28].

In addition, the values for compressive yield strength, flexural yield strength, ultimate
flexural strength, and energy absorption of both scaffold designs were compared with
the cortical bone properties as presented in Table 7. The compressive yield and ultimate
strength values of the cubic scaffold fall in the range of cortical bone loaded longitudinally.
In comparison, the diagonal scaffold exhibited less compressive yield strength than the
cortical bone loaded longitudinally. However, the diagonal scaffold compressive yield
strength was observed to be comparable to the cortical bone loaded transversely. The
flexural yield strength of both scaffold designs falls in the range of flexural yield strength
values for cortical bone loaded longitudinally. As previously stated, the energy absorbed by
the cubic scaffold was observed to be comparable to the cortical bone loaded transversely,
while the energy absorbed by the diagonal scaffold was observed to be comparable to the
cortical bone loaded longitudinally.

Table 7. Comparison of mechanical strength between bone scaffolds and cortical bone.

Cubic Diagonal Cortical Bone

Scaffold Scaffold  Longitudinal Transverse

Compressive Yield Strength (MPa) 1222 752 99-130 P 21-64 ¢
Compressive Strength (MPa) 1382 1332 131-174° 52-78 ¢
Flexural Yield Strength (MPa) 107 113 105-117 4 43-63
Ultimate Flexural Strength (MPa) 148 195 120-150 4 43-71¢
Energy to Ultimate (MJ/m?) 497 33.55 10.5-24.8 ¢ 0.25-1.53 ¢

[17];® [28]; © [29]; ¢ [30; © [27].

4. Conclusions

This research study presented the experimental validation and evaluation of the
bending properties of optimized BTE scaffolds with an elastic modulus that is equiva-
lent to the young’s modulus of the cortical bone. The morphological properties of the
additively manufactured specimens were evaluated. The bending modulus of the cubic
and diagonal scaffolds were experimentally investigated and found to agree with the
numerical results. The diagonal scaffold’s ultimate strain was significantly higher than the
cubic scaffold; hence, the diagonal scaffold was substantially tougher with considerably
higher energy absorption before fracture. The shear modulus of the diagonal scaffold
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was significantly higher than the cubic scaffold. Finally, a comparison of the mechanical
properties of the studied BTE scaffolds with the cortical bone properties under longitudinal
and transverse loading was presented. Future work includes investigating the fatigue
strength and comparing the fatigue behavior between the cubic and diagonal scaffold
designs under cyclic loading. This research study can be further improved by conducting
in vivo/in vitro studies on the designed scaffolds to investigate bone tissue regeneration
aspects, including biocompatibility, surface bioactivity, cells adhesion and proliferation,
osteogenic differentiation, osteoblasts culture, and scaffolds degradation.

Author Contributions: M.O.A.-B. performed the design optimization, performed the experimental
testing, analyzed the data, and wrote the manuscript. A.R. supervised all the work performed in this
research. B.C. contributed to the imaging and characterization of the samples and assisted with the
testing setup. D.J.T. and M.T. provided the material and additively manufactured the specimens at
UW-Madison. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Harrysson, O.L.; Cansizoglu, O.; Marcellin-Little, D.; Cormier, D.R.; West, H.A. Direct metal fabrication of titanium implants
with tailored materials and mechanical properties using electron beam melting technology. Mater. Sci. Eng. C 2008, 28, 366-373.
[CrossRef]

Murr, L.; Quinones, S.; Gaytan, S.; Lopez, M.; Rodela, A.; Martinez, E.; Hernandez, D.; Medina, F.; Wicker, R. Microstructure and
mechanical behavior of Ti-6A1-4V produced by rapid-layer manufacturing, for biomedical applications. J. Mech. Behav. Biomed.
Mater. 2009, 2, 20-32. [CrossRef] [PubMed]

Parthasarathy, J.; Starly, B.; Raman, S.; Christensen, A. Mechanical evaluation of porous titanium (Ti6Al4V) structures with
electron beam melting (EBM). J. Mech. Behav. Biomed. Mater. 2010, 3, 249-259. [CrossRef] [PubMed]

Schwerdtfeger, J.; Heinl, P; Singer, R.F.; Korner, C. Auxetic cellular structures through selective electron-beam melting. Phys.
Status Solidi (b) 2010, 247, 269-272. [CrossRef]

Wieding, J.; Jonitz, A.; Bader, R. The Effect of Structural Design on Mechanical Properties and Cellular Response of Additive
Manufactured Titanium Scaffolds. Materials 2012, 5, 1336-1347. [CrossRef]

Attias, N.; Lindsey, R.W. CASE REPORTS: Management of Large Segmental Tibial Defects Using a Cylindrical Mesh Cage. Clin.
Orthop. Relat. Res. 2006, 450, 259-266. [CrossRef]

Mavrogenis, A.; Sakellariou, V.; Tsibidakis, H.; Papagelopoulos, P. Adamantinoma of the Tibia Treated with a New Intramedullary
Diaphyseal Segmental Defect Implant. J. Int. Med. Res. 2009, 37, 1238-1245. [CrossRef]

Mittwede, PN.; Gottardi, R.; Alexander, P.G.; Tarkin, L.S.; Tuan, R.S. Clinical Applications of Bone Tissue Engineering in
Orthopedic Trauma. Curr. Pathobiol. Rep. 2018, 6, 99-108. [CrossRef]

Zhang, J.; Kong, N.; Niu, J.; Shi, Y.; Li, H.; Zhou, Y.; Yuan, G. Influence of fluoride treatment on surface properties, biodegradation
and cytocompatibility of Mg-Nd-Zn—Zr alloy. |. Mater. Sci. Mater. Electron. 2014, 25, 791-799. [CrossRef]

Tong, P.; Sheng, Y.; Hou, R.; Igbal, M.; Chen, L.; Li, J. Recent progress on coatings of biomedical magnesium alloy. Smart Mater.
Med. 2021, 3, 104-116. [CrossRef]

Cheah, C.; Chua, C.; Leong, K.; Chua, S. Development of a Tissue Engineering Scaffold Structure Library for Rapid Prototyping.
Part 1: Investigation and Classification. Int. J. Adv. Manuf. Technol. 2003, 21, 291-301. [CrossRef]

Cheah, C.; Chua, C.; Leong, K.; Chua, S. Development of a Tissue Engineering Scaffold Structure Library for Rapid Prototyping.
Part 2: Parametric Library and Assembly Program. Int. . Adv. Manuf. Technol. 2003, 21, 302-312. [CrossRef]

Gent, A.N.; Thomas, A.G. Mechanics of Foamed Elastic Materials. Rubber Chem. Technol. 1963, 36, 597-610. [CrossRef]

Ahmadi, S.; Campoli, G.; Yavari, S.A.; Sajadi, B.; Wauthle, R.; Schrooten, ].; Weinans, H.; Zadpoor, A. Mechanical behavior
of regular open-cell porous biomaterials made of diamond lattice unit cells. J. Mech. Behav. Biomed. Mater. 2014, 34, 106-115.
[CrossRef] [PubMed]

Roberts, A.; Garboczi, E. Elastic properties of model random three-dimensional open-cell solids. . Mech. Phys. Solids 2002, 50,
33-55. [CrossRef]

Babaee, S.; Jahromi, B.H.; Ajdari, A.; Nayeb-Hashemi, H.; Vaziri, A. Mechanical properties of open-cell rhombic dodecahedron
cellular structures. Acta Mater. 2012, 60, 2873-2885. [CrossRef]

Al-Barqawi, M.O. Design and Validation of Additively Manufactured Metallic Cellular Scaffold Structures for Bone Tissue
Engineering. Materials 2022, 15, 3310. [CrossRef]

Li, J.P,; Habibovic, P.; Doel, M.V.D.; Wilson, C.E.; de Wijn, ].R.; van Blitterswijk, C.; de Groot, K. Bone ingrowth in porous titanium
implants produced by 3D fiber deposition. Biomaterials 2007, 28, 2810-2820. [CrossRef]


http://doi.org/10.1016/j.msec.2007.04.022
http://doi.org/10.1016/j.jmbbm.2008.05.004
http://www.ncbi.nlm.nih.gov/pubmed/19627804
http://doi.org/10.1016/j.jmbbm.2009.10.006
http://www.ncbi.nlm.nih.gov/pubmed/20142109
http://doi.org/10.1002/pssb.200945513
http://doi.org/10.3390/ma5081336
http://doi.org/10.1097/01.blo.0000223982.29208.a4
http://doi.org/10.1177/147323000903700432
http://doi.org/10.1007/s40139-018-0166-x
http://doi.org/10.1007/s10856-013-5106-z
http://doi.org/10.1016/j.smaim.2021.12.007
http://doi.org/10.1007/s001700300034
http://doi.org/10.1007/s001700300035
http://doi.org/10.5254/1.3539591
http://doi.org/10.1016/j.jmbbm.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24566381
http://doi.org/10.1016/S0022-5096(01)00056-4
http://doi.org/10.1016/j.actamat.2012.01.052
http://doi.org/10.3390/ma15093310
http://doi.org/10.1016/j.biomaterials.2007.02.020

Materials 2022, 15, 3447 18 of 18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lopez-Heredia, M.A.; Goyenvalle, E.; Aguado, E.; Pilet, P.; Leroux, C.; Dorget, M.; Weiss, P.; Layrolle, P. Bone growth in rapid
prototyped porous titanium implants. J. Biomed. Mater. Res. Part A 2008, 85A, 664—673. [CrossRef]

Ponader, S.; von Wilmowsky, C.; Widenmayer, M.; Lutz, R.; Heinl, P.; Kérner, C.; Singer, R.F,; Nkenke, E.; Neukam, EW.; Schlegel,
K.A. In Vivo performance of selective electron beam-melted Ti-6Al-4V structures. J. Biomed. Mater. Res. Part A 2010, 92A, 56-62.
[CrossRef]

Wieding, J.; Wolf, A.; Bader, R. Numerical optimization of open-porous bone scaffold structures to match the elastic properties of
human cortical bone. . Mech. Behav. Biomed. Mater. 2014, 37, 56-68. [CrossRef] [PubMed]

Mehboob, H.; Tarlochan, F.; Mehboob, A.; Chang, S.-H. Finite element modelling and characterization of 3D cellular microstruc-
tures for the design of a cementless biomimetic porous hip stem. Mater. Des. 2018, 149, 101-112. [CrossRef]

Rankoubhi, B.; Bertsch, K.; de Bellefon, G.M.; Thevamaran, M.; Thoma, D.; Suresh, K. Experimental validation and microstructure
characterization of topology optimized, additively manufactured SS316L components. Mater. Sci. Eng. A 2020, 776, 139050.
[CrossRef]

Roohani, I.; Newman, P.; Zreiqat, H. Design and Fabrication of 3D printed Scaffolds with a Mechanical Strength Comparable to
Cortical Bone to Repair Large Bone Defects. Sci. Rep. 2016, 6, srep19468. [CrossRef]

Ohman, C.; Baleani, M.; Pani, C.; Taddei, F; Alberghini, M.; Viceconti, M.; Manfrini, M. Compressive behaviour of child and adult
cortical bone. Bone 2011, 49, 769-776. [CrossRef]

Hart, N.H.; Nimphius, S.; Rantalainen, T; Ireland, A.; Siafarikas, A.; Newton, R.U. Mechanical basis of bone strength: Influence of
bone material, bone structure and muscle action. J. Musculoskelet. Neuronal Interact. 2017, 17, 114-139.

Albert, C.I.; Jameson, J.; Harris, G. Design and validation of bending test method for characterization of miniature pediatric
cortical bone specimens. Proc. Inst. Mech. Eng. Part H ]. Eng. Med. 2013, 227, 105-113. [CrossRef]

Mirzaali, M.].; Schwiedrzik, ].J.; Thaiwichai, S.; Best, J.; Michler, J.; Zysset, P.; Wolfram, U. Mechanical properties of cortical bone
and their relationships with age, gender, composition and microindentation properties in the elderly. Bone 2016, 93, 196-211.
[CrossRef]

Dong, X.N.; Acuna, R.L.; Luo, Q.; Wang, X. Orientation dependence of progressive post-yield behavior of human cortical bone in
compression. J. Biomech. 2012, 45, 2829-2834. [CrossRef]

Reilly, D.T.; Burstein, A.H. The elastic and ultimate properties of compact bone tissue. J. Biomech. 1975, 8, 393—405. [CrossRef]


http://doi.org/10.1002/jbm.a.31468
http://doi.org/10.1002/jbm.a.32337
http://doi.org/10.1016/j.jmbbm.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/24942627
http://doi.org/10.1016/j.matdes.2018.04.002
http://doi.org/10.1016/j.msea.2020.139050
http://doi.org/10.1038/srep19468
http://doi.org/10.1016/j.bone.2011.06.035
http://doi.org/10.1177/0954411912463868
http://doi.org/10.1016/j.bone.2015.11.018
http://doi.org/10.1016/j.jbiomech.2012.08.034
http://doi.org/10.1016/0021-9290(75)90075-5

	Introduction 
	Material and Methods 
	BTE Scaffold Material 
	Numerical Computation of the Bending and Shear Moduli of the BTE Scaffolds 
	Additive Manufacturing of the Beam Specimens 
	Flexural Testing of the BTE Scaffolds 

	Results and Discussion 
	FEA Results and Morphological Characterization 
	Validating FEA Results by Experimental Testing 
	Characterization of Strut Failure Due to Bending 
	Comparison of the Mechanical Properties between Bone Scaffolds and Cortical Bone 

	Conclusions 
	References

