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Abstract 

 
Conventionally manufactured stents are available in uniform sizes and straight forms. These 
standard products are not suitable for all patients and research indicates that this is the reason for 
migration of stents in the vessel, and tubular structure in general, after deployment. The occurrence 
of migration makes readmission into hospital and the removal of the deployed stent necessary.  
This thesis develops a method which results in patient-customized stents which can be 
manufactured through additive manufacturing. These individualized stents intent to offer the same 
advantages of conventional stents while mitigating the disadvantages. The work’s core part is the 
design of a stent based on the geometric information through a medical scan. It converts the 
relevant areas from the medical scan data which is in the DICOM format to the STL file format. 
After cleaning and further processing, the shape will be the base for the design process of a stent 
using CAD software. Additionally, it also gives insight into the subjacent technologies such as 
medical scanning, additive manufacturing, choice of material and necessary further processing 
steps. A process chain from scanning, data transformation, 3D printing and post processing is 
described.  
The developed method delivers a reliable model and results in a fully individualized stent. In the 
current stage, it involves manual work since the representation of data in the steps is different. 
Further suggestions for steps to automate the process and an estimation of economic efficiency is 
given. 
 
Keywords: Stent, Nitinol, Additive Manufacturing, customized implants, electron beam 
melting 
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Sammandrag 

 
Det finns konventionellt tillverkade stenter i likformiga storlekar och raka former. Dem här 
standardprodukter är inte lämpliga för alla patienter och forskning tyder på att detta är orsaken till 
migrationen av stenter i blodkärl efter placering. Förekomsten av migration skapa återtagande 
på sjukhus och avlägsnande av den placerade stenten är nödvändig. 
Den här avhandlingen utvecklar en metod som resulterar i patient anpassade stenter som kan vara 
tillverkad genom additiv tillverkning. Dessa individualiserade stenter avser att erbjuda samma 
fördelar som konventionella stenter och mildra nackdelarna. Arbetets kärna är designen av en stent 
baserad på den geometriska informationen baserande på en medicinsk bildteknik. Det omvandlar 
relevanta kroppsdelar från det medicinska bildteknik som finns i DICOM-formatet till STL-
filformatet. Efter rengöring och vidare bearbetning kommer formen att vara basen för stentens 
designprocess med CAD-mjukvara. Dessutom ger den också inblick i de underliggande teknikerna 
som medicinsk bildteknik, tillsatsframställning, materialval och nödvändig vidarebehandling 
steg. En processkedja från skanning, datatransformation, 3D-utskrift och efterbehandling är 
beskrivits. 
Den utvecklade metoden ger en tillförlitlig modell och resulterar i en helt individualiserad stent. I 
det aktuellt stadium, innebär det manuellt arbete eftersom representationen av data i stegen är 
annorlunda. Ytterligare förslag till åtgärder för att automatisera processen och en uppskattning av 
ekonomisk effektivitet är given. 
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1 Introduction 

1.1 Background of Stents 
Stents are tubular structures that are deployed within the vessels or tubular organs in the body. 
They are used for restoring the original condition of a passage. It removes a stenosis (an abnormal 
narrowing), which might occur through blockage, inflammation or external compression through 
malign ulcers. Furthermore, it is used to prevent a restenosis (recurring stenosis) after an 
angioplasty or supports the healing process of vessel walls that are damaged due to surgery. The 
most notable areas of usage are: cardiology, vascular surgery, gastrointestinal surgery, radiology, 
neurosurgery and thoracic surgery. [1]  
The term ‘stent’ is derived from a special mold mass the English dentist Charles T. Stent developed 
in the 19th century for the use in oral surgery. During the Second World War, it was used by the 
Dutch plastic surgeon Jan. F. Esser to form scaffolds that supported skin grafts. The name of the 
product (Stent’s mass) was first used as a noun and later as a verb. Due to the scaffolding and 
supporting effect the word found its use when the first tubes (mostly made from rubber) were 
implanted into vessels. Stents were used in non-cardiovascular fields throughout the 20th century 
but the designs and materials were not the same as nowadays. The first bare metal stent in a 
coronary application was implanted in 1986 by the French surgeon Jacques Puel. Together with 
the development and design of a stent that could be dilated by a balloon catheter by Julio Palmaz 
it formed the modern version of the product that is known as a stent nowadays. 
 
 

 
 
Figure 1: Procedure of stent deployment using an angioplasty [2] 
Figure 2: Self-expanding stent [3] 
 
 

1.2 Relevance 
 
The question of relevance can be seen in two stages: from a purely medical at first. And since the 
cost factor in medicine is a decisive aspect for its acceptance, from a medical with economic 
relevance, secondly. 
One of the problems with standard “off the shelf” stents is the occurrence of migration (especially 
in the field of gastrointestinal application). Migration is the unwanted relocation of the stent after 
the deployment procedure. This is especially true for stents that are covered by a thin plastic foil 
to prevent tissue ingrowth [4]. As an introductory work, this paper will concentrate on standard 
bare metal stents. In case the research approach will prove to be feasible and successful, it can be 
experimented with further steps, for the production of covered stents. This way, the concept can 
be tested easily and later, put into action for covered stents in which the problem of migration is a 
major aspect. 
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Having the economical perspective in mind raises the question of market outlook as well as overall 
costs of an operation using a customized stent. Since the moment of introduction for the treatment 
of coronary artery diseases, the areas of use have continuously expanded. Furthermore, the volume 
per areas of use grew as well. The market size reached 8.1bn US-dollars in 2014 and is estimated 
to grow annually by 5.7% until 2019 [5]. 
 
 

1.3 Objectives & Methodology 
 
The overall objective of this thesis is to research the feasibility of a customized stent using radiology 
imaging technology as a data source and transform it into a CAD model. The subjacent information 
will be explained in the following four chapters: 
Chapter 2 comprehends a broad literature review on different types of stents and their conventional 
production methods. Moreover, it elaborates on additive manufacturing technology, the material 
involved and its physical properties, the necessary pre-and post-production steps, and a short 
introduction about medical imaging. 
Chapter 3 provides detailed information on the data transformation process and the steps towards 
a functional CAD model in order to obtain a customized stent. This forms the core of this thesis. 
It proposes the four action-fields that represents the pathway towards a customized stent using 
medical radiology scans as a source material and transforming it into a functional, geometrically-
exact 3D printable model. The four action-fields are: 
Data Acquisition – Is the first step and describes the process of obtaining the source data using a 
radiology technology. Moreover, it gives information about best practices and necessary quality of 
scans to be used for accurate 3D models. 
Export of Data – elaborates on the steps to isolate the region of interest of the medical scan. The 
generated data from the imaging is saved in the standardized DICOM file format. Different 
software to view, select and transform the sliced images into a 3D model are presented. Namely 
the open-source software ‘Horos’ and the fee requiring ‘Mimics’ by Materialize. Lastly the model 
is exported as an STL file (Stereolithography). 
Refining the data using “Mesh”-Software – presents the steps taken to prepare the model to be 
used as a source for the CAD-Design. This includes removing areas that are not of interest, 
repairing holes and other defects and smoothing the surface of the model. Additionally, an 
algorithm that reduces the number of vertices and thus the processing effort to process the file, is 
being applied. 
Generating and adapting the CAD-Design – Describes the actions to either design a geometrically 
congruent stent model or the adaptation of a predefined stent design using certain key geometrical 
measurements as guidelines. 
 
In Chapter 4 the previously proposed working method will be thoroughly discussed. 
Further outlooks on this subject are presented in Chapter 5.   
 
 
 
1.3.1 Delimitations of the work 
  
This thesis represents an overall introduction into the feasibility of customized stents. It will 
especially provide detailed information about the data transformation process and the steps 
towards a functional CAD model. What it does not provide is, in-depth information about the 
printing process, series of experiments and printing parameters. 
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2 Literature Review 

 

2.1 Types of stents 
 
In the beginning, stent-like implants which were at that time not used for coronary application, 
were made from rubber. However, the first FDA (Food and Drug Administration) approved stent 
was the Palmaz-Schatz design for coronary artery use in 1994. It is a bare metal stent (BMS) with 
a lattice structure. Today, the areas for deployment goes further and includes, among others, 
arteries, veins, bile ducts, ureters and oesophageal tracts [5]. From this vast amount of applications, 
various stent designs from different materials and production process evolved. These stents 
distinguish themselves from another regarding their flexibility, stability, size, deployment 
technique, solid or lattice structure, biocompatibility, durability and radiopacity (visibility for 
electromagnetic radiation). 
In the following section, a few categories of stents are presented. The priority within this chapter 
will lie on bare metal stents. 
 
Non-self-expandable stents 
The type of stents that are non-self-expanding are made from a material that deforms mostly 
plastically. That means that a deformation through applied force that exceeds the yield point of the 
material will not return elastically to its original shape. Common materials are stainless steel, cobalt-
chromium or a cobalt nickel alloy. These materials offer a fair flexibility while maintaining a high 
degree of stability. They will be deployed using an angioplasty. That means they will be inserted in 
a supressed geometrical shape located around a balloon catheter. After being positioned correctly 
the balloon will be dilated, resulting in a compression of the plaque that blocks the blood flow (e.g. 
in a coronary artery) and expands the stent so that it will support the lumen (the inner space of a 
tubular structure) and keeps it open. It is categorized as a BMS. 
 
Self-expandable metal stents (SEMS) 
This type of stent is manufactured from Nitinol - an alloy made from Nickel and Titanium which 
properties will be further described in Chapter 2.3. This material can be deformed elastically to a 
high degree. It will return to its original shape after an outer force had been exerted on it. That 
makes it suitable for deployment in areas of the body that are exposed to bending or compression 
(either due to the location in the extremities or near the skin surface). Furthermore, it exerts a low 
‘Chronic outward force’ (COF) on the vessel once it comes close to its full expansion (which is 
desirable), while it shows a high ‘Radial Resistive Force’ (RRF), so that it will only deform elastically 
once a critical pressure level is reached [6]. Self-expanding stents fall into the category of BMS. 
 
Covered self-expandable metal stents (cSEMS) 
In contrast to ‘Bare metal stents’ (BMS), covered stents feature an extra layer of fabric or graft 
material, commonly made from polytetrafluoroethylene (PTFE). In the field of peripheral arterial 
diseases, they are mostly used to treat artery perforation or ruptures and aneurysms [7]. The usage 
of covered stents can replace open vessel surgery or bypass operations. Furthermore, covered 
stents remedy the problem of tissue ingrowth and subsequent restenosis rates of 20-30% that 
BMS’s are subjected to [5]. This paper does not concentrate on cSEMS but on the data 
transformation and the introduction into the production process of a basic bare metal stent. 
However, if proven successful, customized stents might unfurl its biggest potential with cSEMS. 
This is due to the plain contact surface between stent and vessel causing a migration in up to 10% 
of the cases in the field of vascular applications [8]. In other application field such as the 
gastrointestinal area, migration rates are a major source of compliactions. 
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In the worst case a migration can cause the puncture of intestines. A customized fit might lead to 
a better friction and less resistance to the flow within a tubular structure. This additional step is a 
suitable topic for further research. 
 
Silicone 
Silicone stents are another category of stent designs, using silicone as a wall material. Due to the 
material properties, they are designed as solid wall stents. Through the uniform surface of solid 
stents, neointimal (expansion of the most inner layer of a vessel wall) is reduced. In the case of 
BMS and their lattice structure scar tissue will form and grow around the struts, decreasing the 
effective flow diameter and making it difficult to remove the stent. However, silicone stents are 
more likely to migrate (move away from its intended position) [9]. 
One of the main areas for the use of silicone stents is the deployment in the trachea. There they 
are used as a palliative treatment to avoid stenosis and thus airway obstruction though tumours or 
complications [10]. Due to the material stability and the resulting wall thickness of the stent, silicone 
stents are not common in finer structure, such as coronary arteries. 
Using additive manufacturing methods silicone stents are more difficult to produce in one step 
(using FDM method; see Chapter 2.4). Adding another step to produce a mold out of plastic and 
then use this cavity to pour the silicone, improves the result. Nevertheless, the necessity for a new 
mold for every customized product is not practical [10]. 
 
Drug Eluting Stents (DEL) 
The introduction of drug eluting stents (DEL) was another step to treat stenosis of lumen and 
remedy the complications brought by conventional methods. After an angioplasty, the diameter of 
the vessel might decrease again due to recoil. The introduction of the Palmaz-Schatz stent design 
was a large step forward and prevented this effect. Nonetheless it was not free of complications. 
In fact, BMS exhibit a high rate of restenosis [11]. After the deployment of a stent a ‘Dual 
Antiplatelet Therapy’ (DAPT) is conducted. The given drug will prevent blood clots from forming, 
causing an in-stent thrombosis. However, potential vascular injury in the process of the angioplasty 
and the constant presence of the bare metal structure within the lumen cause additional problems. 
The body might react with an inflammation and the creation of scar tissue that will grow into the 
stent. To counteract this, a new type of stent, coated with an additional layer that will dilute the 
required drugs in the concerned areas, was developed. The coating of the stent will include anti-
inflammatory and anti-proliferative drugs [12]. To produce a DEL an additional bonding layer is 
applied. On top of that, several layers containing the drug are sprayed onto the lattice. Lastly a layer 
that will limit the diluting of the drug is applied [5]. 
 
 

2.2 Production of BMS 
 
Self-expanding BMS exist in several different designs. Thus, the used production techniques might 
differ significantly. As mentioned earlier, self-expanding stents are made from Nitinol. The 
progress in the processing of Nitinol not only brought changes in the stent design but also the 
production processes. Some of which will be presented below: 
 
Wire based designs 
The base material for these designs is Nitinol in the form of a wire. Depending on the application 
area they reach from simple coil designs to knitted, braided, woven or welded forms. This results 
in open- or closed cell designs. Open cells result from a weaving technique that use a jig with 
removable guiding sticks. These sticks are used to change the weaving direction resulting in a criss-
cross pattern of the filament. In this design, the filament will overlap at certain points but is not 
interlocked. A closed-cell design is reached by using machines that interweaves the wire as can be 
seen in Figure 4. A knitted technique will interlock the wire at the point of the changing direction 
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with the opposite wire. After heat treatment and setting of the temperature properties for Nitinol, 
the stent can be post-processed [13]. Those kinds of stents can be produced at reasonable costs 
due to the simple production equipment. They exhibit a high flexibility and conform well with the 
anatomic shape of the lumen. However, they show lower radial strength than those made from 
other production techniques. That can be led back to the sliding of the filaments at the crossing 
spots [14]. Moreover, there are concerns about elevated corrosion at the crossing points of the 
material [6]. Finally, the wall thickness of braided stents is elevated at those points [14].  
Welded wire stents, receive their stability through welding spots that merge wires that were 
previously formed into a zig-zag pattern [5]. Thus, they do not interlock due to crossing and feature 
a uniform cross-section (see Figure 5). However, they are stiffer, which will influence the ability 
negatively to conform to the lumen’s shape. 
 

 
Figure 3: Closed Cell Stent Design (woven) [15] 
Figure 4: Closed Cell Stent Design (knitted) [16] 
Figure 5: Welded stent  [17] 
 
 
Sheet-based designs 
After Nitinol sheets became available companies started to laser-cut the shape from a Nitinol sheet, 
roll the resulting structure, and weld it at the seaming points together [6]. 
 
 
Tube-based designs 
The majority of stents on the market nowadays, are produced using a seamless tube as the base 
step. The desired shape is then cut out by a laser [6]. This method requires further post-processing 
steps to remove the thermal stress of the ‘Heat affected Zone’ (HAZ) and burrs along the edges 
[5]. For neurovascular application areas with wall thicknesses for stents as small as < 0.05 mm, 
vapour deposition (forming a film) and photochemical etching (‘cutting’ the shape) is used [18]. 
Rare stent production techniques are ‘Electrical Discharge Machining’ (EDM) and water jetting 
[17]. 
 

 
Figure 6: Tube based stent [5] 
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Figure 7, included in a paper by Stoeckel et al. [17], visualized the possibilities for combining 
different designs, materials, production methods and additions, in the form of a pyramid.  

 
Figure 7: Aspects of stent design and production [17] 

 
 
 

2.3 Material Choice 
 
The material of choice for a stent needs to fulfil certain characteristics depending on what areas of 
the body it will be used. Those requirements can be grouped according to their characteristics. 
First, chemically, it is desirable that a stent is biocompatible and corrosion resistant. Thus, the 
material should not interact with the body in a harmful way. Furthermore, in the majority of use-
cases, the material should not dissolve, even when the dissolving material does not pose any health 
threat to the body. Secondly, mechanically, stents need to balance out flexibility and crush 
resistance. Since the body’s tubular structures are constantly moving, the implant needs to be able 
to adapt. This is especially true for implants which are deployed in the extremities in the proximity 
of joints. Whereas flexibility is necessary to not interfere with the body in general, crush resistance 
is crucial for stents to fulfil their main task: keeping body vessels open and free of obstructions. 
Another mechanical aspect is the deployment of the stent during the operation. Since minimal 
invasive procedures are the standard nowadays, it is desired that stents can be inserted into the 
location of use through a catheter. Consequently, stents need to be able to be compressed into the 
catheter and expanded at the location of deployment. At the example of the conventional 
abdominal aortic stent from Medtronic (“Endurant II”), the nominal graft diameter of 23 mm is 
deployed using a catheter of 6 mm (18 F / Ch) in size [19]. 
Materials that fulfil, these partially contradictory requirements are rare. Having the aspect of 
additive manufacturing in mind narrows this choice down even further. Melgoza et al. [10] have 
undertaken experiments to produce tracheal stents using silicone. These were processed with the 
Fab@Home 3D printer. However, due to the limited rigidity of silicone and larger wall thickness 
it is less suitable for other areas of the body, especially for small scale implants.  
The most common material for commercial stents is called Nitinol, which is an alloy of the metals 
Nickel and Titanium. Nitinol was discovered and named after the two core elements and the place 
of discovery (Naval Ordnance Laboratory). Nitinol exhibits some specific mechanical properties 
that are owed to a mechanism called “solid-state phase transformation” [20]. The metallic alloy 
Nitinol can be represented by more than one crystal structure and changes between them during 
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the transformation. Namely, these phases are martensite and austenite. This thermo-elastic process 
enables special properties such as the shape memory effect and super elasticity. Due to these 
specific characteristics, concerned materials are usually grouped under the term “Smart materials”. 
Table 1 shows a comparison between Nitinol and stainless steel for various properties. Other 
commercially important smart materials are CuZnAl, and CuAlNi [21]. In previous research tests 
with near equiatomic compositions of Nitinol were undertaken (Ni-50.8 at% / Ni-55.8wt.%) [22]. 

 
Table 1: Physical and mechanical properties of NiTi and stainless steel [21] 

 
 
2.3.1 Shape memory effect 
 
The transformation of smart materials is dependent on temperature and applied stress. The shape 
memory effect is also called more specifically ‘thermal shape memory effect’, since the 
transformation is triggered through a change in temperature. When temperature falls below the 
transformation temperature the material is present in a martensite (B19’) phase, whereas the 
austenite (B2) phase exists at temperatures above the transformation temperature.  
A consistent shape of a material can be set in the austenite phase through high temperature 
treatment above 300°C [21]. When the material is deformed while it is present below the 
transformation temperature, the deformation will persist even after the stress is released. This 
deformation can be reversed by heating it up over the transformation temperature. Since the 
reshaping of the material only occurs due to applied heat from the martensite phase to the austenite 
one, it is called the “one-way shape memory effect”. Beyond this, it is also possible to manipulate 
the properties of the material in a way that not only the shape of the austenite phase can be 
recovered but also that of the martensitic one. The shape then can be changed by heating and 
cooling the specimen. This effect can be used for one of the two ways to deploy a stent in the a 
tubular structure. By keeping the stent below its transformation temperature, it can be easily 
brought to place through a catheter using a small diameter. Upon arrival at the correct position it 
will return to its functional shape after the transformation temperature Af (Austenite finish) is 
surpassed. In order to fully take its intended shape, the Af needs to be below the body temperature. 
Stoeckel recommends a temperature above 30°C [20]. The transformation temperature is 
determined through the atomic ratio of Nickel and Titanium. 
 
 
2.3.2 Super-Elasticity / Pseudo-elasticity 
 
Beyond the structural transformation due to thermal influence, the transition between the phases 
at a temperature above the transformation temperature (austenitic phase) can also be reached by 
applying stress. This behaviour is responsible for the pseudo-elastic behaviour of Nitinol. 
Nitinol has a distinctly different behaviour when exposed to stress compared to conventional 
metals, such as stainless steel. As can be seen in Figure 9 Nitinol deforms elastically in a non-linear 
manner. It can recover strain of up to 8%, whereas the maximum value of stainless steel is around 
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0.8% (cf. table 1). It shares the behaviour of non-linear-, and extended elastic deformation with 
natural materials such as bone and tendon [20]. Being exposed to stress, Nitinol will start deforming 
itself in a linear fashion, until it reaches a plateau at which a small increase in stress yields in a larger 
amount of strain. When the stress is decreased, its reaction is delayed, resulting in a small amount 
of strain recovery, compared to the amount of reduced stress. It then reaches a second plateau on 
a lower level at which a large amount of strain is recovered while only minor amount of stress is 
relieved. At the end of this second plateau it will return to its initial behaviour and recover the last 
amount of strain in a linear way. This behaviour is called ‘hysteresis’, meaning a delayed reaction 
to a change of input (stress). 
 

 
Figure 8: Schematic stress–strain curves of stainless steel, NiTi, and bone [21] 
Figure 9: Influence of temperature on the deformation characteristics of nitinol [20] 
 
In Nitinol, this behaviour of ‘pronounced hysteresis’ [20] is contingent on temperature and only 
occurs in this form in a specific temperature range. The range depends on the specific material 
ratio of Nickel and Titanium and on prior heat treatment. According to Stoeckel this range can be 
set from -20°C to 100°C when different compositions and treatments are applied [20]. The stress-
strain behaviour loop is shifted relative to the temperature. An increase in temperature will result 
in an increase in resistance to load and vice versa. When the loop shifts sufficiently downwards the 
deflection will not be recovered until the temperature is raised. At this point the transformation 
temperature is reached and the material shows the shape memory effect, described in 2.3.1. 
The pseudo-elastic behaviour is apparent over a range of +50°C above the transition temperature. 
Above that it behaves as a regular metallic allow with a linear stress-strain curve and a limited 
recoverable elongation. 
 
 
2.3.3 Biocompatibility 
 
In order to be used in a living cell environment, the biocompatibility of Nitinol needs to be ensured 
over the entire lifetime. Titanium as part of Nitinol is known to exhibit an excellent 
biocompatibility. However, concerns were raised in regard to the biocompatibility of Nitinol due 
the cytotoxicity (ability to be harmful to cells) of Nickel. Nonetheless, Ryhänen concludes in his 
dissertation that no Nickel proliferation could be observed during an in vitro experiment [23]. 
Elahinia et al. states that “Nickel in NiTi is chemically joined to the titanium with a strong intermetallic bond, 
so the risk of reaction even in patients with nickel-sensitivity, is extremely low” [21]. In order to reach this state 
intermetallic states such as NiTi2 and Ni3Ti have to be avoided. For that, a stable process is needed. 
The forming of a homogenous crystal structure will decrease the release of Nickel drastically. 
Beyond that it is necessary to reach the desired mechanical properties. To mitigate the expose of 
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Nickel at the surface, the forming of an additional Titanium Oxide (TiO2) layer as an additional 
protective layer is desirable. Stoeckel et al. points out that Nitinol is a ‘self-passivating material’ and 
will form a thin layer of TiO2 naturally [6]. Additional post-processing steps such as anodizing or 
electro-polishing will further increase the thickness of this protective layer [6]. Chen et al. found 
that after an anodization process with 20V or higher no release of Nickel was observed [24]. All 
analysed studies found that ensuring a stable intermetallic structure, in combination with one of 
the mentioned post-processing steps, will ensure the biocompatibility of Nitinol. 
 
 
2.3.4 Powder properties & suppliers  
 
The powder as the raw material needs to be selected carefully, since the properties can vary greatly 
depending on particle size, shape and purity.  
An ideal powder has a spherical particle size, which offers a high flowability and powder bed density 
[25]. 
Nitinol powder can be obtained using various technologies which have different trade-offs 
regarding costs, quality and availability. These methods can be assigned to two categories: Pre-
alloyed methods and elemental powder methods. The first one uses pre-processed material present 
in the correct composition in either molten or solid state. The latter uses powder of both elemental 
materials as the starting point [26]. These are grinded and mixed using a high energy ball mill [27]. 
While the choice of the base material has influence on the likelihood of intermetallic phases, the 
techniques used to obtain the material in its powder shape has influence on the size and shape, 
distribution and purity. According to Elahinia et al. pre-alloyed powder leads to fewer intermetallic 
phases and is thus to be preferred [28]. The techniques to transform the material are ranging from 
mechanical grinding, over water jetting to gas atomization [28]. Transforming the base material 
requires stable parameters and need to be undertaken in an inert or vacuumed atmosphere to 
reduce the impurities caused by oxygen and carbon. Impurities in the final material will have 
influence on the transformation temperature. Weighing out the pros and cons of particles size 
(resulting in density and layer thickness) and flowability (ensuring the optimal distribution in the 
powder bed) a size between 25 and 75 µm is aimed for. Furthermore, spherical shaped particles 
(obtained among others by gas atomization [26]) are favourable. 
With regard to the ideal ratio of Nickel and Titanium it is advisable to retain the long-used 
composition of 50.8 at% Nickel and 49.2 at% Titanium also known as Ti-50.8Ni (at.%). It offers 
ideal properties in terms of elasticity and rigidity at body temperature since Af is 28°C and thus 
below it (Ms -10°C; Mf -25°C; As 23°C; Af 28°C) [29] [30]. 
Given the infancy status of AM-technology using Nitinol, the number of powder suppliers and 
availability of the material is limited. At the time of writing, obtaining the raw material in powder 
form and the required quality is problematic. Other research papers might give further details of 
their sourcing. None of the researched companies were offering Nitinol powder on their homepage 
that included specifications such as material ratio or powder size. One possibility is to request TLS 
Technik GmbH (metallic powder supplier located in Germany) to produce the powder as a 
custom-made order [31]. The company offers such services on their homepage. It is also possible 
to supply them with the raw material in a different form. A supplier of Nitinol in its conventional 
forms is Confluent Medical Technologies, Inc. (former Nitinol Devices and Components, Inc.) in 
Freemont, USA. This approach has been used by other researchers before [32]. Shishkowsky et al 
used TLS to purchase Nitinol powder with a maximum particle size of 45 µm and included 
information about particle size distribution and roundness in their report [22]. 
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2.4 Medical Imaging  
 
This chapter only serves as an introduction into medical imaging. The area is vast and complex, 
especially in the areas of physics and mathematical algorithms (image reconstruction). In order to 
become deeply familiar with this topic the book “Computed Tomography: Principles, Design, 
Artifacts, and Recent Advances” by Jiang Hsieh (2015; Third Edition; SPIE) can be recommended. 
 
Custom made medical devices are of great use for patients, doctors and manufacturers. Medical 
implants for the replacement of the hip- or jaw-bone already have been proven feasible in 
orthopedic surgery. The information of the patient’s anatomy is obtained through medical imaging 
technology. For the tailoring of stents, these technologies can also be used to obtain the geometric 
dimension and shape of the affected tubular structure. Relevant methods for this purpose can be 
classified into X-ray based and magnet-resonance based.  
 
X-Ray is a type of electromagnetic radiation (EM). The spectrum of electromagnetic radiation also 
includes ultraviolet-, visible and infrared light, micro- and radio waves [33]. In the case of X-rays 
for medical, CT-related purposes, X-rays with a wavelength below 0.2-0.1nm are used (hard X-
rays). X-ray photons (soft and hard) have an energy between 250eV and 100 keV [34]. The borders 
between soft- and hard x-rays are not well defined. In most cases hard X-rays will have an energy 
around 10keV [34]. Generally spoken, higher level of energy will lead to better image quality. 
However, when X-rays collide with atoms, it induces ionizations of the atoms. This ionization can, 
besides harming the cell and DNA, cause a mutation of the DNA in the chromosomes, which may 
lead to tumors. Although it is desired to obtain data which offers the best quality, physicians need 
to find the trade-off between high image quality and the protection of health. 
Before X-ray technology was digital-based, the traditional X-ray scanner consisted of an x-ray tube 
emitting the radiation, and a film on the other side of the body, which captures it. The exposure of 
the film will be dependent on the attenuation of the tissue the rays passed through. Nowadays the 
film is replaced by a sensor and the data is captured and stored digitally. Traditional X-Ray 
machines scanned the tissue from a single angle. The resulting image was characterized by the 
summation of the scanned anatomy layers (e.g soft- and hard tissue, bones). Due to its two-
dimensional character, it is not suitable to obtain multi-dimensional geometrical information. The 
standard for more demanding x-ray scans nowadays is the ‘computer tomography’ (CT). The 
patient lies on a couch and the computer tomograph scans the body axially (also called transversal 
in medical terms) slice by slice. A gantry, with a fan-shaped x-ray beam and a row of detectors 
opposed to it, will spin around the patient, delivering data from different angles for every slice. The 
obtained information will be processed by a computer, often using the ‘filtered back projection’ 
algorithm (a kind of Radon Transformation). The resulting information about the attenuation at 
each volume element will be saved in so called ‘voxels’, three dimensional pixels. The used scale is 
the ‘Hounsfield Scale’ (HU), which reaches from +3071 (highest attenuation; e.g. bone) to -1024 
(lowest attenuation; e.g. soft tissue). Higher values will be represented by lighter gray scales and 
lower values by darker ones. To ‘highlight’ certain areas, an iodine contrast agent is often used. In 
an angiography, the visualization of blood vessels, it is injected shortly before the scan and will 
increase the HU value at the point of injection. 
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Figure 10: Standard CT principle [35] 
Figure 11: CT-scanner by GE [33] 
 
Since its commercial introduction in the 1970’s, CT scanners underwent several major 
improvements which resulted in quality and speed increase and X-Ray dose decrease. The 
movement of the scanning procedure changed from a strictly axial, completing each slice before 
moving to the next slice, to a helical one. Before it was also called CAT-Scan, after that, the ‘A’ 
referring to ‘axial’ had been dropped. The change towards the helical procedure can be applied 
without a loss of information, because the received information of a scan from an angle at 0° to 
180° and from 180° to 360° is the same. Under the condition that the pitch of the helix is not too 
high, the path will overlap on the opposite side of the body. This enables a continuous scan and 
resulted in an increased scan speed. Another major step was the introduction of the Multi-detector 
row (or Multi-slice) computer tomography (MDCT / MSCT). MDCT’s are equipped with several 
rows of detectors along the long axis of the body. (Figure 12) The X-Ray beam is also wider, so 
that it can scan several slices at once. Besides increasing the scan speed even further, it also enables 
scan of anatomies that are subject to motion. Most importantly the beating heart. When scanning 
the moving tissue of the heart, the bottom scan slices might be in contracted position while the 
upper slices were scanned at relaxed position. Together with further increased spin speeds of the 
gantry a MDCT with 256 slices can image the heart within one beat. In 2012 Toshiba released a 
MDCT with 640 rows offering a scan width of 16 cm [36]. 
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Figure 12: Principle of a Multi-detector row CT [37] 

 
An alternative approach to MSCT is the cone-beam CT. The name derives from the cone-shaped 
emitting angle of the x-rays. The advantage is that the expose to harmful iodizing radiation is greatly 
reduced. However, at the current status it delivers images with more artefacts and noise [38]. 
 
Another major technology in the field of medical scanning is ‘Magnetic resonance imaging’ (MRI). 
As the name suggests this technology is based on magnetic waves. These strong magnetic waves 
have influence on protons in the body (mainly protons in hydrogen atoms). The protons align with 
the temporary magnetic field and are thus brought out of its equilibrium. When the magnetic field 
is turned off, the protons spin back into their original position. This procedure, called relaxation, 
releases energy which can be measured by detectors in the MRI machine. The energy and the time 
until this occurs is depending on the tissue. Hence it can be distinguished between different parts 
of the body, due to its composition and density. The MRI does not expose the patient to harmful 
radiation and usually no contrast agent is needed (which is to be preferred for patients with renal 
dysfunction). The downside of this technology is that an MRI usually delivers imagines with lower 
quality. Furthermore, the scanning speed is very low when compared to a CT scan. The choice for 
MRI might be justified when the scanned vessel is larger in size. In cases that require a higher 
degree of accuracy CT scan advised.  
 
For the sake of completeness an additional promising technology called intravascular ultrasound 
(IVUS) need to be mentioned. An ultrasonic probe is inserted into the vessels via a minimal 
invasive operation. At the region of interest, the probe will be retracted and scans the inside of the 
vessel using ultrasonic waves. This technology has not reached its maturity yet since it suffers from 
artefacts and low spatial resolution. Nonetheless, it might develop into a promising, non-harming 
alternative to the x-ray based CT-scan. 
 
 

2.5 Additive Manufacturing 
 
Products made from Nickel Titanium are obtained using a big spectrum of manufacturing 
technologies (cf. Figure 10). Having the long-term aim in mind, a customized medical product that 
is ideally produced at, or near the site of implementation, rules out casting and conventional 
processes and leaves additive manufacturing (AM). Taking aspects as pricing, technology maturity, 
manufacturing quality and feasibility into account, this paper will concentrate on the two common 
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technologies that use a powder bed, namely: Electron Beam Melting (EBM) and Selective Laser 
Melting (SLM).  
 
 

 
Figure 13: NiTi manufacturing methods [21] 
 
 
The American Society for Testing and Materials (ASTM) defines AM as “a process of joining materials 
to make objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing 
methodologies” [39]. In the case of EBM and SLM it means that a product is digitally “sliced” into 
layers and subsequently manufactured using a powder bed. 
The principle of EBM and SLM overlaps significantly but differ in the detail how the material is 
molten up. SLM uses the energy of photons, emitted by a laser, to melt up the metallic powder, 
whereas EBM uses the energy of electrons to achieve this. In the figure 11, the structure and the 
components of the build chamber of an EBM machine are shown. A filament under high voltage 
is used as an electron source (Cathode). The emitted electrons will be attracted by the anode, 
forming an electron beam. The beam passes an arrangement of electromagnetic coils which are 
used for focusing and controlling the position of the beam towards the powder chamber. The 
central component of the build chamber is the powder bed, which contains the powder that is to 
be molten by the electron beam. After the current layer of powder is molten according to the 
product geometry, the bottom of the powder bed, which is a movable piston will retract. The new 
layer will be filled with powder from a reservoir and spread evenly with a rake. Before each layer 
iteration, the newly set layer will be preheated by a defocused beam until below the melting point. 
These steps will be repeated layer-by-layer throughout the whole height of the product. After 
finishing, the product is removed and separated from the powder that was not molten but stayed 
as a support in the build chamber. 
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Figure 14: EBM schematic [40] 
 
 
EBM has several advantages over SLM for the production of Nitinol components. The deflection 
of the beam uses coils and no movable parts which results in high scanning speed. This is especially 
beneficial for the preheating process. This prevents residual stress due to a low heat affected zone 
(HAZ). On top of that it has a higher power efficiency and higher rate of recyclability of the residual 
powder. The use of a vacuum in the build chamber instead of an inert gas will benefit the metallic 
properties additionally. [41]. Finally, EBM is less likely to form intermetallic phases which is to be 
avoided due a suffering of the mechanical properties and due to the toxic effect of dispensing 
Nickel into the body. Table 2 gives further insight into the comparison of EBM and SLM. When 
using EBM as the manufacturing method of choice one can influence the result through a large 
range of parameters: Preheating temperature, scanning speed, beam current, focus offset, layer 
thickness, powder morphology and grain size and distribution and density for each layer. However, 
this also means that it is indispensable for the later product to have an entirely stable and controlled 
production environment. The previously mentioned list of parameters is solely naming the most 
important factors and will be more extensive. The scope of this thesis, however, is the data 
transformation and an introduction of the relating topics. More detailed information in 
combination with Nitinol are subject to further research. 
 

 
Table 2: Differences between EBM and SLM [21] 
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2.6 Post-processing 
 
Stents produced through additive manufacturing but also conventionally manufactured stents need 
a series of post processing steps. This chapter covers all the further steps that are inevitable in 
order to fulfil all the specifications.  
 
Surface finish 
The necessity for post-processing Nitinol specimens has several reasons. The first one is that parts 
that are produced using AM techniques exhibit a poor surface finish compared to traditional 
produced parts. Secondly, post-processing can greatly benefit the forming of a protective layer that 
prevents the release of Nickel into the body. Lastly, untreated parts are subject to high corrosion 
that a surface treatment step can remedy [6]. After a part is printed using AM technology, the 
residual powder is removed. The surface finish of the obtained part is determined by the shape of 
the removed powder. For surface finishing standards, the particle size is rather larger. Hence, 
exaggeratedly spoken, the surface is marked by dents of the neighbouring powder. 
The fine structures of the stents’ struts and its flexibility, limited the range of methods that can be 
used for surface finish it. Stoeckel et al. found that mechanically polishing specimens results in a 
high concentration of Nickel in the surface layer [6]. In contrary, besides forming a smooth surface, 
electro polishing forms a protective layer which is rich in titanium. It was also found that the surface 
resistance against corrosion was increased [6]. Other techniques which can be found in literature 
are the application of ultrasonic waves [32], thermal treatment, passivation in nitric acid, and 
combination of H2O2 and NaOH treatment [24]. These have also proven to reduce the release of 
Nickel into the organism. 
 
Radiopacity marker 
Stents made from Nitinol are not clearly visible on a CT-scan or an angiography. For the 
deployment and future medical scans, stents are equipped with radiopacity markers that enhance 
the detectability through X-rays [16]. The material of choice are high density materials. Since 
Nitinol and Tantalum are galvanic similar, Tantalum is the most commonly used material [6]. This 
further step needs manual work in order to align the marker with the stent [5]. 
 
Sterilization 
Another challenge for small scale, on site production is the sterilization. Medical products must be 
sterile when deployed in the human body. The printing environment cannot guarantee this 
condition. Thus, a further sterilization step is necessary. According to Cheng et al., four methods 
are commonly used to treat medical equipment: temperature treatment subjects the specimen to 
hot steam using an autoclave, chemical based using ethylene oxide or hydrogen peroxide and 
radiation based using gamma radiation [42]. This step need to be undertaken before the stent is 
crimped in to the catheter system. Having the long-term goal in mind, printing the stents near the 
place of deployment, ideally directly in the hospital, the sterilization is unlikely to lead to higher 
complexity of the solution, since the equipment is already present in these facilities. 
 
Crimping into a catheter feeding system 
As a final step the stent needs to be crimped into a catheter. This catheter is necessary to deploy 
the stent at the location of use. It will be inserted into the body, using well proven minimal invasive 
methods and will be retracted, leaving only the stent. Although the crimping into the catheter adds 
another step to the overall process, already proven methods can be used (e.g. a jig). This step does 
not deviate from the standard procedure of conventionally produced stents. It is only included to 
complete the list of necessary post-processing steps.  
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3 Data Transformation 

3.1 Methodology  
 
This chapter describes the process steps taken to obtain a customized stent. The first step, the data 
acquisition is described in chapter 3.1.1. It gives information about the technology, methods and 
parameters used to attain the geometric raw data which is the base for the stent design. Chapter 
3.1.2 will describe the process to extract and convert the relevant raw data, into a digital geometric 
body that resembles the original anatomic model. In this case the abdominal aorta is used as a 
model. Chapter 3.1.3 depicts the steps to clean the model from artefacts and unnecessary area, as 
well as simplifying it for the later use as a template for the shape of the stent. In the last chapter 
3.1.4 the design of a stent in a CAD program is shown. 
 
 
3.1.1 1st step: Data Acquisition 
 
The source material for the geometric shape and dimension for the stent is to be acquired by one 
of the various medical radiology technologies. The steps and outcome shown in this publication is 
based on the data material obtained from an anonymous male, who was born in 1956. The scanned 
body region is the complete torso. For the purpose of obtaining data to construct a stent the 
abdominal aorta, as a major vessel in the body was selected. As a scanner, the multi-detector 
computer tomograph (MDCT) ‘Discovery CT750HD’ by General Electrics was used. The scan 
was conducted using a standard resolution of 512x512 pixels and a slice thickness of 0.625mm. 
The files were stored in the industry standard DICOM format.  
According to Bibb and Winder the following is desired for a CT scan: 
“An ideal CT acquisition should be free from image artefacts, have isotropic voxel resolution, high image contrast 
between the anatomy of interest and neighbouring tissues and low noise.” [43] 

The used quality of the data source was sufficient to obtain the shape of the vessel. However, a 
few problems arose which were noticed in the 2nd step. Further explanation will follow in the next 
subsection. A previous approach with another data set, displaying the biliary duct failed due to 
insufficient quality of the scan. 
 
 
3.1.2 2nd step: Export of Data 
 
In this step the data, that has been obtained in the previous step, will be further processed. The 
region of interest needs to be selected spatially as well as according to the relevant HU-value. The 
DICOM format stores the data in voxels (three-dimensional pixels) and their corresponding 
Hounsfield unit value (see chapter 2.4).  These data points can be viewed for each slice along the 
transversal plane with different gradations of grey for the HU-values (see Figure 12). The 
representation of data in the DICOM format differs from the one in CAD programs. The 
representation of the voxels in the DICOM data is independent from each other. Simply spoken, 
each voxel is stored with its coordinates and its HU-value. STL-models on the contrary are 
represented by triangles forming surfaces. Surface CAD models are represented by polylines 
defined by points along the line. Thus, it is necessary to find a way to convert or transform the 
models. The possibility to export DICOM data to STL exists and is commonly implemented into 
DICOM viewers. Common CAD programs, for example Siemens NX, SolidWorks and SolidEdge 
can only import a narrow range of formats. The import or the conversion into a CAD file that 
includes features, on the contrary, does not exist. Due to this restriction, it was decided to export 
the model into a STL file and use it as a template for the geometric dimensions and curvature of 
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the vessel. Another reason for this procedure is that the surface rendering approach includes 
objects such as the vertebrae and the hip bones and thus need to be cleaned beforehand.  
 

 
Figure 15: Sliced view in Horos with several areas selected to show the difference in HU values 
 
During the experimentation phase, two different methods have emerged. The first possibility is to 
do a major part of the selection of unwanted areas and fine-grained selection according to the HU 
value before the export. The second option is selecting the areas roughly and continuing the 
detailed work in a specialised STL-editing program. The choice of one of the two will mostly have 
influence on the distribution of actions between the step two (Export of data) and step 3 (refining 
of the data). However, it does not change anything regarding the general logic of the procedure.  
Following this logic there are two different software applications that can be used. The simpler one 
is a free software called ‘Horos’ (for Mac OSX). It concentrates mainly on the viewer functionality 
and has a limited spectrum of functionality. The other one is the fee requiring software ‘Mimics’ 
by Materialise. The amount of methods and selection tools for filtering are minimal in Horos but 
resulted in a consistent three-dimensional model, given that the data source is of good quality. The 
process is fast but since one cannot easily omit certain regions, one must clean the exported model 
more extensively in the next step. ‘Mimics’ on the other hand offers a wide range of tools for region 
selection, parameters and model manipulation. Additionally, the company also produces a software 
called ‘Magics’ which specializes in general handling and editing of mesh models with the scope 
for 3D printing.  
 
Horos 
‘Horos’ is able to display the scanned object into different three-dimensional views. The relevant 
option here is the ‘three-dimensional surface rendering’. According to the attenuation at each point 
the program will build a surface model. In this example the threshold was set to 300 HU, which 
means it also includes denser structures such as bones. Figure 13a shows the resulting model for 
the whole abdominal area, and Figure 13b depicts the region of interest (abdominal aorta).  

 
Figure 16: a - Full area surface rendering; b – cropped to abdominal aorta region surface rendering 
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A crucial aspect in this part is to set an adequate threshold for the HU-value. If too low values are 
selected, it might include soft tissue and not only the aimed for vessel wall. If set too high, it might 
exclude parts of the vessel wall and the result in a perforated structure. 
In the example of the abdominal aorta the source materials’ quality was sufficient. The use of Horos 
and the choice of a HU threshold of 300 resulted in a usage consistent surface model. 
 
Mimics 
The software ‘Mimics’ gives the user more options. An area of interest can be set for each layer 
independently or for a range of layers, resulting in a non-uniform ‘cylindrical’ selection. 
Furthermore, it offers certain intelligent features such a ‘region growth’. With this feature, a seed 
point can be selected in the model and certain parameters allow the user to determine in how far 
the selected region will ‘grow’. Additionally, a region can be roughly preselected and then a range 
of HU values can be passed as parameter with the condition to only keep connected elements of 
the model. This will already clean out a greater portion of the ‘noise’.  
Mimics gives the user more control over the parameters that will build the exported STL-model. 
However, the use of Mimics resulted in a more fragmented model. The model had regular 
blemishes, dependent on how narrow the range of the HU-values were set. A broader range 
mitigated the problem, though at the cost of accuracy by adding material that might not be part of 
the vessel in reality. 
 

 
Figure 17- Selected view of the program Mimics, showing the sliced view and the constructed model with a threshold windows of 100-330 HU. 

 
This displays a more profound problem of the data quality. It can be tracked down to the rather 
high voxel size. The provided raw data used a field of view (FOV) of 500 mm. CT scans are saved 
in pictures of 512x512 pixels for each slice. Concluding from that, one pixel (or voxel when seen 
three-dimensional) represents 0,97mm. The abdominal aorta walls’ thickness is 2-3mm. 
Concluding from that the vessel wall is only represented through 2 pixels. The best case is that the 
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pixels will coincide entirely with the vessel wall. In the worst case, however, it is not covered by 
only two pixels but is misaligned to be covered by four. These four pixels will be influenced by the 
density of the surrounding tissue. Since the HU-value of a voxel by a majority fit, it can lead to the 
case that 49% of the vessel will coincide with the location of that voxel, but will be omitted to the 
minority. On top of that, the scanned anatomy (vessel wall, blood and soft tissue around it) are 
regions with lower contrast and narrow boundaries regarding the HU-value [44]. The use of 
contrast agent can mitigate this problem. However, it will only highlight the region where the 
contrast agent is actually flowing. Existing restrictions (e.g. plague) are difficult to distinguish 
towards the vessel. 
When the threshold is set too narrow, it might happen that the deviating attenuation values of the 
adjoining tissue either increase or decrease the HU value above or below the threshold value. These 
voxels will not be taken into account when the program selected the model according to a narrow 
HU-threshold. The displayed surface then only measures one voxel in thickness. This problem 
becomes even more severe when the vessel wall is not in parallel with the edges of the voxels. 
Given that the human anatomy is unlikely to follow strict straight lines in terms of geometry the 
resulting voxels that fall into the threshold range are likely to be offset. The result is a perforated 
model caused by misalignment ultimately caused by a too low resolution. With that in mind, when 
planning a CT with the purpose of a stent design, it is advisable to narrow down the FOV to reach 
a higher resolution. The used CT scanner is specified to reach a pixel size to 0.1875mm [45]. 
 

 
Figure 18: a – Aorta based upon an HU-Range of 100-330; diameter at defined spot: 17.20mm 
b – Aorta based upon a HU Range of 120-300; diameter at defined spot: 17.83mm 
 
 
Nonetheless, human tissue is subject to constant movement and does not have a strictly fixed 
nominal diameter or curvature. Therefore, if the perforation of the model is not too severe or 
clustered on certain spots, it can be used as a template in a CAD design.  
 
 
3.1.3 3rd step: Refining the data using “Mesh”-Software 
 
After exporting the model to a STL file it can be further processed. The extent of this work is 
depending on which approach was used in the previous step. For the purpose of completeness, it 
will be assumed that the model is only cleaned roughly and needs further processing. Figure 15 
shows the unedited exported STL file. As can be seen, other vessels, the vertebra and other parts 
not of interest need to be removed. The program ‘Blendr’ was used to manipulate the STL model. 
Blendr allows for different modes of visualization and selection. For example, it offers the selection 
of single vertices forming a triangle from which a STL model consists of. That makes it possible 
to delete unwanted connections. From there on, an option can be used to select all vertices that 
are connected to the desired area, invert the selection and lastly delete the selection. The result will 
be the unedited vessel wall than can be further adapted. The program also comes with an algorithm 
for surface smoothing. 
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Figure 19a:  – Exported raw model including vertebrae, other blood vessels and other not connected objects – Displayed in Blendr 
Figure 19b:  – Exported raw model including vertebrae, other blood vessels and other not connected objects – Displayed in Blendr 
 
 
 
3.1.4 4th step: Adapting the CAD-Design 
 
This subsection describes roughly the steps that were taken in order to obtain the CAD model that is derived from 
the STL object. It is not the purpose of this chapter to provide a detailed step by step tutorial. The CAD file will be 
made available which can be used to follow the detailed steps. 
 
STL describes surfaces through vertices, building a mesh of triangles. CAD programs are able to 
import STL files, but since the representation of data differs significantly, they are merely able to 
interact with it in a crude manner. In consequence, the surface model saved in the STL format is 
used as a template to acquire the dimensions and curvature of the vessel. During the 
experimentation phase, the following CAD programs were used: SolidEdge, SolidWorks and 
Siemens NX. Due to difficulties with the pattern command of complex shapes the first two cannot 
be recommended.   
In the first step, the STL object will be imported and its outer shape will be used to draw 2D curved 
lines along the shape from two orthogonal views. These will be then combined to form a three-
dimensional curved line that will be used as a guide path.  
Since the diameter of the stent will be usually 1-2mm wider than the lumen’s inner diameter one 
has to adapt the size of cross-section [20]. This is due to the constant force it should exert onto 
the vessel wall. The diameter of the vessel can be measured directly in CAD or in the data export 
step (cf. Figure 18). Figure 20 shows the guide path and the cross-section for the stent. 
 

 
Figure 20:  – Guide path and cross section 
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In the next step a inner and outer circle was formed around the stent’s diameter cross section. Two 
sketches forming the struths’ cross-section were drawn and an angled distance of 15°. This was 
repeated at a higher position (viewed along the long axis of the stent). After that these two sketches 
were connected in a way that they formed a curved “X”. This was then projected onto the circular 
cross-section of the stent and extruded.  
 

 
Figure 21a:  – Sketch and extrusion of one “X” element; 20b: circular pattern applied  
 
On this extrusion, a circular 360° pattern has been applied. 
Subsequently, a pattern along the guideline has been used. In the last step, a cut-out along the outer 
diameters’ cross section was used to cut off the overhanging parts at the intersection of each level 
along the guide path. These were forming through the straight shape of each level combined with 
the curved guide path. 
 

 
Figure 22:  – Stent after the cut-out step 

 
Figure 23 and 24 displays the partially customized stent that is ready for the printing process and 
later on the post-processing. 
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Figure 23:  – Resulting model of the customized stent 

 

 
Figure 24:  – Resulting model of the customized stent (close-up) 

 
 

3.2 Conclusions 
 
The four aforementioned steps can vary slightly, depending on the used scanning technology and 
the region of interest. Furthermore, since it is a manual procedure the operator can decide where 
to put his scope. For example, it is possible to only select the regions roughly before the DICOM 
export and then filter and repair more extensively the STL-model and vice versa. Depending on 
the aimed for accuracy the second step shows the biggest potential to save time and effort. When 
only the rough diameter and curvature are of interest, an extensive repairing, restructuring and 
surface smoothing can be left out.  
Since the research on customization of stents is fairly young and is only made possible through the 
rise of additive manufacturing there is no software capable to handle all the steps or even automate 
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the process. Automation is quite difficult because of various reasons. The used programs and data 
formats are not directly compatible. The data representation of DICOM, STL and CAD is very 
different. DICOM focus on storing the position and the attenuation value for each pixel whereas 
STL represents data through points building triangles. CAD programs on the other side represent 
models in the way they were constructed (geometric bodies, lines). A curved line will be represented 
as a mathematical model and not by a pure order of points (cf. NURBS: Non-uniform rational B-
spline). Additionally, their file formats are usually proprietary. 
 
When going further into detail and inspecting the four steps, several impeding factors for a fully 
automated process can be identified. In the second step one cannot generalize the HU-threshold 
value since it is depending on structure of the ROI and the intensity of the used iodine marker. 
One needs a model that determines the HU-values that includes among others, the body region, 
the scan parameters and used iodine concentration. Another possibility is an empiric approach and 
building up a database. In the third step a bad data quality is a high risk for automation. If the 
model has a significant amount of noise, missing surface areas or false model object connection 
points, an automatic approach will be difficult. Current software such as ‘Magics’ offers algorithms 
to repair the model and patch open spots. However, during experimentation these functions often 
did not work. The fourth step can be the most time consuming. Yet once a capable model has been 
created in a way that it can be adapted, it is possible to work with dynamic parameters that will 
adapt the model when the values will change. Nonetheless the process of developing an adaptable 
model or even a plugin for an CAD program takes effort.
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4 Discussion and Conclusion 

This chapter will discuss the advantages and disadvantages of the proposed method for data transformation in specific 
as well in a broader scope the supporting technologies. The first aspect will show the limitations of the methods. The 
second aspect discusses the adequacy of the other technologies (such as 3D-printing) in combination with the data 
transformation method. 
 
The overall aim of this thesis was to develop a process that will result in a CAD-designed stent 
which is based on individual patients’ geometry. In the course of this report, the current state and 
subjacent technologies that enables the result were described. Furthermore, a developed method 
that makes use of these technologies to transform it into the final design was presented.  
 
 
As an important point, the reader should keep in mind, that the specific field of individual medicine 
(using the data as a starting point for a CAD design) is fairly young and this work poses an 
introduction. Several limitations will make it unfeasible in the economic sense. These limitations 
refer to the core part of this work, the data transformation as well as the overall used technologies.  
The discussion will be separated according to those two point of views. 
Data transformation:  
When viewed for itself the presented method works well and results in a customized stent that has 
the geometry of the patient up to a high accuracy.  One drawback had to be limited due to the 
complexity of the geometry. After various approaches, it was chosen that a circular cross-section 
that is to be measured at certain distances of the vessel can be handled quite easily by the CAD 
program. Contrarily, the experiments with irregular, non-circular cross-sections in close distances 
to each other resulted in errors when the pattern command was applied. Nevertheless, the 
approach taken is a large step towards a fully customized design. The effort for the design approach 
is rather low. The necessary items are simple: a computer, several software applications, a suitable 
operator and the raw medical scan data. Thus, this method shows reliable, controllable results with 
a low investment effort. However, it lacks productivity, when watching it in a bigger scope with 
the aim to result in a functional product with a reasonable price. Stents nowadays only cost several 
hundred euros which already includes the catheter system for deployment. Due to the high 
percentage of manual work that is necessary and the labour costs for trained specialists, the price 
will increase manifold solely for the data transformation part. However, once designed it can be 
adapted (within a certain range) which shortens the work significantly. It is estimated that an 
experienced operator would need between 30 and 40 minutes for such a procedure (from receiving 
the raw data to the finished stent). Nonetheless, to be more cost effective, a higher degree of 
automation is necessary. This requires a compatibility of the data along the process chain. Since 
the representation of data is directed at the core intention of the respective programs (STL and 
CAD) they differ significantly. The lines and objects in CAD are based on mathematical models 
whereas the pixel output by DICOM is quite arbitrary compared to that. Since various CAD 
programs did not implement a powerful import algorithm for the STL format (mostly only viewing 
functionality) in the previous years it seems unlikely that a change will occur. There is a need of a 
conversion algorithm. Another thinkable possibility is the capability of designing stents directly 
within the STL program. A great leap forward would be a plugin for Mimics that takes the curvature 
of the STL file, and measures the cross-section at several points that are rectangular to the 
curvature. Additionally, it would receive information about the strut thickness and the design type 
for the stent. Based on this information it creates the model for the stents automatically and ready 
for printing. This approach has the potential to bring down the design time to 10 minutes. In 
general, one can conclude that the presented approach is a good first step towards understanding 
the challenges of designing a stent and it lays down the challenges for a further automation of this 
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process. Apart from higher volume production it is already a feasible procedure to obtain a stent 
model through medical scan data. 
 
Overall view: 
Taking a general perspective that also include the data acquisition, material choice, post processing 
reveals further fields of action. It also alters the estimation of costs and practicability.  
The acquisition of data already reached a high level and is able to deliver sufficiently detailed data 
using CT scans. Nonetheless it is also worth to observe it in a critical light and look at alternatives. 
CT scans expose the patient to a certain amount of radiation. The risk of it is difficult to assess 
since possible negative effects, such as the emerging of malign cells and tissue are usually occurring 
years or even decades later. The modern CT scanner already reduced the radiation compared to 
previous times. However, the negative effects persist even if the probability had been reduced. The 
MRI as an alternative does not have this side-effect. But at the current state it produces images 
with lower spatial resolution. A new technology is the IVUS (Intravascular Ultrasound). It is a 
minimal invasive procedure that scans the inside of the tubular structures through a catheter via 
ultrasound. However, it suffers as well from a low resolution compared to CT. Since the technology 
only emerged recently it is expected to change in the near future. 
After having acquired the data and obtained the customized stent model it needs to be printed. 
The EBM technology is capable of producing medical implants. However, an EBM printed stent 
using Nitinol as a material needs to proof its feasibility. For coronary stents, a strut thickness in the 
range of 0,1mm as in the case of laser-cut or woven stents would be ideal [46]. Research has shown 
that a stent with a thick strut is more likely to be thrombogenic than thinner ones. Other areas of 
deployment use stents with a larger stent diameter and higher required mechanical resistance (e.g. 
biliary stents). Therefore larger thickness values (up to 0,8mm) are normal. It is yet to be shown 
whether EBM is able to produce such thin struts and have the same endurance under load 
compared to conventional stents. As mentioned before, additive manufacturing using the EBM-
technology produces a rough surface finish. Besides the rough surface, additive manufactured 
stents need further steps for temperature treatment and setting as well as attaching the radiopacity 
marker for visibility in future medical scans. Furthermore, one also needs to mention that Nitinol 
in the form of powder is more expensive than sheets, tubes or wires. This is owed to an extra 
production step as well as the sold volume. As of 2017 no distributer of Nitinol openly advertises 
their product in the form of powder.  
Considering the long-term vision of rapid stent production at, or near the site of use, other cost 
factors might arise. Due to the high costs of AM-machines they need to fulfil a high degree of 
utilization to amortize itself. Since most hospitals will not reach this level, it more likely to have 
external supplier companies that act as service partners. These can be centrally located while still 
being in the proximity of the later location of usage. A role model would be larger dental 
laboratories nowadays. On top of the EBM machines the post processing steps are added which 
makes it even less economic to produce it directly on site with a low production number. Taken 
that the price for EBM machines and the Nitinol powder will not fall drastically one can conclude 
that the price for a customized stent will be manifold times as those of conventional ones.  
 
Further research will need to show whether a customized stent fulfils its purpose to justify such a 
price. The problem definition of this thesis arose from the assumption that customized stents will 
eliminate the problems of migration and acceptancy rates.  
Readmission into hospitals and a new procedure due to migration or other problems with ill-fitting 
stent accrue high costs for patients and insurances.  In case the presented methodology results in 
a more reliable medical result than in its current condition, it is imaginably that insurances are 
willing to pay for customized stents when necessary. 
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5 Outlook 

 
The result of this thesis poses a starting point and proofed that the design of a customized stent 
which is based on medical scans is feasible. However, to proof the entire concept, producing a 
functional stent that can compete with conventional stents, further research has to be undertaken. 
This is especially true for the downstream process steps. A crucial next step is to validate the model, 
developed in this thesis, in its printed form. Possible aspects are to find the ideal printing 
technology through experimentation, experiment with suitable parameters (print speed, heat input 
etc.), and test their compatibility with different versions of Nitinol (grain sizes and shapes). After 
that further areas of research are: post processing methods such as heat-treatment, surface 
treatment and setting of the shape-memory effect transformation temperature. Additionally, the 
practicability of attaching radiopacity markers need to be tested.  
After these areas have been cleared, experimentation concerning the functionality can be 
undertaken. These areas will include durability tests when exposed to constant movement and low 
pressure. Furthermore, the stent needs to proof its functional aspects such as mechanical stability 
and pseudoelasticity. Additionally, first research regarding the proposed biocompatibility will need 
to be undertaken in an in-vitro environment. After all these steps a customized stent can be tested 
on a living object. A later, bigger scale experiment, can give results regarding the promised 
advantages over conventional stents (low rate of migration and low rate of readmission for further 
procedures). This will conclude the test trial phase. 
In the next stage the economic efficiency needs to be proven. The process chain discloses many 
potential spots where to optimize the procedure. The most obvious one is the labor intense data 
conversion and model design. A further automation would reduce the costs and the production 
time. In order to reach the vision of the implantation of a customized stent on the same day at the 
same location, the printing time of additive manufacturing technologies should be drastically 
improved. With the advent of additive manufacturing in non-niche production it is likely that in 
the following years, the costs and especially the production time will decrease. 
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