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Abstract

The use of commercial products such as a cup and liner for total hip arthroplasty for patients with severe bone defects has
a high probability of failure. In these patients the cup alone cannot cover the bone defect, and thus, an additional augment
or cage is required. In this study, we designed three-dimensional (3D) printable bone augments as an alternative to surgeries
using reinforcement cages. Thirty-five sharp-edged bone augments of various sizes were 3D printed. A biporous structure
was designed to reduce the weight of the augment and to facilitate bone ingrowth. Two types of frames were used to prevent
damage to the augment’s porous structure and maintain its stability during printing. Furthermore, two types of holes were
provided for easy augment fixation at various angles. Fatigue tests were performed on a combination of worst-case sizes
derived using finite element analysis. The test results confirmed the structural stability of the specimens at a load of 5340 N.
Although the porosity of the specimens was measured to be 63.70%, it cannot be said that the porous nature was uniformly
distributed because porosity tests were performed locally and randomly. In summary, 3D-printable biporous bone augments
capable of bonding from various angles and bidirectionally through angulation and bottom-plane screw holes are proposed.
The mechanical results with bone augments indicate good structural safety in patients. However, further research is necessary
to study the clinical applications of the proposed bone augment.
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Introduction

The hip joint, formed by the junction of the femur and
the pelvis, covered primarily with cartilage total hip arthro-
plasty (THA), is a treatment for damaged hips wherein an
implant is used to replace the damaged joint. Standard metal
implants for the pelvis, such as acetabular cups, are commer-
cially available [1-3]. The number of THA cases has reached
28,000 per year in South Korea and 100,000 per year in the
USA. Moreover, these numbers are expected to double by
the end of 2026 [4—6]. The increasing number of THA cases
has led to the development of the acetabular cup implant on a
commercial scale. This implant is recommended for patients
whose acetabulum is not severely damaged. However, for
patients with severe pelvic injuries, including reoperations
(resubstitution operations), the large hole in the acetabulum
renders surgery using only a regular acetabular cup a chal-
lenge [7, 8].

In such patients, surgery using a standard acetabular cup
requires the use of bone augments. Acetabular reconstruction
in complex, primary hip replacement can present challenges,

and off—the—shelf cages and augments, and, recently, patient-
customized implants have been used. Patient-customized
implants with a high cost are often used in highly com-
plex scenarios. Conventional treatments for damaged hips
include using oblong (bilobed) acetabular components or
jumbo acetabular components [9, 10], or covering the dam-
aged area with bone cement [11]. Allograft reoperation using
a reinforcement cage has been the gold standard in such
patients [12—14]. However, it has been reported that rein-
forcement cages in allograft reoperation have failed many
times over the long-term clinical results of the last 10 years,
most often owing to defects in the roof of the pelvis and holes
caused by injuries to the pelvis.

Therefore, alternative implants and bone augments are
actively studied. Personalized implants offer the advantage of
postoperative stability and patient satisfaction because they
can be tailored for a perfect fit. However, allografts using
reinforcement cages suffer from the disadvantage of a higher
surgical cost, approximately 2-3 times that of metal bone
augments [15]. In addition, a 2014 Bradford Royal Infir-
mary study in the UK reported that customized hip-revision
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implants had postoperative revision and complication rates
of 15.9% and 24.5%, respectively. The corresponding rates
for the use of augments were 8.2% and 29.1%. In contrast, the
porous metal system augment had low revision and complica-
tion rates of 8.5% and 18.5%, respectively, thereby validating
the long-term stability of surgeries performed using bone
augments [16]. Therefore, this present study aims to design
a bone augment and to evaluate the porosity and fatigue
resistance, thereby determining the safety and stability of
biporous bone augments.

Titanium is used as a material for bone augments because
it has been proven to be safe for clinical use in humans.
Further, recent developments in three-dimensional printing
(3D-printing) technologies have brought 3D-printed prod-
ucts and research results into the spotlight. One advantage
of 3D-printing technology is its design for additive manu-
facturing (DfAM), helping fabricate bone augments of any
shape and size, which are otherwise difficult to manufacture
using conventional methods. DfAM enables the fabrication
of external porous structures for bone augments. Because this
3D-printing technology can fabricate the external appearance
of the bone-augment material with a porous structure, the ini-
tial fixation of the implant with the bone is enhanced and the
contact surface with the bone is widened. These elements
enhance the long-term bond between the bone augment and
the bone and induce a stable bond by stimulating bone growth
[17-22].

A study conducted by the Mayo Clinic and the Mayo
Foundation in 2004 examined the clinical results of bone-
augment surgeries. The study reported that the Harris hip
score increased from an average of 39.31 to 75.19 points in
16 patients who underwent hip-revision surgery with bone
augments. The patients were satisfied, except for one, who
required a second surgery [23]. Further, in a study performed
at the Rush University Medical Center in 2006 on 28 patients,
the modified Postel Merle d’ Aubigne score improved from
6.8 to 10.6 after an average of 3.1 years, following hip revi-
sion with porous structural bone augments [24]. The clinical
results confirmed that patients were satisfied with the com-
bination of hip-revision surgery with porous bone augments.

In this present study, bone augments with biporous struc-
tures were developed using 3D-printing technology, in which
the porosity and thickness of the internal and external sur-
faces were varied to maximize the functionalization of the
augment. The external surface was designed with a porous
structure for bone growth, whereas the internal surface was
designed with a porous structure to reduce the weight of
the augment. Porosity evaluation and fatigue tests were per-
formed to determine the safety and stability of the bone
augment.
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Bone augment
Design

The shape of the bone augment developed in this study is
shown in Fig. la. Because the bone augment was used in
conjunction with an acetabular cup implant during surgery,
a sharp edge was designed (Fig. 1b) to enhance its adhesion
with the cup. Further, as depicted in Fig. lc, if the edge of the
bone augment is round, a gap exists between the acetabular
cup implant and the bone augment. Consequently, there may
be microscopic movement of the contact surface, resulting
in gaps at the contact point with the bone. Therefore, the
augment was designed with a sharp-edge form to minimize
these problems.

The bone augment in this study was designed with two
types of holes: bottom-plane and angulation screw holes. A
variety of screw angles were used to improve the fixation
between the acetabular cup and the pelvis, as depicted in
Fig. 2a. To enable screw insertions in various directions, the
bottom-plane and angulation screw holes were designed to
provide screw angles of 11°-14° and 17°-24°, respectively
(Figs. 2b and 2c). The holes were shaped similarly to an
hourglass such that screws could be inserted from various
angles, regardless of the position of the augment insertion,
according to the bone loss.

Two types of frames were used for the bone augment. An
edge-frame structure was designed, as shown in Fig. 3, to
prevent damage to the printed support and porous structure
of the augment during 3D printing. In 3D printing, a com-
mon practice is to set a support on the bed and to place the
specimen on it. Therefore, the porous structure is damaged if
a dome edge is not used in the design. Moreover, in the event
that the porous structure form is combined with a 3D-printing
support, the porous structure may become damaged when the
support is removed. Therefore, inner and outer dome edges
were designed. The edge domes were designed with differ-
ent lengths to maximize the preservation of the shape of the
porous structure.

The bone augment comprised two different types of
porous structures (Fig. 4). In the first type, an irregular porous
structure was used to ensure the stability of the implant and to
induce long-term bone regeneration by increasing the contact
area with the bone. The area between the acetabular cup and
the bone augment was filled with bone cement to increase the
stability of the joint. In contrast, in the second type, a regular
porous structure was used to function as a framework for the
bone augment while minimizing its weight.

As depicted in Fig. 4, a 1.5-mm-thin wall frame was
designed to act as a boundary between the irregular and
regular porous structures to prevent structural instability
that might occur during 3D printing owing to the irregular
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Fig. 1 Hip-augment design:
a augment shape, b sharp edge, (a)
and ¢ smooth edge

Fig.2 a Angulation screw hole
and bottom-plane screw hole,

b bottom-plane screw hole, and
¢ angulation screw hole

Bottom plane screw hole

(b)

1M1°-14°

arrangement of the two porous structures. The connectivity — Size

of the two porous structures was considered as well.
The size of the developed bone augment was determined
based on the compatibility of the hip-replacement system
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Fig.3 a Inner—-dome—edge
frame and b outer—dome—edge (a)
frame

1.0 mm

(b)

Fig.4 Thin-wall frame at the
biporous contact point

Inner dome
edge frame

Outer dome
edge frame

Fig.5 Augment: a outer

diameter and b thickness

10 mm 15 mm

with the acetabular cup. Seven different sizes for the outer
diameter of the bone augment were designed at increments
of 4 mm within a 48-72 mm range (Fig. 5a); five different
values of the thickness were designed at increments of 5 mm
within a 10-30 mm range (Fig. 5b); and a total of 35 different
sizes were designed. Further, the hip-replacement system was
designed to be compatible with the acetabular cups sold in

@ Springer
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South Korea. The sizes were selected in consideration of the
specifications required for surgery. In the areas where the
hip-replacement system and augment did not fit perfectly,
the gaps were filled with bone cement at the joint interface.
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Fig.6 a Outer irregular structure (a)
and b inner regular structure
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Fig. 7 Illustration of volume percent void measurement [26]

Structure
Biporous structure

As is evident from Fig. 6, two types of porous structures
were integrated into the bone augment. An irregular porous
structure was applied to the outer surface of the bone aug-
ment where porous contact with the bone or acetabular cup
occurred from all directions of insertion. The high surface
roughness at the bone contact area improved the initial fix-
ation to the bone, thereby facilitating mechanical fixation.
In addition, the area in contact with the bone was set at
1 mm thick with a porosity of 60% or higher to induce
bone growth and to enhance postoperative biological-fixation
capacity [25].

The porous structure within the bone augment was
designed to have a regular morphology. This structure was
designed to reduce weight while supporting the load-bearing
capacity of the bone augment. Moreover, the structure was
designed to maximize the amount of free space by setting the
porosity to 70% or higher. A fatigue test was performed to
confirm the structural safety of the augment.

Safety and stability tests

Porosity test

The porosity method given in Fig. 7 was used according to
the ASTM F1854 standard to measure the porosity of the

designed augment. The bone augment was fabricated using
the powder-bed fusion method, and pure titanium material

4 \‘I \‘I \‘I \’I \‘I

NN I’\
AL
74 \‘I \‘I \‘I ’

Fig. 8 Combined model for finite element analysis (FEA)

was cut by machine processing to measure its cross sec-
tion. Thereafter, an optical microscope (OLYMPUS Co.,
Ltd., BX53M) was used to magnify the cross section of the
bone augment at 2.5 times magnification for the porosity
measurement test. The porosity was determined from the
cross-sectional image obtained with the optical microscope
using ImageJ (National Institutes of Health, USA). The pro-
gram includes a built-in function for determining the porosity
using Eq. (1). The porosity tests were repeated for four bone-
augment samples.

P, Fa 100% (1)
= — X 0,
‘TP

where Py represents the volume percent void, P, represents
the total number of counted points, and Pt represents the
total number of grid points.

Fatigue test
Worst-case selection

The designed bone augment was subjected to fatigue tests
to assess the mechanical safety of its biporous structure. For
these tests, a worst-case model was selected using finite ele-
ment analysis (FEA), which was performed using the static
analysis in Ansys (Ansys, Inc., USA).

The ball-head, liner, and cup followed by the bone aug-
ment were combined with the hip-replacement system to
develop a model for the analysis, as shown in Fig. 8. In the
combined model, bonded contact conditions were added to
the entire contact surface, and a setting was added to ensure
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Table 1 Specifications of the

combined models Specimen no. Cup Augment Liner Ball head
#1 48 mm Diameter: 48 mm 28/39 mm 28 mm (S)
# Thickness: 10 mm 28 mm (M)
#3 28 mm (XL)
#4 28 mm (XL_Skirted)
#5 28 mm (XXL)
#6 72 mm Diameter: 72 mm 36/62 mm 36 mm (S)
:; Thickness: 10 mm 36 mm (M)
#9 36 mm (XXL)
#10 40/62 mm 40 mm (S)
#11 40 mm (M)
40 mm (XXL)
Table 2 Mechanical properties - - - - - 3 -
for finite element analysis (FEA) Part Material Elastic modulus Poisson’s ratio  Density (kg/m”)  Yield strength
(GPa) (MPa)
Ball head  CoCr alloy 210 0.29 10,000 1600
Liner UHMWPE 1.2 0.46 940 27.6
Cup Ti6Al4V 113.8 0.342 4430 790
Augment  Pure titanium 105 0.37 4510 410
Area 1

/'.’

Ti Shell with
HA and no
screws

Fig.9 Load conditions for finite element analysis (FEA) (HA: hip
arthroplasty)

that the gap in the contact was smaller than 0.5 mm. Load
was applied as depicted in Fig. 9. Further, based on the study
by Fuchs in 2011, the model was developed by coupling a 72-
mm acetabular cup model of the highest specification with
a 10-mm-thick augment, which was also the thinnest model
in the 48-mm acetabular cup model (Table 1) [27]. Accord-
ingly, the liner and ball-head specifications were selected.
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Area 2

Fig. 10 Peak von-Mises stress (PVMS) measurement areas

The ball head was subdivided into S—XXL sizes based on
the stem insertion depth. The skirted model was a raised spot
on the part in contact with the stem. Table 2 summarizes the
mechanical properties of each material for the coupled mod-
els. Bond-contact conditions were added to the interfaces
of each coupled model. In the event of an equal load being
applied to all coupled models regardless of their magnitude,
a 5 N load was used to identify the worst case. The peak
von-Mises stress (PVMS) values were measured for all the
models and were compared. In addition, the PVMS values
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Table 3 Porosity test results Table 4 Results of the worst-case finite element analysis (FEA)
Sample Porosity (%) Pore size (um) Strut thickness (jLm) Specimen no. Combined model list PVMS (Pa)
#1 62.81 648.93 263.72 Areal  Area2
#2 64.98 65871 261.59 #1 48_48/10_28/39_28 (S) 208,300 170,400
#3 63.22 639.75 265.49 # 48_48/10_28/39_28 (M) 325900 157,800
#4 63.79 651.23 262.15 #3 48_48/10_28/39_28 (XL) 323,500 145,500
Average 63.70 649.65 263.24 #4 48_48/10_28/39_28 349,900 163,000
(XL_skirted)

#5 48_48/10_28/39_28 (XXL) 705,900 150,100
observed in the two areas where stresses were concentrated ~ #6 72_72/10_36/62_36 (S) 8803 88,860
(Fig_ 10) were measured. #7 72_72/10_36/62_36 (M) 5853 159,400

#8 72_72/10_36/62_36 (XXL) 962.5 214,200
Test method # 72_72/10_40/62_40 (S) 1700 141,600

#10 72_72/10_40/62_40 (M) 6086 103,100
The fatigue test procedure was as follows. As depicted — #11 72_72/10_40/62_40 (XXL) 9630 129,900

in Figs. 11a and 11b, the bone augment was fixed to a
UHMWPE jig using 35-mm screws, and the acetabular
cup was bonded to the UHMWPE jig and bone augment
using polymethylmethacrylate (PMMA) bone cements. Sub-
sequently, the cup was fixed to the UHMWPE jig using
15-mm screws, and the liner was attached to the cup using the
metal head (Fig. 11c). Thereafter, the sample was attached
to the base of the solution tank, as shown in Fig. 11d. Fur-
ther, a taper adaptor was used to attach the metal head to the
hydraulic actuator, and an axial load of 5340 N was applied
over a frequency of 15 Hz, with 10,000,000 cycles per six
samples. Additionally, the magnitude of the load was adapted
from the hip—stem—fatigue—test standard (ASTM F7206-6).

Results
Porosity test

The results of the porosity tests are given in Fig. 12 and Table
3. The 3D-printing method produced a thicker structure,
which meant that the values had to be adjusted to increase the
pore size. Therefore, the average porosity was calculated to
be 63.70%, which was higher than the designed porosity of
60%. The average pore size and strut thickness were 649.65
and 263.24 pwm, respectively.

Fatigue test
Worst-case selection results

The results of FEA for the worst-case selection are summa-
rized in Fig. 13 and Table 4. The highest PVMS values in
measurement areas 1 and 2 were 705,900 and 214,200 Pa,
respectively. Both were measured on the XXL-sized ball-
head model. However, because the relevant ball-head speci-

fications are based on models for which there is no actual
demand and which are not produced, the highest PVMS
value within the range of actual ball-head specifications was
determined considering the Specimen #4 model. Because
the Specimen #4 model measured 349,900 and 163,000 Pa
in measurement areas 1 and 2, respectively, this model was
selected as the worst case.

Fatigue test results

The results of the fatigue test are summarized in Table 5.
All six bone-augment samples that were tested underwent
10,000,000 cycles with a load of 5340 N without damage
(Fig. 14). There was no debris in the augment samples, which
confirms the structural stability of the bone augment.

Discussion

The objective of this study was to design a 3D-printable
bone augment with a biporous structure and to analyze its
structural stability and safety. A sharp edge was designed
for the bone augment to increase its adhesion within the
hip-replacement system, minimize the gap between the
acetabular cup and the bone augment, and minimize the
microscopic motion of the contact surface. Furthermore, two
types of holes were drilled in the bone stiffener to improve
the fixation force between the hip-replacement system and
pelvis. In clinical applications, a design that can be in close
contact with the bone and a hole angle that can allow diversely
inserted screws improves the fixation force between the bone
and augment.

As a biporous structure, the bone augment was designed
with outer irregular and inner regular structures. Its outer
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Fig. 11 Fatigue test setup: (a)
a prepared sample with
cup-liner and screw, b prepared
sample (full view), ¢ liner
seating setup, and

d hip-augment construct fatigue
test setup

(©) @

Fig. 12 Porosity test results: a Sample #1, b Sample #2, ¢ Sample #3, d Sample #4

irregular structure is in contact with the bone to increase the  regular structure, the inside of the bone augment is hollowed
roughness of the surface, thereby improving initial fixation,  to reduce its weight and improve its manufacturing stability.
inducing bone growth, and maintaining long-term fixation Porosity was also evaluated during fabrication to ensure
after surgery, whereas, through the application of the inner  that the structure was manufactured according to design spec-
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Fig. 13 Results of finite element analysis (FEA) for worst case: a Specimen #1, b Specimen #2, ¢ Specimen #3, d Specimen #4, e Specimen #5,
f Specimen #6, g Specimen #7, h Specimen #8, i Specimen #9, j Specimen #10, and k Specimen #11

ifications. In tests conducted based on ASTM F1854, an
average porosity of 63.70% was obtained, indicating that
the target porosity of 60% or higher was achieved. When
the porous structure for bone ingrowth is over 50%, optimal
bone growth can occur. Thus, the obtained average porosity
of 63.70% is highly significant because the higher it is, the
more bone growth induction can be increased [28, 29].

The bone augment designed in this study is characterized
by its biporous structure. Although the proposed augment
is functionally similar to other existing bone augments, its
biporous structure is intended to reduce the weight of the
implant and promote bone growth. Achieving these twin
objectives is not possible with a uniporous design. If the
porous structure is intended to reduce the weight of the

implant, the hip-replacement system will not be sufficiently
strong and will cause problems during its mechanical fix-
ation with the bone. In contrast, if the porous structure is
designed with the objective of stimulating bone growth, the
pore spaces are then smaller, and the weight of the implant
increases. Thus, we used a biporous structure in this study
to improve the twin objectives of weight reduction and the
bone growth induction of the implant.

The limitations of this study are as follows. Although the
porosity of the porous structure was measured to be 60%,
there is no evidence indicating a uniform distribution of the
porous structure in the bone augment, due to the test being
locally conducted at random locations. Random locations
are because the 3D-printing conditions may cause variations
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Fig. 14 Fatigue test samples after the test: a Sample #1, b Sample #2, ¢ Sample #3, d Sample #4, e Sample #5, f Sample #6

Table 5 Fatigue test results

Sample Test load (N) Cycles achieved Result

#1 5340 10,000,000 Runout, no visible
fractures or

dissociation

#2 10,000,000 Runout, no visible
fractures or

dissociation

#3 10,000,000 Runout, no visible
fractures or

dissociation

#4 10,000,000 Runout, no visible
fractures or

dissociation

#5 10,000,000 Runout, no visible
fractures or

dissociation

#6 10,000,000 Runout, no visible
fractures or

dissociation

in local porosity. Therefore, further studies are required to
validate the advantages of the proposed augment [26, 30].

Conclusions

In this study, we used 3D-printing technology to fabricate
bone augments with a biporous structure for total hip arthro-
plasty. We performed porosity and fatigue tests to evaluate
and validate the structural safety and durability of the fab-
ricated bone augments. To proceed further in this research
direction, user evaluation of the proposed bone augment

@ Springer

is necessary to confirm its clinical application in total hip
arthroplasty.
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