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1. Introduction 

Additive manufacturing (AM) is defined as production of physical objects by 
constructing them layer by layer based on digital files detailing a three-
dimensional representative model of the object [Gibson, Rosen and Stucker, 
2010]. In this dissertation, the term additive manufacturing is preferred, yet it 
can be used interchangeably with the more popular term 3D printing. The 
emergence of AM processes as a novel manufacturing paradigm is sometimes 
referred to as a new industrial revolution. However, when compared to 
traditional manufacturing production processes, subtractive processes, e.g. 
milling or CNC machining, often outperform additive manufacturing in 
mechanical stability and surface or aesthetic quality. On the other hand, direct 
per part costs can be driven lower by using formative processes such as injection 
molding, or other methods of mass production. In exchange, additive 
manufacturing is characterized by freedom of design, allowing straightforward 
production of complex shapes which are either cumbersome or impossible to 
manufacture with traditional manufacturing processes. With digitality 
embedded into its roots, additive manufacturing is also strongly linked with the 
overall digitalization of production processes alongside other contemporary 
production concepts such as Internet of Things or digital twins. 

Although useful in industrial setting, the areas where additive manufacturing 
truly excels include the creation of highly specialized, low-volume, or 
individually customized products. The medical setting is a prime environment 
requiring such products: Patients are inherently individual with their respective 
anatomies and varying medical conditions. When compared to products 
designed for con-sumer markets with relatively homogenous customer needs, 
benefits of additive manufacturing (e.g. enhanced part functionality, freedom of 
customization, and leanness of manufacture) more often outweigh direct 
production costs. 

As an input for additive manufacturing, one needs the digital design. When a 
medical application is pursued, a natural option is to turn to various medical 
im-aging modalities as medical imaging capabilities are both extensively 
developed and routinely utilized in everyday radiology of patients. 
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1.1 The research gap 

The main purposes for which medical imaging was traditionally developed were 
diagnosis and preoperative planning instead of three-dimensional manufacture. 
Because of this, both the imaging modalities and conventional radiological 
workflows differ significantly from the practices most optimal for models 
needed for additive manufacturing. The literature on medical imaging, clinical 
practice, orthopedics, or surgery is abundant, but it is only marginally connected 
to the concepts and methodology of production engineering. Conversely, the 
research on mechanical engineering rarely aims at medical applications, or even 
clinical relevance. This doctoral dissertation pursues to converge the body of 
knowledge between these two disciplines, as the included studies have been 
performed in teams of engineers and surgeons, and most results have been 
published in medical journals. 

Table 1 highlights the focal points of this dissertation with respect to the five-
step workflow for medical applications of additive manufacturing (the table 
columns). Of this process, the Step 2, i.e. the digital design phase, is in the 
centerpoint of this thesis as it is recognized to be the transformative step 
between commonplace medical imaging (Step 1) and truly innovative novel 
medical applications (Step 5). The various AM production processes (Step 3) 
have been already extensively studied in literature, whereas post-processing 
activities (Step 4) are less thoroughly charted. 

It is to be acknowledged that this research topic is, in addition to being highly 
cross-disciplinary, extremely vast, and not everything is covered within the 
scope of this dissertation. Additive manufacturing is a production method with 
exceptional possibilities and, even more importantly, a wide accessibility to 
reach persons previously unfamiliar with manufacturing engineering activities. 
While this paradigm change shakes medical milieu by enabling completely 
novel user-based solutions, it also creates substantial challenges for 
communication between various disciplines and necessity for further education 
and research. 

1.2 General aim 

The aim of this thesis is to develop the process for medical applications of 
additive manufacturing. As the design step is in the core of this workflow, the 
first objective is to create a selection framework for suitable medical imaging to 
ensure the quality of input required for modelling activities. The second 
objective is to optimize the conversion step from design into efficient clinical 
application. 
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Table 1. The main foci of the publications (rows) charted against the process of medical 
applications of additive manufacturing (columns). This process consists of five steps: (Step 1) 
Medical imaging encapsulates radiology, from which the medical imaging data is segmented and 
reconstructed into a (Step 2) digital model (e.g. computer assisted design, CAD, or surface mesh 
representations). (Step 3) includes the production by additive manufacturing, and (Step 4) post-
processing operations such as support removal, surface polishing, or sterilization. Finally, (Step 
5) represents the actual application of the produced part. 

Publication 1 Medical 
imaging 

2 Digital 
design 

3 Additive 
manufacturing 

4 Post-
processing 

5 Clinical 
application 

Publication 
focus 

I X X    Imaging to 
design 

II  X X   Design to 
manufacturing 

III 
 

 X X X  Manufacturing 
to post-
processing 

IV  X   X Design to 
application 

V X X X X X Whole process, 
collaboration 

 

1.3 Specific aims 

The specific aims of this Doctoral Thesis are: 
1. To optimize medical imaging modality and parameter selection 

for medical applications of additive manufacturing. 
2. To analyze the outcome variance in medical model creation 

process, and assess the main sources of it. 
3. To characterize the surface structure and assess cytotoxicity of 

medical-grade titanium alloys processed using two AM processes commonly 
used in inert implant manufacture: direct metal laser sintering and electron 
beam melting. 

4. To design and trial a patient-specific solution for a complex 
surgical problem using additive manufacturing. Furthermore, a CT-based 
computational design and analysis procedure is created for solution feasibility 
verification, design automation, and optimization. 

5. To design and implement an online collaboration platform, where 
medical experts may document and share their clinical additive manufacturing 
cases based on the created application classification and process workflow 
framework. 

 
 

 





 

2. Background 

2.1 Additive manufacturing 

2.1.1 Development phases: rapid prototyping, rapid tooling and rapid 
manufacturing 

The first modern additive manufacturing device is considered to be 
stereolithography (SLA) process, published in 1984 by 3D Systems (CA, USA). 
By the 90s, the first powder bed fusion machines were commercialized, and 
additive manufacturing started to get utilized in the form of rapid prototyping 
(RP) in early product development phases in the industry. Rapid prototyping 
refers to the creation of pre-production prototype models by additive 
manufacturing techniques. 

Next concept to be established was rapid tooling (RT), i.e. the utilization of 
additive manufacturing techniques in cost-efficient and lean production of 
molds, mold inserts, and tools for investment casting purposes [Hopkinson and 
Dickens 2003]. Rapid tooling increased prominently approaching the late 90s, 
and by early 2000s another approach, rapid manufacturing (RM), had emerged. 
This refers to the direct production of end-use parts by additive manufacturing 
processes. Rapid manufacturing is also varyingly known as direct digital 
fabrication, or direct digital manufacturing. The applicability of rapid 
manufacturing has traditionally been limited mainly for small-batch production 
and mass customization needs. However, as the processes and their capabilities 
develop, RM is becoming more and more attractive production method for 
larger variety of applications from aerospace to medical industries. [Levy 2003] 

2.1.2 Types of additive manufacturing processes 

After the discovery of SLA in the 1980s, new process approaches and variations 
emerged during the following decades. Contemporary additive manufacturing 
processes are divided into seven distinct categories according to the industry 
ASTM standard [ISO / ASTM52900]. These categories are vat 
photopolymerization, material jetting, binder jetting, material extrusion, 
powder bed fusion, sheet lamination, and directed energy deposition. Within 
each category, there are several technologies, each with their manufacturer-
specific implementations. 
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Vat photopolymerization includes techniques where liquid resins are solidified 
by photopolymerization, usually layer by layer. Stereolithography is the classic 
example of such process. In SLA, the energy is introduced by a directed laser 
beam into each position to be cross-linked. Another common polymerization 
strategy is illuminating a whole layer at a time with a specifically designed 
projector or masking method, as performed in digital light projection (DLP) 
technique. Photopolymerization process can be optimized to yield parts with 
micrometer-level resolutions and ten-micron-level layer thicknesses. However, 
the material engineering is relatively complex. Because of this, SLA products 
often have limitations in their mechanical properties or long-term stability (due 
to unintentionally continuing photocuring). The materials are also relatively 
expensive. 
 
In material jetting, material is jetted in a three-dimensional inkjet process to 
appropriate positions, and potentially locally solidified by ultraviolet or 
different wavelength illumination – in which case the process type is 
photopolymeric jetting. The materials used in material jetting process are 
usually wax-like, and common in rapid prototyping applications as the support 
material may be chemically or mechanically removed with relative ease. A 
common example of this category is the Stratasys PolyJet technology. 
 
In binder jetting process, the material is commonly in powder form, spread 
layer-by-layer onto a build bed. Binder is then applied from an inkjet-like 
printhead to cure required parts of each layer, and the process is repeated until 
the full height of the objects under production is achieved. Depending on the 
equipment, apart from powder removal, post-processing of binder jetted parts 
might include e.g. epoxy coating to strengthen the brittle detailed parts of the 
objects. Full-color part production is relatively straightforward, as color 
pigments may be deposited along with the binder application. 
 
As the most widely spread additive manufacturing process, material extrusion 
category encapsulates the extrusion of thermoplastic filaments, as well as 
syringe-based extrusion of paste materials. The common trade name for these 
techniques is Fused Deposition Modelling (FDM), as used by Stratasys. Material 
extrusion is the process type normally utilized in inexpensive hobbyist kits as 
the production mechanism requires only simple computer-controlled linear 
motion with controlled heating and deposition of material. Additionally, 
suitable materials such as acrylonitrile butadiene styrene (ABS) and 
polylactides (PLA) are inexpensive and widely available in the required filament 
form. During the peak of the recent 3D printing hype, the entry-level machinery 
was often burdened with overall process unreliability, poor material adhesion 
to the build platform, or excessive part warping due to lack of temperature 
control in open-chamber systems. These issues have since been alleviated in 
several low-cost devices by process optimization and utilization of expiring 
patents. More expensive industrial tier machines offer advantages like closed-
chamber architecture for improved temperature management, and they can 
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manufacture using more advanced materials, e.g. polyether ether ketone 
(PEEK). Surface quality remains an issue with material extrusion, because 
filament layers are normally visible as stepped structures in end-products. 
Additionally, part porosity or delamination of layers may affect their mechanical 
properties. A currently booming application, desktop metal printing, can be 
accomplished by using an inexpensive material extruder to print a filament 
made of polymer-metal mixture. The adhesive polymer can be then chemically 
removed, and the remaining metal part can be sintered in a dedicated oven to 
produce a solidified metal part. This process is prone to warping and porosity of 
the end-product due to removal of the adhesive material, but is extremely cost-
efficient when compared to investments into AM devices capable of directly 
producing metal parts. 
 
Similarly as in binder jetting, in powder bed fusion processes the material is in 
powder form and usually inserted into the build chamber layer by layer with a 
dedicated roller mechanism. Computer-controlled energy source applies energy 
locally to each layer, curing the required areas. Depending on the process type, 
the actual curing mechanism might be sintering (such as in selective laser 
sintering, SLS) or melting (such as in selective laser melting, SLM, and in Direct 
Metal Laser Sintering, DMLS). For these techniques, the required energy is 
applied by a laser light source. Alternatively, electron beam (electron beam 
melting, EBM) or locally-powered resistors (selective heat sintering, SHS) may 
be utilized. Usable materials vary from metals (e.g. titanium, aluminum, 
stainless steel, or precious metals) to plastics from common polyamides to high-
performance engineering polymers such as PEEK. The processes yield usually 
high resolutions, and with polymer fusion, also good surface qualities. In metal 
fusion, support structures are required to both carry the mass of the object and 
to conduct heat into the build platform. These supports need to be machined, 
and usually the design should be optimized to account for this requirement. 
 
In sheet lamination processes, sheets of material are stacked, cut (mechanically 
or optically) layer-by-layer, and the sheets are bound by adhesive on areas 
overlapping the required design. The rest of the non-adhered material is 
discarded. This process is relatively uncommon and only a few manufacturers 
employ this process type; As raw material, common office paper may be used. 
However, by contrast with most other processes, the discarded material is not 
directly recyclable as build material for next production batches, causing this 
process to provide more waste. 
 
The Directed Energy Deposition (DED) process is somewhat analogous to 
welding in three-dimensional space, where the material is extruded and 
consecutively solidified in a welding-like process at required positions while 
controlled by a designated robot or robotic arm. In theory, this can be performed 
without any chamber size limitations as long as the DED tool head can be moved 
into appropriate positions by robotic means. Attempting to achieve high 
accuracies usually render this process relatively complex and expensive. 
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2.2 Medical applications of additive manufacturing 

We [Tuomi 2011] classified medical applications of additive manufacturing into 
five distinct categories: (1) Medical models; (2) Medical aids, supportive guides, 
splints, and prostheses; (3) Surgical tools, instruments, and parts for medical 
devices; (4) Inert implants; and (5) Biomanufacturing – Figure 1 presents an 
example of each category. 

 

 

Figure 1. Various medical applications of additive manufacturing. (a) Medical models include 
preoperative, intraoperative, postoperative models as well as models used for training, 
education, and communication purposes. (b) Medical aids, supportive guides, splints, and 
prostheses are patient-specific applications designed to support or guide the body functions. 
(c) Surgical tools, instruments, and parts for medical devices (the instrument in the Figure is 
used for complex jaw surgery). (d) Inert implants, such as the meshed titanium implant 
replicating missing mandibular bone tissue. (e) Parts for biomanufacturing, which is defined 
as a combination of additive manufacturing and tissue engineering. 

2.2.1 Medical models 

The first class of medical applications of additive manufacturing includes 
various models replicating actual anatomy. Preoperative models are used prior 
to non-routine surgeries to get better assessment of the three-dimensional 
clinical situation, or for operation planning where e.g. simple pen markings can 
be added. Preoperative models can also be utilized for communication on 
situation with the patient or the relatives of the patient. Medical models can also 
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be utilized intraoperatively, in which case they have to be either of sterilizable 
material or sealable in a sterile bag. Postoperative uses of medical models would 
in turn serve similar purposes as regular postoperative medical imaging – for 
assessment of the surgery results, planning of follow-up steps, and 
communication with the patient. [Lethaus 2012, Salmi 2016] 

2.2.2 Medical aids, supportive guides, splints, and prostheses 

This class of medical applications includes various parts designed to either 
support or guide the patient’s anatomy. Typically, these are external to the 
patient body, with invasive components such as bone screws normally not 
additively manufactured. These include also orthodontic applications: such case 
was demonstrated by Salmi et al. [2013] who designed and produced occlusal 
splints with an SLA process. Also, the earliest example of an actual final product 
manufactured with additive manufacturing was patient-specific auricular 
prostheses [Sykes 2004, Jiao 2004, Mardini 2005, Subburaj 2007, Karayazgan 
2009, Turgut 2009, Liacouras 2011]. Rapid manufacturing of such prosthesis is 
an ideal application, as the hearing aids are sufficiently small yet high-value 
products, which greatly benefit from patient-specific mass customization 
options to ensure proper fit in the patient’s ear. 

2.2.3 Surgical tools, instruments, and parts for medical devices 

The third category includes patient-specific tools, custom surgical items 
designed for a specific operation, as well as various parts for medical devices. 
These can be, for instance, titanium-alloy tools designed for short-term 
biological tissue interaction (and not left for long-term contact) such as an 
instrument designed and manufactured for a mandible fracture reduction by 
Kontio et al. [2012], non-ferromagnetic peripherals and accessories for fMRI 
studies as utilized by Kamara [2012], or phantoms for PET/SPECT studies 
[Hunt 2009, Beekman 2009]. 

2.2.4 Inert implants 

This class of medical applications includes all directly or indirectly produced 
inert implants; parts which are inserted inside the body, and which stay there 
for mid- to long-term. Clinically common alternative term is patient-specific 
implant (PSI). Indirect production of inert implants is possible e.g. by first 
printing patient-specific wax models followed by investment casting suitable 
biocompatible materials to create the required implants. Most commonly 
utilized materials are titanium alloys, as in implantology in general. Salmi et al. 
[2012] designed and produced (using direct metal laser sintering process) a 
meshed titanium orbital implant to replace a fractured orbital floor of the 
patient. Implants produced using additive manufacturing have also been 
utilized to treat cranial defects (e.g. Walter Reed Army Medical Center’s cranial 
implants [Rouse 2009]), as well as mandible and other cranio-maxillofacial 
defects [Poukens 2008]. 
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2.2.5 Biomanufacturing 

The final class of medical applications of additive manufacturing is 
biomanufacturing, which is defined as the combination of additive 
manufacturing and tissue engineering. Additive manufacturing has been 
extensively utilized in the production of three-dimensional scaffolds, into which 
stem cells and growth factors are inserted and cultivated. The scaffold functions 
as a three-dimensional petri dish, giving the cells their needed support for 
growth into required dimensions. On microscopic level, the exact scaffold 
configuration, porosity rate, pore dimensions, and sub-unit details can be 
engineered to provide optimal growth conditions. The macroscopic dimensions 
of the scaffold can be designed to align with patient-specific anatomy, e.g. when 
missing tissue is replaced. Additive manufacturing has also been utilized 
directly as bio-plotting, i.e. controlled deposition of living cells, growth factors, 
or tissue cultivation mediums replacing manual pipetting. [Bartolo 2009, 
Domingos 2009, Khalil 2009] 

2.3 Medical imaging and design for additive manufacturing 

In order to be able to produce objects by additive manufacturing, a three-
dimensional representation of the part is required. Conventionally, these have 
been designed in dedicated CAD (computer-assisted manufacture) software. 
However, in the medical environment, one usually processes complex organic 
shapes, for which the more engineering-orientated solutions are not optimal: 
parametric CAD model representations are normally based on well-defined 
primitive shapes, straight or repeating angles, parallelism, straight lines, 
measure relations, and other abstract geometric but not naturally-appearing (in 
strict sense) features. To faithfully follow the complex organic shapes, these are 
often represented with explicitly defined polygon meshes. When compared to 
theoretical CAD models, imaging and triangulation error reduces the accuracy 
of the models while the file sizes are typically considerably larger due to explicit 
local definition of the whole shape instead of e.g. abstraction of primitives 
possible in CAD. 

Medical imaging for AM applications has certain requirements, which overlap 
with traditional imaging objectives only partially. As most prevalent uses for 
medical imaging have been diagnostic imaging and preoperative planning, 
clinicians are often working with planar or projection images. These include 
both natively projective images, such as results from an X-ray scan, as well as 
planar representations of 3D images, such as viewing a single layer of interest 
from a CT image stack. In diagnostic imaging, the images are often used as 
qualitative representations, e.g. to verify the existence of a certain condition in 
the patient’s body. Therefore, they rarely require high spatial resolution or 
three-dimensional images at all. For preoperative planning, both higher spatial 
accuracy and the availability of 3D images are more valuable, but are often still 
not essential as trained surgeons are often capable of filling the clinical details 
with their professional expertise. 
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Figure 2 plots the image dimensionality against anatomical accuracy. 
Dimensionality is positioned conceptually along a smooth transition between 
pure-planar and pure-3D images; Native X-ray scans are an example of the 
former while computed tomography scanning using isotropic voxels represents 
the latter. While capable of capturing 3D images, MRI and ultrasonography are 
commonly performed using higher slice thicknesses or otherwise non-isotropic 
voxels resulting in partial loss of three-dimensionality.  

The anatomical accuracy axis refers to the correctness of planar feature 
representation, including minimum feature sizes and place resolution. Faded 
gray labels in the figure show approximate positions for various imaging 
modalities, while three imaging objectives are plotted with blue shapes. Here, 
diagnostic imaging and preoperative planning represent traditional imaging 
objectives. It is important to recognize that the available medical imaging 
modalities as well as the radiological workflows the clinicians are following are 
designed to adapt for these two common purposes. Medical applications of AM 
introduce notable changes to these requirements; namely, the increased 
demand for absolute anatomical accuracy in all three dimensions.  

 
 
 

 

Figure 2. Requirements for medical imaging separating traditional imaging objectives (diagnostic 
imaging, preoperative planning) from imaging for additive manufacturing (in here, implant 
design). On faded grey, typical medical imaging modalities are positioned regarding their of-
fered dimensionality and spatial resolutions. 
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2.3.1 Medical imaging modalities for AM models 

By far, the most utilized medical imaging modality in clinical applications of 
additive manufacturing is computed tomography (CT). This is partly explained 
by most prevalent application types; As typical additive manufacturing 
processes produce parts from hard materials (in their solidified form), they have 
been extensively employed in, for instance, reproduction of bone-mimicking 
structures (e.g. titanium implants). Computed tomography is the natural choice 
for these needs, given its excellent hard-soft tissue contrast, which can be 
further enhanced with suitable contrast agents and by adjusting the imaging 
parameters; For example, by raising the tube current (radiation dose), more 
photons are expected to pass through any given voxel, which can be used to 
either increase the signal-to-noise ratio or to reduce voxel dimensions (i.e. 
increase spatial resolution). However, as the unwanted radiation burden onto 
the patient increases with the dose, dose maximization cannot be considered an 
optimal strategy. 

As additive manufacturing materials and processes are developed to support 
softer, elastic, or for example hybrid materials, the superior soft tissue imaging 
capabilities of magnetic-resonance imaging (MRI) might prove more viable. In 
MRI, the main downside is its long imaging times – three-dimensional MR 
image might take 20 minutes or more to reconstruct, which incurs costs and 
might also introduce motion artifacts. Despite these limitations, MRI has been 
utilized previously e.g. in mapping the extents of cerebral tumor for models 
produced using additive manufacturing [Chang 2011], and in the creation of 
post-mortem models [Schievano 2010]. 

Medical imaging modalities used less frequently for creation of 3D models 
include 3D ultrasonography (US), and nuclear isotope imaging. Ultrasonic 
imaging has been utilized in fetal imaging [Werner 2010], mainly due to its 
safety to both the mother and the fetus. For PET/SPECT imaging, additive 
manufacturing has been employed in the production of anatomically accurate 
phantom parts [Hunt 2009, Beekman 2009]. Alike CT, nuclear isotope imaging 
introduces harmful radiation burden to the patient. 

2.3.2 Image processing, reconstruction, and 3D design 

Most three-dimensional medical imaging modalities produce volumetric 
models, i.e. spatially aligned collection of voxels (volumetric pixels carrying 
distinct intensity values). In computed tomography, these intensity values refer 
to the radiodensity of said voxel; Values are typically normalized into 
Hounsfield units (HU), which is an intensity scaling convention where the 
radiodensity of air corresponds to HU of -1000 and water corresponds to HU of 
0. The standard format for medical image stacks is Digital Imaging and 
Communications in Medicine, DICOM. Segmentation of DICOM images refers 
to the detection of object boundaries; that is, dividing the imaging volume into 
a sub-volume containing the required part, and its complement. Several 
segmentation algorithms and approaches exist. The simplest algorithm is 
intensity thresholding, where a suitable threshold value is chosen either 
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manually, semiautomatically, or automatically, and all voxels carrying intensity 
values above the threshold are included in the binary image. In medical 
applications, these regions of interest often denote hard tissues, e.g. bone. In its 
basic form, threshold segmentation is a global process whose feasibility is 
dependent on both the required application as well as the exact image type. For 
situations with, for example, locally varying intensity scaling or overlapping of 
several tissue types in either intensity space or within same voxel (partial 
volume artifact), more advanced segmentation methods are needed. These 
include gradient-based algorithms, edge detection algorithms, region 
growing/snake-based methods, or histogram analysis. Most of these 
approaches may be performed either (semi)manually or automatically. 

As the segmentation task is completed, the next step is reconstruction of the 
model. A common way to do this is to utilize a variation of marching cubes 
algorithm [Lorensen and Cline, 1987], which converts the volumetric model into 
an isosurface: this is a boundary mesh consisting of collection of triangle 
vertices and their orientation normals. These triangular meshes are most 
commonly stored in a STL file format (named after stereolithography), as most 
additive manufacturing equipment directly support these models. Polygon 
mesh manipulations are also possible with dedicated software tools, although 
parametric modification of them is usually more complex than with CAD 
models. 

The reconstructed models can get extensively complex and large; as the 
medical data is essentially organic in shape, it can usually not be compressed 
into abstractions in a similar fashion as, for instance, a CAD software would 
store the model features as parametric primitives. Also, as STL models are 
decimated triangular representations of organic structures, they are inherently 
inaccurate. They also require all solid objects to be defined by watertight 
surfaces, and regularly, this condition fails, i.e. the models exhibit broken or 
missing triangles.  

Some error correction algorithms have been developed, but often fixing of 
these require substantial manual labor or even reverting to creating a 
completely new reconstruction. Several suggestions for replacement of the 
limited STL file format have been given throughout nearly its whole existence. 
One notable example is Additive Manufacturing (AMF) file format, with 
backwards compatibility to STL coupled with support for curved 
triangles/splines, solid constructive geometry (SCG), and material gradient 
encodings. However, the industry has not yet embraced this nor other 
alternatives to STL despite the benefits they would offer. Most likely STL will 
remain as the de facto industrial standard for at least near future; eventual 
replacement of it will more probably stem from the needs of a future 
breakthrough printing application instead of technologically-oriented gradual 
improvements. 
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2.4 Materials used in medical applications 

In implant applications, the most used materials include titanium alloys, for 
instance Ti6Al4V (ELI), and cobalt chromium (CoCr) for dental applications 
such as directly sintered bridges and crowns. For other application types, 
suitable materials vary widely. For medical models, most materials will be 
applicable – in case of intraoperative models, the material needs to be 
sterilizable or alternatively, sealable in a sterile bag. Otherwise, inexpensive 
plastics such as ABS or PLA can be used. Depending on the application, medical 
models can benefit from multimaterial capabilities, or elastic materials to 
provide haptic response e.g. when simulating soft tissue in medical student 
training situations. Photopolymeric resins are also commonly utilized, partly as 
stereolithography was the first technique to be used in production of medical 
models; additionally, SLA resins may offer other advantages such as 
transparency. 

The term biomaterial may refer to a material either being biologically 
compatible or biodegradable. In general, implant applications require 
biocompatibility, an example of such material being poly(methyl methacrylate) 
(PMMA), as well as in certain applications biodegradability, in which case e.g. 
polylactides (PLA) might prove functional. Poly(trimethylene carbonate) 
(PTMC) and poly(L-Lactide-co-ε-Caprolactone) (PLCL) are among the 
currently studied alternatives. A shift from rigid non-degradable materials 
(mostly titanium alloys) is often strived for among the clinical practicians, but 
no currently approved biopolymer offers paralling mechanical properties 
suitable for replicating bone structures. 

Additionally, the long approval processes of new biodegradable polymers will 
contribute in conserving the status quo for the proximal future. Hence, metals 
are expected to remain in prevalence despite the potential of highly-researched 
novel functional polymers. Partly, the non-biology-resembling properties of e.g. 
titanium can be modified by for example alterations to the design – for bone 
applications, trabecular bone can be printed as solid metal and cancellous bone 
may be emulated by building porous or meshed structures. A typical non-metal 
approach for bone emulation is to print calcium-based minerals, such as 
hydroxyapatite (HA) [Leukers 2005, Cox 2015], Calcium Phosphate (CaP), or 
Tricalcium Phosphate (TCP), possibly in conjunction with collagen scaffolds 
[Inzana 2014]. Whenever novel biomaterials are developed, an additional 
engineering step is required to optimize them suitable to be processed by 
additive manufacturing, and in certain cases, the extreme production conditions 
(e.g. high temperatures during sintering or laser melting process) might alter 
the chemistry and intended functionality of the material.  
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3. Materials and methods 

3.1 Medical imaging (Publications I, II, IV) 

The medical imaging for this dissertation was performed on a variety of 
computed tomography devices. All of the used machinery are commercial 
models which are in common clinical use. Equally, the parameter sets were 
chosen by experienced radiologists according to the current care guidelines at 
several Finnish hospitals. 

For publication I, a collection of computed tomography images from the skull 
base of a patient were captured using a Siemens CT device (SOMATOM 
Definition AS+, Siemens Medical Systems, Erlangen, Germany). A pair of 
images was reconstructed: The first reconstruction was performed with a ‘‘soft’’ 
algorithm at 1.0-mm slice thickness, and the second with ‘‘bone’’-type 
reconstruction kernel at 0.6-mm slice thickness. For both images, a 120 peak 
kilovoltage (kVp) and a tube current of 58 mA were used. 

For publication II, the head of a patient undergoing tumor surgery at the 
Tampere University Hospital was imaged using a Planmeca ProMax 3D Max 
(Planmeca, Helsinki, Finland) cone-beam computed tomography device. 
Reconstructions were performed on a Philips Brilliance CT workstation (Royal 
Philips Electronics, Amsterdam, The Netherlands) using a 0.9 mm slice 
thickness and a slice overlap of 0.45 mm, resulting in an effective slice thickness 
of 0.45 mm. The peak kilovoltage was 96, and the tube current was 11 mA. The 
spatial resolution (voxel size) was 0.4 x 0.4 x 0.4 mm3. 

In publication IV, the patient was imaged using GE LightSpeed VCT device, 
with a tube current of 100 mA, 120 kVp, and a “detailed” convolution kernel. 
The planar resolution was 0.4 x 0.4 mm2, and slice thickness 0.6 mm. 

3.2 3D design and modeling (Publications I-IV) 

Here, 3D design and modelling refer to all reconstruction, modification, and 
analysis operations on the digital designs which take place after the image 
acquisition. The processing is performed mainly on triangular surface meshes 
(STL files), with non-imaging-based modelling in native CAD format and 
additional computations done in volumetric (voxel) space, i.e. in 3D image 
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stacks using Matlab (versions R2015a through R2017b, Natick, MA) numerical 
computing environment. 

For publication I, the DICOM files were opened, segmented, and triangulated 
into STL models with OsiriX medical image viewer. OsiriX is a widely used and 
powerful medical image viewer and processer for Macintosh systems, and is 
available both as free of charge Lite version and FDA-cleared class II medical 
device, OsiriX MD. The used threshold intensity was 300 Hounsfield units, and 
no smoothing was performed at this stage. The resulting models were 
subsequently opened in Viscam RP, a CAD/CAM (computer-assisted 
manufacturing) software suite by Marcam Engineering (Bremen, Germany). 
Finally, the 0.6-mm slice thickness model was processed into a third model by 
applying a low-pass filter (in order to reduce noise) and smoothing (smoothing 
factor 0.1, 50 iterations). 

The initial 3D design and modeling steps in publications II and IV were 
performed in Viscam RP, mainly for its ability to perform Boolean operations 
on triangular meshes. Additional reconstructions for publication II were created 
by two other institutions, allowing them to use their software of choice or 
proprietary tools. These actions were regarded to take place inside of a black box 
by study design. In publication IV, the template model was meshed in DeskArtes 
3Data Expert (DeskArtes, Espoo, Finland), for it offered an optimized module 
to perform said specialized task. All computer tomography image processing, 
analysis, and optimization tools were created in Matlab. Assessment of surface 
intactness and section volume was performed by defining the initial shape and 
optimization directions within the CT image space. Then, three voxel planes 
were sampled (horizontally, diagonally, and vertically) between the eight 
defined control points – these correspond to the superior and anterior extrema 
points of the section. 

Due to the shape restrictions, the independent dimensions were restricted into 
four: the horizontal and vertical section lengths (representing the distance 
between the femoral surface and the starting point of the diagonal cut, for both 
orthogonal directions respectively), and horizontal and vertical total allograft 
lengths, defined as the depth and height of the bounding box of the whole 
allograft. The orthogonal section lengths were bound to be smaller than total 
dimensions, i.e. the diagonal section was required to be present in each design 
candidate. The surface intactness rating for each triplane section surface was 
defined as the area of above-threshold planar voxels divided by the area of 
morphological image closing of said voxels. As a structuring element, an 
element with a radius of 10 mm was used, effectively resulting in a near-
concave-hull operation. Two alternatives were compared to the morphological 
closing approach. First, convex hull operation was trialed for acquisition of the 
area for the denominator. This approach underestimated the surface intactness 
rates, as the actual concavity of the femoral surfaces was conceived to represent 
unwanted porosity. Conversely, using an actual concave hull operation 
neglected factual porosity resulting in overestimation of the surface intactness. 

The acquired surface intactness and section volume values were used first to 
verify feasibility of the manually performed virtual operation. Furthermore, as 
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analysis can be performed in any dimension between 1D to 4D, an optimization 
strategy for design automation was created. This is postulated as Eq. 1: 

 
   (Eq. 1) 

 
where F is a fitness function to be maximized. dv, Dv, dh, and Dh correspond to 
the four independent dimensions, SI to the surface intactness rate (between 0 
and 100%), V to the section volume, and α  and β  to the loading 
parameters dictating whether the optimization emphasizes minimization of 
volume (α<β) or maximization of surface intactness (α>β). All verification and 
optimization tasks described here were performed postoperatively – the initial 
design feasibility was manually assessed in collaboration with the surgeon 
responsible for the operation, as obligated by the law and good clinical practice. 
Using design automation, optimization, and similar techniques for actual 
preoperative planning purposes would require the method to be cleared as a 
medical device. 

For Publication III, the sample discs were simple cylinders designed in CAD, 
and nominally dimensioned at thickness of 2 mm, diameter of 17 mm, and 
surface area of 560 mm2. 

3.3 Additive manufacturing (Publications II-IV) 

The additive manufacturing techniques utilized in the thesis research include 
binder jetting (Publications II and IV), selective laser sintering (Publication IV), 
and electron beam melting and direct metal laser sintering processes 
(publication III). 

The SLS machine used for sintering polyamide (PA2200) for the surgical 
templates was from EOS (Electro Optical Systems GmbH, Krailing, Germany); 
sintering of PA offers moderate-cost industrial-quality parts with adequate 
mechanical properties and biocompatibility. For binder jetting, we used 
Zprinter 450 with the proprietary ZP150 powder which is essentially starch-like 
material selectively cured with epoxy-based hardener. This device was selected 
as it allows production of relatively large (up to 10.5 dm3) complex 3D structures 
without supports, and includes a possibility of adding colors to the surfaces. 
These parts are however not biocompatible due to the epoxy coating. For 
publication III, the samples were produced with electron beam melting (Arcam 
AB) and direct metal laser sintering device, using Ti6Al4V ELI Titanium alloy. 
The EBM alloy has considerably larger particle sizes than DMLS alloy, but 
explicit powder characterization was not performed as the commonly used 
manufacturing process was followed instead. Both of these production 
processes have been utilized in direct manufacture of medical implants [Ciocca 
2011, Salmi 2012, Mangano 2011, Parthasarathy 2010]. 
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3.4 Post-processing operations (Publications II-IV) 

 

Figure 3. Sample discs used for surface structure characterization and cytotoxicity assessment. 
Top row: EBM as-processed (notice the rough surface) and EBM polished. Middle row: DMLS 
as-processed and DMLS polished. Bottom row: Commercial mandible plate (control). 

The medical models created with binder jetting technology (Publications II and 
IV) were cleaned from build powder residues and further cured using 
proprietary epoxy hardener (Zbind 150). No support structures were needed in 
the manufacture of these parts, but the parts are not suitable for tissue contact 
and hence were sealed in a sterile bag prior to being used intraoperatively. 
Polyamide templates for publication IV were manufactured in a support-free 
process (selective laser sintering of polymers), and they were sterilized following 
the procedures of the hospital performing the surgery using a common 
autoclave process. 

For EBM and DMLS metal processes (Publication III), support removal is 
required and was performed by the part suppliers. For surface polishing, 
preliminary metallurgical grinding of the discs was done using silicon carbide 
abrasive paper with a FEPA grit size of P320 to P4000 (ISO 6344). Final 
grinding was performed using a 3 μm diamond suspension and a polishing 
cloth. Lastly, all discs were purified using ultrasonic cleaning (ethanol) for three 
minutes. The actual average test piece dimensions ranged from 6% over 
nominal values for EBM as-processed and 5% over nominal values for DMLS 
as-processed, to 10 and 5% under nominal values for EBM and DMLS polished, 
respectively. Prior to cytotoxicity assessment, the sample discs and the control 
plate were sterilized using a dedicated autoclave in accordance to the ISO 17664 
specifications. 

3.5 Optical and mechanical surface scanning and 
characterization (Publications II, III)  

For imaging activities outside the realm of medical imaging (CT, MRI), we 
analyzed part surfaces both optically and using mechanical probing. 

Surface topography of the EBM and DMLS produced titanium samples for 
publication III was analyzed by Innovatest TR-200 (Maastricht, The 
Netherlands) Ra measuring equipment. However, EBM as-processed samples 
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were out of the measuring range, and for those specimens Taylor Hobson Form 
Talysurf Inductive 120 (Leicester, UK) equipment was used. The microscopy 
images of the samples were acquired by scanning-electron microscope (SEM). 

CAD/CAM measurement in publication II was performed with GOM 
stereophotogrammetry scanner and GOM Inspect mesh inspection software 
(GOM GmbH, Braunschweig, Germany), which performs partial Procrustes 
analysis. In this process, the optical scanner captures a point cloud 
representation of the object, the software reconstructs it into a contiguous 
surface, and these surfaces are inter-aligned by translations and rotations. 
Scaling is not allowed unlike in full Procrustes analysis. For each point, the 
Euclidean norm to the nearest point in the compared model is calculated to 
represent the local deviation, and the optimal registration is achieved by 
minimizing the function F, i.e. 

 

where PB=TPA and T is a rigid-body transformation matrix without scaling 
factor. N is the number of vertices in the surface mesh or points in the point 
cloud, PA,n is the 3D vector of point or vertex position, and PA,n,d is the scalar 
spatial component (d={1,2,3}) of the vector. 



Materials and methods 

28 
 

 

Figure 4. Measurement protocol used in publication II. A common set of CT-captured DICOM 
layers were reconstructed into STL models independently at three different institutes. From 
each model, a physical part was produced, and optically scanned. Finally, the scans were 
inspected, by numerically comparing them with each other as well as with the original STL 
models (CAD-CAM analysis). 
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3.6 Cytotoxicity assessment (Publication III) 

For cytotoxicity assessment of the metal-produced test pieces, Positive 
Bioreaction (Lot: F0D014) (US Pharmacopeia, Rockville, MD, USA) was used 
as a positive control. The test material contains an organo-tin compound, which 
upon release in cell culture tests, causes cell damage. High-density polyethylene 
(Lot: H0F046) from US Pharmacopeia was used as a negative control. Cell 
culture medium was used as a blank control. The test pieces were submerged in 
Eagle’s minimum essential medium with 10% FBS, at a ratio of 3 cm2/ml 
medium, at +37 ± 1 °C for 24 h. The assessment protocol was performed 
following the ISO 10993 standard. 
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4. Results 

4.1 Imaging modalities and parameters for clinical applications of 
additive manufacturing 

Based on the performed literature analysis of medical applications of additive 
manufacturing, by far the most employed imaging modality is computed 
tomography. CT is ideal for reconstruction of hard tissue anatomies, and on the 
other hand, most modern production processes as well as medical-grade 
materials in additive manufacturing excel in manufacture of hard structures – 
most notably, Titanium alloys in implant and surgical tool manufacture, 
biopolymers for biomanufacturing (e.g. 3D cultivation scaffolds). However, as 
flexible and hybrid material processing capabilities offered by additive 
manufacturing gain ground, magnetic resonance imaging may prove 
increasingly valuable in capturing soft tissue structures and interfaces. A range 
of applications already exist utilizing MRI using both anatomy and 
function/physiology/pathology weighted imaging sequences (T1/T2 and 
others). Other medical imaging such as ultrasonic and nuclear isotope imaging 
(e.g. PET/SPECT phantoms) are less frequent but can be employed on a case-
by-case basis. Ultrasound imaging has a few drawbacks. First, ultrasound 
imaging has the innate limitation of ultrasonic waves being unable to properly 
penetrate air (e.g. in lungs) and hard tissues. Second, while ultra-high frequency 
US transducers have been developed for micrometer-level resolutions, their 
penetration depth is decreased as the wave attenuation increases with raising 
frequency. 

The sample study conducted in publication I demonstrated the utmost 
significance of employing accuracy-conserving imaging parameters such as 
hard convolution kernels in order to achieve intended outcomes from the digital 
design and physical production steps. The necessity to minimize radiation doses 
in CT or the prolonged 3D imaging times in MRI preclude imaging at highest-
possible resolutions, making it essential to avoid loss of accuracy due to lack of 
communication within the network of operators or to partial optimization of 
processes. For instance, in the study we found value-destroying practices in 
some hospitals’ radiology work flows: Image resolutions were compressed when 
saving the images to PACS, and having to utilize these “packed” images instead 
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of raw source images unnecessarily hinders the design and additive 
manufacturing processes. Hence, regardless of current radiological protocols, 
the high-frequency model details should be preserved at the process upstream 
as all filtration and decimation tasks can be performed closer to the design or 
production steps if needed. 

Table 2 presents the key results from the literature analysis and the original 
study. The details concerning each application type, used imaging modalities, 
imaging parameters, and production parameters are shown. The parameters 
varied widely, and many literature sources did not list every imaging parameter 
in detail. The main observation was that requirements differing between 
traditional medical imaging objectives and for clinical applications of additive 
manufacturing were the increased need of accuracy in all three spatial 
dimensions. In medical imaging, depending on the clinical need, 1.5- or even 3-
mm slice thicknesses may be considered adequate. On the other hand, layer 
thicknesses in high-accuracy SLM processes range typically between 15 and 50 
μm, and even when high build speeds are targeted, layer thicknesses around 
200 μm (up to 500 um) are typical. Even inexpensive material extrusion 
processes offer 200 to 300 μm layer thicknesses and correspondingly slightly 
larger minimum feature sizes. Hence, the difference between the medical image 
and AM production layer thicknesses may be over two scales of magnitude. 

In medical imaging, resolution is normally optimized for planar viewing. This 
applies both to image processing and storage (e.g. increasing slice thickness 
prior to exporting DICOM to PACS), as well as to the actual imaging; For 
example, MR imaging is often performed from orthogonal directions (axial, 
sagittal, coronal) using anisotropic voxels emphasizing the in-plane resolution. 
Methods allowing the combination of such image sets could prove useful for 
additive manufacturing purposes: this manifests itself essentially as an image 
fusion problem, as the imaging data between scans is not necessarily 
commensurate (e.g. different MRI contrast sequences used), but still 
complementary in describing truly 3D structures as image isotropicity is 
artificially reconstructed. 

While only the highest clinically used CT resolutions (in the range of 100-200 
μm voxel dimensions) match the lateral placement accuracies of AM processes, 
the smallest feature sizes provided by various AM processes can be several times 
larger than their placement accuracy. Therefore, the lack of ultra-high-
frequency details in the images is usually not the most critical issue. More 
importantly, the voxel-based image reconstruction strategies most commonly 
utilized in medical imaging may be suboptimal, as the imaging voxels (e.g. 0.5 
mm in width) are not perfectly aligned with the structures to be imaged or 
produced, resulting in partial volume effects or similar phenomena. In certain 
AM processes, e.g. SLM, build rates may be improved by processing the part 
surfaces with a fine beam size while the core of the part is processed with a wider 
diameter beam and possibly skipping layers (“skin-core” processing [Schuh 
2012]). Similar strategy would be especially interesting for medical imaging: If 
the voxel size could be dynamically altered along the imaging space, one could 
target the more interesting structures such as the model surfaces with high-
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resolution imaging (i.e. utilizing disproportionally large share of imaging time, 
photons, etc. there) while skipping the bulk of the space with low-intensity 
imaging and large voxel sizes. Such an approach would arguably be challenging 
to achieve, but while especially helpful in imaging for AM, it would also be 
attractive for perspectives beyond that. Spatial and temporal dose modulation 
techniques have been developed for CT imaging, but those methods mostly 
modulate the momentary overall tube current instead of adjusting pixel-wise 
intensities for localized photon trajectories. 
 

Table 2. Essential imaging and production parameters collected from the literature analysis and 
our own study. 

Application Modality Imaging details Production 
details 

Reference 

implant (cranial) CT   Rotaru 2012 
implant (orbital) CT  DMLS Salmi 2012 
biomanufacturing CT   Thesleff 2011 
preoperative models CT, CBCT 64-slice Philips Brilliance, 

Imaging Sciences ICAT, 
processed in Materialise 
Mimics 

Material 
extrusion 

Lethaus 2012 

auricular prostheses CT 1.25 or 0.625 mm slice 
thickness, soft tissue kernel 

 Sykes 2004, 
Jiao 2004, 
Mardini 2005, 
Subburaj 2007, 
Karayazgan 
2009, Turgut 
2009, Liacouras 
2011 

cardiovascular MRI, CT MRI: 1.5T with sense-
cardiac coil, Philips; echo 
time 2.4 ms, repetition time 
5.1 ms, voxel size 1.2 x 1.2 
x 1.8 mm3, reconstructed to 
0.7 x 0.7 x 0.9 mm3 

CT: ECG-gated, Siemens 
Somatom Definition, 64 
slices, FOV 145 mm, 512 x 
512 matrix, slice thickness 
0.8 mm 

Binder jetting Riesenkampff 
2009 

cardiovascular CTA 64-slice Philips Brilliance, 
Toshiba Aquilion 16, iodine 
contrast, 80-120 kV, 100-
300 mA, 1.0 mm slice, 0.5s 
gantry rotation, 0.6-0.7-mm 
beam pitch 

SLA, 
urethane 

Shiraishi 2010 

cardiology CTA 40-slice Philips Brilliance, 
iodine contrast 

Material 
extrusion 

Kim 2008 

mapping of extents 
of cerebral tumor 

MRI + fMRI T1 MPRAGE, EPI BOLD Binder jetting Chang 2011 

postmortem fetal and 
infant anatomies 

MRI 1.5-T and 9.4-T, T2-
weighted 3D turbo spin 
echo sequence 

SLA Schievano 2010 

custom ancillaries for 
fMRI studies 

   Kamara 2012 

fetus models 3D-US, CT, 
MRI 

US: harmonic imaging, 4-8 
MHz transducer 
CT: 0.75 mm slices, mean 
radiation dose 3.12 mGy 
MRI: 4.0 mm slices 

 Nelson 2000, 
Werner 2009 

nuclear imaging 
phantoms 

SPECT, 
PET/CT 

SPECT: 1.7 x 1.7 x 1.7 
mm3 voxels 
PET/CT: Philips GEMINI, 
4.0 x 4.0 x 4.0 mm3 voxels 

 Hunt 2009 
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nuclear imaging 
phantoms 

section 
photography, 
SPECT, uCT 

20um coronal slices of a 
Wistar rat sectioned and 
photographed 

SLA, 0.036 
mm layer 
thickness 

Beekman 2009 

skull base models CT 0.6 and 1.0 mm slices, 120 
kVp, 58 mA tube current 

Binder jetting Huotilainen 
2014 

vascular models CTA 64-slice CTA, Siemens 
Somatom Definition AS, 
contrast iohexol, 0.6-mm 
thickness, 140 kV, 250 mA, 
1-s per rotation 

Material 
extrusion 

Govsa 2017 

veterinary, 
orthopaedics 

CT GE Lightspeed VCT 64-
slice helical scan, 
transverse 1.25mm slices, 
50% overlap, high-
frequency bone algorithm 

SLA Radtke 2017 

CT and US 
phantoms 

CT, US CT: Siemens Sensation 16, 
120 kVp, 250 mAs, 0.5 
second rotation time, 0.8 
pitch, 1.2 mm detector 
collimation; reconstructed 
with soft-tissue algorithm at 
3-mm slice thickness at 3-
mm intervals and 2-mm 
slice thickness at 1-mm 
intervals 
US: 8 MHz linear probe 
(Siemens Acuson P300), 
scanned in transverse and 
sagittal plane 

 Mooney 2017 

dental prosthetics, 
image fusion 

CT, optical 
scanning 

Optical: common dental 
cast 3D scanned  with 3D 
Medical Print KG 
(Hagenberg, Austria) 
CT: Siemens SOMATOM 
Sensation Open, 1 mm 
axial slice thickness, 120 
kV, 100 mAs, 
reconstruction bone, 
reconstructed slice 0.6 mm, 
reconstruction interval 0.6 
mm 

polyjet (Objet 
Eden 500V), 
photopolymer 
resin 

Cuddy 2018 

congenital heart 
disease replicas 

CT MSCT SLA Shiraishi 2014 

4.2 Reconstruction accuracies for medical models 

As Table 2 suggests, preoperative models remain as the most prevalent 
application category, and varying imaging strategies have been utilized for 
creation of these models. After the imaging phase, the medical imaging data 
(normally in DICOM format) is reconstructed into STL models in order to be 
manufactured using AM. During this, a sequence of technical image operations 
such as segmentations and filtrations is required. For the part orderer, these 
operations manifest themselves as a black box, where the input is imaging data 
and the output are tangible medical models. 

In Publication III, a cranial CT scan was utilized as a source data and provided 
for three distinct institutions – two universities and one company producing 
medical devices – with a request to create tangible medical models to be utilized 
preoperatively. No further specifications were given, as this is equivalent level 
of detail to similar actual orders on preoperative models. At the digital modeling 
phase, the volume of the largest STL model was almost twice the volume of the 
smallest model. The triangle count and thus the file size ratios exhibited similar 
relationships – the most detailed model utilized more than twice the number of 
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triangles when compared to the model with the smallest triangle count. The 
relationship between the digital model volume and the triangle count is however 
not causal: the latter is equally affected by triangulation accuracy. 

Table 3. Deviation between digital and physical models in the study. 

Model STL model 
volume, ratio 

Triangle 
count, ratio 

File size, 
ratio 

Physical model 
weight, ratio 

Comments 

A 345.3 cm3, 1.29 4134001, 
1.58 

201.8 MB, 
1.58 

473 g, 1.04 Highest amount of 
missing inner structures 

B 523.2 cm3, 1.96 5639111, 
2.16 

275.3 MB, 
2.16 

740 g, 1.63 Thickest inner structures 

C 266.8 cm3, 1.00 2615360, 
1.00 

127.7 MB, 
1.00 

453 g, 1.00 Thinner inner structures 
than in model B 

 

The weights of the manufactured physical models did not deviate as much the 
digital model volumes; the heaviest skull model was 63% heavier than the 
lightest model. This suggests that the model B initially contained more inner 
details, which were, however, not reproduced during the production process. 
For example, isolated “islands” in the model would either be completely 
removed prior to production or if produced, being non-attached to the bulk of 
the model, would be removed during the powder removal process. 

Subsequently, the skull models were optically analyzed. The CAD-CAM 
analysis results presented in Figures 5, 6, and 7 show that models A and C were 
relatively close to each other, as most of the Procrustes distances between the 
respective surfaces stayed in the range of ±0.25 mm and were more prominent 
only at certain regions (especially the lesion region in the mandible). Model B 
was significantly larger than the other models, with its surface deviating 1.0 mm 
or more from those of the models A and C for most of its outer surface. 

The above highlights the overall subjectivity and even arbitrariness of a 
“medical model” when the operator-freedom as well as the effect of technical 
processes such as algorithmy and software used is relatively large. Especially, as 
the domain is relatively new and unfamiliar to the non-technically engrossed 
clinicians, the clinical case specifications need to be properly communicated 
when medical models are requested from engineers. By study design, the 
reconstructions were performed individually in separate processes and 
institutions. In theory, an appropriate Hounsfield unit value for threshold-
based segmentation can be trivially chosen based on the literature ranges, but 
in practice, more operator-level choices and iterations are required due to e.g. 
partial volume effects and other artifacts in CT. Alternative segmentation 
techniques such as active contours or level set methods could lead into more 
robust and traceable processes, yet they demand some user input as well and 
can exhibit equivalent outcome variation. 
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Figure 5. Mesh inspection results with deviation between models A and B mapped on the surface 
of model A. Positive (red) values indicate areas where model B is larger than model A. 

 

Figure 6. Mesh inspection results with deviation between models B and C mapped on the surface 
of model B. Negative (blue) values indicate areas where model C is smaller than model B. 
The grey areas were left out of the inspection as model C was cropped and lacked the dental 
artifacts. 

. 
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Figure 7. Mesh inspection results with deviation between models A and C mapped on the surface 
of model A. Positive (red) values indicate areas where model C is larger than model A. The 
grey areas were left out of the inspection as model C was cropped and lacked the dental 
artifacts. 

4.3 Surface characterization and cytotoxicity of Titanium 
processed using AM 

Electron beam melting and direct metal laser sintering are two common 
processes available for direct additive manufacturing of patient-specific metal 
implants. The parts produced using AM processes exhibit significant micro- and 
macro-level differences when compared to parts processed using traditional 
manufacturing methods. Fortuitously, the ultimate tensile strength and yield 
strength can sometimes be increased due to the rapid solidification process. On 
the other hand, AM parts often exhibit lower fatigue strengths due to material 
anisotropy and micro-fracturing within the structure. Under external load, 
stresses typically concentrate at part surfaces and notches, and according to the 
elastic theory of materials, cracks are most susceptible to initiate and propagate 
near stress concentrations. In order to reach sufficient fatigue strengths, surface 
quality of the parts need to be characterized, and either the production process 
or post-processing steps need to be optimized based on this characterization. 
Figure 8 presents scanning electron microscopy images from surfaces of 
control, EBM, and DMLS samples. Surface roughness (Ra) values for as-
processed EBM pieces (Ra 29.94) was considerably higher than for DMLS 
samples (Ra 7.867) – see Table 4. The surface roughness was decreased by 
polishing the samples, resulting in Ra of 0.085 for EBM and 0.028 for DMLS. 
Neverthless, despite largely homogenous microstructures after surface 
finishing, small surface defect/flaw areas remain in the polished samples as can 
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be seen in Figure 9. The major differences leading to non-identical surface 
topographies between production processes include the process differences 
(electron bombing vs. laser-beam-induced local meltpool creation) as well as 
the initial powder grain distribution – EBM titanium alloy has considerably 
larger particle diameters. 
 

Table 4. Surface roughness (Ra) of materials processed with EBM and DMLS processes. 

Process Ra SD 
EBM as-processed 29.94 1.721 
EBM polished 0.085 0.007 
DMLS as-processed 7.867 0.084 
DMLS polished 0.028 0.003 
control (commercial mandibular 
plate) 

0.491 0.016 

 
 

 

Figure 8. SEM images of the surfaces of the as-processed control plate, EBM, and DMLS pieces. 
Magnified at x500. 

All the test pieces produced by additive manufacturing processes were found to 
be non-cytotoxic, regardless of post-processing steps performed. This implies 
that surface finishing does not influence cytotoxicity of an implant, but it is in 
many clinical cases beneficial as it increases the mechanical endurance of the 
part as well as its aesthetic characteristics. 
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Figure 9. SEM images of the polished EBM and DMLS discs showing either incomplete 
solidification or gas pores in form of fractures. 

4.4 Computer-assisted possibilities for complex surgeries 

Publication IV demonstrates a novel saw-guide like solution for a specific 
problem related to a complex orthopedic surgery operation. A patient suffering 
from defects in the femoral condyle was to be treated with a fresh-cadaveric 
osteochondral allograft surgery. In order to alleviate the proper dimensioning 
of both the recipient tissue to be sectioned as well as the donor allograft, a digital 
surgery was designed and performed based on the specifications from 
responsible surgeon in the operation. Following this, a set of complementary 
“saw-guide” templates were produced following the required section lines. The 
templates were designed meshed in order to fulfil the need of the surgeon to see 
through the objects for verifying proper match with the tissue surfaces. These 
templates were produced from polyamide (PA) with a selective laser sintering 
(SLS) device. Additionally, a set of medical models were created with a binder 
jetting process from starch powder. These models were used preoperatively 
where the responsible surgeon created pencil markings at regions of interest, as 
well as intraoperatively sealed in a sterile bag. 

The clinical requirements set out at the start of the virtual operation in 
Publication IV were fulfilled: (1) the defective volume was completely sectioned, 
while (2) the section volume was minimized to avoid removal of non-defective 
tissue. Additionally, (3) damages to the intercondyloid fossa and ACL were 
minimal. Figure 10 shows the design result from the virtual operation – section 
lines were decided, and complementary set of saw guides (“inside” -version, 
blue, on Figure 10) were designed. The guides and the preoperative model were 
designed, produced, and delivered to the hospital within 36 hours of reception 
of the imaging data. 

Feasibility of the design was numerically analyzed by assessing the section 
volume and surface intactness (defined as the ratio of voxels above 
segmentation threshold at section surfaces and the total area of the concave hull 
of those voxels). Figure 11 presents the resulting surface intactness (left axis) 
and section volume (right axis) values contingent on changing of each of the four 
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independent design measures. Coincidence with univariable local maxima can 
be verified visually. Figure 12 presents the results of two-dimensional 
multivariate plotting of surface intactness contingent on varying two variables 
at time, while the other two are fixed. The analysis was extended also for 4D 
case, and globally optimal design dimensions were recovered by iterating 
possible values over the design space according to the defined cost function F 
(Eq. 1). The global optimum was at dv = 13.75 mm, Dv = 27.50 mm, dh = 11.33 
mm, and Dh =22.65 mm. 
 

 

Figure 10. The femur after virtual operation (green), and the saw guide (blue). 

 
 

 

Figure 11. The section volume and surface intactness plotted contingent on four independent 
measures; Total allograft dimensions, and orthogonal section lengths. Dotted lines mark the 
chosen values. 
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Figure 12. Sensitivity of surface intactness against changes in horizontal and vertical section 
lengths and total allograft lengths. Blue contours denote regions with surface intactness 
above 98%, and white lines show the chosen design dimensions. 

 

 

Figure 13. The surgical procedure and utilization of the saw guides. (a) Cut lines were drawn on 
cadaver bone using the larger saw guide. (b) The allograft dimensions were verified by fitting 
the allograft against the larger guide. (c) The section to recipient knee is made, and its 
dimensions are verified by fitting the smaller saw guide against the bone. (d) Intraoperative 
native X-ray scan was taken to verify the fit of the allograft. 
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The fit of the transplanted allograft was excellent, and in the span of the whole 
surgical procedure, merely one reiteration cycle of drilling-imaging-redrilling 
was needed. Figure 13d presents an X-ray scan of the knee after the final 
placement and attachment of the allograft. The post-operative recovery of the 
patient was excellent. At four months after the surgery, the FOCA transplant 
was mostly integrated to the surrounding bone tissue. However, the cartilage 
layer presented some degenerative changes after four months. Dynamic MRI 
did not show revascularization probably because the MRI estimation was 
hampered by relatively small volume of the transplant, and titanium fixation 
screws caused artifacts in the images. 

Conventional saw guides and patient-specific implants are commercially 
available, but no similar template-based solution existed in the market. 
Nevertheless, the AM parts seemed to substantially facilitate the critical 
allograft sizing and fitting task even when the surgeons were inexperienced with 
the exact surgery type. Following similar processes for other non-routine 
operations suggests potential to both enhance patient treatment outcomes and 
create cost-savings due to the reduced operating room times. The exact 
quantification of these effects would require more systematic medical study, 
which would, however, partly defy the idea of designing highly-customized 
solutions for non-routine clinical cases. 

This semi-automated design process demonstrates how digital surgery 
planning and virtual operations is transferred into physical world extremely 
cost-efficiently. Alternative options for bridging the digital and physical world 
gap include optical and magnetic surgical navigation, and robotic surgery. 
However, these methods incur considerably higher costs. Design tasks detailed 
here can be performed with a consumer-level computer, and the sintering of 
medical   grade plastic templates cost in the range of tens of euros. 

4.5 Online platform for collaboration and case dissemination 

We have previously [Tuomi 2011] classified the medical applications of additive 
manufacturing into five distinct categories. During this research, we also 
specified the five-step process containing the steps to achieve clinical 
applications. By combining these two dimensions, we created a 5-by-5 matrix 
framework to describe a medical application of AM in a structured way. Within 
each use case, several different application types are often present, so the 
framework allows parallel activities. See Figure 14 which presents an example 
case documented following the created framework: here, the case includes two 
types of applications (pre/postoperative models and inert implants). After 
medical imaging, the 3D modeling is performed on both a preoperative model 
and an implant design. Both applications are then produced using different 
additive manufacturing processes (here, SLS for preoperative model and DMLS 
for the implant). The preoperative model is used for surgical planning as-
processed, while the implant is inserted only after surface polishing and 
sterilization tasks. 
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Figure 14. Matrix-based framework combining the five-step process for medical applications of 

additive manufacturing, and the five recognized application categories. An example case of 
orbital implant is drawn within the matrix: here, both pre- and postoperative models and 
directly manufactured implant is combined in a single clinical case. 

 
To enhance the usability of the matrix framework, an online platform and a 
database for medical applications of AM cases was created. The online platform 
provides tools to examine previous medical case studies and upload new case 
studies to the database. The validity and usability of the platform was tested 
with 8 different case studies. The platform and the database were created using 
open source content management system and the case content is open for 
anyone, barring certain details which would compromise the patient anonymity. 
The website is located at www.medicalam.info, but is as of the printing of this 
dissertation at hiatus under further development. 

  



Discussion 

43 
 

5. Discussion 

Additive manufacturing is expected to be a transformative force in a multitude 
of medical and biological applications due to several reasons: First, its 
unparalleled freedom of design and complexity allow creation of parts 
traditionally deemed impossible to manufacture. Secondly, by bringing the 
manufacture options closer to the end-user, the clinicians are not limited to 
work with the tools currently available to them – instead, with moderate effort, 
they can design and produce their own. Arguably, large part of the possibilities 
are still undiscovered, and will rely on the imaginative and open-minded use of 
the novel techniques in unprecedented approaches. The challenge with full 
exploitation of these possibilities is the need for extensive cross-disciplinary 
collaboration between engineering professionals and clinicians, or alternatively, 
the medical personnel have to be relatively technologically-oriented. Some 
training and education could be directed towards increasing the AM 
understanding of clinicians: especially with consumer-level machinery, the 
actual production step is by no means difficult to grasp. However, given the 
complexity of current software and required processes to create actually useful 
results, the most cost-effective task for the non-acquainted would be to inform 
about the possibilities of AM, and to induce collaboration and communication 
with the technical experts. 

Apart from communicational challenges, certain institutional and legacy 
barriers can be detected between state-of-the-art and the full materialization of 
potential described above. Medical imaging modalities and radiological 
workflows are optimized for traditional imaging objectives, while imaging for 
AM would normally benefit from higher anatomical accuracy in all three spatial 
dimensions. When processing these images further, technological expertise is 
currently required, which necessitates participation from non-clinically trained 
engineers. However, even with engineers with AM expertise, given identical 
feasible solution spaces and end objectives, largely varying AM models are 
produced as was demonstrated in Publication II. For segmentation task, 
threshold-based approach is popular due to its seeming simplicity (i.e. choosing 
a single HU value), but it is also inherently arbitrary and requires labor-
intensive iteration from the operator. More robust, reliable, and automated 
image segmentation techniques such as active contours or level sets would be 
preferable for converting imaging data into digital models to be manufactured. 
Within recent years, deep learning algorithms and artificial neural networks 
have shown considerable potential in automated or supervised image 
segmentation tasks. Due to the scope of this dissertation, these were not 
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researched in detail, which is a limitation of the current work. During future 
research, contemporary methods of artificial intelligence and machine learning 
should be trialed as their methodology could be well suited for resolution of 
three-dimensional image ambiguity, artifacts, and automated design needs for 
additive manufacturing. 

Currently, when more design operations are required beyond segmentation 
and reconstruction, the expertise requirements are accentuated: Even when 
using state-of-the-art software, the design step requires manual labor and 
extensive knowledge of the techniques. More user-friendly and faster design 
tools would allow medically-trained personnel to perform design tasks without 
the aid of dedicated technicians or engineers. Required processes can be largely 
parametrized, automated, and even numerically optimized based on the 
patient-specific medical imaging data. Digital surgery planning is currently 
replacing the traditional preoperative routines. The forthcoming steps can be 
forecast to be the convergence of digital planning and computational methods 
with surgical navigation, individual manufacture of case/patient-specific parts, 
and even fully-robotic surgery. 

From production technology perspective, the major issues concerning 
additive manufacturing and its widespread usability are currently being solved. 
These include the production speed: in 2015, Hewlett-Packard (HP) introduced 
their proprietary-patented, polymer-jetting-like production process, and 
Carbon3D came out with their photopolymeric CLIP technique. Both have 
promised several-fold enhancements on the build speed. The range and 
properties of printable materials will also be improved in the near future; 
especially in metal manufacture, the chamber sizes, device availability, and 
powder prices are all improving drastically. In the medical environment, 
biomaterial development is rapidly ongoing, and although the requirement for 
approvals slow down their emergence, numerous materials are already in the 
clearance pipeline and it is not unrealistic to expect major breakthroughs on this 
front. Especially interesting area is the replacement of over-stiff Titanium alloys 
with biodegradable bone reconstruction materials; however, their strength and 
endurance need to be further developed to provide adequate mechanical 
support. In addition, whenever novel biomaterials are developed, additional 
engineering effort will usually be required in order to ensure their compatibility 
with AM processes. 

Inexpensive material extrusion devices and hobbyist kits have dominated the 
machinery volumes for a decade. Partly, the combination of early-2010s hype 
surrounding the field and the unreliability of low-end printers led into 
disappointment in the techniques and hype backlash. However, the inexpensive 
extruders have since then been significantly developed both by original 
engineering efforts and utilization of expiring patents (e.g. Stratasys’ build 
platform temperature control). Currently the techniques have been matured 
and commercialized enough to be utilized in any hospital setting without need 
for extensive maintenance and downtime. On the other hand, the investment 
costs for industrial-tier machinery have also declined sharply, partly due to the 
low-end competition. International manufacturing networks have also been 
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established, and most polymer or metal parts can now be promptly and 
inexpensively procured from a variety of suppliers. 

As the technological components required for successful medical applications 
of additive manufacturing are maturing, the main challenges remain within the 
technology integration step. There exist companies developing successful 
products which resolve parts of this challenge, but for large part, these solutions 
are expensive and do not scale well due to their labor-intensiveness. As these 
companies are the ones driving innovation, they also rely on their medical 
partners in order to truly understand clinical needs. Enabling clinicians to 
partake more actively in the processes would allow innovation more rooted on 
the actual end-user requirements. 
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6. Conclusions 

Currently, the dimensional accuracies of the most accurate widely-used clinical 
imaging modalities are in the same range as production accuracies of least 
accurate AM devices. Thus, resolution maximization is a viable objective when 
additive manufacturing is used for creation of bone-mimicking, patient-specific 
models. Accurate capture and positioning of contiguous surfaces should be the 
main objective, while detection of isolated <300μm features is less important 
because they fall below the smallest feature sizes producible with most AM 
processes. Isotropic voxel imaging is preferable as higher slice thickness 
compared to the in-plane resolution will result in stepped models with reduced 
functionality. 

Computed tomography remains the prevalent imaging modality for capture of 
hard tissue anatomies. In CT imaging, hard reconstruction kernels should be 
utilized, and raw imaging data should be provided for reconstruction, design, 
and manufacture phases to preserve high-frequency image details. Filtration 
and decimation operations are always possible to perform at the design step, 
while reverting lossy compression is not. For robust medical model creation 
processes, careful and traceable choice of imaging and reconstruction 
parameters is essential as subtle changes to them may easily yield models with 
two-fold volume differences, as was shown in this dissertation. 

When designing patient-specific implants and surgical tools or guides, the 
anatomical data is usually not directly converted into physical parts. Instead, 
the models are either manually or automatically processed further, which 
means that the imaging accuracy is critical mainly at the interface between 
tissue and the implant. We created a CT-based method for design verification, 
automation, and optimization in production of tools for complex surgical 
procedure. An equivalent design was created manually for a surgical fresh 
osteochondral allograft transplantation operation, and automatically optimized 
design was shown to exhibit similar or superior performance. 

Common AM processes for direct manufacture of Titanium implants include 
DMLS and EBM. We characterized the surface structures and cytotoxicity of test 
pieces from both of these processes. As-processed samples demonstrated rough 
surface structures, especially with the larger-particle EBM alloy. Individual 
surface defects remained even post polishing operation, indicating potential 
initiation sites for fracture. Similar phenomena prevail in parts produced using 
most AM processes: the mechanical endurance is lowered due to the material or 
production inhomogeneities. Both as-processed and polished samples were 
found non-cytotoxic. Hence, surface post-processing in implant production is 
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mainly needed for maximization of aesthetic characteristics and ensuring 
adequate fatigue life for load-bearing parts. 

The five-category classification of medical applications of additive 
manufacturing was expanded horizontally to also encompass the five required 
steps along the process workflow: medical imaging, reconstruction and design, 
manufacturing, post-processing, and application. These two dimensions were 
combined into a novel matrix-based framework to conceptualize the technical 
field. Based on this matrix approach, we built and launched an online 
collaboration platform where medical experts may document and share their 
clinical additive manufacturing cases, and view those of others users.
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