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Biomaterials encompasses a diverse array of engineering techniques employed for generating materials suitable for repairing
or replacing biological structures within living systems. Biomaterials have proven successful in effectively replacing numerous
parts of humans including bones, teeth, tendons, ligaments, and other load-bearing implants. The primary and paramount
prerequisite is the biomaterial’s ability to be seamlessly accepted by the human body. The use of biomaterials in medical
implants is complemented by biocompatibility as a prominent aspect. Recent developments in smart/4D biomaterials created
accessible by additive manufacturing and lattice-based metallic biomatetials are examined critically in this review. Correlation
between structure and property, fabrication-dependent mechanical performance, and modelling difficulties are highlighted.
In numerous domains of biology, surgery, and medicine, the assessment of mechanical properties plays a vital role in
determining the significance of biomaterials. This study aims to comprehensively examine key aspects of biomaterial
characterization, material selection procedures, mechanical properties, fabrication techniques, and tribological behavior,
highlighting their significance in the field of biomaterials. The functional sustainability and biocompatibility limits of recent
advancements in shape-morphing and nano-engineered biomaterials are assessed. This review identifies important obstacles
to clinical translation and lays forth priority paths for the design of next-generation biomaterials by combining comparative
findings and emphasizing current limits.
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cations for biomaterials are in dentistry, skin, orthopedics, tissue engi-
neering, medication delivery and cardiovascular devices [2]. Prior to

Introduction

Biomaterial is specifically designed using the classes of purely synthetic
materials such as metallic, biodegradable Polymers, non-biodegradable
polymers, Composite, Ceramic, and protein based natural biomaterials.
Biomaterials, excluding drugs, are defined as substances of either syn-
thetic or natural origin that can be utilized for any period to supple-
ment, replace, or enhance tissue, organ, or bodily function, with the
aim of safeguarding or enhancing an individual’s quality of life [1].
Medical engineering equipment constantly interacts with a diverse range
of biomaterials, such as soft brain tissue or hard bone, that vary in
rigidity and brittleness. Engineering new biological materials, strictly
synthetic materials inspired by biology, and bio-inspired materials for
use in medical devices depend on understanding the mechanical inter-
action between biotic or biotic interfaces. Similarly, improving current
materials to ensure dependability, stability, and the best possible im-
mune responses also relies on this understanding. The principal appli-
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considering the material for implantation, it is essential to ascertain its
biocompatibility, ensuring that it does not pose any harm to the human
body.

Biocompatibility refers to the ability of an implant material to func-
tion within the body without inducing any unfavorable local or sys-
temic reactions. Before even being utilized to treat human fractures,
biomaterials are subjected to tissue and animal testing to guarantee their
safety and effectiveness [3,4]. The mechanical properties of biomaterials
are significantly influenced by micro structural traits such pore geom-
etry, porosity distribution, and porosity degree. One component of
implants that is often neglected is the structure. Nevertheless, the two
most frequent reasons for joint arthroplasty failure are corrosion and
wear, which result in aseptic loosening or joint infections must be re-

duced [5].
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Recent advancements in biomaterials have produced smart and 4D
systems that may actively react to physiological or external inputs like
temperature, humidity, and chemical environment, in contrast to con-
ventional passive implants. Innovative approaches for controlled deploy-
ment and flexible performance in medical applications are made pos-
sible by these responsive materials. Thus, the current study emphasizes
recent developments in shape-transformable polymers and nano-enabled
composite designs, with a particular focus on smart and 4D biomaterials.
Instead of providing a purely descriptive overview, this work highlights
the main issues that need to be resolved in order to achieve dependable
long-term clinical use by rigorously analysing their response mechanisms,
operational durability, and biocompatibility issues.

In the field of materials science, biomaterials ate categorized into
four fundamental divisions: metal alloys, ceramics, polymers, and com-
posites [6]. Each biomaterial type possesses distinct properties and has a
wide variety of unique advantages. Because of this, such biomaterials
are largely employed in medical engineering to repair or replace dam-
aged hard bone, joint, hip, cardiovascular, organ tissue. The structure of
a material is responsible for the distinguished properties of composite
materials. The implant metals commonly used are much stiffer than bone
metals [7]. To address the shortcomings of current implant materials,
new metallic alloys are being produced. It’s critical to create materials
that are durable, biocompatible, wear-resistant, bioactive, corrosion-re-
sistant, and capable of lasting for long periods of time. The efficient
and effective design and development of biomaterial implants is aided
by a combined numerical-experimental approach.

Three-dimensional (3D) printing, also known as additive manufac-
turing, has seen tremendous technological development in the last sev-
eral years. The discipline is still relatively young, with many inventions
and process optimizations still in the early stages of development, de-
spite its quick advancement. As a result, even though 3D printing offers
alot of promise, the manufacturing sector has not yet seen a significant
transformation. Using additive manufacturing principles, this method
fabricates components layer by layer from digital design data [8]. There
are many different 3D printing methods, and each one is unique in its
workings, suitability for different materials, and features tailored to a
particular use case.

Intelligent materials that are designed to change their shape or func-
tional characteristics in a predetermined and regulated way in response
to environmental triggers like temperature, moisture, or electromagnetic
fields are used in four-dimensional (4D) printing, The word “4D print-
ing” highlights the significance of time as an extra dimension, signifying
the alteration of printed components after manufacturing. These fea-
tures have been made possible by the widespread integration of shape
memory materials into additive manufacturing methods. Shape memory
polymers (SMPs) and shape memory polymer composites (SMPCs) have
been noted for their multifunctional nature in numerous research. Yangju
Liu, in particular, gave a targeted overview of SMPs and SMPCs for
acrospace applications, emphasizing their application in truss boom struc-
tures, hinges, reflector antennas, and morphing lunar colonies. How-
ever, after several actuation cycles, thermoplastic-based shape memory
materials frequently show deterioration in shape recovery properties.
Because thermoset-based systems are more stiff, dimensionally stable,
and resistant to environmental factors, they are becoming more and more
popular for structural and space applications. The efficient and effective
design and development of biomaterial implants is aided by a combined
numerical-experimental approach.

The Finite Element Method (FEM) is commonly used for evaluat-
ing biomechanical behavior of biomaterials. In bioengineering issues,
FEM has become commonplace and is ostensibly a normal practice in
the functioning of biomedical systems [9]. The finite element method is
utilized to address issues with the boundary value problem, providing a
numerical approach to solve both integral and differential techniques.
In biomedical fields, particularly in structural mechanics, FEM is experi-
encing a growing surge in popularity. Evidently, the most extensive ap-
plications of FEM are evident in orthopedics and dentistry, where me-
chanical loading plays a crucial role. Bio-functional and biocompatibility
are the main feature to differentiate the performance of biomaterials.
The simulation method can be used to analyze mechanical behavior,

including fatigue, strength, deformation, and fracture [10]. Neverthe-
less, the intricacy of material properties makes biomechanics simulation
difficult. To evaluate mechanical behavior and enhance postprocessing
that lengthens the lifespan of biomaterials, simulation has been very
effective.

This review article explores the development of diverse metal al-
loys, ceramics, polymers, and composites, which are commonly employed
in biomedical applications. Additionally, it investigates the various meth-
ods utilized to tackle the challenges encountered in the medical field.

Material Selection

Biomaterials have been proven to be beneficial to people in the field of
medical science in today’s technological world. Developing biomaterials
to resolve medical implant difficulties has traditionally entailed the cre-
ation of a novel biomaterial, such as a new bio-composite, biopolymer,
or metallic alloy. The demand for biomaterials is steadily rising to ad-
dress the needs of an ageing population. As a result, biomaterials are the
subject of substantial research [11]. The traditional meaning of
“biomaterials” refers to their intended application rather than their in-
herent qualities. In other words, the term “biomaterials” refers to any
type of materials that meets a biological entity and interacts with a bio-
logical environment [12]. Mostly people first meet biomaterials during
dental filling, but there is an increase in the number of people relying on
more crucial implants like joint replacements, particularly hip replace-
ments, and cardiovascular repairs.

Biomaterials are an imbalanced substance intended for biological
processes to communicate. Inside a biological medium, its use is fea-
sible including effective and efficient biomaterial properties [13]. These
major benefits are described with combinations of different character-
istics, including mechanical, biological, and physical to develop efficient
biomaterials [14]. To evaluate the mechanical properties of biomaterials
in the fields of physiology, medicine, and surgery. Finite element com-
putational models for Biomedical Engineering: Analysis of Uncertainty
and Variability: Characterization and Propagation [15]. To emphasize
the use mechanical behavior, simulation method can be used to analyze
phenomena like fatigue, strength, fracture behavior, and deformations
[16]. The application of the finite element method in dental implant
research, Computer Methods in Biomechanics and Biomedical Engi-
neering [17]. The increasing potential of smart biomaterials made using
cutting-edge additive manufacturing and 4D printing technology. A 4D-
printed thermos-responsive polymeric vascular stent demonstrated regu-
lated radial expansion at physiological temperature, allowing for less in-
vasive implantation and enhanced vessel conformity [18]. The study’s
finite element simulations used nonlinear viscoelastic material models
to account for significant deformation behaviour; nevertheless, fatigue
performance under cyclic hemodynamic loading was not assessed, which
restricts the ability to forecast long-term structural integrity. In a similar
vein, a shape-memory scaffold designed for bone tissue engineering
demonstrated sufficient initial stiffness for defect filling and tempera-
ture-triggered form recovery [19]. Elastic-plastic constitutive formula-
tions were used to characterize its mechanical response, however degra-
dation-dependent property evolution was overlooked, which could even-
tually result in an overestimation of load-bearing capacity. In a different
study, a biodegradable biomaterial with a nanostructure was created for
stimulus-controlled drug administration. pH-sensitive polymer networks
controlled the release behaviour [20]. Although drug release kinetics were
predicted using diffusion-based computational models, the results’ physi-
ological significance was diminished since the effects of fluid-structure
interaction and mechanical deformation were not taken into account.
All of these results show that while functional biomaterials show prom-
ise in terms of actuation and therapy, coupled mechanical, fatigue, and
transport processes must be included in future modelling frameworks in
order to produce accurate long-term performance predictions.

To provide reducing health care solutions, the multidisciplinary field
of biomaterials research and engineering combines materials science,
engineering, and biomedical sciences. A growing number of patients are
improving their quality of life and survival chances because of
biomaterials. Examples of biomaterial uses include joint and limb re-
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placements, dental implants, vascular grafts, corneal replacements, and
skin augmentation. However, more research and development are being
focused on the production and design of biomaterials that have charac-
teristics and properties that are like those of real tissues or organs. Deg-
radation is essential to the long-term mechanical stability and biological
performance of biodegradable biomaterials. However, since it depends
on several interconnected processes, such as hydrolysis, enzymatic ac-
tivity, and mechanical loading, predicting degradation behaviour is diffi-
cult. Over time, progressive mass loss modifies the implant’s stress dis-
tribution and structural stability. The homogeneous degradation assumed
by the majority of computational models fails to capture the spatially
variable material loss seen in experiments. Degradation-induced mechani-
cal weakening must thus be realistically simulated using sophisticated
time-dependent material models. In the following part, some of the
most important applications in the subject of biomaterials are provided
in this review (figure 1). During the Industrial Revolution in the nine-
teenth century, metal-based materials were first used for medical im-
plants.

Metal based biomaterial

Metallic biomaterial employed should have good biodegradability and
aesthetic properties. Due to their superior ductility and excellent resil-
ience to stress, metal biomaterials are used for the treatment of bone
fractures. Stainless steel, chromium alloys, titanium alloys, and alumi-
num alloys are a few examples of metallic biomaterials that have been
chosen for a vatiety of medical device applications because of their

attractive mechanical characteristics, particularly their fracturing and ul-
timate strength. The instant growth and advancement in the biomaterials
field has led to the development of numerous metal medical products,
including dental implants, craniofacial plates and screws, prosthetic and
orthodontic devices, bone fixation devices, dental materials, medical ra-
diation shielding products, pieces of artificial hearts, clips, pacemakers,
balloon catheters, valves, medical equipment, and devices.

Polymer based biomaterial

Polymeric biomaterials are frequently utilized in the implantation of
prosthetic devices and ate crucial in the improvement of health issues.
Due to their poor mechanical qualities, polymeric biomaterials are only
used in limited circumstances. Polymers are crucial curative components
in biomedical research that are used as tools to replace and rebuild di-
verse tissues. In the composition and structure of contingent macro-
molecules, the properties of polymers are explored [21]. Polymeric
biomaterials have the following advantages over other types of materi-
als: (i) ease of fabrication, (ii) secondary processability, (iii) availability
of specified physical and mechanical qualities, and (iv) acceptable cost.
The two types of polymers employed in biomedical applications are
synthetic and natural.

Ceramic based biomaterial

Ceramic biomaterials, which are non-toxic, have good biocompatibility
and osteoconductive properties, are frequently employed as plating ma-
terials. Dental implants are made of a ceramic biomaterial because it has
good inert features, such as minimum interactions and good cosmetic
qualities. Ceramics are used in cardiac valves, the musculoskeletal sys-
tem, artificial knees, hip prostheses, bone grafts, orbital and middle ear
implants, dental and orthopedic implants, and coatings on metallic im-
plants to promote biocompatibility [22]. Because of their brittleness and
low tensile strength, ceramics’ applications are sometimes severely lim-
ited. Phosphate bio ceramics are frequently used to create perfect
biomaterials because of their superior biocompatibility and bone inte-
gration, as well as the fact that they are the materials that are most like
the mineral component of spine.

Composite based biomaterial

Composites are engineered materials made up of two or more physi-
cally and/or chemically diverse, approptiately organized, or dispersed
constituent materials with physical properties that differ from those of
the individual constituent materials. Composites are stronger than the
raw materials from which they are made and have distinct characteris-
tics, hence they are used to solve several complex challenges requiring

Table 1: Factors affecting material selection for biomedical field

Chemical/biological

Factors e Physical Mechanical References
characteristics
Material Composition of Density, Lubricity Poisson's ratio, young's [27]
characteristics at the  substances (Bulk and modulus, Ultimate
initial phase surface) tensile strength, and
compressive strength
Material Adhesion Surface Topology (Texture and Hardness, Fracture [28]

characteristics at the
second phase

Specific functioning
needs

Manufacturing and
preparation
Properties of the
organism

Adherent oxide film

Biocompatibility,
Bio-inertia, Bioactivity,
Biostability, Bio-
gradation and Bio
functioning.

Reproducibility, quality, serializability, packaging and secondary packaging

Tissue, species, organ, age, race, health status, activities, and systemic responses

Surface Roughness,
Microstructure

Structure (Solid, porous,

coating, film, powder),
Geometry, Thermal
Expansion Coefficient,

Conductivity of electricity
Aesthetic appeal, refractive

indices, shading or
transparency

modulus, yield point,
Tensile strengths,
flexural modulus

Fracture strength, [29-31]
stiffness fatigue and
creep resistance, friction
and wear, Adhesion, and
impact resistance
[32,33]
[34,35]
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tissue in-growth. Because biomedical composite materials offer innova-
tive alternative options for loadbearing tissue components, scientific
research has focused on developing a variety of biomedical composite
materials in recent years.

Additive manufacturing technologies have created previously imag-
ined possibilities for fabricating functionally graded biomaterials bone
graft substitutes with potential bone tissue engineering features [23]. In
the past, traditional production procedures such as reproducing poly-
meric sponges, gas foaming, sintering metal powder and investment cast-
ing posed a considerable barrier to developing biomimetic scaffold ma-
terials. Powder bed fusion methods are frequently used to produce BTE
(bone tissue engineering) scaffold materials with intricate structural com-
ponents that match the functionality required for load-bearing construc-
tion.

Researchers have devised several novel procedures for evaluating
the mechanical properties of biomaterials and have demonstrated their
efficacy using quasi-static testing methods [24,25]. The microstructural
features, surface characteristics, mechanical and biological capabilities,
corrosion resistance, and tribological characterization are all examined
in depth in this work [26]. Mechanical properties and finite element mod-
elling (FEM) in relation to biomaterial mechanics were explored in this
papet, which included elastic modulus, stress, deformation analysis, frac-
ture, and fatigue.

The biomaterial must be able to support the biological and bio-
chemical processes necessary for the development of new tissue in the
human body. A biomaterial’s effectiveness is further influenced by sev-
eral additional factors, such as orthopedic implants, surgical treatment,
patient activities, and health conditions. Table 1 outlines the material
selection for biomedical applications with different factors and proper-
ties.

The selection of a biomaterial is so critical and numerous factors
must be examined prior to implantation to ensure success. These were
among the most important considerations to consider when designing
and selecting biomaterials for use in human systems. After that, the nu-
merical and experimental findings were compared. Based on the differ-
ences measured between the as-designed and as-produced specimens,
this work provides mathematical models capable of predicting the real
elastic modulus, porosity, strength, and deformation utilizing as input
the model CAD dimensions for a specific geometry.

Design and Characteristics of Biomaterials

A biomaterial is a nonviable substance that interacts with biological sys-

tems and can function successfully after implantation. Because of the
biomaterials’ efficient and consistent features, they can be used in a physi-
ological medium [36]. Based on their structure and qualities, biomaterials
can be generically classed as metals, ceramics, polymers, and compos-
ites. Most biomaterials on the market today are created using one or
more of these groups of materials. These materials have a variety of
atomic arrangements, resulting in a wide range of structural, physical,
chemical, and mechanical properties, and hence a wide range of applica-
tions in the body.

It’s important to remember that because of their mechanical prop-
erties, polymers are often used in soft-tissue applications while metals
and ceramics are typically used in hard-tissue applications. This infor-
mation provides an aid in selecting the appropriate material for a certain
application. Dental materials, skin substitute materials, orthopedic ma-
terials and vascular graft materials are examples of biomaterials that can
be categorized based on their applications. Reliable biomechanical pre-
dictions depend on accurate depictions of interactions between dissimi-
lar materials or between the implant and surrounding tissue. The total
performance of coated implants and composite scaffolds is greatly im-
pacted by interfacial debonding, slide, and stress transfer. However, be-
cause bonding is heterogeneous and there are no well-defined constitu-
tive characteristics, it is challenging to quantify interface behaviour. In
order to model interfacial damage and failure, cohesive zone models
and contact-based formulations have been developed; nevertheless, their
use is still constrained by inadequate experimental calibration. Recent
studies have analyzed the relationship between the micro-architecture
of porous materials and their biological and physical properties using a
variety of computational and experimental methods due to the signifi-
cance of micro-architecture in determining the mechanical, biological,
and physical properties of porous biomaterials [37,38].

Biomaterials Structure

The results indicate that the physical, biological, and mechanical proper-
ties of porous biomaterials are determined by the unit cell. Three-di-
mensional unit cells such as the truncated cube, thombic dodecahedron,
cube, pyramidal, truncated cube octahedron, honeycomb, octahedral,
and diamond lattice make up porous structures. Analytically, statistically,
and numerically, lattice structures have been examined. Lattice-related
structures are becoming more and more popular in biomedical implants
because of their adjustable mechanical performance and lightweight
design. However, due to the fact that both geometric arrangement and
material qualities influence the behaviour of lattice systems, it is still

Table 2: Classification of biomaterials with advantages and disadvantages

Class of Advantages Disadvantages Applications Materials References
Biomaterials
Metal and their  High mechanical High density corrosion ~ Dental implants, Stainless steel, [39,40]
Alloys strength and ductility  in a physiological biomedical prosthesis  Titanium, cobalt
environment Ti-6Al-4V alloys
Polymer Produced in a less Low mechanical Implants in the teeth, PMMA, Nylon [41,42]
dense manner. resistance and ears, nose, heart Polyethylene,
biodegradability valves, and testicles Polypropylene
Ceramics Low heat Low impact resistance  Dental components, Aluminium [43-45]
conductivity, and manufacturing coatings, bone fillings,  oxides, titanium
biocompatible, anti- challenges and medical oxides, calcium
corrosive instruments and phosphates,
equipment carbon
Composites Corrosion resistance  Continuity and Heart valves, knee Ceramic [46]
and high consistency lacking, implants, prosthetic coatings with
biocompatibility making production articulations, and hip metals, carbon
difficult to repeat implants coated material
Nano- High surface Size homogeneity is Tissue engineering, PLLA [47-50]
biomaterials reactivity, better difficult to control. orthopaedics, dental nanofibers,

Cellular adherence,
and higher
mechanical strength

rehabilitation, and
drug delivery

Nano-HA, Nano-
alumina,
collagen
Nanofibers
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Structure DOF Numer.ical Analyti'cal Experimental Mechan_ical Ref.
analysis Analysis properties
Truncated cube 6 Finite element Relative density, INSTRON 5989 1000 Elastic modulus, [56]
repeating unit cells Method, Stiffness matrix kN Poisson's ratio, yield
Timoshenko derivation mechanical testing stress, and buckling
beam machine load
elements
Octahedral unit 2 ANSYS, Relative density Instron Electro Plus Elastic modulus, [57]
cells (lattice Timoshenko Stiffness matrix E1000 machine, 10 kN  Poisson ‘s ratio, and
structure) beam theories, derivation load cells, yield stress
Euler-Bernoulli displacement rate was
0.3 mm/min.
Honeycomb - Timoshenko Relative density,  Electro Plus E10000 Elastic modulus, [58]
structures beam theories, Stiffness matrix machine with a 10 kN yield stress,
(octagonal Euler-Bernoulli derivation load cell and Poisson's ratio, and
honeycomb) displacement rate of buckling stress
5 mm/min
Truncated 15 Finite element Relative density, INSTRON 5989 1000 Poisson’s ratio, [59]
cuboctahedron method Stiffness matrix kN Elastic modulus, and
Timoshenko derivation mechanical testing yield stress
beam, Euler- machine and
Bernoulli
Thick honeycombs 4 Finite element Relative density, INSTRON 5989 Poisson’s ratio, [60]
method Stiffness matrix machine 1000kN load Elastic modulus, and
Timoshenko derivation cells and displacement  yield stress
beam, Euler- rate 2 mm/min.
Bernoulli
Double hexagonal 4 FE models, Cantilever beam  Static compression Elastic modulus, [61]
pyramid cell ANSYS test using Hounsfield. yield stress and
Workbench, H10KS machine witha Poisson’s ratio
LSDYNA 10 kN load cell and
displacement rate
0.5 mm/min
BCC, - ANSYS, Euler- Cantilever beam - Elastic modulus, [62]
hexagonal Bernoulli and yield stress and
packing, Timoshenko Poisson’s ratio
rhombicuboctahed beam theories
ron, diamond,
truncated cube,
and truncated
octahedron
Double pyramid - Finite-volume - - Density (kg/m3) [63]
dodecahedron unit method Young's modulus
cell (COMSOL (GPa) Poisson's
Multiphysics)
Diamond unit cells Abaqus Topological design, Elastic modulus, [64]
(Dassault morphology yield stress
Systems Simulia
Corp, France)
RVE
Face-centred - FEM (Abaqus) - Geometric defects Density Poisson’s [65]
cubic (FCC) ratio Young'’s
modulus Yield
strength Ultimate
strength
Truncated cube 6 FEM- Size-dependent - Pore size [66]
lattice modelling of a
micro-/Nano-
beam
Cubic, - FEA using Design and - Stress and [67]
tetrahedron, Netfabb optimization deformation
hexagon, octagon, software
and rhombic
dodecahedron
Face-centred 12 finite element RVE, Cantilever Young's moduli, [68]
cubic (FCC) unit analysis using beam shear moduli and
cell shear flexible Poisson's ratios
beam
elements
Diamond lattice - FE package Euler-Bernoulli static test machine Poisson's ratio, [69]

unit cells

linear integration
element (type
B31

and Timoshenko
beam theories,

(Instron 5980, 10 kN
load cell) and
deformation rate 2
mm/min.

Elastic modulus,
yield stress critical
buckling load
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Table 4: Analysis of Conventional Lattice Unit Cell Characteristics

Unit Cell Stiffness-to- Fluid Primary Limitation Reference
Geometry Weight Efficiency  Permeability
Truncated Cube High Moderate Susceptible to manufacturing inaccuracies due [70]
to geometric complexity
Octahedral High Moderate Challenging strut connectivity leading to print- [71]
induced defects
Diamond Moderate High Reduced fatigue durability under cyclic loading [72]
Hexagonal Moderate Moderate to Direction-dependent mechanical response [73]
High
Gyroid (TPMS) High Moderate Requires high-resolution printing to avoid [74]
surface irregularities
Body-Centred Low High Stress localization at nodal junctions [75]
Cubic (BCC)

difficult to anticipate their mechanical reaction. Strength, fatigue life,
and stiffness are influenced by size-dependent effects and local stress
concentrations at strut joints. It is frequently necessary to use beam-
based, homogenization, or micromechanical techniques in order to ac-
curately define lattice mechanics because conventional linear models are
unable to capture these effects.

Truncated cube unit cell

The truncated cube, sometimes referred to as the truncated hexahe-
dron, is one of a select few unit cells that can be repeatedly repeated in
space to create a crystal lattice. The open-cell unit-cell is used in this
investigation, and the inclined and uninclined struts might have equal or
different lengths. Here, the length ratio between inclined and uninclined
(hotizontal or vertical) struts is indicated, and its effects on the resulting
elastic properties are investigated. The three sub-parts of this section
cover the derivation of analytical solutions, and the description of finite
clement models used to approximate the mechanical properties of po-
rous materials [51].

Octahedral unit cell

The octahedral unit cell is a previously unstudied form. Two previous
studies looked at a simplified form of this unit cell that did not have the
horizontal struts that are critical for structure strength [52,53]. The lat-
tice structure’s isotropic properties are also enhanced by the horizontal
struts. Furthermore, in both researches stated above, there was a lack of
consistency between analytical, numerical, and experimental data. The
creation of biomaterials, where both biomechanical and physiologically
pertinent features must be taken into consideration at the same time,
necessitates having access to a vast library of unit cells. To expand the
pool of unit cells from which the fundamental unit cells might be cho-
sen, the current study contributes to the line of research by analyzing
the topology-property relationship for a novel unit cell, the octahedral
unit cell.

Hexagonal unit cell

The hexagonal cell lattice, often known as honeycomb, is the much popu-
lar used lattice geometry. Sandwich structures with aluminum honey-
comb cores are stiff, strong, and light. From aircraft to the construction
industry, cellular materials are employed in a variety of applications that
require lightweight constructions. The hexagonal lattice component de-
sign, as well as the coordinate system for describing part orientation
during printing and testing the inclined and vertical walls’ truss lengths,
hall thickness and inclined wall angle, establish the geometry of each
cell [54].

Diamond unit cell

The diamond cubic unit cell has fourteen vertices and sixteen identical
edges and is an isotropic geometry. Each node is joined to four other
nodes by struts that are spaced apart at an angle of 109.51 degrees. The
mechanical properties of diamond-type cellular solids are calculated using
structural theories created for high porosity materials. It is presumable

that the solid material is lineatly elastic with minute deformations. Given
that the geometry is isotropic, and the cellular structure is mechanically
an isotropic structure, the diamond cubic unit cell has the same me-
chanical properties in all directions. Two theories, the Euler—Bernoulli
and Timoshenko beam theories, are used to calculate the elastic modu-
lus of diamond-type cellular structures. Truncated cube, Truncated cube
octahedron, Face-centered cubic, Rhombic dodecahedron, Double hex-
agonal pyramid, cube, octahedral, pyramidal, honeycomb and diamond
lattice have all been investigated analytically, computationally, and ex-
perimentally. To investigate the impact of pore architecture and poros-
ity in radial and longitudinal fluid flow directions used both experimen-
tal and numerical methodologies [55]. A comparison of the mechanical
effectiveness, permeability properties, and intrinsic structural limits of
the most widely used lattice unit cell shapes in biomaterial and additive
manufacturing applications. Biomaterial structure study with the differ-
ent techniques and evaluated mechanical properties in table 3.

Functionally Graded Biomaterial Material (FGBM) is used in a vari-
ety of domains of materials. Even though metallic or ceramic-based
FGBMs account for the vast majority of FGMs, polymer-based FGBMs
are gaining popularity. Despite the great features of polymer
nanocomposites and their widespread use in everyday life, typical poly-
mer nanocomposites have significant limitations in terms of realizing
their full potential. Table 4 lattice unit cell characteristics.

Fabrication of biomaterial

Biomaterials are also important in cell movement, biological activity,
drug delivery and cell growth. Natural biomaterials are necessary for
tissue - engineered on account of their inherent bioactivity, which in-
cludes cell proliferation, adhesion, and non-toxicity to native healthy
tissue. To address the issue of repeatability, specifics of the biomaterial
production study methods should be carefully addressed. Different
mechanical findings are found in recent studies that compare metallic
biomaterials produced by additive manufacturing with their convention-
ally processed counterparts. Due to their finer microstructures and quick
solidification rates, components made by selective laser melting (SLM)
and electron beam melting (EBM) often exhibit greater yield strengths
than cast or wrought Ti-6AI-4V alloys. Nevertheless, a number of stud-
ies show a discernible decrease in fatigue endurance, which is mostly
linked to process-induced flaws such direction-dependent grain orienta-
tion, un-melted powder particles, and lack-of-fusion porosity. On the
other hand, specimens of laser powder bed fusion (LPBF) that were
exposed to hot isostatic pressing (HIP) demonstrated enhanced fatigue
resistance, indicating that post-processing can help reduce the number
of internal flaws. Although these advancements, there are still contra-
dictory findings in the literature: some scientists report persisting crack
initiation at subsurface pores even after densification treatments, while
others report near-wrought fatigue performance following surface pol-
ishing and heat treatment. Lattice structures made by additive techniques
show more stress localization at strut joints than bulk specimens made
by conventional forging, which causes premature fatigue failure under
cyclic loading, according to a comparative evaluation of fabrication routes.
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Furthermore, good life prediction using isotropic constitutive models is
complicated by the fact that anisotropic mechanical behaviour is still
more noticeable in implants made of SLM and LPBF than in cast alloys.
These results suggest that while improved manufacturing procedures
provide better geometric control and increased static strength, micro-
structural heterogeneity and defect sensitivity continue to limit their long-
term durability for load-bearing biomedical applications.

Selective laser melting (SLM)

SLM is a new technology that can be used to make a variety of metallic
biomaterials. This procedure not only allows for the fabrication of com-
plicated geometrical structures and fully dense parts, but it also aids in
the improvement of their mechanical behavior. The final produced
mechanical properties of the components are influenced by processing
settings and various SLM manufacturing part designs, such as solid,
porous, and hybrid. SLM has been widely employed in the biomedical
and aerospace industries due to enhanced mechanical behavior of me-
tallic biomaterials. The scanned and solidified layers ate then stacked on
top of one another to produce a fully functional three-dimensional com-
ponent, tool, or sample. Most metallic materials SLM research is fo-
cused on ferrous, nickel, and titanium-based alloys. In most cases, spheri-
cal powders with a diameter of 15-50 m are employed in the procedure.
With the advancement of technology, SLM of aluminum, copper, and
magnesium-based materials has become one of the emphasis areas [76].

Electron beam melting (EBM)

EBM is a particular sort of electron optical column in which a powder
layer is equally scraped using a gravity-supplied electron beam that is
produced, focused, and scanned across. Each layer, which is 45 to 95 m
thick, is heated to temperatures between 700 and 900°C through a series
of beam passes at scan speeds >105 mm/s at high current. This is fol-
lowed by a melt scan at a higher scan speed and lower beam current
(>101 mm/s; 8 mA). In a vacuum chamber that can accommodate up
to 0.3 m® of building components, a 3D-CAD (computer-aided design)
software model selectively drives the melt scan, which melts just certain
layer pieces that are placed in the construction direction to generate
intricate, 3D structures. Depending on the powder parameters, espe-
cially melting point, process optimization entails selecting a beam focus
and a melt scan beam current. Additive manufacturing (AM) with elec-
tron beam melting (EBM) has recently demonstrated the capability of
creating not just complicated, porous, monolithic implant components,
but also patient-specific implant components [77].

Electrospinning

Electro spraying gave rise to electrospinning, which was initially discov-
ered by Rayleigh in 1882, explored in depth by Zeleny, and patented by
Formals in 1934. Taylor’s work on electrically powered jets created the
foundation for electrospinning. The three components of an
electrospinning setup are a high voltage power source, a syringe needle,
and a grounded target (usually a metal screen, plate, or rotating man-
drel). The spinneret carrying the spinning solution is connected to one
electrode of the high voltage power source, while the other is connected
to the collector, which is normally grounded. During electrospinning, a
solution is first supplied through a spinneret, and then a high voltage is
applied to the solution at a critical value (typically more than 7 kV). A jet
will erupt from the spinneret’s tip when the electric force is greater than
the surface tension of the solution. Despite being stable close to the
spinneret’s tip, the jet swiftly enters a stage of bending instability, with
the solution jet enlarging as the solvent evaporates because of electro-
static forces in the mixture [78]. The improved coaxial electrospinning
can generate nanotubes and core/shell structural nanofibers.
Electrospinning is a particularly low-cost, simple, and adaptable process
for producing nanofibers from various materials [79].

Fused deposition modeling (FDM)

One of the first AM techniques is fused deposition modelling (FDM),
sometimes referred to as 3D printing. According to the printing pro-
cess, the melted thermoplastic used as a support for bioinks is produced

by feeding a thermoplastic polymer into a liquefier and then extruding a
filament [80]. Complex tissues and organ constructs have been created
using this technology. Depending on how they operate, 3D bioprinting
is divided into various categories [81]. To achieve the desired tissue pro-
duction, these procedures can be used separately or in combination.
What follows includes both an explanation of each technique and its
corresponding designed graphic. The three main methods for 3D
bioprinting are biomimicry, autonomous self-assembly, and mini tissue
building blocks. As opposed to autonomous self-assembly, which uses
eatly cells embryonic components to create its own ECM, cell signaling,
and cellular architecture, biomimicry type approaches arrange and repli-
cate cellular components to mimic a live tissue [82].

Powder metallurgy

To create a denser component, powder metallurgy compaction of me-
tallic powders is followed by a heat treatment. The method allows for
the creation of nearly non-porous shaped pieces with extremely tight
dimensional tolerance that are nearly identical in characteristics to their
fully dense parent materials. It is challenging to melt or cast metallic
powders at high melting temperatures. PM on the powders that have
been mixed with the appropriate number of binders, followed by a heat
treatment, can produce regular lattice with the desired qualities. Addi-
tionally, items with complex designs can be produced quickly using the
metal injection molding (MIM) technology. Basic Powder Metallurgy
process shown in Fig. 2. There is a growing market and high demand for
PM sintered porous metal materials for biomedical applications. For in-
stance, the development of artificial organs and implants is crucial for
orthopedic surgery to replace diseased and injured hard tissues includ-
ing teeth, bones, and joints [83].

In recent years, porous biomaterials may now be manufactured us-
ing additive manufacturing processes. Selective laser melting (SLM),
Electrospinning, 3D printing, SLA and electron beam melting (EBM),
Powder Metallurgy are the most prevalent procedures for this material.
From this review Powder Metallurgy is the predominate fabrication
method for Proposed Ti based alloy materials. These approaches can be
used to create three-dimensional scaffolds with an interconnected po-
rosity that are suited for tissue ingrowth and vasculature. These ap-
proaches, on the other hand, allow for mechanical qualities that are like
those of human bone, such as compressive strength and elastic modu-
lus. As a result, strain effects upon implantation may be minimized [84].

Alginate is a natural biopolymer that is biocompatible, biodegrad-
able, and hydrophilic. Alginate scaffolds supported cell growth for a
long time, and the fibroblasts cells connected and spread in a circular
morphology on them [85]. Chitin is the second most abundant natural
biopolymer in the world, and it is widely employed in bioengineering. In
bioengineering, chitin nanofibers are utilized to support biological ac-
tivity such as cell proliferation and adhesion [86,87].

Base Powder and

5 Mixing
alloying elements

~ Compaction
N Q/ N or
E -I processing
Hot Zone
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— Sintering | —

Figure 2: Basic powder metallurgy process for finished
material
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Figure 3: Strategies for optimizing the mechanical
characteristics of biomaterials

Biocompatibility

The term “biocompatibility” refers to a material’s capacity to carry out
its intended functions in relation to a therapeutic intervention, to elicit
the proper host response in each application, and to interact with bio-
logical systems without causing harm, toxicity, immune system rejec-
tion, as well as unneeded or improper systemic or local effects [88,89]
Biocompatibility is critical for the health of patients, dental staff (in-
cluding laboratory professionals), and practitioners. Furthermore,
biocompatibility difficulties are frequently linked to dentists’ legal cul-

pability. Practitioners should have enough knowledge of biocompatibility
testing procedures to evaluate advertising claims critically and ask perti-
nent questions of manufacturers [90-92].

As the engineering and science of biomaterials expands, with a greater
focus on the development of biomaterials, Nano-biomaterials, and scaf-
folds for tissue engineering, adequate and appropriate approaches to
biomaterial biocompatibility/biological response evaluation in vivo and
in vitro must be prioritized.

Mechanical Characterization

In many domains of physiology, medicine, and surgery, determining the
mechanical properties of biomaterials is a critical topic. After the quali-
ties of biological substances have been identified, the difference be-
tween diagnostics and functional information should be made. A straight-
forward analytical technique that was first created for open cellular struc-
tures is used to determine the mechanical properties of porous
biomaterials [93]. However, a few experimental studies, including, have
shown that analytical models cannot accurately predict the mechanical
properties of porous biomaterials produced using additive manufactur-
ing methods. Understanding the material’s mechanical characteristics
given its micro-architecture and matrix material properties is an essen-
tial practical difficulty in the application of open-cell biomaterials.

It also allows for an assessment of biomaterials research in bio-
medical applications and encourages the study of mechanical properties
of biomaterials. mechanical behavior has aided in validating the pro-
posed model as successful in creating optimal biomaterials capable of
improving mechanical properties while providing a structural distribu-
tion suitable for medical engineering applications [94].

In order to capture both elastic and viscoelastic responses, matetials
with low elastic modulus, like hydrogels and polymers, are mainly as-
sessed using nanoindentation in conjunction with dynamic mechanical
analysis. On the other hand, instrumented indentation techniques are
used to describe high-modulus materials, such as metals and ceramics,
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Figure 4: Decision framework for choosing appropriate mechanical characterization procedures
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Table 5: Numerical analysis of biomaterials with properties and applications

Types of Modelling/Simulation  Software Properties Applications References
Biomaterials [Fabrication
Granules of Computational fluid ANSYS Porosity and micro Small bone defects in oral [102,103]
calcium/phosphate  dynamics (CFD) architectural and maxilla-facial surgery
biomaterials characteristics
Brittle biomaterials ~ Phase-field model to ABAQUS Fracture Prosthetic application [104,105]
(zirconia-based, simulate the crack
ceramic tissue propagation
scaffold)
3D printed porous Modelling and ANSYS 16.0 Blood/nutrient flow Patient-specific [106,107]
scaffold implant simulations (Monte biodegradable knee
material. Carlo method) implants
Ti-6Al-4V alloy. three-dimensional ABAQUS Fatigue crack growth Hip implant [108,109]
finite element model fracture toughness
Mono-material Selective laser COMSOL Elastic modulus Orthopaedic implants [110,111]
Ti6AI4V and multi-  melting Multiphysics
material TiGAI4V- CAD model
PEEK cellular Mathematical models
structures
UHMWPE Finite element ABAQUS Von Mises stress Orthopaedic field specially [112-114]
biomaterials method (FEM). to replace the damaged
hip joint.
Organ-on-a-chip Finite element COMSOL Fluid velocity, Tissue [115-117]
modelling, particle trajectories, engineering
Finite-difference pressure distribution,
method and shear stress
Structurally porous  Design of additively ABAQUS Morphology & Bone replacement [118,119]
biomaterials manufactured Mechanical properties  implants
porous. (Strength, stiffness)
biomaterials
PF bone-FG plate  Finite element ANSYS 15.0.  Compressive and Paediatric femur (PF) [120]
system modelling torsional stresses, bones
fracture fixation
Lattice and porous  Finite element Abaqus Young’s modulus, Lightweight applications, [121]
structures modelling shear modulus and such as aerospace,
Poisson’s ratio automotive or
biomechanical engineering
AM functionally Experimental and Ansys Permeability Bone substitute [122]

graded porous iron

computational
analyses

Biodegradation
Mechanical properties
Biocompatibility

and the Oliver-Pharr method is used to extract the elastic modulus and
hardness. Depth-dependent property evaluation is made possible by
continuous stiffness measurement for porous or architected objects made
with additive manufacturing. Contact mechanics models like Hertzian
or composite modulus methods are necessary for thin films and surface
coatings in order to take substrate effect into consideration. Scratch test-
ing combined with finite element modelling is used to measure adhesion
strength and stress distribution where interfacial integrity is crucial. Across
a range of biomaterial classes and geometrical scales, this systematic
selection process guarantees accurate mechanical evaluation. Fig 3. Strat-
egies for optimizing the mechanical characteristics of biomaterials.
Mechanical characteristics are used to evaluate a material’s perfor-

mance under a variety of load circumstances, which are frequently de-
scribed by the material’s resulting stresses and strains in fault elastic de-
formation [95]. To obtain the appropriate qualities for tissue engineer-
ing, it is difficult to reconcile mechanical and mass transport properties
in biomaterial mechanical design. Figure 4 provides a decision frame-
work for choosing appropriate mechanical characterization procedures.

Tensile strength

The ability to determine a material’s tensile strength is a useful property.
A universal testing device was used to assess the tensile strength of test
composite specimens. When a tensile load is given to a bulk material
with defined geometry, the machine exerts a force on the material that

Table 6: Biomaterials with tribological characteristics and utilization

Material Utilization Tribological Characteristics References
Metal and their alloys Total replacement of Resistance to oxidation and [124]
(Ti alloys, Ti-Al-V alloy joints wear
Inorganic: carbon and Biocompatible materials Minimized friction and increased [125]
diamond for coating wear resistance.
Polymer (PMMA, Nylon  Joint socket, implant with  Low frication coefficient, [126]
Polyethylene interposition, joint bone resistance to wear and oxidation

elasticity with a decreased rate

of wear
Ceramics (Aluminium Coating of bone joints Wear and Corrosion resistance [127]
oxides, titanium oxides)
Composite (ceramic Joint of bone Fatigue and wear resistance [128]

coatings with metals,
carbon material)
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can be measured by the load cell. Metals have the strongest tensile
strength, a somewhat high elastic modulus, and varied degrees of elas-
ticity [96]. The least strong and elastic modulus materials are polymers.
The law of mixture applies to the properties of carbon fiber. Ceramics
exhibit a significant young’s modulus and their biggest strength, yet they
exhibit brittle behavior during linear elastic deformation fractures.

Elastic modulus

The ratio of stress to strain within the proportional limit is the simplest
definition of elastic modulus. It is significant from a therapeutic stand-
point since it shows that the chosen biomaterial shares similar deform-
able characteristics with the component it would replace. High young’s
modulus and minimal deflection are necessary for such force-bearing
material [97]. Due to the ease with which deflection can be detected in
this scenario as opposed to very minor elongation in compressive or
tensile load, the elastic modulus of a material is typically estimated using
bending test. The young’s modulus of bio ceramic coatings applied to
titanium orthopedic implants can now be measured using an ultrasound
method.

Fracture strength

The highest stresses a material can withstand before fracturing is re-
ferred to as its strength. Due to their brittle nature, biomaterials’ strength
(also known as bio-ceramics’ strength) is a crucial mechanical attribute.
The strength of a material can be determined using a variety of tech-
niques, including the Weibull methodology, biaxial flexural strength test,
and bending flexural test [98]. The greatest imperfection or crack will do
the most damage to the material, in accordance with Griffith’s theory of
fracture in tension. Since defect size is constrained by the cross-sec-
tional area of a material, strength also depends on specimen volume.

Fatigue

The consistency of the material reveals fatigue properties under cyclical
loads. The above-mentioned implants must also have high
biocompatibility to be used for a long time, work well, and be reliable.
Microstructures have a strong relationship with fatigue characteristics
[99-101]. For example, systematic studies or comparisons of fretting
fatigue features have been made in relation to associated microstruc-
tures. Biological materials like bone are especially likely to lack fracture
toughness since even low-stress loading can induce elastic fibers in the
material to transfer across several cycles.

Finite Element Method

Finite element analysis is now a commonly used computational approach
to examine the mechanical properties of biologically generated struc-
tures and biomaterials. As it can simulate complicated geometries and
heterogeneous material systems, it is especially well-suited for assessing
load-bearing capacity, deformation patterns, and stress distribution in
biological complex structure. Table 5. Numerical analysis of biomaterials
with properties and applications. The present paper provides a sum-
mary of numerical techniques for using finite element simulations to
anticipate the mechanical reaction of biomaterials. Modelling approaches
that take into account nonlinear constitutive behaviour, architectural
anisotropy, and the mechanical interaction at tissue implant interfaces
are given particular consideration. Under physiologically realistic load-
ing situations, these methods improve the accuracy of computer fore-
casts.

Finite element modelling of biomaterials that are additively gener-
ated poses a number of difficulties despite their extensive application.
Accurate material representation in numerical models is made more dif-
ficult by the inherent anisotropy, process-induced flaws, and intricate
microstructures of printed components. Nonlinear deformation, vis-
coelasticity, and damage progression seen under physiological loading
conditions are frequently missed by simplified constitutive rules. Fur-
thermore, when simulating porous systems with intricate geometric fea-
tures, mesh reliance and high computational cost continue to be major
drawbacks. These problems show that in order to increase predicted

accuracy, multiscale and empirically proven FEM frameworks are re-
quired.

The suggested structure’s mechanical parameters (elastic modulus,
yield stress and Poisson’s ratio) were calculated using an analytical solu-
tion. Furthermore, several tools such as ANSYS Workbench, Abaqus
and COMSOL were used to do a numerical analysis for the proposed
structures. The numerical and analytical results were found to be in good
agreement.

Tribological Characteristics of Biomaterial

Tribological processes occur frequently in humans, particularly in the
living body’s bones, valves, heart, teeth, skin, and eyes. It is crucial to
understand how these processes work in the body and to create
biomaterials artificially to replace injured tissue to help patients with
their pain. Using a Pin-on-Disc and Ball-on-Disc tribometer in ambient
settings, friction and wear experiments were petrformed under various
circumstances and sliding velocities with and without lubricant. In the
evaluation of biomaterial efficiency, friction and wear play a significant
role. Table 6. Biomaterials with tribological characteristics and utiliza-
tion.

In terms of cracking, adhesion, and abrasion, tribo-mechanical wear
is the dominant wear mechanism. The successes in the field of biomedi-
cal material tribology research have been briefly discussed in this paper,
with a focus on biomaterials and suggested methods for their evaluation
[123].

Wear testing method

Itis imperative to desctibe the wear and friction of generated biomaterials
using a suitable test approach, given the limitations, especially in terms
of the tribological properties. To analyze the tribological behavior of
metallic biomaterials, the literatute most usually uses the ball-on-disc,
block-on-disc, and pin-on-disc methodologies. A simulated body fluid
containing sodium chloride and phosphate-buffered solutions were used
for the wear tests. But in a few cases, testing was also carried out with
dry sliding. To mimic natural or ambient circumstances, a temperature
of 370.1 °C was chosen for the expetiments.

Techniques for characterizing the wear of biomaterials

The assessment of tribological behavior has been carried out using sev-
eral methods. To ascertain the compositions of some locations, chemi-
cal investigations like energy-dispersive X-ray spectroscopy (EDXS/
EDS) have been used. The surface chemistry has been examined using
X-ray photoelectron spectroscopy (XPS). A 3D optical profilometer was
used to measure the volume loss in the wear track. A scanning electron
microscopy/light microscope (SEM/LM) has been used for post-test
inspections or to pinpoint the wear process. A 3D Talysurf instrument
was used to measure the 3D surface roughness. AFM with a depth-
sensing indentation device also allowed for the determination of fasci-
nating mechanical properties like the modulus of elasticity and hardness
[129].

Friction and Wear behavior

According to ISO 7148, ASTM G133-94 and ASTM G99-95 standards,
experiments and tests using an oscillating tribometer have been con-
ducted in ambient air. According to ASTM F86-01, ASTM F136-02and
ASTM E1078-02, samples were prepared for analysis. Each sample was
carefully cleaned with ethylene, cleaned in an ultrasonic bath for 80 min-
utes, and then dried in hot air. After immersing the samples in the solu-
tion for 60 minutes, they were washed with isopropyl alcohol. After
washing, the samples were dried in hot air. The sliding velocities under
varied normal loads (2, 10, and 15 mm/s) are within the range typically
experienced in hip joints (2, 6, 8, and 10 N) [130]. Throughout the test-
ing, the friction coefficient, also known as the dynamic friction coeffi-
cient, was automatically recorded using data collection software.
Tribomechanical wear is the most prevalent type of deterioration, which
is evident by abrasion, adhesion, ploughing and cracking. Today,
bioengineers and biologists are the “key actors” in this subject. Accord-
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ing to Ratner et al. 2020, the need to bridge the gap between clinical
practice and scientific research will likely be what spurs the creation of
new biomaterials [131].

Concluding Remarks

This paper gives a broad review of biomaterials, from their origins
through modern developments. Biocompatibility and mechanical behav-
ior, wear resistance, corrosion and osseointegration are the most impor-
tant elements to consider when using biomaterials in the long run. It is
very desired to design biomaterials with good biocompatibility and func-
tional qualities. Among other biomaterials, metals, ceramics, polymers,
and their composites are frequently used in biological applications and
have significantly reduced disease and injury morbidity and mortality.
Technological improvements in a few outstanding biomaterial systems;
technological improvements have enabled the creation of novel
biomaterials as well as new fabrication procedures for existing materials.
The biomaterial adopted to replace the bone has mechanical properties
that are like this, such as a modulus of elasticity that is equivalent to
bone’s, avoiding the stress shielding effect and its implications. The field
of biomaterials is curtently undergoing a revolution because to the emerg-
ing fields of nanotechnology, biomimetics, and tissue engineering, which
will surely have a major impact on the creation of the next generation
of biomaterials, known as nan biomaterials. For non-biomaterial and
implant biomaterial to continue to succeed, numerous researchers from
the fields of materials science and engineering, physical sciences,
nanotechnology biological sciences and medicine must work together.

Future Scope

The selection of a biomaterial for a certain application in the present
and the future must consider a lot of factors. Medical studies keep pushing
the boundaries of science to identify, treat, prevent, and cure diseases at
the genetic and molecular level. Prosthetic joints require the implants to
bear physiological repetitive forces in a biological Milieu for very long
periods of time. The most important requirement that every biomate-
rial must satisfy is biocompatibility.

Even with the significant advancements in 4D biomaterials and smart
implant design, there are still a number of important issues that need to
be looked at further. Specifically with respect to inflammatory response
and ion release under cyclic physiological settings, the long-term bio-
logical effects of breakdown products from shape-adaptive polymers
and bioresotrbable metals systems remain unclear. Concurrently, limited
power availability, signal instability, and sensor drift during extended in
vivo operation impede the integration of real-time biosensing into lat-
tice and porous implants.

In the past, engineers, chemists, and physicists dominated the field of
biomaterials science. To combine qualities like high strength, corrosion,
wear resistance and biocompatibility, it is essential to choose the right
matrix system, reinforcing materials, and volume fraction form and size
of reinforcing phase. This review may be useful for that researcher who
really is interested in the most recent developments in biomaterial as-
sessment and biomaterial selections.

A significantissue is fatigue degradation with repetitive mechanical load-
ing since designed structures are vulnerable to microcrack development
and stress concentration during actuation. Particularly in multi-material
and functionally graded structures, mechanical and chemical incompat-
ibility at the implant—tissue interface still hinders load transmission and
long-term fixation. Therefore, bio-safe degradation mechanisms, energy-
harvesting or self-powered sensing systems, fatigue-tolerant metamaterial
designs, and interface-engineered surfaces that more closely mimic the
characteristics of original tissue should be the main focus of future study.
To create long-lasting, flexible, and clinically dependable smart implants,
these interrelated constraints must be overcome.
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