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The usage of Additive Manufacturing (AM) by the healthcare industry to manufacture
biomedical implants results in mass customized product at an affordable price. Prior to the advent
of AM, these biomedical implants are fabricated using conventional manufacturing techniques
such as casting, machining etc. These patient specific implants may aid the medical workers
in the placement, inventory with increased customer satisfaction. There is a clear distinction
between make or buy decision for these medical implants and systematic investigation is needed
to procure these AM implants. In addition, these implants are designed and manufactured from
the Digital Imaging and Communication in Medicine (DICOM) file from the respective patients.
Polymer based Material Extrusion and Resin based Vat Photo polymerization are the commonly
used AM techniques, which assist the health workers in validating the implant design. While
the metal AM technique such as Powder Bed Fusion are used the widely employed method
to fabricate the actual medical implants, which can be directly fit on the patient body. Most
of the implants are used for dental applications using maxillofacial surgery and orthopaedic
applications for bone joints. This paper briefs the impact of AM in the healthcare industry for
mass customisation, strategies, methodologies and applications especially for implants. And
some of the software tools used for the design, analysis and manufacturing of these implants
are also discussed. Mass customisation and cost effectiveness are the major driving force for
the use of medical implants. These patient specific medical implants with AM are useful for
developing industries to overcome the expense associated with patient specific medical implants,
which is usually fabricated using conventional manufacturing processes.
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Additive Manufacturing (AM) or 3D
printing plays a major role in healthcare sectors.
This article provides a comprehensive survey
on the use of AM techniques for manufacturing
customised medical and dental implants at
an affordable price. The types of implants,
manufacturing methodologies, applications,
advantages and drawbacks of the medical implants
are discussed in this work. Implant devices can
be placed using surgery in the jaw portion for
rejuvenating the broken anatomical structures
especially bone regions.' This type of implants is
majorly used for osteosynthesis for correcting the
existing bone and enhancing the growth of bones.
Figure 1. shows the sequence of steps involved in
fabricating implants using AM.

There are several types of AM techniques
used for manufacturing implants.? Powder Bed
Fusion technique involves the use of a laser
source, electron beam source to melt a thin layer
of metal powder, which is then solidified to create
the implant. This technique can be further divided
into two subtypes: selective laser melting (SLM)
and electron beam melting (EBM). In Directed
Energy Deposition technique, metal powder or
wire is fed into a melt pool created by a laser or
an electron beam, and the material is added layer
by layer to create the implant. Material extrusion
based AM technique is the use of the deposition
of a thermoplastic or metal filament, which is
melted and extruded through a nozzle to create
the implant. In the Binder jetting technique, a
powder bed is selectively sprayed with a liquid
binder to bind the particles together and form the
implant. Sheet lamination involves the layering
of thin sheets of metal or polymer to create the
implant. AM techniques have lot of advantages and
disadvantages, while the selection of a particular
technique for manufacturing implants depends on
factors such as the type of implant, the required
precision and resolution, the desired mechanical
properties, and the materials.

MATERIALS AND METHODS

Implants are manufactured from a
variety of materials, each with its own unique
properties and benefits.> Metals such as titanium
and its alloys, cobalt-chromium, and stainless
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steel are used in the implant production because
of their strength and biocompatibility. They can
be shaped and sized to fit specific anatomical
locations. Ceramics such as zirconia and alumina
are used in implants. They are also highly
resistant to wear and corrosion, making them a
popular choice for joint replacement implants.
Polymers such as polyethylene, polypropylene,
and silicone are used in a variety of implants,
including breast implants, vascular grafts, and
temporary sutures. They are lightweight, flexible,
and biocompatible. Composites are materials made
from a combination of many materials to create a
new material with specific properties. For instance,
polymers reinforced with carbon fibers are used
in orthopaedic implants to provide strength and
rigidity. Biological materials such as human or
animal tissue are also used in implants, such as in
heart valve replacements. These materials are often
processed and treated to reduce the risk of infection
or rejection by the body. Factors affecting implant
selection include specific application, patient’s
anatomy and medical history, and the expected
longevity of the implant.* The choice of material
also affects the cost and availability of the implant,’
as well as the complexity of the surgical procedure.
Abutment-implant connections

The abutment-implant connection is a
critical interface in dental implant systems, as it
directly affects the stability and performance of
the implant.® External hexagon type of connection
features an external hexagon on the implant
and a matching hexagonal slot on the abutment.
Sometimes, there will be a difficulty to position
accurately and can result in implant stability.
Internal hexagon connection features an internal
hexagonal shape on the implant and a matching
hexagonal end on the abutment. It provides a strong
connection and is easier to position accurately
than the external hexagon connection. Morse
taper features can result in improved stability
and longevity, with the implant tapering down
to a narrower diameter than the abutment. This
creates a tight, frictional fit between the implant
and abutment and provides excellent stability.
One-piece implant features an abutment that is
an integral part of the implant. The one-piece
design eliminates the abutment-implant interface,
which can result in improving the stability and
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mechanical performance. Figure 2 shows the
overall classification of medical implants, which
can be manufactured using AM.

The choice of abutment-implant
connection depends on several factors, including
the specific implant system being used, the anatomy
of the patient, and the desired outcome. The design
and quality of the abutment-implant connection
can directly affect the stability and longevity of the
implant, as well as its ability to withstand functional
loads’. Proper selection and placement of the
abutment-implant connection is critical to ensuring
optimal outcomes for dental implant patients. The
comparison of knee implants, skull implants and
dental implants by considering the factors such
as dissimilarities, advantages, limitations and
applications are provided in the following table 1.
Dental implants

Dentistry involves the detection and
control of teeth related bones by proper control
with the available medicinal techniques and tools.
The implants manufactured using AM are highly
customizable, patient-specific and reduce the
effort of the dental doctors for placing implants
in the appropriate locations. AM allows for the
creation of implants that are customized to the
anatomy of the patient.” This means that the implant
will fit perfectly and function more effectively.
Additionally, the patient will experience less
discomfort and a faster recovery time. With AM,
it is possible to use a wider range of materials,
including metals, polymers, and ceramics, each
with their own unique properties. This means
that biomedical implants can be designed with
materials that are biocompatible, durable, and
have the required mechanical properties for the
intended applications such as fatigue resistance,
osseointegration, etc.®* AM allows for the creation
of complex geometries that cannot be produced
using traditional manufacturing methods. This is
particularly useful in the creation of biomedical
implants, which often require intricate designs to
mimic the shape and function of natural structures
in the body.” AM can produce biomedical implants
more quickly and at a lower cost than traditional
manufacturing methods. This is due to the fact that
there is less waste, and the manufacturing process
can be automated to a greater degree. AM allows
for rapid prototyping and design iteration, which
is particularly useful for testing new designs and

2085

refine more quickly and efficiently, leading to
better products and improved patient outcomes.
In summary, AM offers several benefits for the
production of biomedical implants, including
customization, the ability to use a wider range of
materials, the ability to create complex geometries,
time and cost savings, and improved research
and development capabilities. As a result, it is
becoming an increasingly popular option in the
biomedical industry. The medical implants need
careful consideration of design, manufacturing
and development along with analyzing the cost
associated with producing these biomedical
implants. Figure 3. shows the classification of
bone implants based on the impact of damage,
particularly dental implants.

Some of the stochastic cost modelling
techniques are used to quantify the supply-
chain associated costs, which affects the cost of
production of these implants using AM techniques.
An investigation is required to understand the
economic feasibility to produce these customised
biomedical implants at the hospital locations.
Classification of dental implants

There are four types of dental implants
such as endosteal implants, sub-periosteal
implants, all-on-4 dental implants, and implant
over dentures. Dental implants can be classified
based on several criteria, including shape, size,
surface characteristics, and the materials used to
manufacture them. These implants are classified
based on shape such as cylindrical, tapered and
conical. Cylindrical implants have a uniform
diameter along the length of the implant. Tapered
implants are wider at the top than at the bottom,
mimicking the natural shape of the tooth root.
Conical implants have a wider base and a narrower
tip. Based on size of implant, the implants are
classified into narrow diameter, standard diameter
and wide diameter implants. Narrow diameter
implants have a diameter of less than 3.5 mm
and are often used in areas where there is limited
space or bone density. Standard diameter implants
have a diameter of between 3.5 mm and 4.2 mm
and are suitable for most patients. Wide diameter
implants have a diameter of greater than 4.2 mm
and are used when more stability is required.
Implants are classified based on the nature of
surface characteristics. Smooth surface implants
have a polished surface and are used when there



2086

is sufficient bone density. Rough surface implants
have a textured surface to encourage bone growth
and osseointegration. These implants are then
classified into the nature of materials used for
making implants. Titanium implants are the most
commonly used implants and are known for their
biocompatibility and durability. Zirconia implants
are newer implants made of a white ceramic
material that is more aesthetically pleasing than
titanium.
Additive Manufacturing of dental implants

AM is a promising technology for the
production of dental implants. AM enables the
creation of highly precise and customized dental
implants. With reverse engineering and design
software, the dental anatomy of the patient can be
captured, and a custom implant can be designed
and printed based on their specific needs. Figure
4. shows the Basal Osseo-integrated Implant (BOI)
optimized using customized 3D printing.

Traditional methods of producing dental
implants can be time-consuming and labor-
intensive. AM can reduce production time and
costs by allowing for the creation of dental implants
in a single process without the need for molds or
multiple manufacturing steps. AM enables the use of
a wide range of materials, including biocompatible
metals, ceramics, and polymers, which can be
selected based on their specific mechanical and
biological properties for each individual patient.
Traditional manufacturing methods may result in
significant waste of material due to the need for
molds and other tooling.'> AM can significantly
reduce waste by only using the necessary material
to produce the implant. AM can improve patient
outcomes by creating more accurate and precise
dental implants, reducing the failure of the implant,
and also improves the implant quality. Overall, AM
is a promising technology for manufacturing dental
implants, with potential benefits for both patients
and manufacturers. As research continues, AM
is likely to become an increasingly popular and
effective method for creating customized dental
implants.
Treatment with dental implants

The first step is to have a dentist
consultancy as well as dental implant specialist
for identifying yourself as a potential candidate
for dental implants. The dentist examination
includes your mouth and take X-rays or CT scans
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to evaluate the condition of your teeth, gums, and
jawbone. Once the dentist determines that you are
a suitable candidate for dental implants, they will
create a personalized treatment plan that outlines
the number of implants required, the location of the
implants, and any additional procedures that may
be necessary. Figure 5. shows the treatment options
for replacing missing teeth with the implants.

The dentist will surgically place the dental
implant into the jawbone. The implant will act as
a replacement for the tooth root and will be left
to heal and fuse with the bone through a process
called osseointegration. After the implant has fused
with the bone, the dentist will attach an abutment
to the top of the implant. The abutment is a small
connector that protrudes from the gum line and
will support the dental crown. Once the abutment
is securely attached to the implant, the dentist
will place a dental crown on top of the abutment.
The dental crown will be custom-made to match
the shape, size, and colour of your existing teeth,
and will be permanently attached to the abutment.
After the implant treatment is complete, you will
need to visit the dentist for regular check-ups and
cleanings. It is important to maintain good oral
hygiene habits to prevent infection or damage to
the implant. The entire dental implant treatment
process can take several months to complete,
depending on the individual case. It is important
to follow the dentist’s instructions and attend
all follow-up visits to ensure the success of the
treatment. With proper care, dental implants can
last for many years and improve your oral health,
speech, and chewing ability.
Current research in dental implants

Current research in dental implants is
focused on improving the design and materials
of dental implants, as well as developing new
techniques to enhance the success of implant
surgery. Researchers are exploring various surface
modifications to improve the osseointegration (the
process of bone growing around and attaching to the
implant) of dental implants. These modifications
include coatings of bioactive materials such as
hydroxyapatite or modifying the implant’s surface
topography. 3D printing technology is being
used to create custom-designed dental implants
with greater precision and accuracy'®, which can
improve the fit and function of the implant and
reduce the risk of complications. Researchers are
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investigating the use of smart implants that can
monitor and report on the implant’s performance,
including osseointegration and the presence of
bacteria. These implants could help detect early
signs of implant failure or infection and improve the
long-term success of the implant. Researchers are
exploring the use of tissue engineering techniques
to create biological replacements for missing or
damaged teeth. This could eliminate the need
for traditional dental implants and provide more
natural-looking and functioning replacement teeth.
In bone regeneration, researchers are investigating
various methods to stimulate bone regeneration in
the jaw to improve the success of dental implant
surgery. These methods include the use of growth
factors, stem cells, and other regenerative medicine
techniques. Overall, current research in dental
implants is focused on improving the safety,
efficacy, and long-term outcomes of dental implant
surgery. These advances can improve the health of
patients with missing or damaged teeth and reduce
the need for traditional dentures or bridges.
Orthopaedic implants

Orthopaedic implants are commonly
used in orthopaedic surgery to treat a variety of
conditions such as fractures, joint degeneration,
and osteoporosis.'* Orthopaedic implants are
usually made from metals, ceramics, polymers,
and composites, depending on their intended use
and the specific requirements of the implant. Joint
replacements are used to replace damaged or
diseased joints, such as the hip, knee, or shoulder.
Joint replacements are typically made of a
combination of metal and plastic. Bone plates and
screws are used to hold fractured bones together
while they heal. They are typically made of
titanium or stainless steel. Spinal implants are used
to stabilize the spine and treat conditions such as
degenerative disc disease and spinal stenosis. Spinal
implants can be made of a variety of materials,
including titanium, cobalt-chromium alloys, and
polymers. Orthopaedic trauma implants are used to
treat fractures and other types of traumatic injuries.
They can include bone screws, plates, rods, and
wires. The manufacturing process for orthopaedic
implants involves several steps, including material
selection, design and prototyping, manufacturing,
and testing. Implant testing can include mechanical
and fatigue testing to evaluate the strength and
durability of the implant, biocompatibility testing
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to assess the implant’s interaction with biological
tissue, and microbiological testing to evaluate
the implant’s ability to resist infection. Overall,
orthopaedic implants have revolutionized the field
of orthopaedic surgery and have greatly improved
the quality of life for millions of people. By using
advanced materials, manufacturing techniques,
and testing protocols, orthopaedic implant
manufacturers can ensure the safety, reliability,
and effectiveness of their products.
Types of orthopaedic implants

There are several types of orthopaedic
implants used in modern medicine, each designed
for a specific purpose. Joint replacements are used
to replace damaged or diseased joints in the body,
such as the hip, knee, or shoulder. They are typically
made of a combination of metal and plastic. Bone
plates and screws are used to hold fractured bones
together while they heal. They are usually made of
titanium or stainless steel. Spinal implants are used
to stabilize the spine and treat conditions such as
degenerative disc disease and spinal stenosis. They
can be made of a variety of materials, including
titanium, cobalt-chromium alloys, and polymers.
Orthopaedic trauma implants are used to treat
fractures and other types of traumatic injuries.
They can include bone screws, plates, rods, and
wires. Orthopaedic joint fixation are used to
provide support and stability to joints during the
healing process after surgery. They can include
external fixation devices, such as braces and casts,
or internal fixation devices, such as screws and
plates. Orthopaedic prosthetics are used to replace
missing or damaged body parts, such as limbs or
joints. They can include prosthetic limbs, hip or
knee replacements, and spinal cord stimulators.
The selection of a specific type of orthopaedic
implant depends on the patient’s individual needs,
the type of injury or condition being treated, and
the surgeon’s preferences. Each type of implant
has its own unique properties, advantages, and
disadvantages, and careful consideration is given
to the selection of the most appropriate implant for
each patient.
Knee implants

Knee implants, also known as knee
arthroplasty or knee replacement surgery, are
medical devices designed to replace damaged or
diseased knee joints with artificial components.
These implants are typically used to treat patients
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who have severe knee pain and stiffness caused by
osteoarthritis, rheumatoid arthritis, or other joint
diseases or injuries.'> The knee implant surgery
involves partial knee replacement, total knee
replacement, and revision knee replacement. The
choice of implant depends on the extent of knee
damage and the patient’s specific needs and goals.
Knee implant surgery is a major surgical procedure
that requires careful planning, preparation, and
aftercare. Patients undergoing knee replacement
surgery will typically need to participate in physical
therapy and rehabilitation programs to regain
strength and mobility in the affected knee.
Classification of knee implants

Knee implants can be classified in
several ways based on various criteria. Total knee
replacement (TKR) involves replacing the entire
knee joint with an implant. Partial knee replacement
(PKR) involves replacing only the damaged part
of the knee joint with an implant. Revision knee
replacement involves replacing a previously
implanted knee implant with a new one due to
wear, loosening, or other complications. Based on
the design of the implant, they are classified into
fixed-bearing, mobile-bearing, medial-pivot and
gender-specific implants. In fixed-bearing, the
femoral and tibial components of the implant are
fixed in place and move together on a fixed plastic
spacer. In case of mobile-bearing, the plastic spacer
is designed to move independently of the femoral
and tibial components, allowing for more natural
knee movement. Medial-pivot are designed to
mimic the natural movement of the knee joint, with
amedial pivot that allows for rotation and stability.
In gender-specific implants, they are designed with
anatomical differences between men and women in
mind, such as differences in the shape and angle of
the knee joint. Based on the materials usage, they
are classified into metal-on-plastic, ceramic-on-
plastic and metal-on-metal implants. In metal-on-
plastic implants, the femoral component is made
of metal, and the tibial component is made of
plastic. In ceramic-on-plastic implants, the femoral
component is made of ceramic, and the tibial
component is made of plastic. In metal-on-metal
implant, both the femoral and tibial components
are made of metal. Implant selection depends on
the age of the patient, level of activity, degree of
knee damage, and medical history, as well as the
preference of surgeon with their experience.
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Additive manufacturing for knee implants

AM is also being explored for the
production of knee implants.'® AM enables the
creation of highly customized knee implants,
which can be designed based on a patient’s specific
anatomy. This can improve the fit and function of
the implant and reduce the risk of implant failure.
Traditional methods of producing knee implants
can be time-consuming and labor-intensive. AM
can reduce production time and costs by allowing
for the creation of knee implants in a single
process without the need for molds or multiple
manufacturing steps. With AM, it is possible to
create complex structures with precise geometry
that can improve the mechanical properties of
the implant. This can lead to improved implant
performance and longevity. AM enables the use
of a wide range of materials, including metals,
ceramics, and polymers, which can be selected
based on their specific mechanical and biological
properties for each individual patient. AM can
significantly reduce waste by only using the
necessary material to produce the implant, which
can improve the sustainability of the manufacturing
process. Overall, AM is a promising technology
for the production of knee implants, with potential
benefits for both patients and manufacturers. As
research continues, AM is likely to become an
increasingly popular and effective method for
creating customized knee implants. The long-term
performance of these implants need to be studied
considering the potential risks associated with 3D
printing technology.
Recent trends in knee implants

Recent research in knee implants has
focused on improving the design and materials used
in knee replacement surgery, as well as developing
new techniques to improve patient outcomes.
Researchers are exploring the use of advanced
imaging techniques, such as MRI and CT scans,
to create personalized knee implants that fit the
patient’s anatomy more closely. This can improve
the accuracy of the surgery and reduce the risk of
implant failure. 3D printing technology is being
used to create knee implants with customized
shapes and designs, which can improve the fit
and function of the implant. Researchers are also
investigating the use of 3D printing to create
patient-specific surgical guides, which can improve
the accuracy and precision of the surgery. In wear-
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resistant materials, researchers are developing
new materials for knee implants that are more
wear-resistant than traditional materials, such as
metal and plastic. Robotics-assisted surgery is
being used in knee replacement surgery to improve
the accuracy and precision of the surgery. Robotic
systems can create a 3D model of the patient’s
knee, which can guide the placement of the implant
with greater accuracy than traditional techniques.
Overall, recent research in knee implants is focused
on improving the safety, efficacy, and long-term
outcomes of knee replacement surgery. These
advances may enhance the life for patients with
knee osteoarthritis or other knee conditions that
require surgery.
Cranioplasty implants

Skull implants, also known as cranial
implants, are medical devices used to reconstruct
or replace missing or damaged parts of the skull.
These implants are typically used to treat patients
who have undergone surgery to remove a part of
the skull due to injury or disease, or who have
congenital abnormalities of the skull.'” Skull
implants are usually made of biocompatible
materials such as titanium, PMMA polyethylene,
or porous polyethylene. The implant is custom-
designed to fit the patient’s skull and is placed
over the missing or damaged area of the skull.'®
The process of creating a skull implant involves
taking a CT scan of the patient’s head to create a
3D model of the skull. This model is used to design
the implant, which is then manufactured using
computer-aided design and manufacturing (CAD/
CAM) techniques. Skull implants are typically
placed under the scalp and secured with screws or
plates.'® The procedure is performed under general
anesthesia and may require a hospital stay of a few
days. Patients may experience some discomfort
and swelling after the procedure, but this typically
resolves within a few weeks. Skull implants can
improve the appearance of the skull and help
protect the brain from injury.*® They can improve
the patient’s quality of life by reducing pain and
restoring normal skull function.?> However, like
any surgical procedure, skull implant surgery
carries some risks, including infection, bleeding,
and implant failure.
Classification of skull implants

Skull implants can be classified based
on several criteria, including the material used,
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shape, and location.”> Some of the commonly
used materials for cranial implants are titanium,
polyethylene and porous polyethylene. Titanium
is a strong, lightweight, biocompatible metal
that is commonly used in skull implant surgery.
Polyethylene is a type of plastic that is also
biocompatible and commonly used in skull
implants. Porous polyethylene is a type of
polyethylene that has a porous structure, which
allows for better integration with the surrounding
bone tissue. Based on the shape of implants,
custom-made and pre-fabricated implants are
used for fabricating implants. Custom-made skull
implants are designed specifically for the individual
patient and are made to fit the exact shape of the
skull defect. Pre-fabricated skull implants are
available in a variety of standard sizes and shapes
and are selected by the surgeon to best fit the
patient’s skull defect. Calvarial implants are used
to reconstruct the upper part of the skull (calvaria),
which includes the frontal, parietal, and occipital
bones. Orbito-zygomatic implants are used to
reconstruct the bones around the eye socket (orbit)
and cheekbone (zygoma). Temporal implants are
used to reconstruct the temple region of the skull.
Custom-made implants are often preferred when
the defect is large or complex, while pre-fabricated
implants may be sufficient for smaller defects.
Additive manufacturing for skull implants
AM is also being used for the production
of skull implants. 3D printing enables the creation
of highly customized skull implants, which can be
designed based on a patient’s specific anatomy. This
can improve the fit and function of the implant and
reduce the risk of implant failure. With 3D printing,
it is possible to create skull implants with a high
level of accuracy, which can improve the aesthetic
appearance of the implant and its integration
with surrounding tissues. Traditional methods of
producing skull implants can be time-consuming
and labor-intensive. AM can reduce production
time and costs by allowing for the creation of skull
implants in a single process without the need for
molds or multiple manufacturing steps. AM enables
the use of a wide range of materials®, including
metals, ceramics, and polymers, which can be
selected based on their specific mechanical and
biological properties for each individual patient.
AM can significantly reduce waste by only using
the necessary material to produce the implant,
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which can improve the sustainability of the
manufacturing process. Overall, AM is a promising
technology for the production of skull implants,'®
with potential benefits for both patients and
manufacturers. However, more research is needed
to fully understand the long-term performance of
these implants and the potential risks associated
with 3D printing technology.
Recent trends in skull implants

Recent research in skull implants has
focused on improving the materials and techniques
used in cranial reconstruction. 3D printing
technology has revolutionized the field of cranial
reconstruction by enabling the creation of patient-
specific implants with high precision and accuracy.
Researchers are exploring various 3D printing
techniques and materials, including titanium and
biocompatible polymers, to create custom-made
skull implants. Bio-active materials are substances
that stimulate bone growth and integration with
the implant. Researchers are investigating the use
of bioactive materials, such as hydroxyapatite,
to improve the long-term outcomes of skull
implant surgery by promoting bone regeneration
and reducing the risk of implant failure. Nano-
technology involves the manipulation of materials
at the nanoscale level. Researchers are exploring
the use of nanotechnology to create skull implants
with enhanced mechanical properties, such as
greater strength and durability. Virtual reality
technology can be used to create a 3D visualization
of the patient’s skull defect and plan the surgery
in a virtual environment. This can improve the
accuracy and safety of the procedure and reduce the
risk of complications. Researchers are conducting
studies to evaluate the long-term outcomes of
skull implant surgery, including the rate of implant
failure, infection, and other complications. This
research can help identify factors that contribute
to successful outcomes and inform best practices
for skull implant surgery. Overall, recent research
in skull implants is focused on improving the
safety, efficacy, and long-term outcomes of cranial
reconstruction surgery. These advances have the
potential to improve the quality of life for patients
who require skull implants due to injury or disease.
Factors to be considered for placing implants

The placement of dental implants needs
to consider several factors for sufficient bone
density and quality, which are essential for the
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success of dental implants. Before placing an
implant, the dentist will evaluate the bone density
and quality of the patient’s jaw using x-rays, CT
scans, or other imaging techniques. Healthy gums
are critical to the success of dental implants. If the
gums are inflamed or infected, the implant may
not heal properly or may even fail. The dentist
will assess the patient’s gum health and treat any
issues before proceeding with implant placement.
The force with which a patient bites down can
affect the success of dental implants. Patients with
a stronger bite force may require stronger or more
durable implants to withstand the extra force. The
position and angle of adjacent teeth can affect the
placement and stability of the implant. The dentist
will take into account the position of nearby teeth
and their roots to determine the optimal location
for the implant. The patient’s overall health and
medical history will be evaluated to ensure that
they are healthy enough to undergo implant
surgery and that there are no contraindications
that could affect the success of the implant. The
type of implant and material used will depend on
the patient’s needs and preferences, as well as the
dentist’s recommendations. Parameters such as
the shape, size and material of the implant will be
considered to ensure the best possible outcome.
By considering these and other factors, dentists
can ensure that dental implants are placed in the
most optimal location and manner for each patient,
resulting in the best possible outcomes.
Implant placement methods

There are different implant placement
methods used by dentists and oral surgeons.
One-stage implant placement method involves
placing the implant into the jawbone and attaching
the abutment, which connects the implant to
the replacement tooth or bridge, at the same
time.” The implant is then left to heal, and the
replacement tooth or bridge is attached once the
implant has fused to the bone. Two-stage implant
placement method involves placing the implant
into the jawbone and then covering it with gum
tissue, allowing it to heal and integrate with the
bone. After a few months, a second surgery is
performed to expose the implant and attach the
abutment. Immediate implant placement method
involves placing the implant immediately after
a tooth extraction.” It can be a one-stage or two-
stage procedure, depending on the patient’s needs
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and the dentist’s recommendation. Guided implant
placement method involves using computer-guided
technology to plan and place the implant with high
accuracy and precision.”’ It allows the dentist to
create a 3D model of the patient’s mouth and
simulate the implant placement, ensuring optimal
positioning and avoiding critical structures such
as nerves and sinuses. Implant stability is a critical
factor for the success of dental implants.* Implants
that are not stable can lead to implant failure, which
can cause discomfort, pain, and require additional
treatments.?’ Implant stability can be affected
by various factors,* including the bone density,
implant design, surgical technique, and implant
material.
Stability of implants

The primary method of measuring implant
stability is by using a tool called a resonance
frequency analysis (RFA) device, which measures
the implant stability quotient (ISQ). The ISQ
scale ranges from 1 to 100, with higher values
indicating greater stability.’! An ISQ value of 60
or higher is generally considered to be ideal for
implant stability. Implant stability can be assessed
by the surgeon during implant placement surgery.*
The surgeon will test the stability of the implant
by applying a gentle force to the implant with a
torque wrench or other device. The amount of force
required to move the implant is an indicator of
the implant’s stability.** Several factors can affect
implant stability. These include the patient’s bone
density and quality, the surgical technique used, the
implant design, and the material used to make the
implant.** Implants made of high-quality materials
such as titanium have been shown to provide better
stability than implants made of other materials. To
ensure optimal implant stability, it’s important to
work with an experienced and skilled dentist or oral
surgeon.* They will use the appropriate techniques
and materials to provide the best possible outcome
for your implant placement. In additional, post-
operative procedures need to be followed for
promoting implant stability and increase the
likelihood of long-term implant success.
Durability of implants

Dental implants are used for long-lasting
and durable solution for the absence of teeth. While
the durability of dental implants depends on several
factors, studies have shown that dental implants
have a high success rate, with many lasting for 25
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years or more. The durability of dental implants
is affected by several factors, including the type
of implant, the material used, the patient’s oral
hygiene, and any underlying health conditions.
Implants made from high-quality materials such
as titanium or zirconia have been shown to
provide better durability than those made from
other materials. The surgical technique used to
place the implant can also affect its durability. The
implant must be placed in the correct position and
angle to ensure that it can withstand the pressure
of biting and chewing. The quality and quantity
of the patient’s bone also play a critical role in
the implant’s durability. If there is insufficient
bone or the bone is of poor quality, the implant
may be less stable and less durable. With proper
care and maintenance, they can provide a natural-
looking, functional, and comfortable replacement
for missing teeth that can last for many years. It’s
important to work with a skilled and experienced
dentist or oral surgeon who can assess your
individual needs and recommend the best treatment
options for your specific situation.
Morphology of implants

Dental implants have a unique morphology
designed to replicate the root structure of a natural
tooth. The morphology of an implant is designed to
maximize osseointegration, or the process by which
the implant fuses with the surrounding bone, and to
provide stability and support for the replacement
tooth or teeth. The morphology of a dental implant
can vary depending on the type of implant and
the manufacturer. However, most dental implants
consist of three parts: the implant fixture, the
abutment, and the prosthetic crown or bridge. The
implant fixture is the part of the implant that is
surgically placed into the jawbone. It is typically
made of biocompatible materials such as titanium
or zirconia and has a threaded or roughened surface
to facilitate Osseo integration. The abutment is
the connecting piece that attaches to the implant
fixture and provides a platform for the prosthetic
crown or bridge. It is typically made of the same
material as the implant fixture and can be angled
or straight depending on the location of the implant
and the position of the replacement tooth. The
prosthetic crown or bridge is the visible part of the
implant, which almost looks like a natural tooth.
It is typically made of materials such as porcelain,
ceramic, or composite resin and is custom-made
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for meeting the patient specification. In addition to
the three main parts, some implants may also have
additional features such as platform switching or
bone level design, which can affect the morphology
of the implant and its ability to integrate with the
surrounding bone. Overall, the morphology of
a dental implant is designed to provide a stable
and durable solution for missing teeth that closely
replicates the structure and function of a natural
tooth*. Your dentist or oral surgeon can help you
determine which type of implant is best suited
to your individual needs and can provide more
information about the specific morphology of the
implant.

RESULTS

Medical implants are designed to replace,
support, or augment a missing bio-structure.*
Implants can be made from a variety of materials,
including metals, ceramics, polymers, and
composites, depending on their intended use
and the specific requirements of the implant.*’
The manufacturing process for medical implants
involves several steps, including material selection,
design and prototyping, manufacturing, and testing.
The materials used to make medical implants
must be biocompatible, meaning they do not
cause an adverse reaction in the human body.
Some commonly used materials include titanium
and its alloys, stainless steel, cobalt-chromium
alloys, ceramics such as zirconia and alumina, and
polymers such as poly ethylene and Poly Ether
Ether Ketone (PEEK). These material have their
own unique properties, and the material selection
depends on its specific applications. Figure 6 shows
various types of surgical guides manufactured with
different surface finish requirements using material
jetting based AM process.

The manufacturing process for medical
implants®® can vary depending on the type of
implant and the materials used. Some common
methods include computer-aided design (CAD)
and computer-aided manufacturing (CAM), 3D
printing, and injection moulding. In general,
the process involves creating a prototype of the
implant, refining the design based on testing and
feedback, and then manufacturing the implant
using specialized techniques and equipment.
Medical implants must undergo rigorous testing
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to ensure their safety and efficacy. Implant
testing can include mechanical and fatigue testing
to evaluate the strength and durability of the
implant, biocompatibility testing to assess the
implant’s interaction with biological tissue, and
microbiological testing to evaluate the implant’s
ability to resist infection. In addition, the implant
must be tested for its ability to integrate with
the surrounding tissue and to ensure that it does
not cause any adverse reactions or side effects.
Overall, the development of medical implants
requires a thorough understanding of materials
science, engineering, and biology. The selection
of appropriate materials, careful design and
manufacturing, and thorough testing are all
critical components of the implant development
process. By using high-quality materials, advanced
manufacturing techniques, and rigorous testing
protocols, medical implant manufacturers can
ensure the safety, reliability, and effectiveness of
their products.
Future technologies of medical implants
Medical implants are a rapidly evolving
field of technology, and there are several emerging
technologies that show promise for the future of
implants. 3D printing technology is being used
to create customized implants that fit a patient’s
unique anatomy.* This technology enables the
creation of complex, patient-specific designs that
can improve implant performance and reduce
the risk of complications. Nanotechnology is
being used to create implants with enhanced
properties, such as increased strength, durability,
and resistance to infection. Nanoparticles can be
added to implant materials to create new properties,
such as improved bone growth or enhanced drug
delivery. Bioactive coatings are being developed to
promote tissue growth and healing around implants.
These coatings can improve the integration of the
implant with surrounding tissues and reduce the
risk of infection and rejection. Implants with
wireless communication capabilities can transmit
data about implant performance, patient activity,
and other health metrics to healthcare providers.
This technology can enable more personalized and
effective patient care. Self-powered implants that
generate their own energy are being developed to
reduce the need for battery replacement or external
power sources. This technology can improve the
longevity and reliability of implants. Overall,
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these emerging technologies have the potential to
improve the performance, durability, and safety
of medical implants, and to enhance patient
outcomes.* As these technologies continue to
develop, we can expect to see further advancements
in the field of medical implants that will improve
the lives of patients around the world.
Implant-bone interface and osseointegration
The implant-bone interface is the area
where the implant comes into contact with the
bone. A stable and long-lasting implant-bone
interface is crucial for the success of an implant,
as it allows the implant to function properly and
integrate with the surrounding bone tissue.*!
Osseointegration is a complex biological process
that involves the formation of new bone tissue
around the implant surface. The implant is typically
made of a biocompatible material, such as titanium
or a titanium alloy that allows it to integrate with
the surrounding bone tissue. When the implant is
placed in the bone, it initially forms a fibrous tissue
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layer around it.*? This layer eventually gives way
to new bone tissue that grows around and into
the implant surface, creating a strong and stable
bond between the implant and the bone. Several
factors influence the success of osseointegration,
including implant design, surface properties, and
surgical technique.® The surface of the implant is
an important factor, as a rough surface can promote
bone growth and improve implant stability.
Implant surface treatments, such as acid etching or
sandblasting, can increase surface roughness and
promote osseointegration. Figure 7. shows the open
porous cellular structures produced using AM.
The surgical technique used to place
the implant is also critical for the success of
osseointegration. The implant must be placed in
the bone in such a way that it is surrounded by
healthy bone tissue and is not subjected to any
sort of excessive mechanical stress. Adequate
blood supply is also critical for the success of
osseointegration, as it provides the nutrients and

- Implant and
perform
periodic

Manufacture
implants

using 3D
printing
technology

monitoring
of the

implants
§ P

Fig. 1. Steps involved in fabricating implants using AM
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Fig. 2. Classification of 3D printed medical implants
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oxygen necessary for bone growth. Overall, a stable
and long-lasting implant-bone interface is essential
for the success of an implant, and osseointegration
is a key factor in achieving this stability. Advances
in implant design, surface treatments, and surgical
techniques are continually improving the success
rates of osseointegration, leading to better patient
outcomes and increased quality of life for those
who receive implants.
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DISCUSSION

Choosing the right implant system is
an important decision that depends on several
factors, including the patient’s anatomy, the
surgical technique, and the expected outcome.
The material used to manufacture the implant is an
important factor, as it affects the implant’s strength,
durability, and biocompatibility. Implants are
typically made from materials such as titanium or

Fig. 3. Qualitative classification of bones!'’, a. Class I, b. Class II, c. Class III, d. Class IV

Fig. 4. a) Optimized BOI implant with overdentures, i) post printing and ii) post processed and b) various
photographs of the surgical implantation."



2096

a titanium alloy, cobalt-chromium, or polyethylene.
The design of the implant can affect its stability,
durability, and performance. The implant design
should be tailored to the patient’s specific needs
and anatomy to ensure proper fit and function. The
surface of the implant can affect osseointegration
and long-term stability. Implants with roughened
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or porous surfaces can promote bone growth and
improve osseointegration. The implant system
should be compatible with the surgical technique
being used. Some implant systems are designed
for minimally invasive surgery, while others may
require more extensive surgical approaches. The
cost of the implant system is an important factor,

Completely edentulous jaw

Missing tooth Missing multiple Missing multiple teeth
adjacent teeth but not adjacent
Single Fixed Removable implant-
implant- implant- supported denture
supported supported
crown bridge

Fixed implant-supported

Removable implant-supported

overdenture (FISO) overdenture (RISO)

Hybrid |

Screw-retained ‘ ‘ Cement-retained ‘

‘ Porcelain fused to metal

Fig. 5. Treatment options for replacement of missing teeth with dental implants.'®

Fig. 6. Surgical guide for dental implant placement, a. Glossy finished colored part, b. Glossy finished transparent
part, c. Matt finish colored part, and d. Matt finish transparent part.
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Fig. 7. Open-porous cellular structures manufactured using AM.*

as it can vary widely depending on the materials
used, the design, and the manufacturer. The cost
of the implant system should be balanced with the
potential benefits to the patient, such as improved
function, reduced pain, and increased quality of
life. The manufacturer of the implant system should
provide adequate support, including training,
technical support, and post-operative follow-up.
This can help ensure that the implant system is used
correctly and that any issues or complications are
addressed in a timely manner. Overall, choosing the
right implant system depends on a range of factors
that must be considered on a case-by-case basis. By
carefully considering these factors, surgeons can
select the implant system that meets the needs of
their patients and improves their outcomes.
Software associated with implant design

There are various software programs that
are associated with implant design for dental, knee,
and skull implants. Computer-Aided Design (CAD)
software is used to design the implant based on
the specific anatomy of the patient. The software
allows the designer to create a digital model of
the implant,* which can be used to visualize the
implant before it is produced. Computer-Aided
Manufacturing (CAM) software is used to program
the 3D printer or other manufacturing equipment to
produce the implant.*® The software translates the
digital model of the implant into machine-readable

code, which is used to control the manufacturing
process. Finite Element Analysis (FEA) software
is used to simulate the behavior of the implant
under various loads and stresses. FEA can be used
to optimize the design of the implant to ensure that
it can withstand the forces it will be subjected to
in the patient’s body. Imaging software is used to
capture images of the patient’s anatomy, such as CT
scans or MRIs. The images can be used to create a
3D model of the patient’s anatomy, which can be
used to design the implant. Planning and simulation
software is used to plan the surgical procedure
and simulate the placement of the implant in the
patient’s body. The software can help to ensure
that the implant is placed in the optimal position
and orientation for the best possible outcome.
Overall, software plays a critical role in the design
and production of implants. The use of advanced
software programs can help to ensure that the
implant is customized for the patient’s specific
needs and can improve the long-term success of
the implant.
Advantages of AM over traditional
manufacturing

This layered manufacturing process can
make customized implants and thereby meeting
the specific needs of the patient. In addition, the
traditional manufacturing may require machining
or fabricating the parts with dies and molds. All
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these work require longer time and larger amount
of cost for part fabrication. Further, these implants
promote osseointegration and it will be available in
the form of metal implants commercially. Polymer
implants with PLA material is on the research
and development phase for potential application
in human trials. Thus, these layer based AM
process may cut down cost and fabrication time
for customized implants. In addition, these AM
providing design freedom, which overcomes the
complexity associated with fabricating parts based
on the designer idea and there is less or minimum
modifications required as per Design for Additive
Manufacturing guidelines.
Commercial industries for implants
manufacturing

There are several commercial industries
involved in the manufacturing of implants
for dental, knee, and skull implants. In dental
implant industry, it involves the design and
production of dental implants, which are used
to replace missing teeth.” Companies such as
Straumann, Nobel Biocare, and Dentsply Sirona
are some of the leading players in this industry.
Knee implant industry involves the design and
production of knee implants, which are used to
replace damaged knee joints.** Companies such
as Zimmer Biomet, Stryker, and Smith & Nephew
are some of the leading players in this industry.
Skull implant industry involves the design and
production of skull implants, which are used to
repair or replace damaged portions of the skull.*
Companies such as KLS Martin, Medtronic,
and Johnson & Johnson are some of the leading
players in this industry. Implant manufacturing
equipment industry involves the production of
equipment and machinery used to manufacture
implants.®® Companies such as Renishaw, EOS,
and 3D Systems are some of the leading players in
this industry. Material supplier industry involves
the production and supply of materials used to
manufacture implants, such as metals,’! ceramics,
and polymers. Companies such as Carpenter
Technology, Heraeus, and DSM are some of the
leading players in this industry. Overall, there are
several commercial industries used for the design
and production of implants,® which contribute
to the development and availability of these life-
changing medical devices.
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CONCLUSION

The future of implants is very promising,
with ongoing research and development aimed at
improving the design, production, and performance
of implants for dental, knee, and skull applications.
Here are some potential future developments in the
field of implants:

* With advancements in technology such as additive
manufacturing and 3D printing, it may become
possible to produce implants that are even more
customized to the patient’s specific anatomy,
resulting in better fit and function.

* The use of new biomaterials, smart materials, and
mimicking the natural properties of materials such
as bone and tissue, may lead to better integration of
the implant with the patient’s body and improved
long-term performance.

* The development of minimally invasive surgical
techniques, such as robotic surgery and navigation
systems, may result in reduced surgical trauma and
faster recovery times for patients.

* Understanding the implant materials and
designing for customer needs, may lead to implants
that have better wear resistance, reducing the need
for revision surgeries.

* Sensors and wireless communication technologies
may enable the use of technologies such as remote
monitoring and early detection of problems in the
implants.

Overall, the future of implants looks
very promising, with the potential for significant
improvements in customization, biomaterials,
surgical techniques, wear resistance, and remote
monitoring.
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