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Abstract: With the change of people’s living habits, bone trauma has become a common clinical
disease. A large number of bone joint replacements is performed every year around the world. Bone
joint replacement is a major approach for restoring the functionalities of human joints caused by
bone traumas or some chronic bone diseases. However, the current bone joint replacement products
still cannot meet the increasing demands and there is still room to increase the performance of
the current products. The structural design of the implant is crucial because the performance of
the implant relies heavily on its geometry and microarchitecture. Bionic design learning from the
natural structure is widely used. With the progress of technology, machine learning can be used to
optimize the structure of bone implants, which may become the focus of research in the future. In
addition, the optimization of the microstructure of bone implants also has an important impact on its
performance. The widely used design algorithm for the optimization of bone joint replacements is
reviewed in the present study. Regarding the manufacturing of the implant, the emerging additive
manufacturing technique provides more room for the design of complex microstructures. The
additive manufacturing technique has enabled the production of bone joint replacements with more
complex internal structures, which makes the design process more convenient. Numerical modeling
plays an important role in the evaluation of the performance of an implant. For example, theoretical
and numerical analysis can be carried out by establishing a musculoskeletal model to prepare for
the practical use of bone implants. Besides, the in vitro and in vivo testing can provide mechanical
properties of bone implants that are more in line with the implant recipient’s situation. In the present
study, the progress of the design, manufacture, and evaluation of the orthopedic implant, especially
the joint replacement, is critically reviewed.

Keywords: orthopedic implant; bionic design; additive manufacturing; numerical evaluation

1. Introduction

Bone trauma is a serious disease affecting the whole population worldwide. In
many instances of bone trauma, especially those occurring in elderly people, bone joint
replacement surgery has to be performed. Among these surgeries, hip and knee joint
replacements are very common. According to statistical data, more than one million
total hip replacements are performed each year in the world. In 2017, approximately
37,000 primary total hip replacements were performed in Australia and 97,000 in the
UK [1]. Due to an increase in outdoor and sports activities combined with unhealthy
food, the hip joints can thus be damaged. Nowadays, people’s eating habits are very bad
for bone health. For example, an excessive intake of salt will cause the loss of calcium,
which in turn affects the health of bones. Patients suffering from joint pain and undergoing
total joint arthroplasties, including total hip arthroplasties (THA), are getting younger and
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younger [2]. Due to these high demands, many different bone joint replacement products
have been designed and relevant worldwide companies have become well established,
e.g., DePuy, Johnson & Johnson, Smith & Nephew. The installation of joint replacements
has enabled the restoration of human joint movement and, therefore, the daily activities of
the human. However, there are still many issues related to the current joint replacements.
For example, the wear and the micro-motion at the interface of the joint are still unsolved
challenges, which cause the early failure and loosening of the joint replacement products [3].
The dislocation of the femur head is another common issue related to joint replacement. The
design of the shape and microstructure of the joint replacements is one effective approach
to solve these challenges because the shape and microstructure of the replacements can alter
the load distribution and consequently the issues surrounding wear and head dislocation
might be relieved [4].

In the field of bone joint replacement, as design approaches and manufacturing tech-
niques advance, bone joint replacements have changed significantly and their performance
has improved significantly. Design, manufacture, and evaluation are three important as-
pects of bone joint replacement. They are interconnected and influence each other. For
example, advanced manufacturing technology enables the design of joint replacements
with complex internal structures. Performance evaluations of joint replacements push the
development of manufacturing. Therefore, in the present study, a critical review of the
design, manufacture, and performance evaluation of bone joint replacements is provided
to advance further developments in this field.

2. Review of the Design of the Bone Joint Replacement

The design of a bone joint replacement plays an important role in improving the
performance of the joint replacement. The design objectives, the design variables, and
the design constraints are the three key elements in the design. Ideally, the bone implant
should have similar hierarchical configurations on multiple scales. Besides, the implant
should possess properties similar to the host bone to match the mechanical performance.
Therefore, the implant should possess both adequate stiffness to resist the physical loading
and sufficient permeability since the transportation of cells requires the flow of blood
through the implants [5]. Regarding the design objective for the design of bone joint
replacements, hip and knee implants are the main objects of study due to their high level
of demand. Regarding the design variables for the design of bone joint replacements,
several studies have analyzed the size and profile of the implant. On the other hand, the
stiffness of the implants is also very important, because the stiffness is closely related to
the stress-shielding effect. A high stem stiffness means that most of the load is transferred
from the prosthetic head to the distal femur by the stem itself. So, the bone tissue load in
the epiphyseal region of the proximal femur is significantly lower than the physiological
load. This effect is called ‘stress shielding’. Therefore, a structure with proper stiffness
should be selected as the implant to prevent the stress-shielding effect caused by high
stiffness [6]. écigala et al. [6] used internal lattice structures to reduce the stiffness of the
hip endoprosthesis. They designed new structures and used the finite element method
to analyze the stiffness of the implants. Their results showed that the use of inner lattice
structures reduced implant stiffness and therefore potentially avoided the stress-shielding
effect (Figure 1).
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Reduce the stiffness
and avoid the stress-

— shielding effect

(a) Lattice model (b) Geometric models (c) FEM model (d) Better performance

Figure 1. An example of obtaining better performance by designing a new structure. Adapted from
reference [6].

Design constraints for the design of bone joint replacements mainly occur due to tech-
nical limitations or design precision requirements. For example, the porous microstructures
that have emerged in recent years can be manufactured by additive manufacturing (AM),
but the accuracy of printing should be improved to meet the requirements. As mentioned
above, patients are getting younger and younger, and thus Shaik et al. [7] investigated
the durability of the implant and the effects of the size of the femoral ball on the stress
state in the implant were investigated. The durability of the implant is determined by
the bio-compatibility of materials, wear characteristics, and the implant shape [7]. The
durability of the implant can fully reflect its working life compared with fatigue (the
initiation and propagation of cracks in a material due to cyclic loading). In Table 1, the
2-D model established by the author is shown. The main research objects are D region
(neck region) and E region (contact region) in the figure, the regions A, B and C are fixed.
Kladovasilakis et al. [8] minimized the stiffness of the prosthesis to avoid stress shielding
and minimize the implant’s weight at the same time. Minimizing the weight is defined
as maintaining the desired mechanical properties while reducing the mass of the struc-
ture. Abdellah et al. [9] introduced a novel methodology to realistically design cemented
hip prostheses by controlling the size of the implant cross sections, and they minimized
Young’s modulus in this way. Thus, the stiffness is minimized to avoid stress shielding.
However, further in vivo experiments need to be conducted to verify this conclusion. As
mentioned above, the stiffness of the structure has an important influence on its mechanical
and biological properties. Thus, the stiffest design method is an effective optimization
method. The stiffest design method generally comprises the optimization of size, shape,
and topology. Nowak et al. [10,11] have conducted a lot of research on the stiffest design
through mathematical models. In their work, the main assumption is that there is a constant
strain energy density on the structural surface. The compliance, C, is defined as the work
of the given loading performed on the displacements caused by the same loading [10]. The
compliance can be defined by mathematics as [10]:

J(Q) = /r tu ds )

The goal of the stiffest design method is to maximize the stiffness of a structure. In this
case, the stiffness of the structure is equal to the inverse of the compliance, which means
that the goal of the stiffest design method is to minimize the compliance, C. Thus, the
goal is to minimize Equation (1). Regarding the constraint in this case, the volume of the
material in the design domain is usually limited [11]. The constraint is the given volume
which defined as [10]:

dx—Vp =0 )
(%)

For the standard elasticity system, the state equations are defined as [10]:
divo(u) =0 inQ (3)

o(uyn=t only 4)
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where () represents the domain of the elasticity system, u represents the displacement, o(u)
represents the stress tensor, I'g represents part of the boundary with the Dirichlet condition,
I'y represents part of the boundary loaded by traction forces t, and I'y represents part of the
boundary subject to modification.

Table 1. The design of hip joint replacements.

Representative Study Design Objective Design Variable Design Constraints References
15
The diameter of the The thickness of the
.. . . structure manufactured
Minimize the stiffness  internal structure of the
. . L. by AM no less than 0.2 [6]
of hip endoprosthesis stem of the hip joint
! mm due to the
prosthesis . .
manufacturing technique
\J
//,—r\o\‘— Concentrated load
[ E (Contact region)
O Neck region
/‘%_ Dl ckc gion) ) ) )
'x; i Maximize the The natural size of the
‘ 8 durability of the Femoral ball sizes femoral ball usually [71
T implant ranges from 40 to 54 mm
1 A
v
y
Head
45 mm
- — The head diameter, the The relative density
T i Minimize the weight ~ diameter, and length of = should be 50% due to the [8]
""‘:';;}.: = of hip implant the neck femur bone

Type “Stanmore”

\ Implant

] Bulk cement

Intact femur

Minimize stress
shielding

Shapes and sizes of the
cross sections

The accuracy of the
computational model
needs to be verified

[°]
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Regarding the optimization of size of the implants, Nowak et al. [10] established
the enhancement of the trabecular bone remodeling regulatory model, based directly on
the optimization of shape. The results showed that the equalization of the strain energy
density on the trabecular bone surface minimizes the strain energy on the whole structure
of the bone, which proved that the remodeling process which leads to the formation of the
structure with the highest stiffness is the correct model to use.

Regarding the optimization of topology, Nowak et al. [11] eliminated the volume con-
straint from the topology optimization procedure, based on the trabecular bone remodeling
phenomenon, which means the Lagrange multiplier is assumed to have a constant value.
Based on that assumption, compliance was minimized by obtaining different topologies
for different materials. Additionally, it is also possible to obtain different topologies for
different load magnitudes based on this assumption.

Several representative optimization methods focusing on hip implants are summarized
in Table 1.

As design methods have advanced, both the exterior shape and the internal microstruc-
tures of bone joint replacements have evolved. In the early days, typical designs for artificial
hip replacements were based on a ball and socket with three different choices of material
combination acting as the bearing surfaces [12]. From the microscopic point of view, the
traditional structures are dense and stiff. Therefore, the traditional structures produce a
stress-shielding effect since they modify the original load-sharing path in the bony structure,
which leads to bone resorption and implant loosening. Nowadays, the introduction of
porous microstructures has improved the mechanical properties of implants. For example,
lightweight structures have been achieved and stress shielding has been reduced (Table 2).
In addition, the functionally graded implants can better meet all kinds of practical require-
ments. For example, the functionally graded implant can change the structural stiffness
in a gradient to adapt to the actual bone growth environment. As mentioned above, the
introduction of porous microstructures and functionally graded materials (FGMs) are two
methods of realizing the optimization of mechanical properties.

In recent years, internal porous microstructures are used in joint replacements, so the
microstructures of the joint replacement need to be designed. It should be noted that human
bones and joints, including jaws and femurs, are not completely solid. The interconnected
porous structure not only facilitates the inflow of nutrients and the export of metabolic
waste but also provides good conditions for cell growth and attachment. Additionally,
stress shielding can be avoided to a certain extent when porous structures are used instead
of solid structures [13]. It is worth noting that porous structures have a variety of design
methods, and that a cellular structure is a kind of porous structure designed in the early
stage, such as honeycombs. Cellular structure can be observed in the bones of birds and in
shells, this kind of structure possesses strength and low weight [14]. In recent years, porous
structures based on triply periodic minimal surfaces (TPMS) have attracted the attention
of researchers due to their strong mechanical performance, such as high surface area—
volume ratio, full connectivity, high smoothness, and controllability [15]. Kolken et al. [16]
assessed the mechanical properties of additively manufactured architected materials made
from cellular structure unit cells; the representative example in Table 2 shows the cellular
structure. Bruno et al. [17] produced two femoral stems: the first was fully dense, while the
second featured a diamond (TPMS) structure in its core. The results obtained predicted
less bone resorption in the femur implanted with the porous stem than the bone implanted
with its dense counterpart. In the future, a unified multilevel design framework should be
established to design the exterior shape and microstructure of the joint replacement at the
same time.

FGMs refer to the introduction of the spatial variation gradient of composition and/or
microstructure into the material so that the performance of the material changes in a
gradient fashion in the spatial position. Through this kind of design, the local stress
concentration can be reduced. At the same time, different parts of the structure can
complete their functional tasks under different working conditions and the integrity and
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reliability of the whole structure can be ensured [18]. Several studies have demonstrated
the suitability of FGMs for use in various prostheses including hip, knee, and dental
implants [19]. Abdellah et al. [9] designed functionally graded implants to optimize the
mechanical properties of the implants. The functionally graded implant was sliced into
eleven lengthwise layers, with each layer possessing a different Young’s modulus. As a
result, stress shielding may reduce if the proper Young’s modulus (need further in vivo
tests) and interface shear stress were also reduced. The above method is used to introduce
materials with gradient changes; another method is to design the microstructure of a
functional gradient. For example, Kladovasilakis et al. [§] manufactured functionally
graded lattice structures to achieve better mechanical performance; the mechanical bearing
capacity of the new functionally graded implant was twice as much as that of the normal
implant in vivo experiments. The evolution of the hip joint replacements is summarized in
Table 2.

Table 2. The evolution of hip joint replacements.

Development Representative Structure Representative References
Stage Example
] Vi sy (T-800-280-To)
rmso:n:’ - Cup:
e l\ﬂA e :
£
Early stage <5
(approximately Typical structure & [12]
before 2002) o
Internal cellular [16]
structure
Porous
materials
Internal TPMS [17]
structure
Nowadays
(approximately
2002 to present)
Functionally
graded material \ e 9]
Functionally )
i%;a‘il: : t Functionally
P graded (8]

microstructure
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Table 2 summaries the evolution of the microstructures of implants; porous microstruc-
tures and functionally graded materials are widely used in the design of the implant.
Additionally, the metamaterials have drawn the attention of many researchers, since some
special properties can be achieved using metamaterials, such as the super-toughness, invis-
ibility, etc. [20]. Metamaterials can be divided into auxetic and non-auxetic structures, the
difference is that auxetic structures have the negative Poisson’s ratios. Usually, when we
stretch a material, the material not only becomes longer in the direction of stretch, but also
becomes thinner in its cross-section. This behavior is defined by the fundamental mechani-
cal property of materials: the Poisson’s ratio, which represented by v. The Poisson’s ratio
of a material is defined as the ratio of the lateral contractile strain to the longitudinal tensile
strain for a material undergoing tension in the longitudinal direction [21]:

S
Vxy = — (7)

where ¢ is the lateral strain generated in response to the axial strain ¢;. Consequently,
most materials have a positive Poisson’s ratio, where v > 0. As mentioned above, the
auxetic structure exhibits the negative Poisson’s ratio (NPR) effect, which means it can
expand transversally when axially expanded under tensional force. There are three main
types of auxetic structure: the re-entrant, the chiral, and the rotating structures. Regarding
the re-entrant structures, they can be formed by an arrowhead structure, a star shape
structure, a missing rib structure, etc. [22]. For the re-entrant structure, Kolken et al. [23]
showed that it can restore the bone-implant contact on the lateral side of a hip stem and the
fatigue life will be long enough. The structures with deformation dominated by rotational
reflection that exhibit the NPR effect are called chiral structures [22]. In contrast to most of
other auxetic structures, this structure can maintain a high auxetic effect over a significant
range of strains [21]. Yao et al. [24] designed different bone screws based on re-entrant
structures, chiral structures, and rotating structures. Then, they investigated the mechanical
properties and fixation strengths of each. The results showed that the auxetic bone screws
composed of re-entrant structures and chiral structures possessed higher tensile stiffness
and strength. Rotating structures have applications in all kinds of fields of life: cars, aero-
planes, vacuum cleaners, and steam-turbines all contain many rotating structures [25].
The reliability, stability, and response levels of these machines, predicted by analytical
models, are generally not satisfactory until validated by experimentally obtained data.
At present, the widely studied standardized model is rigid squares that are connected
through simple hinges at their vertices. For an ideal system, which is isotropic when a
tensile loading is applied, the squares rotate at the vertices, the whole structure expands,
and the Poisson’s ratio v equals —1. Table 3 summaries the auxetic structures and their
applications in bone implants.

Table 3. The auxetic structures and their applications in bone implants.

Type of Auxetic Application in Bone Advantages and References
Structures Implants Disadvantages
Re-entrant Bone—lmplant contact; Good NPR effeFt; [22,24]
medical screw longer fatigue life
Chiral Boru.e scaffold; ngh f.racture togg}.mess; [24]
medical screw limited by chirality
Auxetic materials Better auxetic
Rotating fabrication; performance; [24]

medical screw low stability
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Effective design methods must be used to design joint replacements. In the past,
design methods have advanced significantly. The design methods can be classified into
the following three main types. The first type is the finite element method (FEM), which
is a widely used approach to design and analyzes the structure of bone joint replacement.
Usually, researchers will first establish mathematical models or computational models, and
then use the FEM to verify the accuracy of the models and optimize them. For example, the
idea of the mathematical model method is to establish mathematical expressions to control
the nature of the implant, such as the geometric properties of the cross section, etc., and
then to use the finite element method to investigate the mechanical performance of the
implant. Based on the results, the optimization of the mathematical model can be obtained.
The second method is the meshless method. This generally uses more nodes to construct
the shape functions when compared with the FEM, which makes it a more precise method.
In the meshless method, the solid domain is discretized using randomly distributed nodes
or collocation points, which are able to approximate the field function within a flexible
influence-domain rather than a fixed size element [26]. The two widely used meshfree
methods are radial point interpolation and moving least squares [27]. It is worth noting
that the cell density of the background mesh and the number of the Gauss points must be
precisely balanced in order to obtain good results [28]. The third optimization approach is
to use emerging technologies, such as the machine learning technique. These techniques are
characterized by complex algorithms that can be trained to reproduce model behavior. The
machine learning technique can increase diagnostic accuracy and reduce costs and human
resources [29]. Therefore, this technique will become the focus of research in the future.

Cilla et al. [30] reconstructed a femur from CT clinical images and built an FE model.
Thus, the strains in the intact and drilled femurs were determined under physiological,
patient-specific, muscle, and joint contact forces. Bruno et al. [17] developed a simplified
computational model of stress shielding; the finite element method was used to investigate
the model. The computational models showed reasonable agreement between the forced
placement diagrams obtained by finite element method. In Table 4, the mesh and boundary
conditions used by Bruno et al. [17] for the FE analysis are shown as the figure. In the figure,
(a) represents the intact femur and (b) represents the implanted femur. Hussin et al. [31]
developed a computational model which can be used to assess the wear arising at the
implant articulating surfaces. Furthermore, they verified the model using the mechanical
test. Belinha et al. [32] used the meshless method to obtain smoother and more accurate
strain energy density (SED) fields to predict the bone tissue remodeling. Cilla et al. [33]
used machine learning techniques combined with the finite element method to optimize
the geometry of a commercial short-stem hip prosthesis. They investigated the effects
of different parameters on the performance of the structure. The results showed that
decreasing the stem length and reducing the length of the surface in contact with the bone
are the two most effective methods to optimize the structure. The widely used design
algorithms for the optimization of bone joint replacement, especially the three methods
mentioned above are summarized in Table 4.

It should be noted that, in addition to the structural design and optimization, material
selection and optimization are also crucial steps in the design of joint replacement. For
example, Metal-on-Polyethylene (MoP) bearings, which were popularized by Charnley in
the 1970s, are extensively used in THA. It is worth noting that the MoP bearings used in
modern hip replacements are better than the MoP bearings used in the 1970s. The specific
advantage of MoP bearings is to provide a cost-effective bearing with predictability [34].
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Table 4. The widely used design algorithm for the optimization of bone joint replacements.

Advantage and

Optimization Method Disadvantage Representative Study References
Geometrical Further in vivo [30]
model tests are needed
Finite element
method
. The model is
Computational i ..
verified by in vivo [17]
model : ‘
testing 3
152
More accurate; Hoaes
Meshless method difficult to establish 3402 [32]
a model nodes
4927
nodes
High A
z
Increase of 3
Machine learning techniques diagnostic g [33]
accuracy;

not mature enough

3. Review of the Manufacturing of the Bone Joint Replacement

The manufacturing of bone joint replacements is closely related to the design of the
joint replacements. When designing a joint replacement, the manufacturing processing,
constraints, etc., should be taken into account. Otherwise, the designed products may not
be producible. Therefore, the design of the joint replacement is largely influenced by the
manufacturing techniques. The commonly used manufacturing techniques for producing
bone joint replacements can be classified into the following groups: First, traditional
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manufacturing methods, such as rapid prototyping (RP) and Computer Numerical Control
(CNC) [35]. Second, the emerging AM method. The RP approach is widely used in
engineering for the quick fabrication of geometrically complex concepts. First, the 3D
model of the implants should be constructed and sliced. Then, the computer controls the
materials to be deposited on the operating platform to manufacture the bone implants [36].
Regarding the CNC method, the milling strategy and types of tools must be properly
selected to achieve maximum accuracy in the resulting physical implant. Marcin et al. [37]
presented clinical and technical information on temporomandibular joint replacements,
where custom-made implants were manufactured using two different techniques: CNC
and direct metal laser sintering (DMLS). In recent years, the emergence and application
of the AM technique have enabled the production of bone joint replacements with more
complex internal structures.

The AM is an emerging technique, which enables the production of nonhomogeneous
and irregular structures. Among the various AM techniques, selective laser sintering (SLS),
selective laser melting (SLM), electron beam melting (EBM), and binder jetting (BJ) have
been successfully used to produce porous bone implants, such as knee implants. The selec-
tion of a repeatable and reliable manufacturing method is essential in manufacturing the
design. Several factors can influence the selection of the manufacturing method, including
the quantities required, the desired surface finish, the cleaning required post-fabrication,
the risk of contamination during manufacturing, packaging, and sterilization [38]. For
example, Wauthle et al. [39] manufactured highly porous pure tantalum implants with fully
interconnected open pores using the SLM technique. Ataee et al. [40] manufactured Ti-6Al-
4V gyroid scaffolds with high porosities using the EBM technique and investigated their
mechanical properties. Duan et al. [41] manufactured three-dimensional nanocomposite
bone scaffolds using the SLS technique and carried out the compression tests to investigate
their mechanical properties. However, there are some constraints that must be considered
while using the AM technique. For example, the structure thickness should be no less than
0.2 mm if the SLM is used [42]. Additionally, components with small overhang angles or
hanging features may deform when fabricated using laser or electron beams in a layer-wise
manner, so the minimal hanging angle should be larger than a set threshold value [43]. The
manufacturing techniques used for producing bone joint replacements are summarized in
Table 5. The representative examples in Table 5 are the micro-structures of the bone joint
replacements observed under a microscope.

Table 5. A summary of the manufacturing techniques used for producing bone joint replacements.

Manufacturing Method Representative Example Advantages and Disadvantages References

Traditional
manufacturing
techniques

Numerical Control

Rapid prototyping
(RP)
Advantages: Relative
high precision;
Disadvantages: The processing [35,37]
route is not easy to control; the
cost is high
Computer

(CNC)
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Table 5. Cont.

Manufacturing Method Representative Example Advantages and Disadvantages References

Additive
manufacturing
techniques

Selective laser
melting

Advantages: Easy to
Relative high
precisionincorporate multiple

Electron beam
melting

materials, no support structure;
Relative high
precisionDisadvantages:
Relatively poor mechanical
properties

[39-41]

Selective laser
sintering

4. Review of the Evaluation of the Performance of the Bone Joint Replacement

The evaluation of its performance is an important step in the development of a bone
joint replacement. An accurate and efficient evaluation of the performance of the joint
replacement can be fed back to the design stage so that the design can be improved.
However, at the moment, an efficient approach to evaluate the replacement performance is
still lacking. The in silico, in vitro, and in vivo testing approaches are the three main types
of method used to evaluate the performance of joint replacements.

The in silico method, also called the numerical method, uses the computational models
to numerically evaluate the performance of a joint replacement. Once it is developed and
validated, it can be efficiently used to evaluate the replacement’s performance. However, at
the current stage, the development of valid computational models is still a challenging issue.
The numerical models developed in the literature can be classified into three groups. First,
the musculoskeletal models are used. The musculoskeletal models are the models using
rigid bones, muscles lines, etc., to simulate the activities of the human body. The models can
be used to quickly evaluate the influence of the geometry of the replacements on the perfor-
mance during daily activities, such as stair climbing, squatting, etc. Navacchia et al. [44]
proposed a solution to address the inevitable tradeoff between computational cost and
model detail in musculoskeletal simulations. However, because the musculoskeletal mod-
els are simplified as rigid models, detailed information regarding the stress and strain
distribution within cannot be obtained, so the wear mechanism cannot be fully explored.
To tackle these issues, the second approach, i.e., the coupled musculoskeletal-FE model, is
used. The musculoskeletal-FE model uses rigid segments to represent the human body and
uses the FE model to represent the part that is of great interest. The boundary conditions are
passed from the musculoskeletal model to the FE model so that the FE model can be used
to simulate different stages of daily activities. The advantage of this method is that both the
overall and local behaviors in the joint replacement and the human tissues can be evaluated.
However, defining the appropriate boundary conditions in the FE model is a challenging
issue. The musculoskeletal model is a simplified model, and thus the boundary conditions
obtained from it may not be accurate and appropriate. To solve this problem, FE models of
the human body have been developed. FE models directly use the FE technique to simulate
the daily activities of the human body. The challenge for this technique is to simulate the
active contraction of the skeletal muscles, which is the driving force for musculoskeletal
movements. The advantage of this approach is that the entire human segments are modeled
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using the deformable body and, consequently, the detailed mechanical information (stress,
strain, etc.) can be obtained in every location within the model. However, because the
detailed FE model is built, the computational cost is very large in the simulation of daily
activities. Using this technique, Navacchia et al. [44] developed a computationally efficient
muscle-force prediction strategy to track gait and chair rise experimental joint motion
with a finite element of the musculoskeletal model of the lower limb. Kebbach et al. [45]
used a robot-assisted test method based on a musculoskeletal model to investigate a total
knee replacement. They investigated many parameters, such as different tibial slopes and
different soft tissue conditions. Shu et al. [46] presented a coupled musculoskeletal-FE
model to analyze the interactions between prosthetic mechanics and subject dynamics after
a total knee replacement (TKR) surgery is performed. Li et al. [47] developed an FE muscu-
loskeletal model including bones, joints, and muscles of the lower extremity to optimize
the structure. Shriram et al. [48] evaluated the effects of material stiffness variations on
anatomically shaped artificial meniscal implants in the knee joint. Beidokhti et al. [49]
investigated the effect of the ligament modeling strategy on the predictive capability of FE
models of the human knee joint. The in silico methods for evaluating the performance of
knee joint replacements are summarized in Table 6.

Table 6. A summary of the in silico methods for evaluating the performance of knee joint replacements.

Advantages and

Disadvantages References

Type of Method Representative Example

(2 fibers)

Hamstrings ¢

Able to simulate the @ fibersy
activities of the
human body;
wear mechanism was

not considered

[44]

12 degree-of-frecdom
specimen-specific knee

. Tibialis
Gastrocnemius anterioris

Musculoskeletal 2
model

Combines the

advantages of

numerical and
experimental methods

[45]

Reflects the stress state

Coupled
musculoskeletal-FE
model

more comprehensively;
lack of in vivo
measurements

+ MCL

[46]

- PCL
- LCL
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Table 6. Cont.

Advantages and

Type of Method Disadvantages

Representative Example References

Deformable contact
Coupled models of the hip are
musculoskeletal-FE considered,;
model the accuracy can be
improved

[47]

The mechanical

information is
comprehensive;
difficult to develop the i meise o AR
model €7

emoral cartilage

[48]

FE model

The effect of simulation

prediction is good [49]

The in vitro evaluation method uses lab testing to evaluate the performance of the
joint replacement. In general, the following tests are widely used: static mechanical testing,
fatigue testing, and wearing testing. Matsoukas et al. [50] developed a computational
model to simulate the behavior of in vitro wear, and fatigue testing was carried out. The
wear assessments of a total hip replacement (THR) bearing were performed for up to
3 x 10° cycles, and the wear rates for the testing specimens were within the acceptable
range. It has been shown in previous studies that the bearing variables, such as the
femoral head radius, head-liner clearance, and acetabular liner thickness, are the parameters
affecting the volumetric wear [3]. The failure of cemented total joint replacements is
often attributed to the loosening of the implant in response to fatigue of the interface
between the bone and the cement. Four fresh-frozen human femurs were scanned and
loaded in the stance positions at three different angles while recording the strain on the
bones’” and prosthesis’ surfaces [51]. Yang et al. [52] characterized the fatigue strength
of the bone interface and concluded that fatigue strength increased with the magnitude
of the average surface roughness as a result of the increase in interdigitation of cement.
Beidokhti et al. [49] optimized the stiffness parameters and pre-strains for a knee joint
model based on laxity tests. A fresh-frozen human femur was CT-scanned and thereafter
loaded in vitro in a stance position until it fractured at the neck [53]. Based on different
testing methods, the widely used in vitro testing methods for evaluating the performance
of bone joint replacements are summarized in Table 7.
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Table 7. The widely used in vitro testing methods for evaluating the performance of bone joint

replacements.
Type of Performance to Be .
Method Evaluated Representative Study References

Uniaxial tensile  Strains on bones” and

test prosthesis’ surfaces (511
Sta.tic Stress shielding [53]
mechanical test
Laxity Test The stress on the bone [49]
Fatigue test The fatigue strength 52]

of the bone interface

10 mm

In vivo testing is the advanced evaluation method. It has a high cost and thus is often
used to evaluate the products which have been numerically and in vitro tested. Concerning
the in vivo testing, animal testing is normally performed first, followed by human clinical
trials. Regarding the clinical trial testing of bone joint replacements, Li et al. [54] implanted
the porous scaffold into the goat metatarsus and analyzed the stability of the implantation.
Taniguchi et al. [55] manufactured a scaffold using SLM and investigated the effect of pore
size on bone ingrowth in rabbits in an in vivo experiment. Ackland et al. [56] designed
and implanted a personalized 3D-printed prosthetic joint replacement for the human
temporomandibular joint. The implant was designed for a 58-year-old female recipient
with end-stage osteoarthritis of the temporomandibular joint. Six months postoperatively,
the prosthesis recipient had a normal jaw opening distance (40.0 mm), and no complications
were identified. Wegener et al. [57] developed an iron-based degradable sponge-like
implant for bone replacement and carried out the in vivo test. It was hypothesized that
early implant fixation would be improved by filling the interior of the implant with a
carrier providing a spatio-temporal release of bone active drugs with known osteogenic
effect. Raina et al. [58] carried out an in vivo test to validate the hypothesis. Du et al. [59]
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manufactured a bio-inspired multilayered osteochondral scaffold and investigated its
cytocompatibility. Warnke et al. [60] repaired an extended mandibular discontinuity defect
in the growth of a custom bone transplant inside the latissimus dorsi muscle of an adult
male patient. The widely used in vivo testing methods for evaluating the performance of
bone joint replacement are summarized in Table 8.

Table 8. The widely used in vivo testing methods for evaluating the performance of bone joint

replacement.
Type of Subjects to Be Performance to .
Method Used Be Evaluated Conclusion of Study References
The implant was
Goat metatarsus  Implant stability identified as achieving [54]
favorable implant stability
Implants with a pore size
- Prosthesis stress;  of 600 um showed higher
Tibia of rats implant stability ~ fixation ability than those [55]
with a pore size of 300 um
Release of Local controlled delivery
Animal Tibia of rats osteopromotive of ZA alone can enhance [58]
mma molecules bone implant anchorage
testing
Iron-based porous
materials can be
Tibia of merino The rate.of candidates for the
degradation; [57]
sheep rosthesis stross development of
P self-degrading bone
replacement materials
The evtocompati- The multilayer scaffold
Knee of rats ytocomp could induce [59]
bility .
osteochondral repair
The new implant has
Human temporo- improved clinical and
mandibular Prosthesis stress biomechanical joint [56]
joint function compared to the
tock devi
Clinical trial stock device
It is possible to form a
Human . mandibular replacement
mandibular Bone formation inside the latissimus dorsi [60]

muscle in a human being

5. Conclusions and Future Perspectives

In this study, the design, manufacture, and performance evaluation of the bone joint
replacement are critically reviewed. In conclusion, the design of joint replacements has
emerged from being design at the single level and single function and has become design
at multiple levels and to meet the multiple functions. Regarding manufacturing, the
emerging additive manufacturing technique is widely used, which enables the production
of joint replacements with complex internal microstructures. Regarding the performance
evaluation, the computational model is a crucial approach and will become an efficient
method for performance evaluation. However, many developments are still required
to move this technique into clinical application. In the future, the development of joint
replacements can be performed in the following aspects:

(1) The use of the machine learning in the optimization of the joint replacement.
(2) The use of advanced measurement techniques to validate the computational models
and to evaluate the performance of the joint replacement.
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(3)  The consideration of the long-term dynamic behavior of the joint replacement and the
surrounding environment.
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