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Objective: To study the role of Computed tomography (CT) and Magnetic resonance imaging (MRI) for
design and development of orthopaedic model using additive manufacturing (AM) technologies.
Methods: A significant number of research papers in this area are studied to provide the direction of
development along with the future scope.
Results: Briefly discussed various steps used to create a 3D model by Additive Manufacturing using CT
and MRI scan. These scanning technologies are used to produce medical as well as orthopaedic implants
by using AM technologies. The images so produced are exported in different software like OsiriX Imaging
Software, 3D slicer, Mimics, Magics, 3D doctor and InVesalius to produce a 3D digital model. Various
criteria’'s achieved by CT and MRI scan for design and development of orthopaedic implant using additive
manufacturing are also discussed briefly. AM model created by this process show exact shape, size, di-
mensions, textures, colour and features.
Conclusion: AM technologies help to convert the digital model into a 3D physical object, thereby
improving the understanding of patient anatomy for treatment as well as for educational purpose. These
scanning technologies have various applications to enhance the AM in the field of orthopaedic. In or-
thopaedic every patient model is a customised unit, sourced from the individual patient. 3D CAD data
captured by these scanning technologies are directly exported in standard triangulate language (STL)
format for printing by AM technologies. Crossestion of the physical model fabricated by this process
shows a patient's anatomy if the model prepared by using the bone-like material.

© 2018

1. Introduction

clinical translation. The Orthopaedic surgeon can use a 3D model
for surgical guides, teaching, and learning of high-risk operation

Additive manufacturing has a revolutionising effect on many
industries, and same is being observed in the area of orthopaedics,
as it assists with the printing of human bone and helps in
transplantation.!

In orthopaedic it is applied to create a physical model of patient
bone to examine the defect. This process takes data from CT and
MRI and makes a 3D model with precise dimension. 3D printed
model by these techniques has a unique purpose which allows the
surgeon to practice before the operation and provides a meaningful
experience to surgeons depending upon the specific circumstance.
These scanning technologies take imaging of patient creates a vir-
tual 3D model that is printable. The customised 3D physical model
is printed rapidly by using various AM technologies as per the
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which was a challenge to teach. We can section orthopaedic 3D
model captured by CT/MRI in any plane and can rotate in all axes on
screen. By 3D printed physical model we can precisely analyse
about the surgery before an interventional procedure/actual
surgery>>.4

These technologies as applied to create models like prosthetics,
dental appliances, custom implant, prosthetic limbs, which look
and feel like a real one through a 3D digital file prepared by various
scanning techniques.’

2. CT scan

CT scan is used to capture data of an inside organ and at a
different level of density of the human body. It captures detailed
information of bones, eyes, heart, spine, neck, shoulder and other
inner parts of the body with the help of X-ray beam. CT scanners
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improve patient comfort due to its fast scanning. It captures high-
resolution images and helps doctors to make diagnoses such as
visualisation of tumours or small nodules which cannot be seen by
X-ray. It is used to check the status of spine, brain, chest and other
defects in the body. Without doing any invasive angiography, a
surgeon can view clear 3 D images produced with the help of

different software®”.8

3. MRI scan

MRI is used to capture detail structure of human body like
bones, joints, spinal cord, brain, organs, heart, liver, soft tissue and
other body parts with the help of powerful magnetic field and radio
frequency pulses. This technology provides information about the
normal and abnormal tissue. It also provides useful information
about blood circulation in the body, and it detects the related
problems. A radiographer is used to operate the MRI scanner and
controls the machine with the help of a computer. MRI scan is a
painless, safe and extremely accurate method of disease detection
and provides information about patient's diagnosis. It provides
information about the swelling, bleeding, tumours of the brain,
brain aneurysms as well as inflammation of the spine®'®.!!

4. Additive manufacturing

It is a process of joining materials layer by layer to make a 3D
physical objects from 3D digital model data produced from
designing software or a 3D scanner or from other medical scanning
techniques like MRI and CT scan. It easily allows producing a cus-
tomised model with low cost and with no requirement of any
additional tooling. It allows the production of individual and
complex parts such as bones, heart, prosthetic and other medical
implants. Medical is one of the rapidly growing areas of additive
manufacturing to fabricate patient-specific devices.'” There are
seven main techniques of additive manufacturing technology such
as VAT Photopolymerization, Powder Bed Fusion, Binding jetting,
Material jetting, Sheet Lamination; Material Extrusion and Directed
Energy Deposition. By using AM, manufacturing of patient-specific
implant are possible and help the surgeon to reduce the time to
perform surgery. In medical AM bring a new way to treat and di-
agnose patients precisely as per need.® There are various tech-
niques used in additive manufacturing technologies.

o Stereolithography (SLA)

e Selective laser sintering (SLS)

e Fused deposition modelling (FDM)

e Direct metal laser sintering (DMLS)

e Polyjet 3D printing (PJP)

e Inkjet 3D printing (IJP)

e Laminated Object Manufacturing (LOM)
e Colour-Jet-Printing (CJP)

e Multi-Jet-Printing (MJP)

e Electron Beam Melting (EBM)

Table 1
Material used to manufacture Orthopaedic implants by different AM technique.

Basically three categories of material are used to manufacture
prosthetic devices which are discussed in Table 1 by the application
of different AM techniques.

5. Need for the study

In the current scenario, there is a requirement of innovation in
medical as well as in orthopaedic area to achieve higher custom-
isation and precision. The need is to undertake a study for deter-
mining how CT and MRI scan play a significant role in fabricating
exact fit patient-specific patient orthopaedic model by the appli-
cation of additive manufacturing to fulfil the requirement of cus-
tomisation and innovation. In this study, we explore that how MRI
and CT benefit the area of orthopaedics with the use of AM tech-
nologies. This study provides steps to create an orthopaedic model
with the help of AM from CT and MRI and the material used for
printing. The study also states various criteria's that can be ach-
ieved by these scanning technologies for design and development
of orthopaedic implant using additive manufacturing and provides
a good co-operation between surgeon and patient.

6. Steps to create a 3D model by additive manufacturing
using CT and MRI

Additive manufacturing technologies use a 3D digital model to
create an orthopaedic 3D physical model by using the layer by layer
techniques. Fig. 1 shows the steps to create a 3D model by Additive
Manufacturing using CT and MRI.

6.1. Image acquisition

CT and MRI scan are useful for image acquisition as it provides a
representation of the hidden part of the skin like bone, tissue, organ
etc. In the design process, it is a crucial step as it captures accurate
data of the patient.'*"

6.2. Segmentation

There are different software used to create a 3D virtual model

[ Image acquisition }_—_{ Segmentation ]

[Computer-aided design ]

Clinical translation 3D printing

Fig. 1. Steps to create a 3D model by Additive Manufacturing using CT and MRIL

S Material
No

Additive Manufacturing techniques used

1 Metal (Stainless steel, cobalt-chromium alloys and titanium alloys used as a metal to

manufacture orthopaedic implants)
2 Polymers (High-density polyethylene)
3 Ceramics (aluminium oxide, calcium phosphates, powder)

Direct metal laser sintering, Electron Beam Melting, Laminated Object
Manufacturing

Fused deposition modelling, Polyjet 3D printing

Stereolithography, Selective laser sintering, Inkjet 3D printing, Colour-
Jet-Printing, Multi-Jet Printing
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Table 2

Criteria's achieved by CT and MRI scan for design and development of orthopaedic implant using additive manufacturing.
S Role Description References
No

CT, MRI, 3D scanners and designing software are used to produce a design of any Wake et al., 2016%; Ballyns et al.,

product/model in lesser time. 2008%*

These scanning technologies play a significant role in product design and development

for the creation of design as per requirement

2 Manufacturing of Orthopaedic e It manufactures exact fit implant of the patient in precise shape and size as captured by Mitsouras et al., 2015'; Javaid and
implant CT/MRI Haleem, 2018’

With the help of a physical 3D implant, the surgeon can practice for operations and

surgeries.

Model scanned and printed by these technologies can improve communication between

doctors, surgeon and patient

It is the basis of medical imaging, CAD and 3D printing Werner et al., 20107; Junior et al.,

Applications in medical, dentistry and for research purpose 2016"°

Used for design and development purpose in medical in a straightforward way

These technologies become beneficial in surgical planning to support the surgeon and Suzuki et al., 2004°*; Ventola 2014%°

physician.

To study the structure of patient-specific bones before performing surgery which reduces

operating cost and time.

Prediction of the problem caused during the operation/procedure

Easy manufacturing of a complicated shape model with exact shape and size as per the Hochman et al., 2015%°; Haleem and

1 Designing of implant

3 Medical modelling

4 Surgical planning

5 Exact dimensioning

geometry of the implant Javaid 201827
e Used to recreate implants as per the required dimensions
6 Surgical guidance e Fabrication of patient-specific guides for correct placement/replacement Suzuki et al., 2004°%;

Uses CT/MRI to capture data with high precision and manufacture implant with the help Cohen and Reyes 2015%%

of AM technologies

Improve safety and predictability of the surgery to a great extent

Used for the fabrication of mechanical bone 3D model with better mechanical strength Hochman et al., 2015%°; Ripley et al.,

7 Areplica of the orthopaedic

model « For various working conditions, improved strength obtained with the different material 2016°
e Produces exact shape of the brain, heart and other highly complex-shaped organs for
precise and risky surgical procedure
8 Speed e Using CT/MRI scan data, make-to-order models are readily produced by AM in lesser Kusaka et al., 2015%°; Mitsouras et al.,

time before operating the patient. 2017°
Increasing layer thickness increases the speed of printing, print head speed/nozzle
thickness affects the

9 Lesser cost e Produces medical implant or models at a lower cost Cai et al., 2015'%; Thompson et al,,
o As compared to another machining process this technique is successful as all human data 2017°°
is not same

Customised products at a lesser cost
These are flexible which have capabilities for scanning and printing of any shape model Leng et al., 2015>'; Javaid and Haleem

10 Flexibility

o Flexible for any customised implants, reverse engineering, teaching and research 2018'® ]
11 Rapid manufacturing o Used to create orthopaedic model according to the required geometry and accuracy in Starosolki et al., 2014%'; Negi et al.,
required time 2014"?

AM create flexibility in product design/redesign, material input, product volume and

recycling of raw material

12 Development of tools and devices o Used to develop various medical models, surgical training models to train doctors and Suzuki et al., 2004°*; Javaid and
surgical training medical students for teaching and learning purpose Haleem 2017'*

Provides better demonstration of the anatomy of the internal and external structure

Easy design modification/up gradation in design is to reduce the time for design,

development and manufacturing.

Enables improved patient care through the customised model of individual patient Markl et al., 2005°?; Khalyfa

e Help undertake mock-surgery on a 3D printed model before the actual surgery. et al,2007"?

Improve the quality of life of a patient by producing exact fit implants and reduction of

rejection rate

Ready manufacturing of Orthopaedic implants from a high-resolution 3D digital file Wake et al,, 2016%%; Ruffins et al.,

e With a change in the specification of the raw material accuracy of the implant are 2007°*

13 Improved patient care

14 Accuracy

improved.
o Decreasing the layer thickness and proper part orientation also improves the accuracy of
the model
15 Digital storage of patient data o Patient data is stored digitally and manufactured as and when required. Herrmann et al.,, 2014°; Leng et al.,
e Provide innovative and up-to-date practice for the orthopaedic surgeon 2015°!
e Reduces inventory cost and update features of the model in CAD file
16 Procedural planning 3D printed orthopaedic model provide better understanding and evaluates various Ruffins et al., 2007°>; Ogden et al,,
defects 2015%%; Vaish and Vaish®”
e Used for interventional preoperative planning and simulations
17 Create innovation o CT/MRI used for easily redesign of the implant as per requirement of a patient with Khalyfa et al., 2007'%; Cloonan et al.,
innovation in material, software and the hardware. 2014°¢
e Helps research & development, design validation, planning, and clinical trials
18 Simple manipulation e Easy printing through automated devices and support software Rengier et al., 20107; Ventola 2014%°
e Material optimisation through the software
e Manufacturing

g of multiple models at the same time with lesser time and cost
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from images as captured by CT and MRIL It is helpful for an
anatomical structure, volume, shape and size of tissue as used for
virtual surgery simulation.'®!” Different software used to convert
CT and MRI file into the 3D model are as;

e OsiriX Imaging Software
e 3D Slicer

e Mimics

e Magics

e 3D doctor

e InVesalius

6.3. Computer-aided design

A digital 3D CAD model developed from patient data from
segmentation is exported into STL format for printing by using
additive manufacturing technologies. Layer thickness is also
increased or decreased in slicing software to increases accuracy of
implants.'®

6.4. 3D printing

AM is used to create a 3D a physical implants from 3D CAD
model. This technology is proliferating in the medical field for
customisation and precision towards providing a better idea to the
surgeon. Manufactures complex shapes, which are specific to pa-
tient's anatomy and internal structure with higher flexibility
without any additional requirement of tools and equipment.'®?°

6.5. Clinical translation

3D physical implants manufactured by AM technologies helps in
treatment/diagnoses of the disease, through better understanding
as It addresses clinical translation and provides good collaboration
between doctors and patient.?!??

7. Criteria's achieved by CT and MRI scan for design and
development of orthopaedic implant using additive
manufacturing

3D printed implant help surgeon for patient counselling. When
implants manufactured by traditional manufacturing techniques
do not fit properly, then AM technologies provides the surgeon with
the best-fit implants. Now surgeon can practice the procedure to
perform a successful operation. Table 2 discusses different criteria
of design and development of orthopaedic implants, achieved by
using AM.

AM technologies suit the orthopaedic field. A model can be well
designed using these scanning technologies/supporting software
and printed by AM technologies. A 3D model allows the surgeon to
learn about the problem. A physical 3D model shows better un-
derstanding regarding what happens in the body parts.

8. Discussion

Additive manufacturing applications are useful in orthopaedic
to make an accurate anatomical model to explain, understand and
prepare the procedures of surgeries. It fulfils various criteria's due
to its flexibility in design and manufacturing. Images are con-
structed from CT and MR, then converted into a 3D CAD model
with the help of different software, and this CAD model is easily
printable by AM technologies using the layer by layer technique.
Missing part of the bone is also created by this technique. Data is
captured by CT, and MRI scan and AM technologies are used to

make surgery successful. This technology is also successfully
applied for an exact replica of the orthopaedic implant with great
flexibility and exact dimensioning which improve patient care. It
merely manipulates and creates innovation by redesigning of the
implant in digital CAD model. Doctors and surgeon can understand
the working of anatomies of the individual patient. AM technolo-
gies also print colour 3D model that shows both patients and
doctors clear information as compared to CT and MRI data. Implant
precisely produced by this technology reduces the risk during the
operation with minimizes the stress of the patient. In the current
scenario, scanning technologies are suitable for doctors and sur-
geon for everyday practice and act as a supporting technology for
AM to create an implant. The digital 3D file of the patient defect can
be stored digitally and can be easily edited according to the
required shape and dimensions which is finally printable by AM
technologies. It can translate innovative doctors/surgeon ideas into
reality.

9. Future scope

In future, AM will be used towards better customisation at a
reasonable cost with the help of CT/MRI. This disruptive technology
will change traditional fabrication system in medical as well as in
orthopaedic to print any patient-specific 3D model with an exact
dimension that is applicable in the best surgical planning of
complicated procedure and surgery. In future, it will provide a close
collaboration between doctors, surgeon and researcher. The 3D
physical model can help surgeons to understand better about the
patient-specific pathology and anatomy as compared to the 2D
picture on a computer screen. It is a great capability enhancer to-
wards manufacturing of custom shaped orthopaedic implants and
prostheses, medical devices, living constructs, tissue scaffolds,
biological chips and training apparatuses. It minimises unpleasant
side effects and expanding its capabilities to fulfil various chal-
lenges of design and development of orthopaedic implant.

10. Conclusion

Additive Manufacturing quickly fabricates complex-shapes with
the help of data acquired by CT/MRI scan. Surgical planning,
implant design and development, reverse engineering applications,
rapid tooling in orthopaedic field is possible with AM, and it opens a
new market in medical customisation, modelling, preparing accu-
rate replica, medical education and training, and for decision
making. Artificial bone printed by AM give similar shape, size, di-
mensions as real one which act as biomechanical function. AM
Facilitates improved designs & development of personalised pros-
theses, implants with desired shape and size. CT and MRI are the
supporting technologies which help to solve various problems in
the area of orthopaedic. Patient-specific model printed by AM
provide a visual and tactile understanding of the patient-specific
pathology and anatomy which increases the patient safety and
satisfaction. It provides a better understanding of different types of
defects and fractures; thus surgeon can easily understand the
medical conditions of the patient.
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