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1 Introduction

The quality of human life can be dramatically improved with the use of biomaterials.
Rapidly advancing technologies are allowing new and improved biomaterials to be
developedwith unprecedentedperformancebehaviour. Thesematerials are being reg-
ularly used to make permanent and temporary implants for repairing different parts
of the human body, particularly orthopaedic prostheses. The permanently implanted
prostheses such as those replacing damaged hip and knee joints are typically made
of metals, ceramics and engineering polymers and as the name implies should per-
form acceptably for a lifetime. The temporarily implanted prostheses such as bone
scaffolds are usually based on biodegradable polymers and ceramics that degrade
over time. To increase the success of these implants, new biomaterials need to be
judiciously designed to rapidly evolve from concept to clinical reality. However,
in the design of new biomaterials, costly protocols and long-term experiments are
involved (i.e. in vitro and in vivo tests and clinical trials) that must be undertaken
before any new product is brought tomarket (see Fig. 1). Thismay contain significant
commercial risk and uncertainty of outcome for all the efforts made for developing
new biomaterials.

To design a new biomaterial, advanced manufacturing techniques [1, 2] and
computational approaches [3, 4] should be exploited. The computer modelling of
designed materials accelerates novel materials discovery and reduces the risk asso-
ciated with producing new materials. It does this by providing new opportuni-
ties to appreciate how particular structures can be generated in materials, how the
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Fig. 1 Schematic of the development process for new biomaterials

structures formed relate to the properties of interest, how the materials respond under
real operating conditions and what the design variables of materials are and their
optimal values. Also, the consequences of having changes in processing and struc-
ture may be assessed and understood, such that the structure–property–performance
relationship can be indicated and a basis for specifying the manufacturing approach
provided. Meanwhile, the effect of geometry (i.e. shape) variables on the mechanical
behaviour of the designed material and the related processing route can be evalu-
ated and it is useful to take into account the concurrent optimization of material
and geometry. Further, the computational approaches are capable of estimating the
parameters that cannot be readily measured by experiments and of predicting multi-
ple responses, which is the nature of most material design problems, particularly for
biomedical applications. Unfortunately, the application of computational methods
in the field of biomaterials has been infrequent and fragmented [5], especially when
the interactions of biomaterials and the host adjoining tissues are involved. This is
probably due to the challenges of establishing suitable computationalmodels that can
properly define the complex interactions between biomaterials and living tissues. As
a result, research on biomaterial design has mostly been restricted to experimental
development, with limited comparisons of several material properties with those of
existing materials. Therefore, the generalizing of such trial-and-error approaches on
this issue is problematic. However, a more systematic approach is by computational
biomaterial design.

2 Rules, Procedures and Methods Used in Computational
Design of Biomaterials for Orthopaedic Implants

The investigation of biomaterial functionality is a multifaceted problem and depends
on many factors and constraints. Therefore, several design rules should be fulfilled,
and some tools should be utilized to develop an efficient biomaterial with enhanced
properties. One of the main principles is that the structure and characteristics of a
biomaterial should be close to those of the replaced or surrounding tissue to avoid
any mismatch that may cause failure of the device either prematurely or in the long
term. For example, the stiffness of designed biomaterials connecting bone should be
similar to that of the bone in order to avoid adverse load transfer and subsequent
bone loss. The other important point is to recommend using an inverse approach to
develop the desired product as shown in Fig. 2. The conventional approach to new
materials design begins with the synthesis of a new material or with a change in
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the synthesizing process of an existing material, followed by the characterization
and measurement of the properties. This leads to the question, how far are the char-
acteristics obtained from those required for the specific application? This method,
therefore, is based on a refined trial-and-error scheme in which new materials are
discovered experimentally in laboratories, resulting in spending too much time and
expenditure. The inverse approach, however, starts by identifying the required prop-
erties for the desired performance. This then becomes the motivation for indicating
the synthesizing method required to achieve a suitable microstructure that gives the
properties identified. For example, a novel layered material design based on the
inverse approach for replacement of damaged cartilage of knee joint [6] can be made
of three layers: a layer made of wear-resistant metal alloy such as stainless steel at the
articular surface, a layer composed of bioactive ceramic or glass at the bone interface
and an intermediate layer made of a mixture of the two materials placed between the
two layers (Fig. 3).

The other issue in a biomaterials design scenario is that it sometimes contains
multi-scales, such as in tissue engineering for the design of a bone scaffold mate-
rial. Therefore, the use of computational methods in the field of biomaterials is
rather different but similar design process steps are taken. Most of the computational
biomaterials design conducted to date has been based on finite element analysis

Fig. 3 Design of layered
material for cartilage
replacement of knee joint
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(FEA),which examines newbiomaterials bydefining calculatedproperties (as inputs)
under different loading conditions.

The following subsections describe the general procedures and techniques used
in the computational biomaterials design of hip and knee prostheses because of the
numerous and frequent studies conducted and published, and bone scaffolds because
of the increasing use in bone surgery.

2.1 Computational Methods for Biomaterial Design in Hip
and Knee Replacements

In hip and knee joint implants, the main reason for failure can be aseptic loosening of
the prosthetic components, predominantly due towear,micro-motion or stress shield-
ing effect [7, 8]. However, there may be other causes for the implant to not perform
successfully or even fail such as peri-prosthetic fracture, mal-positioning, extensor
mechanism failure, infection and pain [9–13]. Usually, a complex mechanical and
biological process occurs, causing the failure that ends up needing revision surgery,
possibly due to implant design [14], patient condition or surgical factors [15, 16]. In
implant design, the material is one of the key elements that can contribute to various
failure modes of orthopaedic devices, including adverse body reaction to the partic-
ulates released from the implant material, failed bonding due to lack of bioactivity,
stress shielding phenomenon as a result of high stiffness (modulus of elasticity) and
destructive wear caused by a high coefficient of friction. Therefore, material engi-
neers have focused on the development of novel orthopaedic biomaterials [17–20]
and some with the help of computational design [21–24].

Almost all new orthopaedic biomaterials have been tailored to possess a hierar-
chical or functionally graded composition and/or structure in order to achieve several
properties simultaneously in a single component that are close to those of the natural
organ. A number of mathematical methodologies have been adopted to calculate
the gradation in properties and effective material properties (mostly Young’s modu-
lus and Poisson’s ratio in biomedical applications) of functionally graded materials
(FGMs). This includes exponential functions, power law, sigmoid law, volume frac-
tion and rule of mixture, Hashin–Shtrikman-type bounds and Mori–Tanaka-type
models [25]. The exponential functions are usually used for an analytical solution.
However, the volume fraction and rule of mixture, which provide a more realistic
means of representing the continuous FGMproperties, may complicate the analytical
solution to FGM problems. Therefore, it is usually used in conjunction with finite
element modelling (FEM). For examining new orthopaedic biomaterials in real oper-
ating situations (i.e. skeletal systems), three-dimensional (3D) models of the bone
segment and implant are obtained by computed tomography (CT) data. These mod-
els are then imported to finite element (FE) software, the calculated properties of
new biomaterial are assigned, and the loading and boundary conditions are applied.
To ensure the function of a new biomaterial, several performance metrics and their
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ideal values are identified based on the target application. These must be obtained
from FEA, although it is rather complicated, particularly when simulating the whole
bone-implant system and when multiple performance metrics should be gained. The
performance metrics that represent aseptic loosening are usually defined to esti-
mate wear, implant stability and stress shielding effect (bone loss). For example, the
performance metric for the assessment of primary stability of implant component
due to lack of osseointegration and bioactivity can be obtained by estimating the
micro-motion at the interface of the bone-implant [26–28], where the ideal values
would be less than 50 µm (bone formation) and the non-ideal values are known
to exceed 150 µm (fibrous tissue formation) [29]. The performance metrics can be
volumetric/linear wear, maximum stress in contacting surfaces (von Mises and/or
contact pressure), wear depth and contact area as measures of wear [30–33], and
von Mises stress distribution in the bone (mean, first quartile and standard deviation
of stresses), strain energy density and bone mineral density [26, 34–38] as mea-
sures of stress shielding in the hip and knee prostheses. When the early design of
new biomaterials proves the proposed concept based on the performance metrics (via
comparative analyses with the benchmark materials or if applicable by experiments),
optimization of new material design variables such as pore size, amount of porosity,
volume fraction of constituents and configuration can be done to achieve the best
function. The optimization also can be done by FEA via a parametric study.

The use of FEA to investigate the joint system of a new implant design (i.e.
biomaterial and implant geometry) is either based on time-independent analyses or
time-dependent/time adaptive modelling techniques. In the latter, a parameter of
interest (response) is estimated under an initial condition and then used to adapt the
FE model by modification of the implant design (geometry and/or material prop-
erties) followed by performing a new analysis and recalculating the parameter of
interest again. This is an iterative approach that will end when the solution converges
or a predefined time period elapses or the bone-implant system fails. These mod-
elling techniques contain the following simulations [39], which are also conveniently
summarized in Fig. 4.

• Bone remodelling, which is usually used to calculate stress shielding by means of
bone mineral density around the femoral component of hip prostheses and tibial
and femoral components of knee prostheses [40–43].

• Tissue differentiation that is implemented to envisage the differentiation of granu-
lation tissue to fibrous tissue, fibrocartilage or bone based on the micromechanical
environment. FEA has been applied to predict tissue differentiation both around
implants [44–46], and for modelling the fracture healing process [47, 48].

• Damage accumulation of bone cement,which is conducted according to continuum
damage mechanics to estimate fatigue failure of the bone cement [49–51].

• Cement—implant and cement—bone interface de-bonding that is a consecutive
detachment process of the cement from the implant based on a static failure crite-
rion initially defined [52, 53].

• Wear behaviour is mostly based on Archard’s law or a modified version of it.
Recently, new wear formulas have been used in computational wear models. In
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Fig. 4 Finite element analysis investigation of joint system in implant design

these approaches,wear is related to the contact stress, contact area,wear coefficient
and sliding distance. Thewear simulation of prosthetic hip and knee joints is aimed
at estimating material loss in the softer polyethylene components (i.e. acetabular
liner and tibial insert, respectively) and in other types of articular joints such as
metal-on-metal joints [30, 54, 55].

2.2 Bone Scaffolds

The technology of bone scaffolds is a rapidly developing area of regenerative
medicine. A bone scaffold is a temporary porous structural support used to guide
the generation of new bone when filling a defect in the skeletal or bone tissue. This
is done by transplanting a bio-factor such as stem cells, genes and proteins, within
the porous scaffold, which subsequently should be delivered to regenerate natural
tissue. It is expected that the bone scaffold tolerates early loads and provides tem-
porary mechanical stability while it degrades over time, so as the defect can be
completely filled with new bone tissue. Also, the porous structure is needed for mass
transport (means permeability and diffusion) requirements to nourish cells and to
provide channels for cell migration and surface features for cell to be attached [56].
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In situations where the size of bone defect is large and/or the bone scaffold alone
cannot fully support the early loads, an additional temporary implant in the form of
metal plate(s) and/or pin(s), or external fixation is used to stabilize the bone. This
is later removed when sufficient strength is obtained in the newly formed bone. The
usual procedure for using a porous bone scaffold is as follows [57]:

• Themesenchymal stemcells andbone cells are usually taken from the bonemarrow
and the periosteum of the patient or a suitable donor.

• Since the number of these cells in fresh adult bone marrow is small, culture expan-
sion and cell seeding tasks must be conducted.

• After the bone scaffold implantation, bone growth takes place in the vicinity of
the bony defect filled with the bone scaffold.

• Then, scaffold degradation occurs by a mechanism related to bulk erosion arising
due to a hydrolysis process.

Several factors including porous architecture (i.e. pore size, pore shape, pore inter-
connectivity and amount of porosity), resorption kinetics, mechanical and flow prop-
erties, biocompatibility, hydrophilicity and pre-seeding influence the success of a
designed bone scaffold. One of the challenges in bone scaffold design is achiev-
ing a balance between the mechanical function and the bio-factor delivery, which
varies between a denser or a more porous bone scaffold [58]. This has encouraged
material engineers to develop hierarchical porous bone scaffold (functionally graded
porous bone scaffold) structures to achieve the required mechanical properties and
mass transport characteristics simultaneously [59]. It has been indicated that het-
erogeneous bone scaffolds with graded elastic modulus and permeability inversely
can minimize the fibrous tissue formation when compared to homogeneous bone
scaffolds with constant elastic modulus and permeability [60].

To obtain the hierarchical structure, one can generate libraries of unit cells, as
primary components, and assemble them to form the whole desired bone scaffold
design as shown in Fig. 5. What is important in the design of bone scaffolds is that
the final exterior shape of overall bone scaffold needs to match the complex 3D shape
of the bone defect surface, which is achievable by use of medical imaging methods,
particularly computed tomography and magnetic resonance imaging (MRI). Struc-
tured voxel data sets of patient anatomy, which are based on density distribution, are
produced in both CT andMRI. Therefore, the defect shape of interest can be outlined
and isolated from these images and a voxel data subset is generated and subsequently
used in the design process. The voxel anatomic data can be either converted into solid
geometrical models for use in computer-aided design (CAD) [61, 62] or directly used
in image-based methods [58, 63, 64]. Next, the internal pore architecture (unit cell)
is created and repeated as many times as possible to provide the architecture image.
The identified anatomic defect shape is then combined with the internal architecture
image through Boolean mathematical techniques, which results in the final bone
scaffold design (see Fig. 6). The best functional properties can be obtained by using
optimized unit cell architectures that should be as dense as possible for mechanical
stability (adequate stiffness or elastic modulus) and as porous as possible for bio-
factor delivery. There is consequently conflict in the design requirements because
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Fig. 5 Examples of designed unit cells (CUB NS: regular cubic cells, CUB S: single staggered
cubic cells, CUB 2S: double staggered cubic cells, CYLNS: regular cylindrical cells, CYL S: single
staggered cylindrical cells and CYL 2S: double staggered cylindrical cells) [65]
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Fig. 6 General procedure for bone scaffold design
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porosity reduces the stiffness. In addition, the porosity used should provide suffi-
cient space for bio-factor seeding and be interconnected for desirable cell nutrition
and connective tissue growth. Also, varying the architecture design changes both
the elastic modulus and the permeability properties of the bone scaffold. Therefore,
bone scaffold design problems involve a number of different design variables and
multiple objective functions, thus requiring systematic design tools to be used.

To predict the behaviour of implanted bone scaffolds under various environments,
computer modelling and mathematical-based approaches can be very helpful [66].
With respect to the literature, two well-differentiated spatio-temporal scales exist for
tissue regeneration of bone scaffolds in vivo, which are the tissue (macroscopic) level
and the pore scaffold (microscopic) level. Usually, for the former scale, the macro-
scopic mechanical properties, and diffusive and flow characteristics are obtained
using the theory of homogenization [67], whereas for the latter scale, bone regen-
eration at the surface of bone scaffolds is simulated by the use of a bone growth
model based on bone remodelling theory [68, 69], and bone scaffold degradation
can be implemented via a model describing the hydrolysis process [70]. What is
important is that when new bone is generated in situ onto the bone scaffold sur-
face or once the bone scaffold is degraded, the macroscopic mechanical properties
(e.g. stiffness) also vary. Also, bone growth depends on a particular microscopic
mechanical stimulus that can be obtained by solving the macroscopic problem. This
indicates that a coupling between the two scales should exist. Therefore, multi-scale
modelling is required to define these phenomena properly. Traditionally, modelling
of tissue regeneration within bone scaffolds has been confined to one of these scales
[60, 70–73]. However, more recent works have applied amicro–macro-mathematical
approach that accounts for both scales [74, 75].

There are several tools that can be used in the design process and some of which
can be combined with the computational approaches to improve the quality of the
output (designed biomaterial).

3 Efficient Tools in the Biomaterial Design Process

Computational modelling and analysis play an essential role in understanding the
behaviour of new biomaterials. However, it should be born in mind that compu-
tational materials models used for goal-oriented design are highly different from
those employed traditionally in materials science research activities, which attempt
to realize general phenomena [76]. The models for goal-oriented design are aimed at
controlling a material system and its optimization to reach one or more desired out-
comes to decide between competitive materials (trade-offs) for a specific product.
Furthermore, usually, a new biomaterial tailoring starts with general and abstract
concept and ends with concrete and detailed configuration. To accomplish this,
one can employ several aiding tools such as Design Failure Modes and Effects
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Analysis (DFMEA) [77], Quality Function Deployment (QFD) [34, 78], Multi-
attribute Decision Making (MADM) [79], Multi-objective Decision Making
(MODM) [35, 80] and Design of Experiments (DoE) [81].

The modern material design process usually starts with the identification of
design requirements for a specific application, which can be efficiently conducted
by DFMEA and QFD. The replacement or modification (tailoring) of a biomaterial
might be undertaken if poor performance or failure occurs in the synthesized artifi-
cial organ. The failure analysis might indicate that the existing biomaterial could be
one of the influential causes. Therefore, it is considered to be a prerequisite to the
development of any new material (using the inverse approach). The latter aiding tool
(QFD) can help in documenting the voice of the customer (VOC) about the prod-
uct and translating them into the engineering aspects and technical terms associated
with material properties. The customers in the case of biomedical can be patients
and complementary team of medical experts and designers. The patients’ expecta-
tions may include general needs such as lightness of the implant, non-toxicity and
strength which possibly can be complemented by the requirements detected by the
medical and design team such as bioactivity and osseointegration, appropriate load
transfer and low wear between coupling parts. Then, these functional requirements
are translated/related to several engineering and technical requirements, i.e. material
properties and/or performance metrics. The former aiding tool (DFMEA) can seek
for what goes wrong and how the failure of in-use products relates to the material
design aspects. For example, what are the causes behind an implant revision? Are the
leading causes related to material characteristics such as implant stiffness, hardness,
corrosion or bioactivity? Based on this, a set of engineering requirements also can
be identified by considering the product needs in terms of the mechanical, physical,
chemical, etc., requirements. Thereafter, the material designers need to tailor these
properties in the component(s) of interest. Figure 7 shows an example of DFMEA
and QFD for femoral component of knee implants.

In biomedical applications, the monolithic materials usually do not satisfy the
desired properties and there is a need for manipulating and orienting the constituent
materials (multiple materials and/or porosity) in a hierarchical configuration. This
involves a selection process for best constituent materials usually with respect to
the material properties identified in DFMEA and QFD as selection criteria, which
can be accomplished by MADM. For example, a pure metallic component proba-
bly suffers from corrosion and mechanically assisted corrosion as well which leads
to adverse local tissue reaction. While it is combined with a non-metallic material
like ceramic, the concerns of ion release of metallic component can be alleviated.
The metal constituent also can decline the brittleness of bulk ceramic component.
However, among the very broad list of available metals and ceramics, the choice of
appropriate ones is of importance and deals with many criteria including strength,
corrosion resistance, fracture toughness, wear resistance, stiffness, biocompatibility
issues and many others. Therefore, multi-attribute decision-making approaches can
be very useful tools. Meanwhile, this step requires formulating the properties of new
material to generate the conceptual material models which can be evaluated by com-
putational approaches such as FEA. When there are a large number of conceptual
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Fig. 7 Example of DFMEA and QFD for femoral component of knee implants (adapted from [7,
14, 34])

material models, MADM can be used again to select the best material considering
the outputs of FEA. There are usually some material design variables (e.g. volume
fraction of constituents and direction of gradient), and an optimization procedure is
needed to set the material design variables at the appropriate levels. In this stage,
FEA can be utilized and effectively combined with DoE to run a parametric study in
a reduced number of computational experiments. This enables statistical interpreta-
tion on main, quadratic and interaction effects of variables and an adequate search
of the design space to save time and reduce cost. Finally, MODM can be applied
which is necessary for the biomaterials design problem that seeks to satisfy mul-
tiple goals concurrently, e.g. adequate stiffness and degradation properties in bone
scaffolds. Thus, optimization may offer more than one solution, which can be tested
by simulation and comparison with the benchmark biomaterials. The optimization
process has been conducted in the literature, but very little has been done using a
multi-objective optimization method systematically by applying DoE and the related
software packages.
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Fig. 8 Suggested steps of computational biomaterial design

At the end, a selection/ranking process of all alternatives including well-
established and optimum computational biomaterials using MADM may require.
To ensure the most suitable material, it is essential to provide a material property
database with the characteristics of both existing biomaterials and promising ones
whose properties are theoretically calculated by computational design. Hence, wide-
ranging biomaterials libraries provide a substantial amount of information and enable
careful interrogation for a biomaterialwith themost preferable properties [82]. There-
fore, rather than relying on the intuition and/or experience of biomaterials designers,
the most suitable biomaterial can be selected based on rational design criteria. The
last stage required is a verifying step which can be done by close corroboration of
in vitro and preclinical testing of the devices made of the new biomaterial.

When these tools are used systematically and the above steps are taken in
sequence, the design of biomaterial will have “discovery–simulation–optimiza-
tion–selection–verification” (DSOSV) steps. Following these steps will enable the
designers to do the design process within a structured roadmap. Figure 8 shows these
steps schematically, and Fig. 9 presents the biomaterial design of joint replacements
along with the aiding tools.

4 Conclusions

Biomaterials design is a multifaceted problem in which several aspects such as the
use of inverse material design approach, dependence of required properties to the
site of implant in the human body and dealing with macroscopic and microscopic
scales should be considered. The biomaterial design process cannot be conducted
efficiently if it is left entirely to trial-and-error experimentation. The emphasis was
on the role of computational approaches in biomaterials design. Several tools were
also introduced to make the biomaterial design process more efficient. The aim of
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Fig. 9 Biomaterial design in joint replacements and possible aiding tools

using computational approaches along with these tools is to take into consideration
time, cost and quality in the design process. The role of aiding tools is to make the
process more logical and intelligible by recognizing the contributions of all inputs,
where they fit into the material design process. The motivation for such an approach
is to meet a need for biomaterials performance in the context of a given application,
where combinations of properties and inherent trade-offs must be simultaneously
taken into account.
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