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INTRODUCTION

advancements in biomedical technologies, the number of surgeries performed per year is steadily increasing, along

with the tendency to operate on younger patients, instead of opting for less invasive, but seemingly less effective,
techniques [8,23,24]. In the previous decade, numerous modular-type prostheses were designed, thanks to the ease of
customizing a single design for the specific patient, as well as the advantages offered in the case of revision surgeries.
However, the history of failures in ill-desighed modular prostheses, along with the advancements in related medical and
engineering technologies, highlights the promise of fabricating prostheses by 3D printing [8,20].

T he Total Hip Arthroplasty (THA) is known to be one of the most common joint replacement surgeries. Due to
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The complex mechanical nature of human tissues and biomechanics, coupled with the variation of body characteristics
between different individuals, makes a technology capable of producing highly customized components particularly
appealing. Advantages include the capability of mimicking the patients’ extracellular matrix, increasing biocompatibility, and
the ability to manufacture complex shapes that, coupled with the CAD reconstruction of human limbs from medical imaging
techniques (such as Computed Tomography - CT and Magnetic Resonance Imagery - MRI), allow prosthesis design to be
custom fit for the patient. However, there are still limitations such as the time needed to print the necessary scaffolding, and
the stringent requirements for appropriate biocompatible materials, along with the extensive post-processing needed to
ensure an acceptable product.

The Ti-6Al-4V alloy, also known as TC4 alloy, object of this work, is a popular choice in total hip replacements. Its
advantages, compared to traditionally employed steel alloys, include high biocompatibility, resistance to corrosion in the
quite aggressive body environment, density comparable to bone tissue, lower elastic modulus, while possessing good fatigue
strength. Its main disadvantages are the poor shear behavior and wear resistance.

The use of additive manufacturing technology also allows to control the porosity of the component, so the elastic behavior
can be adjusted to be similar of that of the human bone, which possesses a far lower elastic module than that of the TC4
alloy. This is shown to help reduce bone resorption in the patient and increase the service life of the prosthesis [32].
However, the microstructure and mechanical properties of AM materials can be extremely complex [6,16,30,34]. The
properties of AM Ti6Al4V can exceed those of the conventional counterpart [13,29]. The work from Riemer & Richard
[31] showed how appropriate heat treatments in additively manufactured hip prosthesis are essential in extending the
component’s life, even for the purpose of damage tolerant design. In TC4 alloys, the objective of the annealing heat
treatment is to obtain a mixed alpha-beta microstructure from the starting alpha martensitic matrix of the as-built material.
However, mistakes in the manufacturing process, such as wrong cooling rates, can lead to the nucleation of alpha phases in
the beta phase grain boundaries, causing pitting and thus fatigue crack propagation [27].

The work of Molae & Fatemi [22] shows that, for additively manufactured T'C4 alloys subject to multiaxial load, the failure
mechanism and cracking behavior depend heavily on the microstructure, surface finish and the location of defects, ranging
from Low Cycle Fatigue (LCF) to High Cycle Fatigue (HCF) and shear stress.

The subject of this paper is to provide a feasible method, employing the latest application of numerical analysis techniques,
to analyze the structural behavior of a defective Ti6Al4V hip prosthesis, in order to correlate the propagation of defects to
the premature failures experienced by patients, especially of young age and athletic disposition.

Hanusova et al. [11] dealt with the causes of failure for THA implants, and found that, while TC4 alloys present excellent
fatigue behavior, manufacturing inaccuracies and micromotions located at the stem-neck interface, are the main causes for
premature implant failure. It was demonstrated that the stress concentration caused crack growth, accelerated by the higher
load expetienced by the limb during demanding physical activities.

The possibility to foresee materials and structures' behavior in virtual environments is extremely appealing in the medical
field to gain insight into failure mechanisms [18,33,35].

An MBD-FEM co-simulation was employed to investigate the crack propagation phenomenon, and to provide an example
of the residual life estimation using Linear Elastic Fracture Mechanics (LEFM) related techniques.

ANALYSIS PROCEDURE

was investigated by employing MSC Marc v2022, an implicit non-linear FEM commercial code. Implicit codes

ensure higher stability and accuracy and are particularly well-suited for the static fracture analyses conducted in this
study. Special attention was given to the meshing procedure to ensure an adequate representation of the femur's structural
dynamics while avoiding excessive simulation complexity. Additionally, co-simulation analysis was performed using Adams
v2022 and CoSim v2022. Adams will provide the Multi-Body Dynamics (MBD) simulation, while CoSim will facilitate the
integration of Adams and Marc simulations, allowing for a comprehensive evaluation of the femur’s response under the
dynamic loading conditions of a simulated gait analysis. An MBD-FEM co-simulation allows for custom, tailor made
simulation models, following the requirements in term of accuracy, performance and design optimization for the Industry
4.0 and 5.0 implementations.
The procedure employed in this work started from a previously developed [3] MBD model of an “android”, performing a
gait analysis, then the MBD-FEM co-simulation technology was implemented by coupling the android with a FEM model
of a femur subject to THA. A gait analysis featuring the “healthy” prosthesis was performed, to act as reference, as shown
in Figs. 1 and 2. Subsequently, two different series of defects were inserted in the hip prosthesis as cracks, in order to

T he structural dynamics of a human femur subjected to Total Hip Arthroplasty (THA) during a simulated gait analysis
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evaluate the fatigue life of the defective component. The co-simulation architecture dictates the need for the coherence of
measurement units between the MBD and FEM co-simulation files. For this reason, the results scalar, available in the Mentat
and scPOST post-processors, relative to stresses are to be intended as kPa.

Cycle: 1 p
Time : 0.000000 l

Equivalent Von Mises Stress
0.00

0.00

Figure 1: Co-Simulation post-processing at t=0s.

Cycle: 59
Time : 0.19%0000 i

Equivalent Von Mises Stress
319885. 00

159960. 48

35.98

Figure 2: Co-Simulation post-processing at t=0.19s, where the Von Mises stress peak is reached.

Model definition

The reference individual was an adult male 1.75m tall weighing 736N, as seen in [3]. The hip prosthesis employed is made
up of two parts: the acetabulum, which is typically made of a metal alloy sphere incapsulated in a low friction material, and
the actual prosthesis stem, made of metal alloy, that is inserted surgically in the femur. Fig. 3 shows a section view of the
stem insertion in the femur in the FEM model.

The CAD model of the prosthesis was sourced from a thesis work [5]. The surgical acrylic cement was instead realized with
an offset operation from the prosthesis stem. The actual configuration of the implants, including the amount and insertion
method of the surgical cement, can vary depending on the specific patient and on the surgeon’s judgment. The fundamental
workflow for the prosthesis implantation in a simulated environment is described in [12]. In this case, the prosthesis was
placed with its head’s axis in a position compatible with the removed femur’s head one. The three components were
assembled through Boolean operations. The prosthesis’ acetabulum was not modelled, as the purpose of this paper is not
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to investigate the failures related to it. Instead, given the complexity of sourcing the necessary clinical data, it was assumed
that its behavior can be approximated as an ideal spherical joint.

g]z

femur
prosthesis

cement

Figure 3: FEM model section.

Given the system’s geometry, a full 3D analysis was performed.

The global coordinate system was modelled with the x-axis representing the positive direction of motion, as well as the
body’s sagittal axis, the y-axis as the longitudinal axis (upper direction positive) and the z-axis as the transverse axis (left-to-
right direction positive).

The computational grid was created using the Patran volume automesher, with meshing parameters such as internal
coarsening and curvature control to ensure an accurate representation of the complex geometrical features and the contact
interfaces between different bodies, while still maintaining computational feasibility. 4-node tetrahedral elements with linear
interpolation functions were employed.

The available literature [2,7,23] shows that the current procedure for testing implants using finite element analysis is to use
static loads scaled to the patients’ body weight. In this case, the boundary conditions for the FEM model, showed in Fig. 4,
consist in a set of two nodes, placed at the same coordinates as the hip and knee joints in the MBD model, while linked,
respectively, to the nodes of the prosthesis head and femur lower epiphysis. Through these nodes, the exchange of
information between the MBD and FEM simulations, through the CoSim “glue” code, is realized, as shown in Fig. 5, and
the boundary conditions for the model are supplied.

I CoSimBC

Figure 4: Boundary conditions for the FEM model.
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[ Displacement matrix }

MultiBody Dynamics Non-linear FEM

| Stress and strain matrix |

Figure 5: Co-simulation process scheme.

The advantage of using such a procedure lies in the possibility to evaluate with good accuracy the load history acting on the
prosthesis, during a gait step, by taking into account the complete dynamics of the body, while retaining acceptable model
complexity and simulation time.

Material properties

Human bones are known to have a complex, strongly non-linear, mechanical behavior. For the purposes of the current
study, the entire bone was modeled as cortical bone, as the focus is on the prosthesis, and the contribution of the
trabecular bone sections is considered negligible. Therefore, an orthotropic linear elastic model was employed. The elastic
constants, reported in Tab. 1, were sourced from [20,28].

To differentiate the behavior along the axial direction (y) and the two transverse directions (x and z), two different sets of
parameters were employed.

Characteristic Value
Ey 18 GPa
Ez 12.5 GPa
Vay 0.36

Vy, 0.36

Vo 0.4

Gxy 6.6 GPa
Gyz 6.6 GPa
Gzx 4.5 GPa

Table 1: Bone elastic parameters [20,28].

The most common surgical cement employed is polymethylmethacrylate (PMMA), and its mechanical properties, including
yield and ultimate tensile strength, are expected to be of average value. among the pool of data supplied by [25].

Ti6Al4V was chosen as the prosthesis material due to its extensive use and proven performance in medical applications
[1,9].

Its yield and ultimate strength were evaluated according to the data used by [4], and are then assumed to be, respectively:
980MPa and 1000MPa.

Both the cement and the prosthesis were modelled with an isotropic elastic-perfectly plastic formulation, in order to reduce
isolated nodal stress spikes resulting from contact interferences.

The implant of the prosthesis in the femur through the cement was modelled assuming a “glue” contact between the
different parts, with a glue breakage stress assumed to be the cement’s UTS, at 75MPa [25].

Crack parametrization

Microstructural defects, related to the additive manufacturing process, are known to be favorable sites for crack initiation,
whose propagation can be critical, resulting the failure of the prothesis [27].

The purpose of this study is to evaluate the SIF resulting from the crack application (in various configurations) in order to
validate the model for predicting the evolution of damage in defective implants. Previous works on this subject [15,21]
estimate a component life of several years, so, coupled with the modest load experienced by the average patient, it is
unexpected to exceed the critical SIF (Kic) of the prosthesis in a single cycle. More attention is then placed on the fatigue
life of the component, meaning that the first objective of the study was to evaluate whether the SIF exceeds the threshold
(4Ky) for the linear regime in the Paris law. Then, more deep crack initiator surfaces were employed in order to obtain the
range of AKjand cycles to failure.
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The Virtual Closure Crack Technique, embedded in Marc, was employed. It follows the description used in R.Krueger [17].

43_»

Figure 6: Virtual Closure Crack Technique reference geometry [17]

Considering the crack geometry as reported in Fig. 6, and having defined G as the crack energy release rate, I'] as the energy
release, 4 as the defect size:

oIl
G=—— 1
Yy ©)
The total energy release rate is then computed as:
Gy =G+ Gy + Gy @

Due to current limitations concerning the implementation of remeshing techniques in the co-simulation interface, the
mechanisms of crack propagation were not investigated in the model. Instead, it was decided to estimate the crack growth
by employing the standard Paris law, using the AK; from the different crack geometries considered.

The Paris Law is featured as in Eqn. 3:

NG ©)
ON

where a refers to the crack size; IN is the number of load cycles; C and » are material constants and AK is considered as the
difference between the maximum and minimum SIF. Two additional parameters are considered: AK) is the AK threshold
value for the Paris law, and Kjc refers to the fracture toughness.

The variability of crack growth parameters in Ti6Al4V was investigated in [4,14], in which the authors showed that the
fabrication technique, subsequent heat treatments and crack growth direction relative to the build direction, play a significant
role in crack initiation and propagation phenomena. This work refers to a selective laser melting (SLM) Ti6Al4V subject to
an annealing heat treatment, performed at 890°C for two hours. The crack growth parameters are then referred to the
specimens showing the fastest crack growth, and are reported as in Tab. 2:

Parameter Value [unit]

AKu 3.48 [MPa*m®3)
Kic 53 [MPa*m"?]

C 2.04%10'2 [m/cycle]
m 3.83

Table 2: Crack growth parameters [4,14].

Procedure and results

A preliminary co-simulation analysis without defects in the model, similar to the one performed in [3], was conducted, in
order to estimate the critical sections for the bodies. The analysis consisted in a 1.24s long simulation of a single gait step,
performed with the considered leg.
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Predictably, the critical section of the prosthesis, in which the highest values of the Equivalent Von Mises Stress are found,
is in proximity of the edge between the prosthesis head and stem, as shown in Fig. 7. The maximum value in this area is of
319.8MPa, which is lower than the yield stress for the Ti6Al4V. However, considering that crack propagation is governed
by the maximum principal stress, it is important to evaluate how this quantity is distributed in the model. This is observed
on the opposite side of the prosthesis, reaching a maximum value of 270MPa, as shown in Figs. 8 and 9.

By examining the reaction forces acting on the boundary condition nodes, it was possible to confirm the multiaxial nature
of the load experienced by the prosthesis. For this purpose, the force components are expressed along the global reference
system, while the moment components act around the same axes. For t=0.19s, it was evident that the most influent
component was the moment resulting from the femur bending movement (M,), followed by the vertical component of the
force (Fy), caused by the body weight.

The total magnitude of the forces, labelled Joint Reaction Force according to the procedure used by [23], was calculated as:

JRE = [F2+F? + F} )

It was useful to also evaluate a Joint Reaction Moment, as:

]RM:,/Mj+Mj+M§ (5)

The resulting values, for the time increment here considered, amount respectively to 710.1N and 34.55Nm. The existing
literature estimates the force peak during gait to be about 3 times the body weight [23], but in the case of this simulation the
load was shown to be largely due to the bending moment.
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1.600e+05
1.281e+05
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[-.

n Mises Stress

Figure 7: Equivalent VM stress distribution on prosthesis in preliminary analysis at t=0.19s.
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Figure 8: Maximum principal value of stress distribution on prosthesis in preliminary analysis at t=0.19s.
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Figure 9: Maximum principal value of stress history on most loaded node in preliminary analysis.

Once the healthy model reference was obtained, the LEFM analyses were performed. The cracks are chosen to be surfacing,
in order to consider the most critical situation, featuring the highest Kj for the specific configuration. The crack orientation
follows the maximum principal stress vector at the crack tip coordinates in the initial, uncracked model. This approximation
is due to the current limitations in employing remeshing techniques in a co-simulation.

In the first set of analyses (here called Case 1X, with X being A B or C depending on the ascending crack size), the cracks
were initiated, by remeshing the model through the use of a set of three cutting planes, passing through the section of the
prosthesis exhibiting the maximum Equivalent Von Mises Stress, with increasing depth. (Figs. 10, 11, 12, 13, 14, 15). This
was done in order to obtain a series of AK; values, to estimate the propagation speed and the component residual life. The
crack tip area exhibited an average element size ranging from 0.2 to 0.5mm. The starting crack size was considered to be
the first showing a maximum K value higher than the threshold, the final crack size was the maximum size allowed before
resulting in the component plastic failure from the lack of a resistant section. This is highlighted by the presence of plastic
strain areas at the crack tip, as shown in Fig. 16.

A second series of analyses was performed, by also considering three increasing crack depths, called Case 2 (Figs. 17, 18,
19, 20, 21, 22). A particulatly critical situation was evaluated, where the starting crack tip reaches the node featuring the
maximum principal stress value in the preliminary analysis, with the final crack causing the component failure in the

following cycle. The AK7history for Case 2 is shown in Fig. 23.
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Figure 10: Case 1A mesh (crack depth: 2.1mm).
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Figure 12: Case 1C mesh (crack depth: 15.5mm).
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Figure 13: Case 1A Maximum principal value of stress distribution at t=0.19s.
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Figure 15: Case 1C Maximum principal value of stress distribution at t=0.19s.

Figure 16: Plastic strain areas (in blue) for Case 1C.
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Figure 19: Case 2C mesh (crack depth: 14.3mm).
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Figure 20: Case 2A Maximum principal value of stress distribution at t=0.19s.
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Figure 21: Case 2B Maximum principal value of stress distribution at t=0.19s.
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Figure 22: Case 2C Maximum principal value of stress distribution at t=0.19s.
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Figure 23: Case 2 AK7 history.

The results are then compared between the two cases, as shown in Tab. 3. Considering Case 1, while the crack tips exhibit
a noticeable stress concentration, according to the expected lobe shaped distribution from the tip, the AK; in Case 1C does
not reach the Kjc value for the material. Instead, as shown in Fig. 16, the component fails by exceeding the yield value for
the material and developing a noticeable plastic zone, due to the lack of sufficient resistant section.

While considering the Case 2 series of simulations, it is evident that both the stress and the AK; show higher values, as the
crack was initiated through the section showing the highest principal value of stress, which is known to be the cause for
crack nucleation and propagation. This is further exemplified in Figs. 24 and 25, where the two variables of interest’s growth
is plotted, for the two cases, against the crack depth increase. Fig. 26 provides the plot of the Paris law, in the specific
interval, for the two cases.

Case  Crack Maximum principal  AK;[MPa*m®5] Case  Crack Maximum principal ~ AK;[MPa*m®5]
1 depth value of Stress [MPa] 2 depth value of Stress [MPa]
[mm] [mm]
1A 2.1 426 3.8 2A 2.6 1503 16.6
1B 8.3 818 16.1 2B 8 2158 34.3
1C 15.5 1357 32.5 2C 14.3 2369 51.5
Table 3: Result scalar comparison between cases.
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Figure 24: Maximum principal stress increase with crack growth in the two cases.
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Figure 25: AK7 increase with crack growth in the two cases.
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Figure 26: AK7 versus 0a/ON for the two cases.

The Paris Law is then applied to estimate the cycles to fracture, in the two cases, as shown in Tab. 4:

Case 1 Crack growth [mm]| Cycles Case 2 Crack growth [mm] Cycles

1Ato 1B 6.2 1.3¥107 2Ato2B 54 5.5%104
1Btol1C 7.2 8.3*10* 2Bto2C 6.3 4.1%103
Cumulated 13.4 1.3*107  Cumulated 11.7 5.9%104

Table 4: Residual life estimation through LEFM in the two cases.

As expected, the crack growth in Case 1 is considerably slow, and is not endangering the life of the prosthesis. Instead, the
Case 2 shows a residual life of about 59000 cycles, placing it on the lower end of HCF as failure mode. As reported by [19],
the average elderly person, who is the principal recipient for THA operations, walks an average of 2700 to 7500 steps per
day. This results in a component life of merely 7 to 21 days and is far lower than the number of cycles a functional prosthesis
is required to expetience [10].
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CONCLUSIONS

a fracture mechanics analysis of a defective THA. The stress distribution and fatigue life of the component, subject

to realistic loads sourced from the MBD analysis, were evaluated, allowing to find the most critical configuration
for the crack, and to reach the conclusion that cracks occurring on a 3D-printed hip prosthesis, resulting from a defective
manufacturing process, can critically endanger the reliability of the implant, potentially causing injuries and requiring
additional surgical treatments. Even with the current study limitations, the CAE tools are then proved to be of assistance in
the analysis of the most pressing issues in the biomechanical engineering field. Further studies can stem from this work.

T he MBD-FEM co-simulation technique was employed to examine the innovative case of a gait analysis coupled with
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