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Abstract

Artificial joint revision surgery, as an increasingly common surgery in orthopedics,
often requires patient-specific prostheses to repair the bone defect. Porous tantalum
is a good candidate due to its excellent abrasion and corrosion resistance and good
osteointegration. Combination of 3D printing technology and numerical simulation
is a promising strategy to design and prepare patient-specific porous prostheses.
However, clinical design cases haverarely beenreported, especially from the viewpoint
of biomechanical matching with the patient’s weight and motion and specific bone
tissue. This work reports a clinical case on the design and mechanical analysis of
3D-printed porous tantalum prostheses for the knee revision of an 84-year-old male
patient. Particularly, standard cylinders of 3D-printed porous tantalum with different
pore size and wire diameters were first fabricated and their compressive mechanical
properties were measured for following numerical simulation. Subsequently, patient-
specific finite element models for the knee prosthesis and the tibia were constructed
from the patient’s computed tomography data. The maximum von Mises stress and
displacement of the prostheses and tibia and the maximum compressive strain of
the tibia were numerically simulated under two loading conditions by using finite
element analysis software ABAQUS. Finally, by comparing the simulated data to
the biomechanical requirements for the prosthesis and the tibia, a patient-specific
porous tantalum knee joint prosthesis with a pore diameter of 600 um and a wire
diameter of 900 um was determined. The Young’s modulus (5719.32 + 100.61 MPa)
and yield strength (172.71 + 1.67 MPa) of the prosthesis can produce both sufficient
mechanical support and biomechanical stimulation to the tibia. This work provides
a useful guidance for designing and evaluating a patient-specific porous tantalum
prosthesis.

Keywords: Porous tantalum; Finite element analysis; Artificial joint revision surgery;
Biomechanics
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1. Introduction

Artificial knee arthroplasty is one of the most common and
successful orthopedic surgeries for the treatment of end-
stage knee disease!!. However, after the joint replacement, a
series of complications such as infection, bone resorption, or
aseptic loosening may require joint revision surgery. Among
various materials for joint revision surgery, porous tantalum
has attracted extensive attention because of its clinically
validated excellent abrasion, corrosion resistance, and
osteointegration®*!. More importantly, it has been noticed
from joint revision surgery that the geometrical shape of bone
defects and the mechanical properties of surrounding bone
tissue vary with patients and bone defect sites. Consequently,
the commercialized standard modular blocks cannot match
the bone defect region geometrically and biomechanically.
Development of patient-specific porous tantalum prostheses
with matching shape and biomechanics may help to increase
the success rate of joint revision surgery.

Extensive tracks and clinical follow-up observations
have proven that porous tantalum as various prostheses can
induce strong osteointegration and produce satisfactory
repair outcomes'®'!. The earliest technology employed to
fabricate porous tantalum is chemical vapor deposition?.,
The representative manufacturer is Zimmer. Tantalum has
a high melting point of ~2996°C!"*. With the development
of 3D printing technologies, some technologies capable of
providing a temperature high enough to melt tantalum,
such as electron-beam-melting-based and laser-melting-
based technologies, are being employed to fabricate porous
tantalum*1¢. The fabricated porous tantalum prostheses
geometrically match well with the bone defect and result
in effective osteointegration and treatment!'®. In addition
to geometrical matching, ideal patient-specific porous
tantalum prostheses should have appropriate mechanical
properties to guarantee the mechanical safety of both the
prostheses and the bone tissue!'?"l. Therefore, regulating
and measuring the mechanical properties of tantalum
prostheses seem critically important.

Pore size and wire diameter are two critical parameters
in 3D printing to regulate the mechanical properties
of scaffolds. However, it is difficult to carry out in vivo
mechanical tests on the implanted prostheses or the bone
tissue. Therefore, numerical simulation of the in vivo
biomechanical responses by using finite element analysis
(FEA) becomes a more effective approach”**. FEA can
provide the mechanical responses of bone tissue2 and
prostheses”=" under various mechanical environments,
which in turn is valuable to guide the design and fabrication
of prostheses. Despite the wide applications of FEA, few
studies were reported on its application in the clinical
design of patient-specific 3D-printed porous tantalum

prostheses, especially in the evaluation of the designed
prostheses from the viewpoint of bone biomechanics.

This paper reports a clinical case on the application of
FEA in designing patient-specific tantalum prostheses with
an appropriate pore size and wire diameter for knee joint
revision. Particularly, standard porous tantalum cylinders
with various pore sizes and wire diameters were first
fabricated by using a selective laser printing technology and
their compressive mechanical properties were measured.
Subsequently, FEA models on the patient-specific tibia and
prostheses were developed from the patients computed
tomography (CT) data. By using the models, the maximum
von Mises stress and displacement for porous tantalum
prostheses and tibia and the maximum strain for the tibia
were numerically simulated. Finally, according to the
biomechanical requirements on both the prostheses and
the tibia, the tantalum prostheses with appropriate pore size
and wire diameter were determined. This work provides a
valuable reference for the clinical design of porous tantalum
prostheses for joint revision surgery.

2. Materials and methods

2.1 Mechanical test

Seven kinds of standard cylinder porous tantalum samples
(diameter 15 mm, height 20 mm) with a pore shape of
dodecahedron were manufactured using a selective laser
melting (SLM; FARSOON Technology, China) system
by Zhuzhou Printing Additive Manufacturing Co. Ltd in
Hunan Province, China. The fabrication was performed
in argon atmosphere with a laser power of 250 W, a laser
scanning speed of 150 mm/s, and an energy density of
241.5 J/mm?®. Different pore size (900-1500 pm) and wire
diameter (300-600 pm) were selected. To simplify the
description, the sample with a wire diameter of m and a
pore size of n was recorded as m/n. The specific pore and
wire diameter information is shown in Table 1.

The uniaxial compression mechanical tests were
carried out by using AG-X50kND electronic universal
material testing machine from SHIMADZU, Japan. All
the test samples were compressed at a loading rate of
1 mm/min until 50% strain occurred. The diameter (d)
and height (h) of the sample were measured with a caliper
before experiment. The cross-sectional area of the sample
(A) was calculated using A = 1 x (d/2)*. According to the
obtained stress—strain curves, the Youngs modulus and
yield strength were calculated. At least three specimens
were tested for each sample.

2.2. Construction of the tibia and prosthesis models
The patient was an 84-year-old male with severe
osteoarthritis in his left knee. After 16 years of left knee
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Table 1. Pore structure information and compressive mechanical properties of standard porous tantalum cylinders

Sample Wire diameter Pore diameter Porosities Mechanical properties (MPa)
() () (%) Young’s modulus Yield strength

300/1200 300 1200 93.71 1302.83 £ 76.96 23.25+0.06
450/900 450 900 82.37 4998.09 + 69.74 106.36 + 0.17
450/1200 450 1200 88.11 2968.83 + 31.76 76.19 £ 0.65
450/1500 450 1500 91.60 2907.64 + 14.04 49.14 + 0.64
600/900 600 900 76.46 5719.32 +100.61 172.71 + 1.67
600/1200 600 1200 83.32 4660.56 + 187.07 109.19 + 1.40
600/1500 600 1500 87.24 3743.04 + 36.77 78.45 +1.01

arthroplasty, severe pain forced him to receive a revision
surgery. The CT imaging data of the patient were collected
and provided by Southwest Hospital of Army Medical
University. Specifically, the two-dimensional image data
of the full length of the patients lower extremities, i.e.,
from the pelvic position to below the ankle position,
were collected using a spiral CT machine (Siemens Inc,
Germany) with a scanning angle of 360° at the Southwest
Hospital of Army Medical University. The scan layer
thickness and kilovoltage peak (kVp) were set as 1.5 mm
and 140 kV, respectively. Medical image processing
software Mimics 20.0 (Materialise NV, Belgium) and
Geomagic Studio 2013 (Geomagic Inc, USA) were utilized
to reconstruct the patient’s 3D tibia bone model. Based
on the constructed tibia bone model, a patient-specific
prosthesis geometrically matching the bone defect site in
the tibia was designed by using CAD design software NX
12.0 (Siemens PLM, USA).

2.3. Finite element simulation

The finite element models of the prosthesis and tibia
were constructed and simulated using finite element
simulation software ABAQUS 6.12 (SIMULIA, USA). Ten-
node secondary tetrahedral element (C3D10) was used
in this study. Before presenting the results, a mesh study
was conducted to solve the mesh dependence problem.
Four mesh sizes of the tibia were employed to compare
the stress situation. The mesh size resulting in minimum
computational time was regarded as appropriate.

2.3.1. Material properties

The material property of the porous tantalum prosthesis
was defined as an isotropic homogeneous material. The
Young’s modulus of the prosthesis was assigned according
to the equivalent Young’s modulus of tantalum samples
obtained from uniaxial tests in section 2.1. Poissons
ratio was 0.3. The material property of the patient’s tibia,
according to previous reports®"*?, was assigned as cortical
bone with an elastic modulus of 20,000 MPa and Poisson’s
ratio of 0.3.

2.3.2. Boundary conditions

A general analysis of static mechanics with binding contact
between the tantalum prosthesis and the tibia was used.
In this case, the lower end of the tibia was fixed in all
direction, while the load was uniformly distributed over
the tibia plateau at the upper end of the prosthesis. Based
on the patient’s weight (71 kg), a uniform force of F1 =
350 N was applied to the upper end of the prosthesis to
simulate the normal standing posture on two legs, and
a uniform force of F2 = 700 N was applied to simulate
the patient’s standing posture on single leg and climbing
stairs postures. The boundary conditions for the FE model
considering both the load and the restriction of movement
are illustrated in Figure 1d.

2.3.3. Maximum strain calculation

The maximum strain (¢) of the tibia was employed to
indicate the biomechanical response of the tibia. The ¢ was
calculated using & = o/E, where o is the von Mises stress of
bone tissue adjacent to the prosthesis and E is the Young’s
modulus of bone tissue.

3. Results

3.1. Mechanical test

Figure 2 shows the fabricated standard cylinders of porous
tantalum and their typical compression stress—strain
curves. The initial nonlinear phase of the stress—strain
curve should be a result of some small uneven struts
yielding locally®*~\. The Young’s modulus was represented
by the slope of the linear range of the curves. The yield
strength was defined as the stress at 0.2% offset strain since
the yield points were not clear™. The Young’s modulus and
yield strength of the samples are summarized in Table 1.

The pore size and wire diameter were observed
to significantly influence the mechanical properties
of the 3D-printed porous tantalum. Specifically, for a
predetermined pore size, both the Young’s modulus and yield
strength increased with the increasing wire diameter. On
the other hand, for a predetermined wire diameter, both the
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(a)

(b)

(d)

Figure 1. Illustration of the finite element models for (a) the prosthesis, (b) the tibia, (c) the assembly, and (d) the boundary and loading conditions.

Young’s modulus and the yield strength decreased with the
increasing pore size. The sample 300/1200 demonstrated
the minimum Young’s modulus (1302.83 + 76.96 MPa)
and yield strength (23.25 + 0.06 MPa), whereas the sample
600/900 saw the maximum Young’s modulus of 5719.32 +
100.61MPa and yield strength of 172.71 + 1.67 MPa.

3.2. Construction of the tibia and prosthesis models

Figure 3a shows the constructed tibia model from the
CT data of the patient. An obvious bone defect was
observed on the tibia adjacent to the artificial knee joint
(arrow indicated). In order for implantation of a new total
knee arthroplasty (TKA), a patient-specific prosthesis
(Figure 3b) to the tibia defect (Figure 3c) was designed, and
its in vivo position in the tibia (Figure 3d) was simulated.
The obtained models were used for the following FEA
simulation in this work.

3.3. Finite element simulation

Four mesh sizes of the tibia were employed to compare
the stress situation. The number of the total meshes in
each model was Gridl = 79,671, Grid2 = 81,422, Grid3 =
105,145, and Grid4 = 128,701. Figure 4 shows the mesh
dependency based on the maximum von Mises stress of
the tibia. The accessible error between the Grid3 and
the Grid4 model was 7.9%. Since Grid3 resulted in a less
computational time than Grid4, Grid3 was chosen as the
source mesh. The final number of meshes was 105,145,
including 58,858 meshes for prosthesis (Figure la) and
46,287 meshes for patient’s tibia (Figure 1b).

Since the constructed prosthesis model geometrically
matched well with the tibia (Figures 1c and 3d), a general
analysis of static mechanics with binding contact was used

for FEA simulation. According to the boundary conditions
shown in Figure 1d, the von Mises stress and displacement
of the tantalum prosthesis and the tibia at a standing posture
on single leg and on two legs were numerically simulated.
The maximum von Mises stress occurred at the contact
region between the prosthesis and the tibia (Figures 5a
and 6a), whereas the maximum displacement appeared on
the upper surface of the prosthesis (Figures 5b and 6b).

For ease of comparison, the maximum von Mises
stress and maximum displacement of various prostheses
and the corresponding values for the tibia were collected
and shown in Table 2 for single-leg standing posture and
in Table 3 for two-leg standing posture. The maximum
strain of the tibia adjacent to the prosthesis was further
simulated. When standing on single leg (Table 2), the
maximum von Mises stress varied from 24.56 MPa
(300/1200) to 26.87 MPa (600/900) for the prostheses and
from 53.65 MPa (600/900) to 69.64 MPa (300/1200) for the
tibia. All of the prostheses and tibia demonstrated small
displacement of less than 0.15 mm. It is worth noting that
the maximum strain of the tibia varied from 2682.5 ue
(600/900) to 3482.5 pe (300/1200), and only those tibias
adjacent to the prostheses 450/900, 600/1200, 600/1500,
and 600/900 demonstrated a maximum strain in the
range of 400-3000 pe. Regarding the standing posture
with two legs (Table 3), the maximum von Mises stress
values of the prostheses and tibia were all smaller than
their corresponding values for single-leg standing posture.
The prostheses saw the maximum von Mises stress from
12.28 MPa (prosthesis 300/1200) to 13.44 MPa (prosthesis
600/900) and the tibia saw the maximum von Mises
stress from 26.82 MPa (prosthesis 600/900) to 34.82 MPa
(prosthesis 300/1200). The maximum node displacements
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Figure 2. The standard porous tantalum cylinders (1/n) with various wire diameters (1) and pore sizes (1) (a) and their compressive stress—strain curves (b).
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Figure 3. 3D models for the constructed tibia and prosthesis. (a) The original tibia constructed from the CT data; the arrow indicates the defect site. (b)
The designed prosthesis. (c) The polished tibia. (d) The assembly.
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Figure 4. Mesh dependency of the maximum von Mises stress of the tibia.
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Figure 5. von Mises stress distribution (a) and node displacement distribution (b) of the prosthesis and tibia at a single-leg standing posture.
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Figure 6. von Mises stress distribution (a) and node displacement distribution (b) of the prosthesis and tibia at a two-leg standing posture.
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Table 2. Maximum von Mises stress and node displacement of the prostheses and tibia at a single-leg standing posture

Sample Maximum von Mises stress (MPa) Maximum displacement (mm) Maximum strain
Prostheses Tibia Prostheses Tibia of tibia (e)
300/1200 24.56 69.64 0.11890 0.04871 3482.0
450/900 26.67 54.87 0.06250 0.04523 2743.5
450/1200 25.85 60.20 0.07526 0.04651 3010.0
450/1500 25.82 60.43 0.07594 0.04656 3021.5
600/900 26.87 53.65 0.06025 0.04493 2682.5
600/1200 26.57 55.53 0.06381 0.04539 2776.5
600/1500 26.22 57.72 0.06865 0.04592 2886.0

Table 3. Maximum von Mises stress and node displacement of the prostheses and tibia at a two-leg standing posture

Sample Maximum von Mises stress (MPa) Maximum displacement (mm) Maximum strain
Prostheses Tibia Prostheses Tibia of tibia (pe)
300/1200 12.28 34.82 0.05946 0.02435 1741.0
450/900 13.34 27.44 0.03125 0.02262 1372.0
450/1200 12.93 30.10 0.03763 0.02326 1505.0
450/1500 1291 30.22 0.03797 0.02328 1511.0
600/900 13.44 26.82 0.03012 0.02247 1341.0
600/1200 13.28 27.77 0.03190 0.02270 1388.5
600/1500 13.11 28.86 0.03432 0.02296 1443.0
200 200
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Figure 7. Comparison of the yield strength and the maximum von Mises stress of the prostheses at a single-leg (a) and two-leg (b) standing posture.

of all the prostheses and tibia were less than 0.06 mm.
Comparison of the maximum von Mises stress indicated
that the tibia always had a higher maximum von Mises
stress than the corresponding prosthesis (Tables 2 and 3).

To indicate the potential of the porous tantalum prostheses
to resist the mechanical loading from the patient weight and
standing postures, the yield strength and the maximum von
Mises stress of the prostheses are listed and compared in

Figure 7. It was noted that, with single-leg standing posture,
the maximum von Mises stress of the prosthesis 300/1200
exceeded its yield strength, suggesting that the prosthesis
300/1200 is too weak to be eligible for the revision surgery.

4, Discussion

Itis well known that artificial knee arthroplasty is an effective
orthopedic surgery for the treatment of the end-stage knee
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disease. Porous tantalum has been widely used in primary
and revision joint replacement surgery for more than 20
years, yet the clinical design of patient-specific porous
tantalum prostheses has rarely been reported. In this work,
we designed a patient-specific porous tantalum prosthesis
from the viewpoint of biomechanics with the help of FEA.
The designed prosthesis geometrically and biomechanically
matches well with the defected tibia of the patient.

The mechanical properties of porous tantalum are
indispensable parameters for FEA-based numerical
simulation. Pore shape, pore size, and wire diameter are
the main factors influencing the mechanical properties
of a 3D-printed scaffold. In this work, the pore shape
was set as dodecahedron, a pore shape similar to that in
cancellous bonel***l. Theoretically, the pore size and wire
diameter can be set as any value. However, the limit of
printing precision generally determines the minimum
wire diameter. Accordingly, in this work, the wire diameter
from 300 to 600 um and the pore size from 600 to 1500 pm
were selected (Table 1), and SLM was employed to print
the standard porous tantalum samples (Figure la). The
Young’s modulus and yield strength (Table 1) were collected
to provide mechanical parameters for FEA numerical
simulation and biomechanical evaluation.

To realize the patient-specific design of prosthesis,
the 3D models of both the prosthesis and the tibia were
constructed from the CT imaging data of the patient
(Figure 2a), and the shape of the prosthesis was designed
to match well with the bone defect (Figure 2b and 2c). It
is known that the bone tissue is a stress-sensitive tissue
and the perceived stress by bone tissue directly affects
the growth of bone tissue™*. Accordingly, in addition
to the geometrical matching, the biomechanical matching
of the prosthesis was proposed as well in this work.

Imaginably, after the prosthesis is implanted into the
bone defect site, the mechanical loading, originating
from the patient’s weight and motion, is applied to the
prosthesis and then transferred to the tibia. Therefore, the
magnitude of the perceived stress by the tibia is closely
related to the mechanical properties of the prosthesis.
Ideally, at least three basic requirements for the mechanical
properties of the prosthesis should be satisfied. First, the
compressive strength should be high enough to withstand
the mechanical load. That is, the prosthesis should have
mechanical safety. This can be satisfied should the yield
strength of the prosthesis be higher than the exerted
compressive stress. Second, the Young’s modulus of the
prosthesis should be appropriate to allow the transmission
of sufficient mechanical load to the tibia and induce
enough strain to stimulate tibia growth, by which stress
shielding is avoided. This can be defined as biomechanical

effectiveness of the prosthesis. Frost!") and Cowin® found
that human physiological strain (400-3000 pe) is beneficial
to bone tissue’s growth. Lower strain (<50-100 pe) leads
to bone resorption and higher strain (>3000 pe) may
damage bone tissue. Therefore, in this work, a Young’s
modulus promising a tibia strain of 400-3000 pe can be
regarded to satisfy the biomechanical effectiveness. Third,
the transmitted mechanical load from the prosthesis to
the tibia cannot be too high and damage the tibia, which
means that the prosthesis should promise the bone
mechanical safety. Some studies have indicated that the
yield strength of cortical bone tissue in healthy adults is
close to 60 MPa; when the perceived stress exceeds 60 MPa
(or strain exceeds ~3000 pe), the bone tissue is liable to
be damaged™. Therefore, when the perceived stress is less
than 60 MPa, the prosthesis is mechanically safe to the
bone. By comparing the simulated maximum von Mises
stress and displacement and the maximum strain data with
these three requirements, the biomechanical matching of
the prosthesis can be evaluated and the appropriate wire
diameter and pore size of prostheses can be determined.

(i) First, according to the requirement for prosthesis
mechanical safety, the prosthesis with a wire
diameter of 300 and a pore sized of 1200 (from
samples 300/1200) should be excluded since its yield
strength is lower than the maximum von Mises
stress at single-leg standing posture and may lead to
destruction of the prosthesis after the prosthesis is
implanted (Figure 7).

(ii) Although all the maximum von Mises stresses of the
tibia were obviously lower than 60 MPa at a two-leg
standing posture, those prostheses from 450/1200
and 450/1500 demonstrated a maximum von Mises
stress of >60 MPa at a single-leg standing posture.
This means that, when these two prostheses are
implanted, the tibia at a single-leg standing posture
may be broken. Therefore, the prostheses from
450/1200 and 450/1500 cannot be used.
(iii) Regarding the rest prostheses from 450/900,
600/1200, 600/1500, and 600/900, the tibia strains
produced by the transferred mechanical load from
body weight and motion were all within 400-3000 pe
both at a single-leg standing posture and at a two-leg
standing posture, satisfying the second requirement
for bone biomechanical effectiveness.

In brief, the mechanical tests and numerical simulation
indicate that the prostheses from 450/900, 600/1200,
600/1500, and 600/900 satisty all the three requirements
mentioned above and thus are suitable implants for the
knee joint revision injury of the patient. The prosthesis
from 600/900 was finally selected for clinical implantation
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in 2017. Follow-up observations of about 5 years indicate
that the designed and fabricated prosthesis integrates well
with the surrounding bone tissue and the patient can
take normal movements without any discomfort (data
not shown), supporting our numerical simulation results.
Our attempts by combining patient-specific design and
numerical simulation of the 3D-printed prostheses provide
a valuable paradigm for prostheses design and may help to
improve the success rate of implants. However, it should
be noted that, bone tissues are anisotropic and their
mechanical properties are patient- and site-specific. Future
work should take bone tissues as anisotropic rather than
isotropic materials. In addition, a quantitative relationship
between the patient’s CT data and the bone mineral density
and bone mechanical properties should be established,
by which the patient- and site-specific bone remodeling
process followed by implantation of the prostheses could be
applied for FEA and biomechanical matching evaluation.

5. Conclusion

In this work, we successfully constructed FEA models for
the tibia and the patient-specific prosthesis based on the
patient’s CT data. By using the models, together with the
mechanical properties of 3D-printed porous tantalum
and the patient’s weight and postures, the maximum von
Mises stress and displacement and compressive strain were
simulated. Finally, by comparing the simulated data with
the biomechanical requirements for the prosthesis, the
porous tantalum prostheses with sufficient mechanical
support to knee joint and matchable biomechanical
stimulation to tibia were successfully determined. This
work provides a valuable paradigm for designing and
evaluating porous tantalum prostheses and may help to
improve the success rate of implants.
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