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Abstract

Introduction 3D printing has widespread applications in orthopaedics including creating biomodels, patient-specific instru-
ments, implants, and developing bioprints. 3DGraphy or printing 3D models enable the surgeon to understand, plan, and
simulate different procedures on it. Despite widespread applications in non-healthcare specialties, it has failed to gain trac-
tion in healthcare settings. This is perhaps due to perceived capital expenditure cost and the lack of knowledge and skill
required to execute the process.

Purpose This article is written with an aim to provide step-by-step instructions for setting up a cost-efficient 3D printing
laboratory in an institution or standalone radiology centre. The article with the help of video modules will explain the key
process of segmentation, especially the technique of edge detection and thresholding which are the heart of 3D printing.
Conclusion This is likely to enable the practising orthopaedician and radiologist to set up a 3D printing unit in their depart-
ments or even standalone radiology centres at minimal startup costs. This will enable maximal utilisation of this technology
that is likely to bring about a paradigm shift in planning, simulation, and execution of complex surgeries.

Keywords Thresholding - 3D printing - 3DGraphy - Patient-specific instruments - Segmentation - 3D printers - 3D
materials - 3D model - STL - 3D slicer

Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s43465-020-00254-9) contains

Radiography is a technique to visualize the internal structure
supplementary material, which is available to authorized users.

of the human body using ionizing or non-ionizing radia-
tion. Similarly, the term 3Dgraphy has been coined by us to
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describe the technique of producing 3D printed biomodel of
human anatomical structures [1]. Such biomodels are invalu-
able for the clinician for surgical planning and simulation.
The information obtained by the tactile understanding of a
real-size 3D printed biomodel (tactile stereotaxy) is incom-
parable and is a useful adjunct for studying complex and
rare pathoanatomy [2]. 3DGraphy is a technological evolu-
tion which began as an upgrade from the conventional two-
dimensional X-rays and CT scan/3D reconstruction images.
(Fig. 1).

3D printing as a specialty started in the mid-1980s for
mainly industrial use [3, 4]. It was a complete change from
the conventional production process and involved additive
manufacturing instead of subtractive manufacturing or mold
casting that was prevalent at the time [5-8]. As it ensured
rapid production, decreased industrial wastage, and opened
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Fig. 1 From X-rays to 3D graphy—technological upgrade

up space for newer complex designs—it was heralded as the
third industrial revolution.

In the 2000s, the use of 3D printing technology in the
medical and dental world started to gain traction, and today
itis an inevitable part of surgical planning of complex ortho-
pedic, oncologic, maxillofacial, and dental procedures [3, 4,
8—11]. 3D printing in the orthopedic field, is used to print
anatomic models for the purpose of educating peers, preop-
erative planning, and surgical simulation. Furthermore, it
is used to create custom cutting jigs, drill/trajectory guides
which go a long way in reducing the technicality of a pro-
cedure and the duration of surgery. A hands-on model dra-
matically increases the understanding of a boney pathology
(fracture, deformity, etc.), thereby helping in improving the
surgical outcome especially for young surgeons. Various
scientific studies have proven the utility of this technology
in clinical settings [3, 7, 8, 10]. Many hospitals around the
world are investing in an “in-house” 3D printing lab with
the help of radiology departments. Invariably, a clinician
who cannot keep up with this new technology will be at a
disadvantage in the near future. Radiologists, due to their
intimate understanding of cross-sectional anatomy, have
a key role to play in the process of development of a 3D
printed biomodel.

The purpose of this article is to simplify the key technical
aspects of the 3D printing process, specifically segmenta-
tion, which is an important step in the process. We have used
orthopedic anatomical models examples, primarily because
bone models are easier to segment. The reader can extrapo-
late this information, to other applications in orthopedics
and also to other specialties as they gain expertise in this
field.

@ Springer

3D BioSphere

The term ‘3D BioSphere’ and subsequent sub-headings have
been coined by us to describe the entire spectrum of pos-
sibilities that 3D printing covers. This also makes it easier
for an orthopedic surgeon to understand the utilities of 3D
printing in the field. We have categorized the applications
of 3D printing into a 3D BioSphere (Fig. 2):

1. 3DGraphy: anatomical models
3DTools: osteotomy guides, trajectory guides for ace-
tabular screws, and pedicles.

3. 3DImplants: custom fit implants, e.g. in arthroplasty

4. 3DBios: printing living tissue, i.e. cartilage repair, skin

3DGraphy Workflow

3DGraphy involves well-defined sequential steps to achieve
the desired biomodel. Each step requires the expertise of a
particular member of a strong interdisciplinary team [12].
The key members of this team are radiologists, surgeons,
technologists, and engineers [12, 13]. The 3D printing work-
flow has been depicted in Fig. 3.

Acquisition of Images

CT scans are the primary sources of DICOM (Digital Imag-
ing and Communications in Medicine) data for orthopedic
applications of 3Dgraphy. However, MRI too can be used
for specific indications [14]. Before the acquisition of the
images, the radiologist should understand the primary
requirements of the surgeon. This will determine the region
of interest (ROI; region desired to be printed) and whether
intravenous contrast is required. For example, for printing a
pelvic tumor, the surgeon may want to visualize the tumor
with respect to major vessels. For this purpose, intravenous
contrast is necessary as it is almost impossible to segment
blood vessels in CT without their opacification.

Furthermore, in the pediatric age group, to reduce radia-
tion exposure, CT scans using the ALARA principle (As low
as reasonably achievable) along with noise-reducing algo-
rithms should be utilized [15]. This principle helps in reduc-
ing the radiation exposure to the child. Some orthopedic
patients may have metal implants. Beam hardening metallic
artifacts in CT make the process of segmentation exhaustive
and tedious. The radiologists have chosen artifact reducing
imaging protocols to reduce these artifacts.

Various CT protocols exist which are utilised in other
specialties [16]. However, in case of musculoskeletal
radiology, standardized protocols like medical rapid
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Fig.2 3DBioSphere—spectrum
of functional capabilities

3DTools
Osteotomy guides
Trajectory guides

prototyping computed tomography protocol (MRCP)
by Bagaria et al. [17] is commonly used as a guideline
for image acquisition in 3D printing (Table 1). The slice
thickness should be set to 1-1.25 mm with a voxel size
of 0.2-0.3 mm. A voxel is a “three-dimensional pixel”
used to quantify the resolution of 3D biomodels. Thick
slices produce biomodels with a “stair-case” effect which
is akin to a pixelated photograph. In contrast, very thin
slices (0.6 mm) will unnecessarily add to the segmen-
tation effort. Besides, the computer model or mesh cre-
ated from very thin slices is invariably very complex and
increases the printing time without adding any value to
the biomodel. Therefore, a slice thickness of 1-1.25 mm
is recommended for boney models. As with volume-ren-
dered 3D images, soft tissue reconstruction kernel is the
best for segmentation and 3Dgraphy. The term ‘kernel’
refers to a process used to alter the frequency content of
a projected image in a CT scanner. It can be thought of
as a ‘filter’ applied to a photographic image to highlight
different aspects of the said image. Depending upon the
anatomic application, various kernels like standard, soft
tissue, bone, lung, chest, etc., have been developed. For
the purpose of this paper, we will focus on standard soft
tissue and bone kernels only. We recommend using the
soft tissue kernel in most cases as it produces smoother

3DGraphy
Anatomical Models

3DImplants

3D BioSphere Arthroplasty

3DBios
Cartilage repair
Skin

CT scan images with reduced noise. Bone kernel, on the
other hand sharpens the region of interest and thus looks
better virtually; however, comes with the cost of increased
noise which is not ideal for 3D printing [18].

After the acquisition of the DICOM images, the next
step would be to import these image sets to 3D Slicer
[19] which is an open-source software with all the neces-
sary features to create a good quality 3D model. Though
various software like Invesalius (Centro de Tecnolo-
gia da Informagdo Renato Archer, Brazil), Vesalius 3D
(PS-Medtech, Netherlands), ITKSnap (https://www.itksn
ap.org), Seg3D (Scientific computing and Imaging insti-
tute, University of Utah), OsiriX (Pixmeo, Switzerland)
etc., are available, one of the authors’ preferred software
is 3D slicer. Although not American FDA approved, it is
inexpensive, relatively intuitive, and created by a team of
researchers at Harvard as an open-source interdisciplinary
project. Computing requirements include a minimum reso-
lution of 1024 X 768 pixels, over four gigabyte of RAM
(random access memory), dedicated graphics hardware,
and memory (1 GB). More sophisticated configurations
would decrease the processing time and, therefore, more
complex printing projects should be undertaken in a com-
puter with higher RAM and computing capability.
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Fig.3 3DGraphy workflow—
process of 3D printing
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Table 1 MRCP protocol for acquisition of an ideal CT scan image for
3D printing biomodels

Parameter Description

Field of view FOV measuring 12 X 12 inches is adequate

To be determined by the clinician with
guidance from the radiologist

Region of interest

mA/kV Automatic

Slice thickness/slice 1-1.25 mm/1-1.5 mm
increment

Collimation 1.25-1.5 mm

Kernel/algorithm Soft tissue (do not use ‘bone’)

Segmentation

The process of volume rendering using DICOM worksta-
tions can generate a virtual 3D model which is commonly
sought after by the orthopaedic surgeon (3D reconstructed

@ Springer

images of CT scan). However, this information cannot be
read and interpreted by 3D printers. As opposed to volume
rendering, a surface rendered model is required for 3D print-
ing. Segmentation is the initial step required to generate a
surface rendered 3D model. It is the process of labeling
the region of interest (ROI) (e.g. bone on CT) or voxels on
cross-sectional CT images using specific criteria. The cri-
teria for a voxel to be included in the segmentation may be
defined as per its Hounsfield units within a specific range
(Thresholding) or its connection to a selected point/voxel
(Seed point) [20]. Alternatively, the voxels within a specific
predefined geometric region can be included to be part of
the model. This process may be unfamiliar to the orthopedist
as it involves special software. The expertise of a radiolo-
gist or a trained orthopedic surgeon is required the most for
this step. The process requires a detailed cross-sectional
anatomical knowledge of the ROI. Therefore, coordina-
tion between a surgeon and radiologist is very important to
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obtain an accurate model. Although this step over time can
be performed by a trained technologist, the accuracy of the
segmentation needs to be confirmed by the clinician or the
musculoskeletal (MSK) radiologist before the creation of the
CAD model (3D printable model).

There are two methods of segmentation; manual and
automatic [21]. A set of cross-sectional DICOM images
for particular anatomy, for example, pelvic bone, usually
has hundreds, if not thousands of slices [22]. Manually seg-
menting each slice to identity and “paint” the ROI (bone)
is impossible. The segmentation software can automate
this process. For orthopedic models, as the bone has a high
contrast differential compared to surrounding soft tissue,
automated techniques such as thresholding work quite well.
Frequently, a combination of both methods is used by initiat-
ing the segmentation using automated techniques followed
by manual corrections.

We will use an example of pelvic bone segmentation on
an open-source software called 3D slicer to describe the
steps. Appended videos (Video 1 and 2) will help in under-
standing the steps of this process.

a. Manual segmentation: in this mode, instead of rely-
ing on the ‘artificial intelligence’ of the software (3D
Slicer), we manually select the region of interest from
every slice of the CT scan. This manual process, how-
ever, is very time consuming and cumbersome; hence,
we do not recommend using this mode. This method is
used for fine-tuning—editing and correcting errors made
by automated segmentation (also called sculpting). To
understand the sculpting process, you can see the video
example 2, timestamp 2:45 onwards.

b. Automatic segmentation: in automated segmentation,
the algorithm automatically delineates the selected
region of interest using various tools (e.g. thresholding,
safe island, growing seeds) which are described further
in this section. For orthopedic models, as the bone has a
high contrast differential compared to surrounding soft
tissue, automated techniques such as thresholding work
quite well.

To understand the process of segmentation better, we
have used two examples (thresholding and region growing)
of automated segmentation techniques using open-source
software called 3D slicer. Alternate open-source segmenta-
tion tool includes ITK Snap, Vesalius, and 3D seg apart from
numerous paid proprietary software-like MIMICS [23].

Thresholding
This is a technique where we define a range of pixels (by

selecting a range of HU) which we want the software to
highlight. This demonstration is done using the thresholding

module (National Alliance for Medical Image Computing)
of 3DSlicer software.

Example 1: Congenital Scoliosis Biomodel [Video 1] In this
example, we have demonstrated the use of thresholding
which is one of the most common automated segmentation
techniques in most medical specialties. Due to the high con-
trast differential of bone with respect to surrounding tissues,
thresholding is frequently the first step in segmenting bone.
Voxels are selected on the bases of a defined range of HUs.
For bone, the upper limit is usually the max value of 3000
and the lower limit varies depending upon the region (corti-
cal/cancellous) and quality of bone (osteopenic). This is a
quick and reliable method in most situations except for CT
scans with metal artifacts. However, doing this will often
lead to the inclusion of surrounding structures. This can be
mitigated using the ‘Island effect’ tool as depicted in Video
1 (Timestamp 2:05). In case more control is desired in accu-
rately highlighting the region of interest, scissor, and eraser
tool can be used. (Timestamp: 2:30).

Region Growing

The region-growing module is based on the principle that
voxels of a particular object will have comparable values.
Based on this principle, the region-growing module com-
pares the HU of the selected voxel with the neighbouring
voxels. If the values are comparable, the software considers
them to be a part of the same object and highlights the object
till their edges. The edges are detected using the edge detec-
tion module, which is based on the same principle. It com-
pares the change in HU of one voxel with the neighbouring
voxels. If a drastic change is detected, then it defines it as the
edge of the model. For example, in the case of a vertebra, the
HU value of the superior endplate maybe 1000, and the HU
value of the adjacent disc maybe 50. The software detects
this sudden change in HU values and automatically outlines
the superior endplate of the vertebra as its border/edge.

Example 2: Acetabulum Model with the Subtraction
of the Femoral Head [Video 2] In this example, we have
demonstrated the use of region or seed growing method to
segment femoral head and acetabulum separately. If thresh-
olding is used, both femoral head and acetabulum get seg-
mented as one unit, and it is then tedious to separate these
two anatomical regions as the hip joint is highly conformal.
The seed growing method can segment femoral head sepa-
rately from the acetabulum. Once completed, the femoral
head segmentation can be deleted leaving behind the ace-
tabulum.

To use the region growing tool (National Alliance for
Medical Image Computing), the user has to label (yellow
color) voxels of the femoral head and then using a different
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label (green color), mark the voxels of the surrounding ace-
tabulum. When the algorithm is initiated, these “seeds” grow
and fill up the respective anatomical regions based on their
similarity with adjacent voxels and using the principle of
edge detection. If the red-colored segmentation is deleted,
then only the acetabulum can be modeled. Final editing can
be done by manually painting (labeling) [Video 2, Times-
tamp—~0:50], erasing, or combining regions (sculpting).

Thresholding is used to highlight all the voxels in a pre-
defined range of Hounsfield units while region growing
highlights the voxels only adjacent to the ‘selected point’ as
described above. Thresholding can be thought of as a local
selection while region growing is hyper-local. We recom-
mend using thresholding initially to feature all the bones in
the selected region of interest and then applying the region-
growing module to highlight the specific bone of interest.
(Example: perform thresholding to highlight all the boney
elements of the lumbar spine DICOM image and then the
region-growing module can be used to highlight a particular
vertebra, e.g. LS)

Creating a CAD Model

The collection of segmented voxels now has to be trans-
formed into a 3D model (CAD model). This process is called
tessellation and it involves the generation of a surface model
represented as a collection of triangles or other polygons.
The most common file format for this CAD model is an STL
file (surface tessellation language) [4]. The mesh of triangles
is the geometrical representation of a 3D surface. The qual-
ity of the 3D model is dependent on the number of oriented
triangles. However, models with too many triangular facets
can lead to unnecessary complexity and require more com-
puting power and printing time. Usually, 300,000 triangles
for the femur and 850,000 triangular facets of the full spine
are sufficient to create a reasonably accurate model [24].

The unique aspect of the STL file is that these describe
only the surface geometry of a three-dimensional object
without any representation of texture, color, or any other
common CAD model attributes. Recently, an OBJ file has
been developed by Wavefront Technologies which contains
all such information, i.e. color, texture, etc. 3D slicer sup-
ports exporting the configured model in both STL and OBJ
format [25].

At this juncture, the STL model or mesh may not be
printer-ready [26]. This part of the process can be referred
to the engineer who is equipped with the technical knowl-
edge and skills to create a ‘printer-ready’ model. However,
we have given a brief description of the common errors that
may need to be addressed. If the mesh is “open” and does
not enclose a volume, then it cannot be printed. Non-man-
ifold edge is another type of error in which more than two
triangles (surfaces) are connected to the same edge. Such
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errors need to be repaired. Smoothening is another tool to
improve the surface of the model. If simulation surgery is
planned on the bone biomodel, then the model can have
an infill density and surface thickness that closely mimics
bone. Support structures are then added, especially if the
model has overhanging features. Examples of software that
can achieve this are Autodesk Meshmixer, Meshlab, Blender
(open source), and Mimics (proprietary). The steps are car-
ried out by the engineer or technologist under the supervi-
sion of the radiologist.

Several tools are available in various software to help
with mesh manipulation and refinement. They are:

e C(Cleaning: post-segmentation, there may be artifacts pre-
sent in the form of surface irregularities and unwanted
bridges between sections. Mesh cleaning algorithms are
present in most software, which create a surface with
more uniformly arranged triangles resulting in a better
quality model. The unwanted connection between sec-
tions, for example, a bridge across a joint or a fracture
gap will have to be removed manually using the eraser
tool. Again this may not be well understood by the engi-
neers, requiring the constant supervision of a radiologist.

e Smoothening: the errors commonly known as ‘stair-
casing’ appear following the process of segmentation
and can be mitigated by smoothening of the surface of
the model with a software. However, caution should be
exercised to not “over-smoothen” the model to avoid dis-
torting the surface. Reducing the complexity of the mesh
may be desirable when required. If a model is required
for geometric analysis, then this step should be used to
a bare minimum. In situations where the purpose is a
simulation or for anatomic study, a smoother biomodel is
desired which can be achieved by increased smoothening.

Printing 3DGraphy Model

The above process will result in a pictorial representation of
the desired three-dimensional image. Depending on the sur-
geons’ experience, it may not be necessary to print the model
since the 3D image will provide one with adequate informa-
tion to carry out the procedure. This can even be done on
handheld devices using software like Emb3D (Transform
and Lighting Srl). On the other hand, inexperienced or jun-
ior surgeons may want a more hands-on feel of the model
to understand the complexity of the pathology, wherein 3D
printing becomes essential.

3D printers started to become popular in 1980 and ini-
tially, the process of 3D printing was called rapid prototyp-
ing [5, 10, 27-31]. STL or virtual reality modeling language
(VRML) files are the standard files which are most com-
monly used to print the 3D model. There are several ways
in which STL/VRML (virtual reality modeling language)
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files can be used to print the 3D model. The main differ-
ences between the various printers are the way layers are
deposited to create parts and the nature of polymers or mate-
rials used to create them. Each of these has its advantages
and disadvantages as summarized in Table 2. While choos-
ing the most appropriate printer, the main consideration is
speed, the hardware costs, the raw material used, choice and
cost of the material, and the color capabilities. Each printer
has resolution limits and, therefore, the radiologist needs to
know this step as it can drastically affect the quality of the
model. For example, certain printers utilize filaments to cre-
ate the biomodel. If the filament is too thick, it will result in
an inaccurate model with poor quality, and intensive work
put into the processing of the image will be in vain. The
various types of printers are illustrated in Fig. 4. Moreover,
we have highlighted the pros/cons and compatibility of each
3D printing material with various 3D printers in Table 3.

The actual process of 3D printing can be time consuming.
The time taken to 3D print a model depends on the reso-
lution, volume, and selected orientation of a model. With
regard to orientation, printing within a layer is faster than
printing between layers. For example, a femur bone template
lying on its side will print faster than the same template in
a standing configuration. Printing within a layer results in a
geometrically accurate model. Therefore, depending upon
the utility of the model, the orientation of the model can be
changed. A case example is shown in Fig. 5 to depict how
the process begins with procuring a 2D DICOM image and
is finally converted into a 3D anatomical model.

Table 2 Characteristics of 3D printer

Cost-Benefit Ratio of 3DGraphy Technology
for MSK Centers: Achieving an Equilibrium

Despite several utilities of 3D printing in orthopedics,
ultimately the question is “Who’s going to pay for it?’
Insurance companies are yet to completely comprehend
the importance of this technology and how it improves
clinical decision-making. The onus is on the medical com-
munity to justify its need by demonstrating its importance.
Once more data are collected justifying the need for 3D
printing, a CPT (Current Procedural Terminology) code
can be generated specifically for 3D printing by the insur-
ance companies. This will enable more widespread use of
this technology.

In 1936, the first modern computer was invented [32].
At the time, computers were bulky and expensive com-
pared to the cost today. Today, most individuals own a
computer which has a basic software like Microsoft Word
in it; only how to type quality content using the software
has to be learned. Similarly, with the advent of technology,
3D printer bureaus are widely available and open-source
software like 3D slicer is also present in the market. Thus,
essentially the tools are there for one to use; and with the
help of this article, the clinician will be able to use these
tools to their advantage.

The value of an object is defined as, benefit divided by
cost [33]. With advancements in technology, the cost of
3D printing is bound to decrease thereby increasing its

Mechanism of Supports required; Accuracy/resolution Application Pros Cons
Action Cost
SLA Utilizes light to Yes; High/high Trajectory guides Smooth finish Not user friendly
cause cross linking Moderately priced Cutting jigs Fast Sensitive to long
of chemical mono- exposure to UV
mer and oligomers light
into polymers Less resemblance to
bone
SLS Laser melts and No; High/average Anatomy models Smooth finish Brittle
fuses nylon-based  Highly priced Surgery guides Closest to bone-like Expensive
powder to the Drilling simulation feel Prone to shrinkage
desired object Slow printing process
Multi-jet Similar to SLA, No; Both average Colored anatomy Color options avail- Expensive
based on photo Highly priced models able
polymerization

FDM Printer head extrudes Yes; Moderate/low
heated filament Low priced
which is laid over

each other

DLP Photo polymeriza-  Yes;
tion where light Moderately priced
source is a digital
light projector
screen

Both average

Anatomy models
Preoperative tem-
plating

Cutting guides

Ease of use

Affordable

High tensile
strength

Affordable

Low detailing
Materials deform at
high temperature

Object size limited to
10-15 cm
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Linear drive and
Projector T :'":::“":m‘"'
Stereolithography Digital Light Processing
Fig.4 Types of 3D printers
Table 3 Commonly used 3D printer materials
Materials Pros Cons Cost Compatible printer Autoclavable
Acrylonitrile Tough, impact resistant Unpleasant fumes $20-50/kg Extrusion printers Only high
butadiene Natural color similar to bone  High melting point tempera-
styrene ture ABS
Polylactic acid Biodegradable Rough texture $20-50/kg FDM No
Easier to print than ABS Print degrades over time
Polyvinyl alcohol Water soluble Releases toxic vapors > $100/kg FDM with multiple extruders No
Good for supports
Nylon Medically approved Requires high temperatures to  $18-70/kg FDM Yes
Tough print SLS
Choice for medical guides MIF
Metals Custom implants can be made Expensive $300-600/kg DMLS Yes
SLS

MJF multi-jet fusion, DMLS direct material laser sintering
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Segmentation

Generation of STL file

3D Printed model

Intra-operative templating/Pre-operative reamer size measurement

Fig.5 Clinical workflow of process: from acquiring DICOM images to a complete 3D printed model

value. The benefit is subjective, for a novice surgeon, he/
she will benefit more from printing models of simple frac-
tures, but as the surgeon gains more experience, the benefit
from printing basic fracture models will reduce. However,
once the surgeon starts performing complex surgeries, the
benefit of 3D printing bone models will increase (Fig. 6a).
Hence, it is safe to say that benefit in 3D printing models is
directly proportional to the complexity of cases (Fig. 6b)
[34, 35]. Ideally, one should start their 3D printing journey
by segmentation of bone models as they are the easiest to
segment and then move on to soft tissue which are com-
paratively harder due to the low differential contrast. This
can be followed by printing trajectory guides, cutting jigs,
and finally, metal implants which will be the most resource
intensive. (Fig. 6¢)

To create 3D images from DICOM files is not a time-
consuming affair and once accustomed can take anywhere
between 30 and 60 min for an average user to create a ‘3D
printer ready’ file. A surgeon who has familiarized oneself
with the process of 3D printing, can segment and generate
STL/VRML files without spending any money. The over-
all time taken from obtaining DICOM images to actual 3D
printing a model would take 3—4 working days depending on
the type of printer/printing material used. If more complex
work like printing 3DTools and 3DImplants is undertaken,
then the time taken for the entire process would be naturally
more. The cost to procure and maintain a commercial 3D

printer is substantial and so we believe for a surgeon just
starting with a 3D printing lab, outsourcing may be wiser.
With the technical knowledge obtained from this article,
any orthopedic surgeon with a basic computer who plans
to outsource the final step of “3D printing” can create a 3D
biomodel within a short duration. Having said this, sending
confidential medical data to a third party should be done
with caution. If one still desires to purchase a printer, it
should be done keeping in mind the intended service. The
cheapest 3D printer costs around INR50,000 or $700, the
more sophisticated ones range from INR 5 million to 2
crores ($7000-$260,000).

Conclusion

3D printing looks intimidating in the first instance but once
understood proves to be an easy task. It adds tremendous
value to the management of the patient. The benefits far
outweigh what seems like a laborious process, especially in
complex cases. In our opinion, to make the most out of a 3D
printing lab in terms of research and patient benefit, the core
team should include an orthopedic surgeon and a radiologist.
Setting up the 3D printing lab need not be a very cumber-
some or expensive proposition. Lowered costs would ensure
wide availability of revolutionary technology.
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