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Abstract
Additive manufacturing processes are being increasingly explored by researchers around the world for a variety of medical 
applications, such as patient-specific models, implants, prosthetics, orthotics, drug delivery devices and tissue engineering 
scaffolds. The objective of this study is to obtain patient-specific models and implants from computed tomography (CT) 
scan data and validate the strength of implant using finite element analysis. For this purpose, CT scan data of two patients 
were obtained in digital imaging and communication in medicine (DICOM) file format. DICOM files were converted into 
computer-aided design models using open source image processing software DeVIDE and saved in stereolithography (STL) 
format. The STL files were cleaned and corrected in Materialise’s Magics RP software. These models were loaded into 3D 
systems’ Geomagic Freeform software to design the customized implants. Finite element analysis was performed to check the 
strength of cranium implant. Maximum von Mises stress and deformation were found well below the allowable limit of the 
material. Finally, physical models of cranium, pelvic bone and implant prototypes, namely cranial, ilium, pubic symphysis 
and ischium were manufactured in polyamide PA2200 on a selective laser sintering machine. A simulation-based surface 
roughness evaluation was also performed to assess the range of surface roughness values (Ra) of various implant prototypes. 
The Ra values for implants were observed between 14.4 and 34.67 µm.
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1 Introduction

The success of any reconstructive surgery depends on pre-
cise preoperative medical assessment and appropriate plan-
ning for the surgery. Preoperative assessment and planning 
become even more important, when it comes to placement 
of an artificial implant inside the patient’s body. One of the 
biggest challenges before the surgeons today is to ensure that 
the implant fits the damaged site properly, does not cause 
any post-surgical trauma or fail to perform its intended func-
tion. Till date, majority of the implants are manufactured 
by using conventional manufacturing processes and do not 
completely fulfil the stringent requirements of a specific 

patient. Although, conventionally manufactured standard 
implants are available in various sizes to meet the require-
ments of a wide variety of patients; they need to be modi-
fied by bending or cutting preoperatively or intraoperatively, 
which may not only lead to development of residual stresses 
in implant but also lengthen the operation time [1, 2]. More-
over, in complex cases like craniofacial and maxillofacial 
surgeries, great deal of care is needed to avoid damage to 
certain nerves and blood vessels during surgery [3]. This 
complicacy prolongs the surgery time. In order to avoid 
such circumstances, recently, physicians and surgeons have 
started employing patient’s anatomical models to facilitate 
diagnosis, pre-surgery planning and communication between 
colleagues and patients [4]. Surgeons may use these medi-
cal models to pre-plan the surgery procedures in variety of 
ways, such as visualization of the patient’s anatomy before 
treatment or surgery, simulation of surgery procedure before 
intervention, manufacturing of customized implants or tem-
plates prior to surgery and to communicate and train the staff 
members involved in patient treatment [5–11].
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Additive manufacturing, developed in mid-1980s paved 
the path for rapid fabrication of complex customized medi-
cal models, implants and prosthesis with good accuracy 
[12–18]. According to ASTM International, AM is a pro-
cess of joining materials to make parts from 3D model data, 
usually layer upon layer as opposed to subtractive manu-
facturing and formative manufacturing methodologies. 
Application of AM in medical area is becoming more and 
more popular day by day, as now it has become possible to 
convert patient’s CT, MRI (magnetic resonance imaging), 
USG (ultrasound sonography), CBCT (cone beam com-
puted tomography) data or even point cloud data into a CAD 
model using medical image processing or reverse engineer-
ing software [19, 20]. Once the CAD model of the patient’s 
damaged tissue is obtained, it can be used for variety of pur-
poses, such as manufacturing of a physical model to study 
and planning the complex surgeries, designing customized 
implants, prosthetics/orthotics, tissue engineering scaffolds. 
[4, 12, 13, 21–28]. The CT/MRI data of a patient are usually 
obtained in DICOM format [12]. DICOM is an international 
de facto standard for exchange, storage and communication 
of digital medical images. A single DICOM file may contain 
several two-dimensional (2D) images of a particular body 
part. Various commercial or open source software packages 
may be employed to obtain a CAD model from DICOM 
data. This CAD model can be used to perform finite ele-
ment (FE) analysis. The same CAD model can be converted 
into a faceted file format, such as STL, PLY (polygon file 
format) and VRML (virtual reality modeling language), 
compatible to AM processes [29–32]. Finally, the faceted 
file is uploaded on an AM machine to fabricate a physical 
part. The end-use implant or prosthetic can be fabricated 
via two routes namely, direct manufacturing of end-use part 
or indirect manufacturing via rapid tooling (RT) technique 
[33]. In former case, an implant is directly fabricated using 
a biocompatible ceramic, plastic or metallic material using 
AM process. In the latter case, a prototype of the implant 
is first fabricated via rapid prototyping (RP) process and 
further this prototype is used as a pattern to cast the final 
implant in a biocompatible material. The implant must be 
tested for possession of adequate mechanical, chemical and 
biological properties before it is placed inside the patient’s 
body [2, 34].

Cranioplasty has its root back in seventeenth century 
when the first xenograft was obtained from canine bone to 
repair a cranial defect in a Russian man [35]. During last 
three decades, focus of researchers has been on developing 
optimal osteo-integration materials as well as on develop-
ment of novel procedures and techniques for customizing 
implant model generation [4, 36–39]. Many new materials 
such as carbon-based polymers, calcium-based alloplasts, 
metallic implants and biological grafts are being explored 
in order to cover large cranial defects [4, 40–42]. Advent 

of novel data capturing, image processing and modelling 
software has made reverse engineering process more precise, 
faster and economic. A combination of modern software 
and RE technique can dramatically improve the surgical effi-
ciency in reconstructive cranioplasty [43].

The objective of this study is to describe methodology 
to obtain patient-specific physical biomodels of damaged 
bones as well as to design and develop customized implants 
for them with the help of cranial and pelvic CT-scanned 
data obtained from two different patients. Patient-specific 
implants produced through this approach will fit in damaged 
site perfectly without needing any intraoperative modifica-
tions. This will reduce not only surgery and patient recov-
ery time but also reduce the chances of implant failure in 
future as compared to conventional implants. Authors have 
used open source software DeVIDE as well as commercial 
software Magics RP and Geomagic freeform to carry out 
this study. However, the process may be made more cost-
effective by using open source software such as Mesh Lab, 
Blender, FreeCAD. In order to access surface roughness of 
the fabricated implant prototypes, a simulation-based surface 
roughness evaluation is also presented at the end. Whole 
procedure to obtain 3D models and designing of implants 
from CT scan data has been explained in subsequent para-
graphs in detail.

2  Methodology

For obtaining physical models of cranium, pelvic bone and 
various implants using patient-specific CT scan data involves 
many steps, such as identification of a patient, obtain CT 
scan data in DICOM format, converting DICOM image data 
in 3D STL and CAD models, and design and analysis of 
the customized implants and manufacturing of models and 
implants using AM. Methodology adapted by the authors to 
obtain implant prototypes is shown in Fig. 1.

2.1  To obtain CT/MRI data of a patient

This is the initial step towards manufacturing of a patient-
specific physical biomodel. A patient is identified in col-
laboration with a doctor or a hospital. Now, CT scan or MRI 
data of the patient’s defect site are obtained. CT/MRI data 
contain 2D images and are used to generate a 3D model 
of patient’s specific bone/tissue. These images are required 
to be very precise and accurate; hence, a spiral scanning 
technique may be used which allows full volume scanning. 
Full volume scanning generates large number of slices and 
also allows adjusting size of pixels in each slice depending 
on the case. The CT or MRI data are now stored in DICOM 
format. For this study, authors obtained CT-scanned DICOM 
images of damaged pelvic bone and skull of two different 
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patients (Age 37–42 years). Scanning was performed using 
SOMATOM Definition AS 64-slice CT scanner (Siemens 
Medical Systems, Erlangen, Germany) with the parameters: 
tube voltage 100 kV, tube current 120 mA and slice thick-
ness 1.2 mm. The scanned data were saved in DICOM file 
format.

2.2  Conversion of DICOM images into STL model

For fabricating physical biomodel via additive manufac-
turing, we require a CAD model of the tissue/bone prefer-
ably in STL file format. The DICOM data obtained via 
CT/MRI machine contain only 2D images and need to 
be converted into a CAD model before inputting to AM 
machine. For this purpose, various proprietary (e.g. Geo-
magic Freeform, 3D Systems, USA; MIMICS, Materi-
alise, Belgium; 3D Doctor, Able Software Corps, USA, 
Simpleware, Synopsys, USA) as well as open source (e.g. 
DeVIDE, Visualization Group; InVesalius, Brazil, Osirix, 
Switzerland) biomedical image processing software pack-
ages are available in market. These packages allow us to 
create and visualize 3D CAD model from the 2D images 
by performing image manipulation and segmentation. 
We also need to separate different tissues (soft and hard 
tissues/bones) in 2D images during the image manipula-
tion. This is achieved through segmentation of the image. 
Segmentation is the separation of the structures, which 

should be represented in the biomodel of the undesirable 
adjacent structures. There are various methods of image 
segmentation, such as region based, edge based, threshold, 
feature based. However, most of the software packages use 
the threshold method. This tool is based on the definition 
of a range of grey densities that expresses, for example, 
only pixels corresponding to the osseous tissue. Although 
it may seem to be a simple task, in practice, it is one of 
the salient points of the process. When this range is inap-
propriately determined, there may be a thickening or a 
thinning of the osseous structures of interest. They may 
even be deleted during the process, resulting in undesir-
able dimensional changes. A radiologist and a surgeon 
may prove very helpful in obtaining right region of inter-
est, like separating bone from tissues, exclude anomalous 
structures, noise by right segmentation with a good reso-
lution and optimum size of pixels. After segmentation, 
3D virtual model of the desired tissue is obtained. This 
3D biomodel is saved as an STL file by the biomedical 
software.

The DICOM file of pelvic bone chosen for this study con-
tains a total of 355 slices. Authors used DeVIDE software to 
convert DICOM images into 3D STL model. The threshold 
technique was used to extract the bony part only. For this 
purpose, ‘double threshold’ module was used with upper 
threshold value as 3000 HU (Hounsfield unit) and the lower 
threshold value as 250 HU. The extracted surface was then 
cleaned up using the ‘clean dvmr’ module resulting in the 
dilation of the highlighted bone surface and removal of sur-
face errors left by separation of the soft tissue as shown in 
Fig. 2. The surface irregularities were smoothed out using 
the ‘Mesh smoother’ module.

3D model obtained was saved as an STL file using ‘stlwr’ 
module as shown in Fig. 3. This STL file can be further 
processes and used as a base for implant designing process.

Fig. 1  Methodology to fabricate patient-specific model/implant

Fig. 2  Pelvic bone after applying ‘double threshold’ and ‘clean dvmr’ 
module in DeVIDE
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2.3  Processing of STL model

The STL format converts the surface of the 3D biomodel 
into thousands of small triangular facets. This process of 
converting 3D model into faceted model is usually not 
perfect and involves inclusion of errors like flip normal or 
gapes between triangles. Software like Magics RP, Mate-
rialise, Belgium or Mesh Lab (open source software) may 
be employed to identify and fix such errors. These software 
also allow us to increase or decrease the number of trian-
gles in the faceted model to adjust the surface quality of the 
model. Authors have used Magics RP software to perform 
pre-processing of the STL file obtained from the DeVIDE 
software. The number of triangles was increased to improve 
the surface quality of the models. Many errors like flip nor-
mal, open, overlapping and missing facets, convex boundary 
errors, common node were repaired using automatic repair 
facility. The final rectified STL model of the pelvic bone is 
shown in Fig. 4. Figure 5 shows the STL model of patient’s 
skull obtained by the similar process.

2.4  Design of patient‑specific implants

The 3D models obtained from the DeVIDE software are 
faceted model, i.e. made up of triangular facets. The popular 
CAD software, such as SolidWorks, Creo/E, CATIA and 
NX UG can import these faceted files easily; however, in 
order to perform manipulation, they need to be converted 
into CAD format first through the lengthy and tricky pro-
cess of reverse engineering. In order to avoid this lengthy 
conversion process, authors used Geomagic freeform plus 
software to design patient-specific implants. This software 
offers great flexibility of clay modelling, wherein virtual clay 
can be modified, remodelled and shaped like real tangible 
clay, allowing designers to create freeform features with 
great ease in comparison with conventional CAD software 
packages. The STL model of pelvic bone was imported into 
Geomagic freeform to design the implants. After importing 
the file, the software itself detects and auto corrects various 
errors that crept in during the importing process. After the 
rectifications, the STL file is converted into a CAD model, 
which can be modified now as clay modelling. After care-
ful visualization of the CAD model of pelvic bone, three 
specific areas were identified which could be repaired using 
specific implants as shown in Fig. 6. For this purpose, three 

Fig. 3  Screenshot of STL model of Pelvic bone in DeVIDE

Fig. 4  Preprocessed STL model of pelvic bone

Fig. 5  Preprocessed STL model of patient’s skull

Fig. 6  Defective areas on pelvic bone



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:503 

1 3

Page 5 of 11 503

implants, namely ilium, Pubic symphysis and Ischium 
implants were designed.

2.4.1  Ilium implant

Ilium implant was designed to repair the damaged right 
ilium surface as shown in Fig. 6. The implant must have 
a freeform surface which fits perfectly on the variable sur-
face of the ilium portion. For this, a 3D curve was drawn 
around the periphery of the damaged area. A datum plane is 
introduced approximately 5 mm away from the pelvic bone 
perpendicular to the z-axis, and a 3D curve is projected on 
this datum plane. This projected curve is now extruded as 
continuous homogeneous virtual solid clay, with the datum 
plane as the base, towards the ilium surface, up to the first 
layer of clay encountered at the ilium surface, forming a 
continuous solid layer over the area enclosed by the first 3D 
surface. The top flat surface of the implant was modified 
conforming the surface of the parent bone leaving approxi-
mately 3 mm thickness of the implant. Process of designing 
ilium implant is shown in Fig. 7.

The designed implant is now separated and saved as STL 
file as shown in Fig. 8a. Similarly, other implants have been 
designed and saved as shown in Fig. 8b, c. Figure 9 shows 
the virtual model of pelvic bone with designed implants.

2.4.2  Cranium implant

Careful visual inspection of 3D model of the patient’s 
cranium revealed that it was badly damaged on the ‘fron-
tal bone’ and the ‘parietal bone’ of the right half of the 

Fig. 7  Process of designing 
ilium implant

Fig. 8  STL models of implants for pelvic bone a ilium, b pubic sym-
physis, c ischium

Fig. 9  Virtual model of pelvic bone with implants
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cranium. The junction of these two bones along with their 
respective portions was crushed into small pieces. There-
fore, it was decided that these pieces be removed from both 
the patient’s skull as well as from the reconstructed 3D 
model of the cranium. Hence, a gap was created extend-
ing from the frontal bone to the parietal bone. A cranial 
implant with thickness (approx. 5 mm) and shape matching 
with parent bone was designed in Geomagic freeform as 
discussed in the following paragraph to patch up this gap.

A number of points are selected in succession around 
the periphery of the gap. Then, a 3D curve is drawn to 
make a close loop curve. This closed loop serves as the 
boundary for the implant patch. For generating the patch, 
‘construct clay’ tool is selected. A curved surface is gener-
ated within the volume enclosed by the ‘cylinder’ formed 
by two 3D curve rings which specify the upper and the 
lower boundaries of the roughly cylindrical patch. In this 
case, a series of 3D curved surfaces is generated between 
two ‘rings’ of 3D curves whose curvature can be controlled 
manually at the desired points by increasing or decreasing 
the radius as desired. The gap is filled using these curved 
surfaces. To ensure the symmetry of the shape of the cra-
nium implant, ‘mirror’ option is used. Finally, the shapes 
are matched by removing or adding extra material using 
‘sculpt clay’ and ‘construct clay’ tool. The outer boundary 
of the patch is smoothened and made tangential with the 
rest of the parent bone surface so that the implant fits well 
and matches the bone contour. Finally, the patch is sepa-
rated from the skull using the ‘separate’ tool and exported 
as a separate STL file. Figure 10 shows virtual models of 
damaged skull as well as designed implant.

2.5  Finite element analysis of cranial implant

Finite element (FE) analysis of cranial implant for static 
loading conditions was carried out using Fusion 360 soft-
ware (Student Edition, Autodesk, USA). For FE analysis, 
Polyamide PA 2200 was modelled using a linear, homo-
geneous and isotropic material model (Young’s modulus 
(E) = 1700 MPa, Poisson’s ratio (μ) = 0.4, ultimate tensile 
strength = 48 MPa [44]. A force of 200 N was applied verti-
cally distributed on the top of the implant. To apply bound-
ary condition, implant was fixed at four places, where actual 
implant would be screwed to skull. The CAD model was 
meshed into FUSION 360, and meshed model contained 
66,186 nodes and 37,847 tetrahedron elements. Figure 11a, 
b shows the boundary condition and location of the load on 
the meshed implant.

Figure 12a, b shows the von Mises stress distribution and 
displacement of the cranial implant, respectively. Maximum 
stress observed is 6.02 MPa which is well below the allow-
able limit of material. Stress distribution is found uniform 
across implant body in range of 0–2.5 MPa and in range 
of 2.5–6.02  MPa near the areas of fixation. Maximum 
implant displacement in the direction of loading observed 
is 0.11 mm in the area directly under the loading. However, 
it is also well below the allowable limit of the material.

2.6  Additive manufacturing

The STL files of the designed implants and parent bones 
were now ready to be used as input to an AM machine. The 
final ready-to-use implants using additive manufacturing 

Fig. 10  a CAD model of dam-
aged skull, b 3D curve outline 
for implant, c implant separa-
tion from the skull, d separated 
implant outer view, e separated 
implant inner view
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may be obtained via two routes, (1) direct manufacturing of 
ready-to-use implants or (2) by using rapid tooling approach. 
In former case, AM machine must be capable of fabricating 
implants in bicompatible materials such as titanium alloy 
(Ti6Al4 V), stainless steel (316L), CrCoMo alloy, PEEK 
(poly-ether-ether-ketone), calcium phosphate/sulphate. AM 
processes like EBM (electron beam melting), SLM (selec-
tive laser melting) SLS (selective laser sintering), LENS 
(laser engineered net shaping), FDM (fused deposition 
modeling), 3D printer are used for this purpose. The latter 
case is suitable when a high-end AM machine capable of 
manufacturing metallic implant is not available. In this case, 
even a low-end AM machine can be used to manufacture a 
prototype of the implant. The prototype need not be made 
of biocompatible material. This prototype is then used to 
create a silicon or sand mould which is further used to cast 
end-use implant in biomaterials. Sand moulds are gener-
ally used to cast metallic implants, whereas silicon moulds 
may be used to produce polymeric implants like PMMA 
(polymethyl methacrylate) or may be used to produce wax 
expendable pattern to be used in investment casting of metal-
lic implants [45].

In this study, authors have adopted the latter route. The 
STL files of the designed implants and parent bones have 

been loaded in Magics RP to fix any error in them using 
‘autocorrect’ feature of the software. Nesting of various 
parts was also done in Magics RP. EOSINT P395, selective 
laser sintering machine by EOS GmbH, Germany, was used 
to fabricate the prototypes using PA2200 polyamide pow-
der material. The following process parameters were used: 
laser type  CO2, laser power 50 W, scan speed 8 m/s, build 
temperature 176 °C and layer thickness 0.12 mm. The cor-
rected STL files were sent to pre-processing software PSW 
3.6 where the STL files were sliced in the layers of desired 
thickness. The machine was allowed to warm for 2 h before 
the desired temperature reached inside the build chamber. 
Manufacturing of all the parts took around 4 h. After about 
8 h of cooling time, parts were removed from the cham-
ber. The cranial implant fit perfectly on to skull model as 
shown in Fig. 13. Similarly, pelvic bone implants were also 
fitting properly on damaged areas on the pelvic bone model. 
These implants were used as pattern to cast end-use implants 
via rapid tooling approach. Figure 14 shows various pelvic 
implants with pelvic bone model.

Fig. 11  FE mesh of cranial 
implant model a boundary con-
dition, b loading condition

Fig. 12  FE results of cranial implant a von Mises stress distribution, b deformation



 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:503

1 3

503 Page 8 of 11

2.7  End‑use implant by rapid tooling approach

The implant prototypes obtained from the EOSINT P395 
process are used as a pattern to cast end-use implant. Due 
to the lack of adequate legal and ethical permissions, it 
was impossible to fit the implants inside the patient’s body. 
So, it was decided to cast the implant in aluminium only. 
It is worth mentioning here that though metallic implants 
are less likely to fail after surgery, they may potentially 
damage the skull in case of second accident due to consid-
erable difference in mechanical properties in comparison 
with bone. However, this problem can be minimized by 
providing an overlapping between implant and skull to 
increase the contact surface at interfacing [45]. In order 
to achieve a defect-free casting, the casting process was 

simulated using the E-Foundry [46], online learning 
resources in casting design and simulation by IIT Bombay. 
The results of the casting simulation process are shown in 
Fig. 15. The white and the yellow areas represent the hot 
spots (high-temperature zones) and the deep blue areas 
represent the cold spots (low-temperature zones) where 
rapid cooling may take place resulting in warping, cracks, 
cold shuts, etc. The aim of the simulation process was to 
obtain a uniform and relatively low temperature gradient 
by minimising the cold and the hot spot regions so as to 
obtain a defect-free casting. It was achieved by chang-
ing the orientation of the pattern as well as the positions 
of the gating system and the riser. After optimizing the 
casting parameters, a green sand mould was prepared for 
casting of cranium implant. Finally, molten aluminium 
was poured into mould cavity and allowed to cool down. 
Figure 16 shows the image of the aluminium casting of 
cranium implant.

2.8  Validation and sterilization of implants

After manufacturing, implant must be validated for mechani-
cal, chemical and biological properties. Besides, they must 
be sterilized in order to ensure complete absence of all liv-
ing organisms, such as virus, bacteria, yeasts and moulds 
before fitting inside the patient’s body. Placement of unster-
ile implant may lead to nosocomial infection which can 
cause implant failure and serious illness to the patient [2, 
34]. In this study, the final implant was not made in bio-
compatible titanium alloy, as the authors did not have nec-
essary legal permissions to fit it inside the patient’s body. 
However, the aluminium implant prototype was sterilized 
using autoclaving method. The implant prototype was kept 

Fig. 13  Polyamide (PA2200) prototypes fabricated on EOSINT 
P395  m/c a cranium implant outer view, b cranium implant inner 
view, c damaged skull and cranium implant, d cranium implant with 
skull

Fig. 14  Polyamide (PA2200) 
prototypes fabricated on 
EOSINT P395 m/c (1:4 scale), 
a pelvic bone front view, b 
pelvic bone rear view, c ilium 
implant, d pubic symphysis 
implant, e ischium implant
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in autoclave under controlled temperature and pressure con-
dition (121 °C, 15 psi) for 30 min. These conditions are 
believed to be unsustainable for micro-organisms and spores. 
Chemical tape indicator was used to ensure that the steriliza-
tion condition reached inside the autoclave.

3  Surface roughness evaluation

Certain amount of roughness on implant surface is advis-
able for bone formation at the implant-bone interface. It 
promotes cell growth and enhances adherence charac-
teristics of implant [47, 48]. A surface roughness value 
ranging between 1 and 100 µm results in higher degree 
of attachment of the cells to the implant. In the present 
case, the roughness value of the designed implants has 
been predicted by using an online facility. The STL files 

of implants were loaded into the software. The required 
parameters, such as AM machine type (EOSINT P395), 
standard build parameters, material used (PA2200), were 
fed into the software. The predicted  Ra values for vari-
ous implants were found to be ranging between 14.4 and 
34.67 µm. Roughness profile of the ilium implant and skull 
model is shown in Fig. 17.

4  Conclusions

This study describes the methodology to design and addi-
tively manufacture patient-specific biomodels and implants 
from CT scan data in relatively shorter period of time. FE 
study of cranium implant is successfully carried out using 
Fusion 360 software. Use of FEA tool for such complex 
problems overcomes the limitations of experimental and 
analytical approaches used for stress analysis. In this study, 
authors have manufactured only prototypes of implants; 
however, the same STL files can be used to obtain end-
use implants in desired biomaterials by adopting direct or 
indirect route as discussed in the paper. At present, direct 
additive manufacturing of implants is costly due to costly 
high-end AM machines and software. Rapid tooling route 
(indirect manufacturing) is relatively cheaper than the direct 
route as low-end 3D printers can be used to fabricate proto-
types. Use of open source software for designing of biomod-
els and implants will further reduce the cost of final implant. 
It can be summarized that a wise combination of free soft-
ware, low-end 3D printers and rapid tooling approach paves 
the path for manufacturing of patient-specific economic 

Fig. 15  Casting simulation results a cranium implant, b pubic sym-
physis implant, c ilium implant

Fig. 16  Aluminium green sand casting of cranium implant

Fig. 17  Roughness profile a ilium implant, b skull model
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implants in shorter span of time. Additionally, additively 
manufactured patient-specific implant not only reduces 
the surgery and patient recovery time but also reduces the 
chances of implant failure in future.
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