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Abstract

Bone replacement implants manufactured by electron beam melting have been
widely studied for use in bone tumor treatment. In this application, a hybrid structure
implant with a combination of solid and lattice structures guarantees strong
adhesion between bone and soft tissues. This hybrid implant must exhibit adequate
mechanical performance so as to satisfy the safety criteria considering repeated
weight loading during the patient’s lifetime. With a low volume of a clinical case,
various shape and volume combinations, including both solid and lattice structures,
should be evaluated to provide guidelines for implant design. This study examined
the mechanical performance of the hybrid lattice by investigating two shapes of the
hybrid implant and volume fractions of the solid and lattice structures, along with
microstructural, mechanical, and computational analyses. These results demonstrate
how hybrid implants may be designed to improve clinical outcomes by using patient-
specific orthopedic implants with optimized volume fraction of the lattice structure,
allowing for effective enhancement of mechanical performance as well as optimized
design for bone cell ingrowth.

Keywords: 3D printing; Bone cancer; Titanium alloy implant; Electron beam melting;
Fracture analysis

1. Introduction

The limb salvage surgery is one of the treatment processes for bone sarcoma that
resects bone tumors with wide margins and reconstructs bone and soft-tissue defects.
Endoprosthesis and biological substitutes, such as bone allografts or recycled autografts,
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are the most common methods for replacing bone defects
after wide excision"*. There are limitations on using
allografts or conventional implants as a treatment for a
malignant tumor, which can occur anywhere in the body
and in various sizes. Consequently, using a customized
implant in patients undergoing extensive tissue removal
can be an alternative method.

Additive manufacturing (AM) technology has
been extensively developed in various fields®®. The
development of AM has allowed for the innovative design
of patient-specific orthopedic implants for bone sarcoma
patients!"*'*l. This current technology can replace the
allograft with a 3D-printed implant and combine an
endoprosthesis with an implant in limb salvage surgery"®.
Conventional modular-type tumor implants often require
total replacement of the whole joint with an artificial joint
to fix the implant, resulting in disability for the patient. In
contrast, AM can preserve the patient’s joint if the tumor
does not erode the adjacent joint!”!*],

Despite the advantages mentioned above, the
mechanical performance of the implant produced by AM
must meet the rigid endurance and safety criteria. The
load direction and magnitude of the implant depend on
the surgical site; the lower limb has to withstand repeated
weight loads more than the upper limb. Moreover, to
regenerate bone and soft tissues and ensure strong adhesion
to the bone tissues, the implant should be composed of
hybrid structures that combine solid and lattice structures.
The lattice structure with an open porosity inside the
structure has biological advantages in orthopedic implants:
it has a lightweight design, provides a scaffold for bone
ingrowth, and reduces metal artifacts during postoperative
surveillance for local recurrence!®. Providing an
appropriate pore structure is the most important factor
when using mesh structures to enhance osteointegration.
A few animal studies have reported the osteoinductive
effect of 3D-printed titanium alloy implants™->%, and one
human case study reported 8%-10% bone integration into
the mesh structure™!. The mesh structure is commonly
mentioned in previous literature on 3D-printed custom-
made implants in orthopedic oncology, particularly at the
bone and implant junctions, because it provides a scaffold
for bone ingrowth!""'>!¢l_ However, the lattice structure
shows mechanical weakness compared to the solid
structure, and the roughness of the lattice structure may
cause irreparable damage to neurovascular structures®l.
Therefore, a lattice structure is combined with a solid
structure rather than used alone.

Various specimens have been studied to optimize
implant structures. Nevertheless, to our knowledge, only
specimens with cross-sectional symmetry with respect

to the longitudinal axis have been studied to optimize
orthopedic implants. For instance, a fully lattice implant
with cross-sectional symmetry has been studied to achieve
the desired light weight and compatible mechanical
properties compared to bone structures™!. In addition,
a fully lattice implant with a gradient macrostructure is
utilized in bone implants, and the mechanical properties
of these structures have been reported®*!. Bone tissue
in nature has a structural gradient. If the lattice structure
implant does not mimic these gradients, stress shielding
occurs owing to uneven load distribution, resulting
in resorption and bone failure of host tissues. In most
orthopedic surgeries using 3D-printed implants, hybrid
implants, rather than fully lattice implants, are utilized.
Several studies have also been conducted to control the
porosity, pore size, and shape of hybrid implants using
compressive and tensile tests®’. While these studies
have been conducted on specimens with cross-sectional
symmetry, in actual surgical cases, implants have complex
surfaces with an asymmetric section, as shown in Figure 1,
for the purpose of ensuring sufficient mechanical strength
and avoiding damage major neurovascular structure. Thus,
studies on such hybrid implants, including pizza types
(P-type) and shell types (S-type), should be carried out.

Common mixing patterns with lattice and solid
structures can be categorized into two types. One mixing
pattern was a lattice coating with a solid core in the
center (Figure 1a). In another pattern, the two structures
occupy a certain volume without a central core structure
(Figure 1b). The S-type is often utilized in limb salvage
surgery for long bones, while the P-type is applied for flat
bones, such as pelvic bones. However, there are no specific
mechanical analyses or guidelines for combining lattice
and solid structures to design a mechanically durable
megaprosthesis.

Before limb salvage surgery, the mechanical properties
of the 3D-printed implant, including the hybrid structure
with solid and lattice structures, should be evaluated
preoperatively experimentally to ensure that it will last
for the entire lifetime of the patient, given the diverse
shapes and proportions of hybrid structures in each
surgery. However, it is practically impossible to evaluate
the personalized types of implants experimentally owing
to the absence of standard design criteria for the implant
and time limitation that inevitably arise because bone
tumors are progressing over time. Therefore, finite element
analysis (FEA) is required to replace the experiment.

The present study entailed mechanical and
microstructural analyses for Ti-6Al-4V  solid-mesh
hybrid structures produced by electron beam melting
(EBM). Different types of hybrid structures with various
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| Lattice region

Figure 1. Ti-6AI-4V hybrid implant post-surgery. (a) Plain radiography (X-ray) of shell-type (S-type) and (b) computed tomography image of pizza-type
(P-type). CAD images of (a-1) S-type and (b-1) P-type. Laboratory image of (a-2) S-type and (b-2) P-type. CAD images of (a-3) S-type region and (b-3)

P-type region.

volume fractions of lattice structures were compared using
experimental and computational analyses. The FEA results
were validated using experimental data, and after the
tensile test, microstructure analysis of the cross-sectional
area of the specimens was conducted.

2. Experimental procedure

The test specimens were produced using an EBM-type
3D printer (ARCAM Al, GE Additive, USA), and the
material was Ti-6Al-4V alloy powder (GE Additive, size
45-106 um). The specimens were produced in adherence
with the material’s process conditions recommended by
the manufacturer: electron beam power of 50-3000 W,
beam current of 15 mA, speed factor of 60, scan speed of
4530 m/s, and layer thickness of 50 um. Before investigating
the mechanical properties of the hybrid structures, we
examined the performance of the lattice structure by
varying the size, build orientation, and unit cell orientation.

The dode-thin structure was chosen as the lattice
structure because it is the only structure permitted under
the national regulation for orthopedic implants. The unit
cell sizes of the structures were 2 and 3 mm, respectively.
There are three types of build orientation and two types of

unit cell orientation. The build orientation was conducted
as follows: horizontal (0°), diagonal (45°), and vertical (90°)
directions with unit sizes of 2 and 3 mm, respectively, and
the unit cell orientation was fixed. The unit cell orientation
was carried out as follows: nonrotated unit cell and unit
cell rotation of 45° with a horizontal build orientation, and
the unit cell size was fixed at 2 mm.

The proposed hybrid structures were designed using
the plan shown in Figure 2. The unit cell size was fixed
at 2 mm in the horizontal direction. To evaluate the
mechanical properties under the 3D printing process
condition, the tensile specimens were fabricated according
to the ASTM-E8 standard. Tensile tests were performed
using an MTDI universal test machine with a load cell
capacity of 100 kN under quasi-static conditions with a
displacement control velocity of 3 mm/min. The specimens
had lengths, diameters, and gauge lengths of 140 mm,
12.5 mm, and 50 mm, respectively. In order to investigate
the mechanical behavior of the hybrid structure, the dode-
thin type structure was applied along the gauge length of
the specimens.

FEA was performed using commercial software
(ANSYS Workbench Mechanical v19.1) to investigate the
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(a)

X o*

Figure 2. Schematic of lattice structure specimen. (a) Orientation; (b) unit cell size; (c) unit cell rotation.

(@) (b)

Fixed support

Figure 3. Boundary conditions for FEA results of hybrid structure with volume fraction 10%. (a) Mesh generation. (b) Fixed support and load conditions.

characteristics of the designed hybrid models. To reduce
computational time, the symmetry condition was applied
to the hybrid structure specimens’ centerline, the end of the
specimen surface at gauge length was fixed, and a uniform
compressive load of 500 N was applied to the specimen
grip (Figure 3). In addition, for the calibration of the FEA
model, maximum von Mises stress and displacements were
tested under load conditions of 400 N and 600 N (Tables 1
and 2). For hybrid specimens, meshes with 1,500,000
5,700,000 tetrahedral solid-type elements were used,
and the element size was 2.6448 mm. Using the material
designer in ANSYS, the following Ti alloy properties were
calculated for the lattice structure: p = 0.18 g/cm’, E = 41.65
MPa for elastic modulus, and v = 0.486 for Poisson’s ratio.

3. Results and discussion

The simulation results for the lattice structures with
various unit sizes and rotated unit cell directions are shown
in Figure 4. The von Mises stress increases as the unit size
increases and decreases as the unit cell is rotated. The von

Mises stress of the 3 mm/0° lattice structure was the highest
at 1611 MPa, and that of the 2 mm/45° lattice structure was
the lowest at 1456 MPa. While the yield strength of EBM
Ti-6Al-4V is about 915-1200 MPaP!l, the three lattice
structures have higher maximum von Mises stress. These
FEA results show that the three fully porous designs are
unsustainable for compression of 500 N, thus it is essential
to have solid-porous mixed hybrid structure rather than
pure porous structure. Consequently, the 2 mm/45° lattice
structure would be preferable for the hybrid structure.
However, implants are not as standardized as specimens
in actual orthopedic surgery. In other words, unit cell
orientation and building axis for the lattice structure
cannot be controlled when the lattice is used as part of a real
implant. Therefore, the direction of the applied force is not
constant, and the unit cell direction of the specimen cannot
be determined. For the worst-case testing of the 2 mm
lattice structure, we applied the 2 mm/0° lattice structure
to all hybrid structures to evaluate their performance.
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Table 1. FEA results for maximum von Mises stress under
various loading conditions

Table 2. FEA results for displacements under various loading
conditions

Specimens Maximum von Mises stress (MPa) Specimens Displacements (um)
400 N 500 N 600 N 400 N 500 N 600 N

P-type 20% 37.0 46.2 55.5 P-type 20% 4.5 6.2 7.5
P-type 40% 79.6 99.5 119.4 P-type 40% 22.8 28.5 34.3
P-type 60% 273.9 342.3 410.8 P-type 60% 85.3 106.6 127.9
P-type 80% 769.3 961.6 1154.0 P-type 80% 205.3 256.6 308.0
P-type 100% 1495.9 1525.3 1563.8 P-type 100% 770.3 1044.2 1610.1
S-type 10% 30.3 37.9 45.5 S-type 10% 2.8 3.5 4.2
S-type 20% 36.9 46.2 55.4 S-type 20% 5.1 6.4 7.7
S-type 30% 48.2 60.5 72.3 S-type 30% 59 7.4 8.9
S-type 40% 44.7 559 67.0 S-type 40% 5.0 6.3 7.6
S-type 50% 46.0 57.5 69.0 S-type 50% 2.4 3.0 3.6

1611.4

1147.8

787.8

44918

259.12

147.65

70.344

27.356

3.0399

0.0003

Unit: MPa 2mm/ 0° 3mm/ 0° 2mm/ 45°

Figure 4. FEA results for the lattice structure with different sizes and unit cell rotation. (a) 2 mm with 0° (1525 MPa); (b) 3 mm with 0° (1611 MPa);

(c) 2 mm with 45° (1456 MPa).

The cross-section illustration of P- and S-type hybrid
structures for the volume fraction of the lattice structure
is shown in Figure 5. P- and S-type specimens analyzed
under a load of 500 N, which was determined considering
the weight of an average human. The P-type hybrid
structure was simulated with various volume fractions of
20%-100%, respectively (Figure 6). The maximum von
Mises stress increased as the volume fraction of the lattice
structure increased. When the volume fraction is 20%, the
maximum von Mises stress is 46.2 MPa. Up to 40% of the
volume fraction, the maximum von Mises stress shows a
small increase of less than 100 MPa. However, from 60%
of the volume fraction, the maximum von Mises stress
increased significantly. When the volume fraction is 60%,
it is 342.3 MPa, and when the volume fraction is 100%, it is
961.6 MPa, which increases more than two times compared
to the previous case.

Figure 7 shows the simulation results for the S-type
hybrid structure with various volume fractions of 10%-

50%, respectively. In the case of S-type, since 50% of
solid beam exists inside, the volume fraction of the lattice
structure was set to 10%-50%. When the volume fraction
is 20%, the maximum von Mises stress is 46.2 MPa, which
is similar to the results for the P-type. However, when the
volume fraction is 40%, the maximum von Mises stress
is 55.9 MPa, which is much lower than the result of the
P-type with 99.5 MPa. In addition, in the case of the S-type,
the maximum von Mises stress did not increase rapidly
even when the volume fraction was increased to 50%,
whereas in the case of the P-type, it increased rapidly when
the volume fraction was increased to 60% (Figure 8). In
particular, the maximum von Mises stress at 50% volume
fraction for the S-type was 57 MPa, while it exceeded 300
MPa for the P-type at a volume fraction of 60%. As a result
of FEA simulations, the maximum von Mises stress was
similar when the volume fraction of lattice structure was
low in both P- and S-type, but in the case of P-type, it
increased rapidly as the volume fraction increased.
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10% 20%

K N K R

30% 40% 50%

Figure 5. Illustration of hybrid structures for the volume fraction of lattice structure. (a) P-type; (b) S-type.
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Figure 6. FEA direct analysis results for P-type hybrid structures with different fractions. (a) 20%; (b) 40%; (c) 60%; (d) 80%; (e) 100%.

The experimental results from the tensile test were
compared with the FEA simulations to validate the analysis
approach. Figure 9 shows the tensile properties of the hybrid
and lattice-type structure specimens, and the corresponding
property values are listed in Table 3. The tensile strength
of the hybrid structure specimens decreased as the mesh
volume fraction increased. The pure lattice structure
specimen had the lowest strength compared with the other
hybrid structure specimens. In the S-type specimen, the
elongation increased as the mesh volume fraction increased,
except for the 10% specimen. S-type 10% specimen showed
the highest strength and elongation owing to the lowest
mesh volume fraction. However, the elongation of the
P-type specimens decreased as the mesh volume fraction
increased, except for the 20% specimen, which exhibited

the lowest mesh volume fraction. Figure 9b shows that the
tensile strength of the S-type specimen is always higher than
that of the P-type specimen when the mesh volume fraction
is held constant. In particular, when the mesh volume
fraction was 40%, the tensile strength of the S-type specimen
was 600 MPa, whereas that of the P-type was 567 MPa. We
suggest an empirical equation (see Equation I to satisfy the
relationship between the mesh volume fraction and tensile
strength for application in this study.

(fmesh + 690)
0, =—1479+68573 /|14 exp——=
b 210

@

where o, is the tensile strength and f _ is the mesh
volume fraction. Regardless of the P- or S-type, tensile
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Figure 7. FEA direct analysis results for S-type hybrid structures with different fractions. (a) 10%; (b) 20%; (c) 30%; (d) 40%; (e) 50%.
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Figure 8. Maximum von Mises stress with 500 N for P-type and S-type specimens.

strength exponentially depended on mesh volume fraction
(Figure 9b). In practical point of view, implant strength is
more important than bone and tissue ingrowth. Therefore,
even if the lattice structure is used for the purpose of
osseointegration or to reduce stress shielding, the fact that
the strength of the hybrid structure decreases by the cross-
sectional volume fraction of the lattice structure should
be taken into account in the design process. In particular,

the long bones in the lower extremities and pelvis play a
crucial role in weight-bearing and thus, it is important to
accurately determine their volume fraction of the lattice
structure.

The fractography of the hybrid structure specimens after
tensile testingis shown in Figure 10. The fractographic surface
in the solid region is divided into stage 1 with crack initiation
and growth (orange) and stage 2 with shear fracture (blue).
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Figure 9. Experimental tensile test results of hybrid structures. (a) Engineering stress—strain curve of each structure specimen tensile-tested at room
temperature (strain rate of 1 x 10-%/s). (b) Tensile strength with different mesh volume fractions for each type.

Stage 1 is starting from the center of the specimen having flat
and plateau surface, while stage 2 is a shear lip with slanting
ridge along the rim of the specimen. In general, shear lip
has a 45° angle to the loading axis formed by plane stress
condition near surface. In Table 4, the volume fractions of
stages 1 and 2 areas were measured from the cross-section
of the entire specimen. Crack is initiated in the center of the
solid part that stress is localized by plane strain condition

at the stage 1. The coarsened voids are merged with the
adjacent voids, which lead to form main cracks. The stage 2
is formed by shear fracture mode affected by plane stress
condition. The volume fraction of each stage varies with
the specimens, and the volume fraction of stage 1 shows the
close relationship to the tensile strength comparing to that of
stage 2. Therefore, cracking behavior has a huge influence on
the tensile strength of the specimens.
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Table 3. Tensile test results of P-type and S-type specimens.

Specimens Yield strength (MPa) Tensile strength (MPa) Elongation (%) Max von Mises stress (MPa)
P-type 20% 2 mm - 759 0.9 46.2
P-type 40% 2 mm 525 567 3.8 99.5
P-type 60% 2 mm 364 394 2.4 342.3
P-type 80% 2 mm 211 235 24 961.6
S-type 10% 2 mm 863 913 5.7 37.9
S-type 20% 2 mm 734 766 1.7 46.2
S-type 30% 2 mm 674 701 1.7 60.5
S-type 40% 2 mm 566 600 2.8 55.9
S-type 50% 2 mm 483 513 3.9 57.5
2mm LOP45 85 117 2.4 -
2mm L45P0 81 107 2.6 -
3mm LOPO 2.5 3.0 2.6 -
3mm LOP45 27 42 3.1 -

(a)

20% 40%

10% 20%

60% 80%

(b).‘...

30% 40% 50%

Figure 10. Fractography of hybrid structures after tensile test. Low-magnification fractography of (a) P-type and (b) S-type specimens.

Figure 10 depicts the low-magnification fractography
of hybrid structures after the tensile test for P- and S-type
specimens, while Figure 11 shows the fractographic
analysis with the same mesh volume fraction of 40%. In
both specimens, fracture occurred at the center of the solid
region, whereas shear fracture occurred at the rim of the
solid region. At the interface between the solid and mesh
regions, large pores were mainly formed, which acted as
crack initiation sites. Figure 10 shows that deep and clear
dimples were observed in stage 1, while shallow dimples
were formed in stage 2. The S-type specimen had higher
strength and lower elongation than the P-type specimen
owing to the large volume fraction of the stage 1 area
(orange) (Figure 9). The stage 1 area volume fractions
were calculated as 15.1% and 25.7% in the P- and S-type
specimens, respectively. Therefore, the high strength of the

Table 4. Volume fraction of the shear lip region in each
specimen

Specimens Area fraction (%)  Tensile strength (MPa)
Stage1 Stage2
P-type 20% 29.7 433 759
P-type 40% 15.1 36.5 567
P-type 60% 9.3 25.8 394
P-type 80% 4.7 11.4 235
S-type 10% 37.7 28.1 913
S-type 20% 46.6 13.6 766
S-type 30% 36.1 15.1 701
S-type 40% 25.7 18.0 600
S-type 50% 26.3 10.4 513
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Figure 11. Fractography of (a) P-type and (b) S-type specimens of mesh volume fraction of 40%. High-magnification image of (a-1, -2, -3) P-type and

(b-1, -2) S-type specimens.

S-type specimen was achieved by the large volume fraction
of the stage 1 area.

The electron backscatter diffraction (EBSD) results for
the cross-sectional area after the tensile test (Figure 12),
and the specimens were extracted from the solid and
mesh interface regions, as shown in Figure 1la and b.
The columnar B cell is formed along the build direction
surrounding the acicular o’ martensite. Both specimens
were composed of o martensite structures owing to the
fast cooling rate during solidification. The lath width is
similar between the solid region (3.49 um) and the mesh
region (3.74 pm) in the P-type specimen. However, in
the S-type specimen, the lath width was finer in the mesh
region (1.84 pm) than in the solid region (3.74 pm). In the
P-type specimen, the interface between the solid and mesh
is located in the center of the specimen.

In contrast, it is located in the vicinity of the rim area in
the S-type specimen (Figure 5). A fine microstructure can
be obtained owing to the high-temperature gradient near
the surface during cooling!!l. The cooling rate in the mesh
structure is much higher than that in the solid structure;
thus, fine acicular o martensite aiding in increasing the
tensile strength was formed in the mesh structure of the
S-type specimen.

Combining the mechanical, computational, and
microstructural results, the S-type was more suitable for
bone replacement implants than the P-type. In the tensile
test, the mechanical performance of the S-type was superior
to that of the P-type at the same volume fraction of lattice
structures. The FEA results of the P-type show that the
maximum von Mises stress increased significantly as the
volume fraction increased. In addition, it was confirmed
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Max=4.762 0001

Max=1.862

Figure 12. Cross-sectional EBSD analysis of tensile test fractured (a) P-type 40% and (b) S-type 40% specimens. Inverse pole figure map and texture
analysis results of (a-1) solid and (a-2) mesh region in P-type specimen. Inverse pole figure map and texture analysis results of (b-1) solid and (b-2) mesh
region in S-type specimen. Texture analysis of (c) P-type 40% and (d) S-type 40% specimens.

that the S-type had higher tensile strength than the P-type
in EBSD results and fractional analysis.

4, Conclusion

The mechanical behavior of Ti-6Al-4V specimens with the
proposed hybrid structures produced by EBM was tested
and simulated. We compared two types of hybrid structures
and validated the FEA results with the experimental data.
Based on the FEA results, the maximum von Mises stress
increases as the volume fraction of the lattice structure
increases. Analysis of the tensile test also showed that the
mechanical performance tends to decrease as the volume
fraction of the lattice structures increases. The fractography

results showed that the tensile strength increases with
increasing volume fraction of the solid region composed
of stages 1 and 2, regardless of the specimen type.

In a tensile test, the performance of the shell design was
superior to that of the P-type with the same volume fraction
of lattice structures. The P- and S-types were analyzed
using EBSD results and fractographic analysis. After the
tensile test, the EBSD results for the cross-sectional area of
the S-type specimen revealed that the lath width was finer
in the mesh region than in the solid region. In contrast, the
P-type specimen’s lath widths were similar. Fine acicular o’
martensite observed in the S-type mesh region is generated
at high-temperature gradients near the rim and high

Volume x Issue x (2023)

1"

https://doi.org/10.18063/ijb.716



International Journal of Bioprinting

Lattice-Solid hybrid 3D printing for artificial implant

cooling rates of the mesh structures, thereby increasing the
tensile strength of the specimen. In addition, the results
of the fractographic analysis of P- and S-type specimens
with the same mesh volume fraction indicate that the high
strength of the S-type specimen was achieved by the large
volume fraction of the stage 1 area, where deep and clear
dimples were observed.

Through patient-specific orthopedic implants with
an optimized volume fraction of the lattice structure,
mechanical performance for repeated weight loading was
improved, and guidelines for implant design could be
established. However, it is necessary to devise definitive
implant designs that are clinically safe, and thus provide
a range of clear volume fractions of lattice structures.
Moreover, further works on fatigue behavior upon repetitive
loads applied to the lower limbs are also necessary. These
results and continuous research can provide a better basis
for effective enhancement of mechanical performance and
optimized safe designs.
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