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Summary 

Endovascular interventions include a variety of techniques, chiefly involving guidewires and 

catheters, that give access to the vascular system through small incisions. It is imperative to 

reach the place of interest quickly and safely. By considering the fact that the composition of 

guidewires and catheters differ (e.g., in material, diameter, length, tip shape, stiffness, and 

coating), each one shows a different behavior based on its structure, and therefore the choice 

of instruments becomes challenging. Currently, the choice of the instruments in each 

procedure is often based solely on a specialist’s experience, which is not sufficient and does 

not always result in a successful procedure. Therefore, in this thesis, we focus on the 

performance of the guidewires and catheters with considering their structure. 

Since the newly developed instruments with improved capacity for measuring physical 

quantities, such as flow, pressure, vessel diameter, and arterial wall thickness, are becoming 

more popular, this thesis starts with reviewing the available proximal connectors of such 

guidewires. The connector plays an important role in these instruments as it relays the 

measured data from the distal side of the guidewire, which is placed inside the body, to the 

monitoring devices. They are classified according to the types of connections found 

including physical (e.g. electrical, optical, magnetic.), wireless and combinations of them. 

Next, we focused on pre-intervention planning, specifically, the selection of the guidewires 

and catheter. Therefore, by considering different compositions of each instrument in the 

distal side, we concentrated on the performance of the guidewires and catheters and their 

behavior inside the vascular system. Given that using computer models has become 

increasingly popular to investigate the behavior of these instruments, we performed an 

extensive literature review and surveyed different techniques used for instrument modelling 

and identified their strengths and weaknesses. The results show that the main techniques 

used in the modelling are FEM, MSM, and Rigid Multibody Links. FEM and MSM are not 

suitable for modelling a rigid object, such as the guidewire and catheter, due to the 

complexity and high computational effort. On the contrary, the Rigid Multibody Links 

technique has a simple structure, which makes it easy to understand and interpret the results. 

Additionally, this method is relatively faster than the first two methods and can be used for 

real time applications. 

We used the multibody approach for modelling the motion of these instruments. A computer 

model was developed, to evaluate the performance of different instruments for a specific 

vasculature geometry. In particular, we sought to predict the behavior of guidewires and 

catheters by considering the mechanical properties of these instruments and of the relevant 

vasculature. This information plays an even more decisive role for the newly developed 

instruments, which are constantly coming to the market and their performance is not fully 

known even to the experienced specialists.  

In our model, first, the effect of bending stiffness of the instrument and of the friction 

between the instrument and vasculature on its behavior were investigated by modelling the 



 

 

motion of guidewires in 2D space while only a translational motion was applied. We 

validated the model with actual movement of different guidewires in a phantom model. An 

average error of 0.56mm and 0.87mm  for a flexible and a stiff guidewire, respectively, were 

calculated.  

Then, as guidewires and catheters are always used together, we added a catheter to the 

model to mimic the way they interact. Moreover, we extended our simulation to a 3D 

version and had not only a translation motion but also a rotation motion applied to the 

proximal side to propagate the instrument. The sensitivity of the model to different factors 

was examined. The results show that the applied forces increase when the friction increases; 

on the other hand, a higher friction causes less fluctuation of the instrument’s tip. Therefore, 

the friction coefficient needs to be optimized to strike a balance between the increase in the 

applied forces and the performance of the instrument. Moreover, investigating instruments 

of different bending stiffness show that the higher flexibility of the tip causes more contact 

points with the artery’s wall. This can be explained by the fact that the flexible tip deflects 

easier than the stiff one, and thus, it needs less force to navigate. 

As we implemented a discretized model of the instrument, the total number of segments (n) 

to define the length of the instrument in the simulation model had a significant effect on the 

behavior and the computation time; a lower number of segments results into bigger error. On 

the other hand, increasing the number above a certain threshold does not change the 

behavior anymore, but the computation time increases. 

In the current model, we focused on the modelling of the instrument itself, and the radii and 

centerline data of the vasculatures were used as geometry information. Therefore, in future 

studies, a dynamic centerline instead of a static one has to be considered. 

As explained above, during our research, we endeavored to evaluate the simulation results 

by comparing them with experimental data, obtained from phantom models. Therefore, in 

the appendix, we presented an overview of phantoms we developed. The phantoms were 

used to validate our simulation model. The first validation experiment is done on a simple 

2D phantom model which includes branches with diameters between 2 and 8 mm, and 

bifurcation angels between 60 and 120 degree. The results show that the mean error between 

simulated trajectories and validation experiments for different instruments was smaller than 

1mm. Then, considering the used design criteria, e.g., similar mechanical properties to 

vascular walls and being transparent for the purpose of video tracking, a phantom made of a 

PVA-H and DSMO mixture was chosen. The data of the right coronary artery (RCA) of a 

real patient served as an example of vascular geometry. Despite of having a well-developed 

phantom, the experimental set-up and tracking method need improvements in order to 

measure the exact error between the simulation and validation experiment. 

It is foreseen that pre-interventional application of the simulation model will provide 

information about the possible taken trajectory based on the instrument tip angle, stiffness 

and the coefficient of friction of the instrument, as well as based on the elasticity and friction 

coefficient of the vasculature walls and the vascular geometry. Additionally, the amount of 



 

 

applied forces to the vascular wall will be predicted in order to avoid rupturing the vascular 

walls. These information will give insight to specialists in the expected behavior of the 

instruments and help them to select a proper instrument in each specific vasculature 

geometry, which may increase the success rate of the procedure. 

The developed model is generic and allows for evaluation of a large variety of instruments 

and vascular geometries. Therefore, despite of the limited variety of vasculatures and 

instruments used in this study, the model can easily be adopted to other ones. 

 

 

 

 

  



 

 

Samenvatting 

Endovasculaire interventies omvatten een verscheidenheid aan technieken, waarbij 

voornamelijk gebruik wordt gemaakt van voerdraden en katheters, die via kleine incisies 

toegang geven tot het vasculaire systeem. Het is noodzakelijk om het doelgebied snel en 

veilig te kunnen bereiken. In beschouwing nemend dat de samenstelling van voerdraden en 

katheters verschilt (bijvoorbeeld qua materiaal, diameter, lengte, vorm van de punt, stijfheid 

en coating), vertoont elk instrument een ander gedrag, afhankelijk van de structuur, hetgeen 

de instrumentkeuze bemoeilijkt. Momenteel is de keuze van de instrumenten voor elke 

procedure alleen gebaseerd op de ervaring van een specialist, hetgeen niet altijd resulteert in 

een succesvolle procedure. In dit proefschrift focussen we daarom op de prestaties van de 

voerdraden en katheters, hun samenstelling in beschouwing nemend. 

Nieuw ontwikkelde instrumenten met verbeterde mogelijkheden voor het meten van fysieke 

grootheden, zoals stroming, druk, vatdiameter en wanddikte van de slagader, worden steeds 

populairder. De connector van deze instrumenten speelt een belangrijke rol, omdat deze de 

gemeten gegevens van de distale zijde van de voerdraad, die in het lichaam wordt geplaatst, 

doorstuurt naar het bewakingsapparaat. Daarom zijn we begonnen met het beoordelen van 

de beschikbare proximale connectoren van voerdraden; de connectoren zijn geclassificeerd 

op basis van verbindingstype, zoals fysieke connectie (bijvoorbeeld elektrisch, optisch, 

magnetisch), draadloze connectie of combinaties daarvan. 

Na deze literatuurstudie hebben we ons gericht op pre-interventieplanning, met name de 

selectie van de voerdraad en de katheter. Door de verschillen in samenstelling van elk 

instrument aan de distale zijde te analyseren, zijn we de prestaties van de voerdraden en 

katheters en hun gedrag in het vaatstelsel gaan voorspellen. Omdat het gebruik van 

computermodellen steeds gangbaarder is geworden om het gedrag van deze instrumenten op 

een efficiënte wijze te onderzoeken, hebben we een uitgebreide literatuurstudie uitgevoerd. 

We hebben verschillende technieken voor instrumentmodellering bestudeerd en hun sterke 

en zwakke punten geïdentificeerd. De resultaten laten zien dat FEM, MSM en Rigid 

Multibody Links de belangrijkste technieken zijn die voor modellering gebruikt worden. 

FEM en MSM zijn niet geschikt voor het modelleren van een stijf object, zoals de voerdraad 

en katheter, vanwege de complexiteit en hoge rekenkracht. De Rigid Multibody Links-

techniek daarentegen heeft een eenvoudige structuur, waardoor het gemakkelijk is om de 

resultaten te begrijpen en te interpreteren. Bovendien is deze methode relatief sneller dan de 

eerste twee methoden en kan deze gebruikt worden voor real-time toepassingen. 

We hebben de multibody-benadering gebruikt om de beweging van voerdraden en katheters 

te modelleren. Er is een computermodel ontwikkeld om de prestaties van verschillende 

instrumenten voor een specifieke geometrie te evalueren. In het bijzonder hebben we 

getracht het gedrag van voerdraden en katheters ,voorspeld door de mechanische 

eigenschappen van deze instrumenten, en de relevante delen van het vaatstelsel in 

beschouwing te nemen. De informatie over de prestaties van de instrumenten speelt vooral 

een bepalende rol bij pas ontwikkelde instrumenten, die voortdurend naar de markt worden 



 

 

gebracht, waarvan het gedrag en de prestaties nog niet bekend zijn, zelfs niet bij ervaren 

specialisten. 

In ons model is allereerst het effect van de buigingsstijfheid van het instrument en de 

wrijving tussen het instrument en de vaatwand op het gedrag onderzocht door de beweging 

van de voerdraden in twee dimensies te bestuderen, waarbij enkel een translatiebeweging 

wordt uitgeoefend. We hebben het model gevalideerd met experimenten waarbij 

verschillende voerdraden in een fantoom model zijn gemaneuvreerd. Als gemiddelde fout 

zijn 0.56 mm en 0.87 mm voor respectievelijk flexibele en stijve voerdraden gevonden. 

Omdat voerdraden en katheters altijd samen worden gebruikt, hebben we daarna een 

katheter aan het model toegevoegd om te simuleren hoe deze elkaar beïnvloeden. Bovendien 

hebben we onze simulatie uitgebreid naar een 3D-versie waarin niet enkel de 

translatiebeweging is meegenomen, maar waarbij ook een rotatiebeweging wordt 

uitgeoefend op de proximale zijde om de voerdraad voort te bewegen. 

De gevoeligheid van het model is onderzocht onder verschillende omstandigheden. Uit de 

resultaten blijkt dat indien de wrijving toeneemt, de opgelegde krachten ook toenemen. 

Echter, een toegenomen wrijvingskracht resulteert ook in een kleinere fluctuatie van de tip. 

De frictiecoëfficiënt zal daarom moeten worden geoptimaliseerd zodat er een balans ontstaat 

tussen de opgelegde kracht en de prestatie van het instrument. Daarnaast toont het 

onderzoek, waarbij instrumenten met verschillende buigstijfheden werden gebruikt, aan dat 

een grotere flexibiliteit van de tip resulteert in meer frequent contact met de slagaderwand. 

Dit kan worden verklaard door het feit dat een flexibele tip gemakkelijker buigt. Hierdoor is 

het mogelijk te navigeren onder kleine krachten. 

Het totale aantal segmenten (n) en daarmee de lengte van het instrument in het simulatie 

model, heeft een significant effect op de het gedrag en de berekeningstijd van het model, 

omdat er gebruik is gemaakt van een discreet model. Een kleiner aantal segmenten resulteert 

vaker in grotere fouten. Echter, het gedrag van het model blijft onveranderd na een zekere 

drempelwaarde van het aantal segmenten. Meer segmenten resulteert slechts in hogere 

berekeningstijden.  

In het huidige model hebben we ons gericht op het modelleren van het instrument op zich, 

waarbij de geometrische informatie werd behaald uit de radii en middellijnen van 

vatenstelsels. In toekomstige studies zou men kunnen overwegen om in plaats van statische, 

dynamische middellijnen te gebruiken. 

Zoals hierboven beschreven, hebben we in dit onderzoek getracht de simulatieresultaten te 

evalueren doormiddel van een vergelijking met experimentele gegevens. Hiervoor hebben 

wij gebruik gemaakt van fantoommodellen. In de bijlage vindt men een overzicht van de 

ontwikkelde fantoommodellen. Het eerste validatie-experiment werd uitgevoerd met behulp 

van een eenvoudig 2D-fantoommodel met aftakkingen tussen de 2 en 8mm onder hoeken 

van 60 tot 120 graden. Uit de resultaten blijkt dat de gemiddelde fout tussen de gesimuleerde 

trajecten en de validatie-experimenten kleiner was dan 1 mm. Tijdens een tweede 



 

 

experiment werd gebruik gemaakt van een fantoommodel, bestaande uit een mix van PVA-

H en DSMO, dat voldoet aan de ontwerpcriteria, zoals de overeenkomende mechanische 

eigenschappen en de transparantie ter gebruik van videovalidatie. Het model werd 

ontwikkeld met behulp van de geometrie van de rechter kransslagader (RCA) van een echte 

patiënt. Hoewel het fantoommodel goed is ontwikkeld, dienen de experimentele set-up en 

trackingmethode te worden verbeterd, zodat de verschillen tussen het simulatie- en validatie-

experiment nauwkeurig kunnen worden gemeten.  

Het simulatiemodel kan dienen als een  pre-interventionele informatiebron over het 

mogelijke traject van het instrument op basis van de hoek van de tip, de stijfheid en de 

wrijvingscoëfficiënt van het instrument, evenals de elasticiteit en wrijvingscoëfficiënt van de 

wanden van het vaatstelsel en de vasculaire geometrie. Bovendien zal de hoeveelheid 

uitgeoefende kracht op de vaatwand kunnen worden voorspeld ter voorkoming van scheuren 

in vaatwanden. Deze informatie zal specialisten inzicht kunnen geven in het verwachte 

gedrag van verschillende instrumenten en met kennis van de geometrie van de vaten hen 

kunnen ondersteunen tijdens het selecteren van het juiste instrument. De kans op slagen van 

de procedure kan hierdoor worden vergroot. 

Het ontwikkelde model is generiek en kan worden gebruikt ter evaluatie van een 

verscheidenheid aan instrumenten en vasculaire geometrieën. Om deze reden kan het model, 

ondanks dat in deze studie slechts een beperkte variëteit aan geometrieën en instrumenten is 

gebruikt, gemakkelijk op andere situaties worden toegepast. 
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1. Introduction 
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1.1 Endovascular interventions 

Vascular disease is one of the leading causes of morbidity and mortality worldwide [1-2]. 

Some examples of vascular disease include heart attacks, strokes, lower extremity occlusive 

disease, and aneurysmal disease; atherosclerosis, which is hardening and narrowing of the 

vasculatures, is the main cause of these diseases [2]. Endovascular interventions, which have 

evolved over the last several decades to diagnose and treat vascular diseases, include a 

variety of techniques that give access to the vascular system through small incisions. This 

access is mainly via guidewires and catheters, which are flexible and elongated instruments 

(~1 to 2 meter) with small diameters (a few millimeters). 

Endovascular intervention, compared to conventional open vascular surgery, is of great 

interest because it offers several advantages, including decreased surgical trauma and 

accelerated recovery due to small incisions [3-5]. However, it also imposes new challenges 

on the specialists. For example, they lose the direct access and visual feedback, and instead 

their access is via long instruments (i.e., guidewires and catheters) from outside the body; 

they have to manipulate the instruments by applying a translation and rotation motion at 

their proximal side. 

As the instrument traverses inside the vascular system, its structure and mechanical 

properties play an important role in accessing the desired location. For this reason, there are 

a wide variety of guidewires and catheters available in the market which have different 

structures and mechanical properties (see Figure 1, which shows the different catheters made 

by only one manufacturer). Therefore, another complicating factor of endovascular 

interventions is that a high degree of expertise is required to select a proper instrument for a 

particular blood vessel geometry. Considering the fact that in every intervention, frequent 

guidewire or catheter exchanges are required to gain access [6], having additional exchanges 

due to a wrong choice makes the procedures even more expensive, both in cost and time. 

Moreover, the comfort of the patient will also decrease. 

Some of the newly designed guidewires and catheters are equipped with sensors at the distal 

tip to measure different physical quantities (e.g., flow and pressure) [7]. Having these 

information might reduce the number of wire exchanges. However, considering the small 

diameter of guidewires and catheters (less than a few millimeters), transmitting the data 

from the sensor at the distal tip to an external device via a connector at the proximal tip of 

the instrument is a challenging issue. In this thesis, we presented a literature study and 

provide essential input for the development of novel solutions to have proper communication 

from the proximal side of a guidewire to the external device. 

Recently, using computer models to predict the behavior of guidewires and catheters has 

become increasingly popular [8-10]. Although these models are mainly used for training 

purposes [11-15], they can also be developed in other areas such as pre-intervention 

planning and designing new instruments [10]. In this thesis, we focus on pre-intervention 

planning; specifically, we develop a computer model to evaluate the performance of
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Figure 1: Catheters for different vessel anatomy (Permission for use granted by Cook Medical, 

Bloomington, Indiana) 
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different instruments for a particular blood vessel structures. Until now, selecting the 

instrument has often been based on a specialist’s experience or the experience of his or her 

superior, which does not always result in a successful procedure [16]. With our developed 

model, we aim to predict the performance of the instrument prior to the procedure by 

evaluating its probable trajectory inside the vasculature and the amount of force applied to 

the vasculature’s wall. These information plays even more decisive role for the newly 

developed instruments, which are constantly coming to the market and their performance is 

not fully known even to the experienced specialists. 

1.2 Research questions and approach 

In this thesis, we seek to predict the behavior of guidewires and catheters by considering the 

mechanical properties of these instruments and of the relevant vasculature. Therefore, we 

will develop a 3D multibody model that simulates the propagation of the instrument inside 

the vascular system. We endeavor to make the model generic in a way that allows for 

evaluation of a large variety instruments and vascular geometries. The results will lend 

insight to the specialists and help them in selecting a proper instrument in each specific case, 

thus, the success rate of the procedure may increase. 

1.3 Outline of this thesis 

The goal of this thesis is to present the developed model and investigate its accuracy and 

applicability. Each chapter is based on published or submitted articles and is self-contained. 

Therefore, there will be some overlap between chapters. The thesis is organized as follows: 

Chapter 2:  Guidewires consist of multiple components (core, distal tip and outer covering), 

and variation in each component influences the properties and performance of the guidewire 

(Figure 2). In guidewires with a sensor (e.g., flow or pressure) on the distal tip, the proximal 

connector is also an important part. Although it does not influence the mechanical 

properties, it is very important to ensure a secure signal transmission. Therefore, in the first 

part of this thesis, we review the available proximal connectors for guidewires and possible 

ways of relaying data from the distal side of the guidewire, which is placed inside the body, 

to the monitoring devices. 

 

 

            (a)                                                           (b) 

Figure 2: Guidewire structure: a) guidewire components at the distal tip (adopted from [17]), 

b)guidewire with a sensor at the distal tip and a connector at the proximal tip 
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Chapter 3: In this chapter, we concentrate on the main body of the guidewires and 

catheters, along with their performance. In order to investigate the behavior of these 

instruments inside the vascular system, different modelling techniques are presented in the 

literature. Therefore, we first explain the purposes of guidewire and catheter modelling. We 

then survey different approaches used for instrument modelling and identify their strengths 

and weaknesses. Moreover, we study the important factors that affect the interaction 

between the instrument and the vascular wall. Finally, we give recommendations about what 

methods for modelling would be most appropriate for each domain purpose. 

Chapter 4: In Chapter 4, we introduce a 2D multibody model of a guidewire traversing a 

simple vascular geometry. We consider the guidewire as a set of small rigid segments 

connected to each other by revolute joints. These joints have one degree of freedom to allow 

rotation. Linear torsional springs and dampers are applied in each joint to account for the 

elastic properties of the guidewire. To evaluate the performance of the model, we measure 

these elastic properties for two commercially available guidewires (Hi-Torque Balance 

Middleweight Universal II sold by Abbot and Amplatz Super Stiff sold by Boston 

Scientific) and use them in the model. We investigate the effect of the bending stiffness of 

the guidewire and of the friction between guidewire and vasculature on its behavior. Finally, 

we validate the results with actual movement of the guidewires in a simple phantom model 

and calculate the error to examine the accuracy of the model.  

Chapter 5: In a continuation of the previous chapter, we extend the 2D developed model to 

a 3D model. Moreover, we add a catheter to the model, as guidewires and catheters are 

always used together; in this way, the applicability of the model is increased. The ways in 

which the instruments interact with each other and with the vascular wall are considered. 

The right coronary artery (RCA) is implemented as an example of vascular geometry, 

although our model is generic and we can readily adopt the simulation to a new geometry. 

As in the previous chapter, we measure the elastic properties of the real guidewires and one 

multi-purpose catheter to be used in the model. 

Chapter 6: In the previous chapter, we have developed a computer model to investigate the 

behavior of guidewires and catheters by considering the mechanical properties of the 

instrument, and of the vasculature such as bending stiffness and friction. In this chapter, we 

use the developed model to investigate the effect of geometry properties such as the tip 

angle of guidewires, and the narrowed cross section of the arteries, due to vascular disease, 

on the behavior of the guidewire. 

Appendix: In this thesis, the trajectory of guidewires and catheters were simulated and the 

amount of applied forces to the vascular walls were estimated. During our research, we 

endeavored to evaluate the simulation results by comparing them with experimental data, 

obtained from phantom models. Therefore, the objective of this appendix is to develop 

phantoms which can be used in our validation experiments. We will suggest an experimental 

set-up and tracking method which can be used to analyze the trajectory, and the amount of 

applied forces of the instruments inside the phantom models. The results of these 

experiments can be used to validate the accuracy of our developed model. 
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Guidewires 
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Background: As the connection at the proximal tip plays an important role for sensing 

guidewires, we compared various sensing guidewires with regard to their proximal 

connectors. The strengths and weaknesses of each are discussed and 

recommendations for future development are provided. 

Method: A literature search limited to the English language for the time period from 

the 1960s to the 2010s has been performed on the USPTO database, Espacenet and 

Web of Science. The results have been categorized on the basis of the connector design. 

Results: A comprehensive overview and classification of proximal connectors for 

sensing guidewires used for cardiovascular interventions is presented. The 

classification is based on both the type of connector (fixed or removable) and the 

type of connection (physical, wireless, or a combination). 

Conclusion: Considering the complexity of the currently prototyped and tested 

connectors, future connector development will necessitate an easy and cost 

effective manufacturing process that can ensure safe and robust connections. 
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2.1 Introduction 

A guidewire is a long, thin and flexible wire used to introduce and position 

interventional devices (e.g., catheter, stent) during intravascular procedures [1]. Fig. 1 

gives a schematic overview of guidewire and catheter placement in a vessel; the 

guidewire tracks through the vessel to access the lesion, which is usually guided under 

fluoroscopy (real time x-ray imaging). When the distal
1 tip of the guidewire has crossed 

the lesion atraumatically, it steers into or away from side branches and provides device 

delivery support [2–4]. 

 

Figure 3: Guidewire and catheter placement in a vessel. 

In the current trend the guidewire is not limited to lead other instruments, but can also be 

used to measure physical quantities such as flow, pressure, vessel diameter and arterial 

wall thickness. Moreover it can even be used to visualize the place of interest [4–13]. To 

detect changes in the physical quantities, major efforts have been made to integrate 

sensors at the distal tip of the guidewire. The measured data are sent via wires (copper or 

optical fibers) through the guidewire to the proximal tip, and subsequently via a connector 

to an external device [5, 6, 7]. 

The goal of this study is to review the state-of-the-art in relation to existing guidewires with 

a focus on their connectors, and is motivated by the important role of the connection in the 

proximal tip in sensing guidewires. This includes both the currently employed connectors in 

clinical practice and the patented literature. The strengths and weaknesses of each are 

discussed and recommendations for future development are provided. 

2.2 Review method 

A literature search was performed on the USPTO, Espacenet and Web of Science 

database which was limited to the English language for the time span from the 1960s to 

the 2010s. Overall, more than 50 patents and scientific papers were reviewed and 

categorized on the basis of the connector design. All databases were explored using the 

                                                 
1
 The term distal refers to the tip of the guidewire situated away from the user (inside the vessel) and the term 

proximal refers to the tip of the guidewire situated closest to the user (outside the body).
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following keywords for all fields: sensor, guidewire, catheter, proximal side, 

intervention, connector, optical fiber, electrical contacts, magnetic connector, hybrid 

connector. The search terms were connected with either “AND” or “OR”. For the sake 

of coherence, the patent search results constitute the most recent up-to-date one by a 

given patent assignee. 

2.3 Results 

2.3.1 Design requirements for the male/female connector on the proximal side of a 

guidewire 

A sensing guidewire requires one or more cables for signal transmission purposes. These 

serve for either carrying the signals of the sensor at the distal tip or to distribute the power. 

Thus, the guidewire must be connected at the proximal tip to an external device via a 

connector to transmit the signals. In this section, we discuss some of the important features 

to be taken into account when designing a connector. 

Intravascular procedures often result in the deposit of some blood or other bodily fluids on 

the guidewire. Therefore, minimizing the entering of fluids or other contamination into the 

female
2 connector  is the first challenge to be addressed [14]. One approach is to use a 

wiper [15] or a seal [14] at the opening. A hydrophobic surface makes the guidewire itself 

more compatible in such an environment [16]. 

A connection is either fixed or removable. In a fixed configuration, both male and 

female parts need to be adapted to allow the catheter or other medical devices to be 

placed over them. This type of connection might limit the exchange or removal of the other 

instruments. In a removable connector the male part is limited to the size of the 

guidewire whereas the female part has no restrictions. One of the advantages of a 

removable connector is its allowance for device exchange without the need of removing 

the guidewire from the patient [15, 17]. However, the frequent connecting and 

disconnecting requires a quick disconnect design. 

To prevent any torsion in the guidewire, a rotation free connector with respect to the 

mated connector  can be employed [4, 15-17]. 

A locking mechanism should be applied to avoid any kind of axial or rotational motion of 

the guidewire relative to the connector. A connection detector can detect simultaneously 

whether an unintentional disconnection of the guidewire from the interface circuit has 

occurred [18]. 

The female connector is either disposable or reusable. In case of reusable, by making the 

female part of the connector relatively more complicated than the male part, the price of the 

male part reduces whereas the manufacturing costs of a reusable female connector raises. 

The disposal of the male part together with the guidewire and the frequent use of the 

female connector result in a decrease of the total price. However, a reusable female 

                                                 
2 In this review, we refer to the proximal tip of the guidewire as the “male connector” and to the receptacle as 

the “female connector”. 
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connector should be designed to facilitate sterilization, and to prevent infection a reliable 

cleaning process is necessary before the subsequent use [19-20]. 

Regarding the power supply, it can be either a battery placed in the female part or an 

external source. The former is an essential requirement when a wireless connection is 

employed. In such cases, the sensor loses its physical connection for powering which 

results in a demand of a battery holder in the female part [9, 10]. 

2.3.2 Existing guidewires and their connectors 

Sensing guidewires differentiate on various aspects. One can think of varying the sensor 

type at the distal tip, changing the communication manner of the distal tip and the proximal 

tip, or employing a different manufacturing process for the proximal tip as a male connector. 

Diverse guidewires are manufactured by a number of companies employing in-house 

connectors on the proximal side. Some of these are listed here.  

 Volcano Corporation [21] 

- Flowire Doppler Guidewire (Fig. 3.a): This guidewire which measures flow velocity is 

equipped with a Doppler transducer tip. At the proximal tip, as a male connector, there 

are three ring-contacts to provide electrical connection (Fig. 2.a and 2.b). The female 

counterpart contains three conductive members as well. The ring-contacts transfer the 

signals to the matching conductive members inside the female connector whenever it 

meets its female counterpart. 

- Combowire XT Guidewire (Fig. 3.b): This guidewire measures simultaneous 

intravascular pressure and Doppler flow and is equipped with a combined miniature 

pressure and flow sensor at the distal tip. To transfer an electrical signal, three 

electrical conductors are required for the pressure sensor and two for Doppler signal. 

Hence the total number of conductors is five. Similar to the previous one, it has ring-

contacts at the proximal tip for electrical connection with the female connector [4]. 

- Verrata Pressure Guidewire (Fig. 3.c): This guidewire which has a pressure sensor uses 

the same principle of ring-contacts for the male connector. For the female connector, 

there is a clip connector providing multiple back up contact points for a secure signal. 

This type of connector resists kinks while allowing free wire rotation when connected. 

Additionally, it repels moisture [22]. 

 Jude Medical Corporation (St. Jude) [16] 

- Pressurewire Certus: This guidewire has a pressure sensor at the distal tip and is 

equipped with a protective hydrophobic male connector. The hydrophobic surface 

prevents the electrical connector from short-circuiting (on the hydrophobic surface, 

fluid is not absorbed but individual droplets do form). Similar to the concept of 

Volcano guidewires, the electrical connection uses ring-contacts at the proximal tip. 

- Pressurewire Aeris: This guidewire employs the same design as the previous one and 

differs in that the female connector is wireless. 
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 Boston Scientific Corporation [23] 

- TruePath CTO Device: This device has all the functionality of a guidewire in terms of 

steering and guidance, along with an increased ability to cross difficult vascular 

occlusions [24, 25]. It has a diamond-coated distal tip that rotates at 13,000 rpm on a 

460µm guidewire to create a micro-dissection through the occlusion. The female part 

of the device consists of a disposable battery and an operative control unit. It has audio-

visual feedback indicators that monitor the tip when navigates within the lumen. 

- COMET Pressure Guidewire [20]: This is a workhorse FFR guidewire equipped with a 

pressure sensor. Its design is very similar to Pressurewire Certus which is introduced 

above. However is employs an optical fiber is connected to the pressure sensor and 

extends to the proximal side. Thus, a removable optical connector is used. 

 

 

                     (2.a)                                                                          (2.b) 

Figure 2: The concept of a male connector for electrical connection: a) the electrical contacts on a 

flexible material before rolled into cylindrical shape, b) the electrical contacts after rolled around 

the proximal tip of the guidewire. Adopted from [26]. 

 

(3.a) 

 

(3.b) 
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(3.c) 

Figure 3: Volcano Corporation: a) Flowire Doppler Guidewire, b) Combowire XT 

Guidewire, c) Verrata Pressure Guidewire. Adopted from [21]. 

 

2.3.3 Type of connection for signal transmission 

In this Section we review the state-of-the-art of the signal and power distribution in a 

sensing guidewire. The focus lies on the connection type on the proximal side, see Fig. 4. 

 

Figure 4: Connector type classification (a combination is also possible) 

Electrical Connector 

The male connector and its female counterpart are presented in [26–30] and [4, 22, 30–32] 

respectively. A conventional male connector is made up of a few conductive members 

which are separated from each other by means of insulating materials (Fig. 2.a and 2.b) and 

connected to distal side of the guidewire by passing wires through the length. When the 

male connector is inserted into the female connector, the conductive members transfer the 

signals to matching conductive members, which are located in the female connector. The 

other end of the female connector includes a plug, which connects to an appropriate 

monitoring device [4]. It is important to bear in mind that manufacturing electrical contacts 

on devices such as guidewires or catheters, which have a very small diameter (in the order 
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of 400 µm or less for a guidewire), is a challenging issue. In [27–28], using flexible 

materials (e.g., a polyimide such as KAPTON developed by DuPont in the late 1960s) to 

form these electrical contacts is proposed (Fig. 2.a). The thickness of the substrate varies 

from 2.5µm [33] to 25µm [27], thus, it can be re-shaped in order to roll around the proximal 

tip of the guidewire. However, it is still a time-consuming and thus expensive procedure. 

Additionally, the risk of manufacturing mistakes is high which can cause disconnection and 

short circuiting problems either during the manufacturing process or, in the worst case, 

during usage. 

Optical Connector 

Optical fibers have a variety of features which made them attractive in medical devices. 

Such features include the electrical isolation (MRI compatible [35, 36]), small size/weight, 

flexible, easy to be manufactured, great bandwidth, variable bandwidths, and low cost. 

Moreover, in guidewire application, where the optical fiber navigates inside the blood vessel 

and needs to bend, it does not become warm, like an electrical or an ultrasonic conductor 

[36, 39]. 

Below, first we review the basics of optical communication and fiber connector, then we 

present an overview on the state-of-the-art of guidewires employing optical fibers. 

- Optical fiber technology: A general optical fiber system is shown in Fig. 5. On on 

side, an optical transmitter converts the signal into the optical form. The resulting optical 

signal is sent into the optical fiber via an optical source, typically a semiconductor laser or a 

light-emitting diode. On the other side, an optical receiver converts the optical signal back to  

its original form and recovers the data; this is done by a photo detector [34]. 

 

Figure 5: Optical Fiber System. 

- Using optical fiber in guidewire: Examples of using optical pressure sensor in the 

guidewire/ catheter are presented in [11, 20, 37, 38]. Although none of the studies articles 

focuses on the proximal side connector, it is an essential part for their final prototype. The 

main idea is to use optical fibers inside the guidewire, extended from the distal side to the 

proximal side, as a transmitter and on the other side placing optical fiber in the female 

connector as a receiver. In some cases (e.g., in [37]) the receiver optical fiber has a different 

core diameter from the transmitter one to ensure minimal loss (note: when a large core fiber 

is connected to a small core fiber, this will result in high losses, whereas it is possible to 

couple a small core fiber to a large core fiber with minimal loss).  

In [18, 39-41], the use of optical fiber is presented to not only readout the sensor but also 

replace all the wires and other electrical and mechanical devices currently used to power 
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and/or to communicate. 

To generate a useful image with the help of an ultrasound array (IVUS) at the tip of the 

guidewire, which is a relatively new development, high speed data communication is needed 

[42-44, 47]. Moreover, the limited space available in a guidewire eliminates the existing 

options used in catheter (like the coaxial cable). Therefore, due to the previously mentioned 

properties of the optical fiber, it seems to be a promising solution. In [45, 46], the ultrasound 

energy is first sensed by a Fiber Bragg Grating (FBG) sensor, then the responsive signal is 

optically transmitted to the proximal end of the guidewire, so that it can be processed to 

develop a 2D or 3D image. In [47], one optical fiber, Ø80µm multi-mode, and several 

insulated wires run through the guidewire to transfer the signal and to power the system. 

The idea is to convert the signal into an optical signal by a Vertical-Cavity Surface-Emitting 

Laser (VCSEL) at the distal part of the guidewire; the optical signal is coupled to the optical 

fiber which is transferred through the guidewire to the proximal side. 

Magnetic Connector 

Keeping the interchangeable parts of a connector in place with magnetic attraction and 

repulsion principles has become popular in recent years. In [12] an electrical and mechanical 

micro-connector which works with the help of magnetic force is presented. However, the 

diameter of this micro- connector (2.5 mm) is still much bigger than the guidewire. In [48], 

an electrical and optical fiber connector that relies on magnetic contact is presented (Fig. 6). 

This magnetic force can be generated by permanent magnets or electromagnets. By using 

ferromagnetic materials, which have both electrical and magnetic properties, the magnetic 

elements can also function as electrical contacts. However, creating enough magnetic force 

to achieve a safe connection in such a small diameter of the guidewire is still a challenge. In 

[49], an inductive coupling arrangement for connecting an ultrasound probe to a measuring 

device is presented. The coupling is comprised of a first coil connected to a transducer and a 

second coil connected to a measuring circuit. Both coils are enclosed in separate housings. 

Therefore, the electrical energy is transferred without the use of electrical connectors. This 

method is more useful in situations where exposed electrical connections are undesirable. 
 

 

Figure 6: An electrical and optical fiber connector. Adopted from [48]. 
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Wireless Connection 

During an intravascular procedure, a guidewire or a catheter is inserted inside patient’s 

body. Using a wireless arrangement on the proximal side to transfer measured data to the 

external device not only has the advantage of electrical insulation, but reducing also the 

number of cables [9]. In [9, 44], the transceiver unit is placed in the female connector and 

communicates wirelessly with a communication unit. The communication unit is in 

connection with an external device, though the male/female connection is still physical. 

2.4 Discussion 

In this review, we focused on guidewires that have different types of sensors at the distal tip 

and therefore require different types of proximal connectors. Connectors are classified 

according to the types of connections found including physical (e.g., electrical, optical, 

magnetic.), wireless and combinations of them (Fig. 4). A summary of the available 

guidewires and their characteristics, listing the relevant up-to-date patents for each 

connector type category is presented in Table I. 

The electrical connection often employs ring-contact is used. However, soldering the 

corresponding rings on such a small guidewire diameter is a difficult task. Moreover, 

manufacturing the wire with several conductors to be passed through the length of the 

guidewire is very time-consuming and expensive to integrate. Additionally, the risk of 

manufacturing mistakes is high which can cause disconnection/short circuiting problems 

either during the manufacturing process or, in the worst case, during usage. 

Employing an optical fiber as a data link in a guidewire is a challenging concept. The very 

first pressure wires (RAdi Medical) were fiber optic. The problem was that these pressure 

wires were stiffer and thicker than wires with electrical conductors. Although new 

developments have improved on that issue (e.g., ACIST Medical Systems, in the Navvus 

Micro Catheter of 0.667 µm, which diameter about 1.5 times thicker than a guidewire), a 

full solution has not yet been proposed. Therefore, providing safe and robust proximal 

connection for the guidewire remains a challenge. Wireless connection is also an interesting 

solution due to the need of less cables and freedom to place the receiver where it is most 

convenient. However, the connection between the male connector and the wireless female 

connector still has its difficulties. 

Consequently, there remains a strong need for a proper connector on the proximal side of a 

sensing guidewire; the male part requires a less expensive, easy and straightforward to 

manufacture connector, and the female part requires to provide an easy to use, robust and 

secure connection.  

This review provides essential input for the development of novel solutions to have proper 

communication from the proximal side of a guidewire to the external device. 



18 

 

Table 1:Listing the relevant up-to-date patents for the connector  at proximal side of a guidewire. 

                           

Assignee            

Patent Number Type of connection Merit 

Volcano 

Corporation 

US20140275950 A1 

US20140005573 A1 

US20140180139 A1 

US20140005561 A1 

US20130030303 A1 

US20130190633 A1 

US20050091833 A1 

US20030163052 A1  

 

Electrical 

 

- Removable 

 

- Lock mechanism 

 

- Disposable 

 

- Protective Seal or wiper 

 

- Indicator (ready for use) 
St. Jude Medical 

(& Radi Medical 

Systems before 

2008) 

US20130045640 A1 

US20120289808 A1 

US20100262040 A1 

US20070106165 A1 

US20060009817 A1 

US20090124880 A1  

US 6428336 B1 

 

Electrical, 

Wireless 

Boston Scientific 

Corporation 

US5575694 A 

US 9429713 B2 

Electrical, 

Optical 
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Background: Guidewires and catheters are used during minimally-invasive 

interventional procedures to traverse in vascular system and access the desired 

position. Computer models are increasingly being used to predict the behavior of these 

instruments. This information can be used to choose the right instrument for each case 

and increase the success rate of the procedure. Moreover, a designer can test the 

performance of new instruments before the manufacturing phase. A precise model of 

the instrument is also useful for a training simulator. Therefore, to identify the 

strengths and weaknesses of different approaches used to model guidewires and 

catheters, a literature review of the existing techniques has been performed. 

Method: The literature search was carried out in Google Scholar and Web of Science 

and limited to English for the period 1960 to 2017.  For a computer model to be used 

in practice, it should be sufficiently realistic and, for some applications, real-time. 

Therefore, we compared different modelling techniques with regard to these 

requirements and, the purposes of these models are reviewed. Important factors that 

influence the interaction between the instruments and the vascular wall are discussed. 

Finally, different ways used to evaluate and validate the models are described. 

Results: We classified the developed models based on their formulation into Finite 

Element Method (FEM), Mass-Spring Model (MSM), and Rigid Multibody Links. 

Despite its numerical stability, FEM requires a very high computational effort. MSM, 

on the other hand, is faster but there is a risk of numerical instability. The Rigid 

Multibody Links method has a simple structure and is easy to implement. However, as 

the length of the instrument is increased, the model becomes slower. For the level of 

realism of the simulation, friction and collision were incorporated as the most 

influential forces applied to the instrument during the propagation within a vascular 

system. To evaluate the accuracy, most of the studies compared the simulation results 

with the outcome of physical experiments on a variety of phantom models and only a 

limited studies have done face validity. Although a subset of the validated models is 

considered to be sufficiently accurate for the specific task for which they were 

developed and therefore are already being used in practice, these models are still under 

an ongoing development for improvement 
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Conclusion: Realism and computation time are two important requirements in 

catheter and guidewire modelling; however, the reviewed studies made a trade-off 

depending on the purpose of their model. Moreover, due to the complexity of the 

interaction with vascular system, some assumptions have been made regarding the 

properties of both instruments and vascular system. Some validation studies have been 

reported but without a consistent experimental methodology.  
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3.1 Introduction 

Endovascular interventions include a variety of techniques that give access to the vascular 

system through small incisions. The access is mainly via guidewires and catheters. Despite 

the advantages of these procedures, such as decreased surgical trauma and accelerated 

recovery [1-3], new challenges are imposed on specialists. For example, they lose the direct 

access and the visual feedback and instead they have to manipulate the instrument (i.e., the 

guidewire and  the catheter) from outside the body by applying a translation and/ or rotation 

motion at its proximal side. 

Traditionally, the way to learn these skills is by iterative learning on a patient. However, this 

incorporates a high risk for the patient and is also time consuming. Another way is using 

cadavers or live animals. These methods are expensive and neither of them completely 

resemble an actual human vascular system. Employing phantoms is another emerging way 

to practice the new skills; however, the trainee is restricted to limited possible geometries. 

An additional drawback of the mentioned training methods is the exposure to X-ray during 

the training since the visual feedback is provided by X-ray imaging. Consequently, there is 

no single method which satisfies all the requirements [4-5].  

Another complicating factor is that each instrument has different mechanical properties, and 

a high degree of expertise is required to select the best one for a particular case. Until now, 

selecting the instrument has been often based on specialist’s experience, which does not 

always result in a successful procedure [6]. 

Recently, the use of computer models to predict the behavior of guidewire and catheter has 

become increasingly popular [5, 7]. The purposes of these models include training simulator, 

pre-intervention planning (specifically evaluating the performance of an instrument for a 

specific procedure), and designing new instruments. 

Despite the growing trend towards computer models, a comprehensive review of different 

modelling approaches has not yet been performed. Therefore, this article has four goals: to 

introduce the purposes of guidewire and catheter modelling, to survey different approaches 

used for instrument modelling and identify their strengths and weaknesses, to study the 

important factors that affect the interaction between the instrument and the vascular wall, 

and finally, to review the different strategies used to validate the simulation. We will outline 

the key areas where future research can improve. 

3.2 Review method 

To obtain a comprehensive overview of guidewire and catheter models developed in 

different studies, we first used Google Scholar as the main search engine and then Web of 

Science for supplementary information. The keywords were “Guidewire”, “Catheter”, 

“Modelling”, “Simulation”, “Training”, “Virtual Reality”, and “Vascular Phantom”. 

Boolean operators (AND, OR, NOT) were used to combine search terms, and wildcards 
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were applied to deal with spelling variations. Next, criteria for exclusion/inclusion of 

publications were set; articles were selected based on their title. Then, the abstract of each 

selected article was fully read, and the article was either included or excluded based on the 

relevance and applicability of the content. Finally, to complete the literature search, extra 

resources from citations and references of the included articles were screened and added 

when appropriate. In case of duplicate publications, the most recent was included.  

3.3 Results 

3.3.1 Purposes of computer models 

In guidewire/ catheter modelling, researchers have focused on purposes such as training, 

pre-intervention planning and, designing new instruments. Although achieving these might 

overlap (Figure 1), we will review each one separately. 

 

Figure 1:Purposes of a guidewire/ catheter model 

Training: Simulation-based training is a virtual environment which helps the specialists to 

learn complex skills and new catheterization techniques by trial and error without risking 

patient safety [7-8]. In this way, the training becomes more efficient and cost-effective 

compared to traditional training methods (e.g., using human cadavers and animals). 

Researchers follow two main approaches: developing a model while focusing on the 

modelling techniques [9-32] and, investigating the effectivity and the necessity of using 

these simulations for training purposes [7-8, 33-36]. 

Pre-intervention planning: A simulation can also be used to evaluate the performance of 

an instrument for a specific anatomy prior to the procedure. This information assists the 

specialist to select an instrument with the proper mechanical properties and, as a result, 

increases the success rate of a procedure in accessing the target location. The research done 

in this field either focuses on catheter [10-11, 16-17, 20, 37-38] or on guidewire selection 

[39-41]. However, in practice, the instrument selection procedure is still based on the 

specialist’s experience, which is subjective rather than objective. 
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Designing new instruments: Design optimization of new instruments by predicting their 

behavior inside the body is another purpose of the computer models [9-10, 16-17, 37-38, 42-

43]; they are used to test different materials and structures for such instruments and to assess 

their performance in order to achieve optimal design. Both numerical (e.g., [38]) and 

analytical (e.g., [9]) methods have been used to model instrument behavior. 

3.3.2 Instrument modelling 

A variety of methods and different techniques have been used to govern the behavior of the 

instrument in a certain environment [44-47, 78]. The following provides an overview of 

techniques and applied equations, and discusses the strengths and weaknesses of each. 

Finite Element Method (FEM): FEM is a common numerical technique to model a 

deformable object [47–49] including the behavior of the guidewire and catheter inside the 

body [5, 15-16, 20-22, 24-28, 31-32, 34, 37, 39, 41, 50-51, 68-81, 85, 96, 102]. In this 

method, the instrument is first divided into a set of basic elements connected by nodes. A 

function that solves the equilibrium equations is found for each element. The equations 

incorporate the geometry and material information of the instrument. There are different 

ways to solve these equations. In [5, 15, 22, 24-28, 37, 64-81, 102], the instrument is 

considered as a rod-like structure, a long and thin circular structure with the length being 

much larger than the diameter. For rod modelling, there are different choices such as Euler-

Bernoulli beam theory (deformation due to bending), Kirchhoff rod [15, 22, 24, 26, 69] 

which is the geometrically nonlinear generalization of the Euler-Bernoulli beam theory 

[100], Timoshenko beam theory (deformation due to bending and shear), and Cosserat rod 

[25, 27-28, 72, 75, 79-81, 102] which is the geometrically nonlinear generalization of the 

Timoshenko beam theory [100]. In [15, 22, 37, 41, 75], the position of the instrument is 

expressed based on the principles of energy minimization. Thus, the energy function is 

expressed as: 

E(de)= min (𝐸𝑖𝑛𝑡(𝑑𝑒) + 𝐸𝑒𝑥𝑡(𝑑𝑒))     (1), 

in which de is the deformation, 𝐸𝑖𝑛𝑡 is the internal energy, associated with the flexibility of 

the instrument and 𝐸𝑒𝑥𝑡 is the external energy, associated with the applied forces. To solve 

equation (1), the instrument is discretized into multiple segments (see Figure 2), and the 

equation is applied to each segment. 

 

Figure 2: Discretization of the instrument into small segments; 𝐢 and 𝐢+𝟏are not necessarily of the 

same length 
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FEM is widely used in simulation in different fields because of its numerical stability. 

Applying this method to model the guidewire and catheter requires a very high 

computational effort due to the non-linear underlying effects of FEM [85, 96]. However, the 

computational time is highly important and specially in some cases like training, being real-

time is necessary. 

Mass-Spring Model (MSM): In this method, the instrument is considered as a network of 

masses connected to each other by springs/dampers (Figure 3) [12, 23, 44-45, 53–56]. The 

springs not only give flexibility to the model but also constrain the distance between masses. 

Thus, the number of springs influences the behavior of the model [56]. 

 

Figure 3: Mass-Spring model 

The deformable properties of the instrument depend on the parameters of the masses, 

springs, and dampers as follows: 

𝑚�̈� = 𝑘(𝑥0 − 𝑥) − 𝑑�̇�    (2), 

in which m is the mass of the particle, k is the spring constant related to the stiffness of the 

instrument, d is the damping coefficient related to the viscous behavior of the instrument, 𝑥0 

is the rest position of the mass, and x is the current position. Thus, concatenating equation 

(2) of all individual masses (N) into a single 3N-dimensional vector and solving them, 

results in the solution for the entire system. 

The main advantage of this method is its relative simplicity compared to FEM. However, it 

is more suited for modelling soft tissue behavior (e.g., the abdominal skin or muscles). In 

case of a more rigid object, such as the guidewire and catheter, it requires a high 

computational power, which is against the real-time requirements. Moreover, it is not 

necessarily accurate, and there is also a risk of numerical instability [45, 48]. 

Rigid Multibody Links: In this method, the instrument is discretized into a set of rigid 

bodies connected by massless springs and dampers (Figure 4). The stiffness and damping 

coefficients are selected based on the material properties of the segments [97]. 
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Figure 4: Multiple rigid bodies connected by joints: 𝑘𝑖 is the spring constant related to the stiffness 

and, 𝑑𝑖 is the damping coefficient related to the viscous behavior of joint i. 

In [13, 18, 29, 38, 40, 57,59-62, 87, 98], the instrument is modelled as rigid bodies 

connected to their neighbors by joints, and the Newton–Euler equations are used to describe 

the translational and rotational dynamics [38, 57-59, 62]. Since the speed of propagating the 

instrument is slow, the Newton-Euler equations are typically simplified by neglecting inertia 

and centrifugal force. 

In contrast to MSM, in this method the length of each segment might be different. 

Particularly in guidewire or catheter modelling, it is possible to have shorter segments in the 

distal side because of more flexibility, and longer ones in the proximal side due to more 

stiffness. This will result in less computational time compared to MSM. Another advantage 

of this method is that because of its simple structure, it is easy to understand and interpret 

the results. Moreover, it is relatively easy to incorporate other phenomena such as friction 

and/or material properties to each individual segment [43]. On the other hand, the 

disadvantage of this method is that even though differently sized segment lengths are 

possible, the simulation is limited to a maximum number of segments and, otherwise it will 

run into problems. 

Hybrid models: The mechanical properties of a guidewire/catheter change along the length: 

more flexibility at the distal side and more stiffness at the proximal side. Due to this 

property, some studies came with the idea of applying hybrid models, which means using 

either a combination of different techniques to model different parts of the instrument [10-

11, 28, 56, 82-85] or a new approach in which inspired by different models [9, 64-67, 88, 

101, 103]. In this way, they endeavored to make the simulation computationally more 

efficient.  

In [28] the Cosserat rod model is used for the main body and a rigid multibody approach for 

the flexible tip. Then, the Lagrangian equations of motion are used to solve the dynamics of 

both parts (body and tip). In [82, 84], the flexible tip and the stiff body are modeled by 

MSM, separately, after which the connection between them is modeled with an additional 

rigid link (rigid multibody system). In [10-11, 83], the instrument is discretized into a finite 

number of flexible multi-bodies. The deformations of bodies are assumed to be relatively 

small compared to the displacements. Thus, the segments of the instrument are treated as 

rigid bodies, and displacements are handled by the multi-body dynamics approach. Finally, 

the deformations at their equilibrium position are found by applying FEM. 
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In [9, 30, 64-67, 88, 101, 103], the principles of energy minimization are used to predict the 

path of the instrument. In contrast to FEM, analytical approximation is applied to solve the 

optimization problem. In [9, 64-67], Hooke’s law [86] is used as the basis for the modelling. 

In [88, 103], a graph-based modelling is described to find the optimal path for the guidewire 

in different vascular geometries. Table 1 includes a summary of reviewed models. 

Table 2: Summary of the reviewed studies 

   Purpose of  

the model           

Modelling technique 

Training Pre-intervention 

planning 

Designing 

 

 

FEM 

Kirchhoff rod 

theory 

[15], [ 22], [24], [26], 

[69] 

  

Cosserat rod theory [25], [27], [72], [75], 

[80], [102] 

[75] [75] 

Energy 

minimization 

[15], [22], [68], [75] [41], [37] [37] 

Others [16], [21], [32], [34] [16],  [39] [16], [43] 

MSM [12], [23], [45], [53-55]   

Rigid Multibody links [13], [18-19], [29], [59], 

[61], [87] 

[38], [40], [60], [62], 

[98] 

[38], [43] 

Hybrid [9-11], [17], [20], [28], 

[30], [64-67], [82], [84], 

[101] 

[10-11], [17], [20], 

[83], [88], [103] 

[9-11], 

[17], [20], 

[83] 

 

3.3.3 Vessel-instrument interaction 

The orientation of the instrument is the result of interaction with the vascular wall and is 

mainly dominated by the forces experienced during propagation. These forces include the 

manipulation forces, contact forces with the vascular wall and, frictional forces. In this 

section, our focus is on the contact forces and frictional forces.  

Collision: During the propagation, if the normal distance between the instrument and the 

vessel is smaller than zero, collision has occurred. Detecting this intersection is referred to as 

collision detection. 

To detect the collision, some studies [10, 15, 37, 41, 55, 58, 68] considered a circular cross 

section for the vessel in which the radii might vary. Therefore, the shape of the vessel is 
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defined by its centerline and its radius, and the distance between the instrument and the 

centerline of the vessel is calculated as follows:  

D  𝒅𝒊 − (𝑹𝑽 − 𝑹𝑮)     (1),  

in which 𝑑𝑖 is the nearest point to the centerline of the vessel, and 𝑅𝑉 and 𝑅𝐺  the radii of the 

vessel and the instrument, respectively (Figure 5). If D ≥ 0, a contact has been occurred. 

 

Figure 5: Collision detection 

In [10, 16-17, 37, 69], the vessel is assumed to be rigid and no deformation occurs due to the 

contact. Thus, D is used to calculate the normal force based on Hooke’s law [86]. In [58, 

101], vessel deformation is not neglected, and an extra term regarding the reaction force 

from deformation of the wall in radial direction is considered. 

In another collision detection approach, an object is approximated by bounding volumes, 

and instead of the original object, the intersections of bounding volumes are detected. This 

method is widely used in simulations [45]. In [28, 37, 68, 79, 81, 83, 87, 101], the Axis-

Aligned Bounding Boxes (AABB) method is used, calculating 3D boxes that bound the 

object and using them to test for collision instead of the original object. In [23, 69], the 

object is bounded by spheres instead of boxes. The advantage of this method is less 

complexity of collision detection and thus, less computation time. On the other hand, the 

accuracy depends on the bounding volumes’ size [45]. 

Friction: During the propagation of an instrument, friction with the vascular wall influences 

its orientation [95] and provides force feedback to the user. For the sake of realism of the 

simulation, modelling the friction is important. However, the coefficient of the friction is not 

known from the manufacturers and it is determined empirically. There are two forms of 

friction: kinetic (or sliding) and static. In [28, 64-67, 69, 98, 101], the simulation is based on 

a quasi-static approach. Therefore, the velocities and accelerations of the instrument in the 

vessel are small and the velocity dependent friction forces are neglected. Although in [13, 

59, 95, 104] both types of the friction are considered, they didn’t discussed if a higher 

accuracy achieved. Some studies [9, 16, 27, 33, 38, 41] ignored the friction to trade off the 

realism against computation time. However, in reality, friction is not zero and the instrument 

that encounters friction results in a different path in the vascular system [66, 95]. 

i 

Centerline of the 

vessel 

Guidewire/ Catheter with 

the radius of  𝑅𝑔 

Vessel radius (𝑅𝑉) 
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Blood flow: Modelling blood flow can be useful to distinguish between a normal and a 

narrowed vessel [34]. However, in most of the studies on guidewire and catheter modelling 

the effect of blood flow is neglected in order to reduce the complexity, and only a few 

studies considered it [11, 13, 20, 61, 87]. Considering the blood flow when designing 

catheters with a side hole for the drug delivery might be interesting as the flow condition can 

affect the injection procedure [105]. Moreover, in the presence of vascular malformations, 

modelling the blood flow might provide a better understanding of the pathological 

conditions [13, 20]. 

3.3.4 Validation and evaluation 

The accuracy of any developed model needs to be evaluated. One way to validate a model is 

by letting a specialist try it out and judge the outcome based on his or her real experiences 

(face validity) [99]. Most of the reviewed studies validated the simulation results by 

comparing them with experimental results in phantoms. Phantoms are used both for training 

and experimental validation. For validation purposes, most of the studies use custom-made 

phantoms. To fabricate such a phantom, first, they need to extract the vascular geometry in 

the area of the interest. Thus, DICOM data (Digital Imaging and Communications in 

Medicine) are obtained via different medical imaging techniques, such as Magnetic 

Resonance Angiography (MRA) [15, 89] and Computed Tomography (CT) [28, 30, 37, 68, 

83]. Then, a variety of segmentation techniques are used to extract the required information. 

Next, a cast is constructed based on the extracted data. Recently, 3D-printing has been used 

to manufacture phantoms [106]. Different materials can be used to fabricate the phantom 

model. For example, to test a guidewire or a catheter behavior, phantom’s materials used in 

the literature include Poly Vinyl Alcohol (PVA) [91], PVA-Hydrogel (PVA-H) [38, 62, 92], 

PVA-H and silicone (high transparency) [93] and, PVA-Cryogel (PVA-C) [94]. Table 2 

includes a summary of some commercially available systems with their applications. 

3.4 Discussion and conclusion 

This paper has reviewed the existing computer models for both guidewire and catheter 

navigation in the body. The purposes of these models are categorized in three main groups: 

training, pre-intervention planning, and designing new instruments. The main techniques 

used in the modelling are FEM, MSM, and Rigid Multibody Links. In addition, some studies 

applied different techniques in different parts of the instrument and introduced hybrid 

methods. FEM is widely used in simulation in different fields because of its numerical 

stability. However, due to the non-linear underlying effects, applying FEM to model the 

guidewire and catheter requires a very high computational effort. Though MSM is easier 

than FEM to implement, it is more suited for modelling soft tissue behavior (e.g., the 

abdominal skin or muscles); modelling a more rigid object, such as the guidewire and 

catheter, requires high computational power. Therefore, these two methods are not suitable 

for real time purposes such as training. The Rigid Multibody Links technique has a simple 

structure, which makes it easy to understand and interpret the results. Moreover, adding 

other phenomena such as friction and/or material properties to each individual segment is 
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relatively easy. Additionally, this method is relatively faster than the first two methods and 

can be used for real time applications. 

 

Table 3: Example of commercially available systems 

Device/ 

manufacture 

Modelling 

technique 

Purpose Application Vessel-

Instrument 

interaction 

Validation 

method 

CathSim; 

HT Medical 

Systems [18, 19, 

78] 

Rigid 

Multibody 

links 

Training Interventional 

radiology, 

Peripheral 

intravenous 

No available 

information 

No available 

information 

 

da Vinci[16] 

 

FEM 

Training, 

Pre-

intervention 

planning, 

Designing  

 

Interventional 

radiology 

 

-Rigid vessel 

wall 

-No friction 

Face validity 

(clinical 

validation) 

 

ICTS/VIST[13] 

Rigid 

Multibody 

links 

 

Training 

 

Cardiology 

-Blood flow 

-Friction 

No 

validation 

based on [13] 

 

ICard [10, 17] 

 

Hybrid* 

Training, 

Pre-

intervention 

planning, 

Designing 

 

Cardiology 

 

-Rigid vessel 

wall 

Face validity 

(clinical 

validation) 

 

Neuro Cath [11, 

20] 

 

Hybrid* 

Training, 

Pre-

intervention 

planning, 

Designing 

Neuro-

radiological 

procedures 

 

-Blood flow 

Face validity 

(clinical 

validation) 

CathI [21] FEM Training Endovascular 

intervention 

-Rigid vessel 

wall  

Face validity 

(clinical 

validation) 

*Refer to section 3.2 

 

Capturing all details in one model is a hard task. Thus, each study has made the choice to 

model only the relevant details for their purpose. One advantage of this selection is that it 

reduces the computational complexity. However, the results might be biased towards the 

selected details. Moreover, due to the complexity of the interaction with vessels, different 

studies have made different assumptions and, therefore, they had to make compromises. For 

example, in most of the research, the modelling is based on quasi-static mechanics, which is 

acceptable as the loading of these instruments is slow and inertial effects can be ignored. 

Some studies assumed a perfect torque control (the torsion coefficient is considered to be 

infinite). This feature is taken into account in the design of these instruments, and the 
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assumption is close enough to reality. Furthermore, as the manufacturers do not provide 

information about the mechanical properties of the instruments, this information is 

determined empirically. Likewise, vessel properties such as diameter, wall thickness, and 

stiffness, are determined empirically. In many studies, the vessel wall is assumed to be rigid 

with a circular cross section; thus, deformation of the vessel is not considered. However, a 

stiff instrument might cause deformation in the vessel. Additionally, the cross section of the 

vessels might change due to vascular diseases. Therefore, more studies are required to 

consider different cross sections and, to investigate the deformations especially around the 

tip of the instrument. Validation is the final step in evaluating the accuracy and effectiveness 

of a model. Face validity, which is done by letting a specialist try it out and judge the 

outcome based on his or her real experiences, is a reliable method to test a model. However, 

in practice, most of the reviewed studies have validated their model by comparing the results 

with phantom experiment results and some of them didn’t perform any validation. 

The knowledge provided in this review helps to determine a modelling technique for the 

instrument which satisfies the necessary requirements for a particular application. 
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4. A Multi-Body Dynamic Model of Guidewires 

 

 

Hoda Sharei, Jeroen Kieft, Kazuto Takashima, Norihiro Hayashida, John J. van den Dobbelsteen, 

Jenny Dankelman 

 Submitted 

 

Background: During Percutaneous Coronary Interventions, a guidewire is used as an 

initial way of accessing a specific vasculature. There are varieties of guidewires on the 

market and choosing an appropriate one for each case is critical for a safe and successful 

intervention. The main objective of this study is to predict the behavior of the guidewire 

and its performance in a vasculature prior to the procedure. Therefore, we evaluate the 

effectiveness of different mechanical properties of the guidewire on the translational  

behavior. 

Method: A 2D model has been developed in which a guidewire is considered as a set of 

small rigid segments connected to each other by revolute joints. These joints have two 

degrees of freedom to allow rotation. Linear torsional springs and dampers are applied in 

each joint to account for the elastic properties of the guidewire; the elastic properties 

have been measured for two commercially available guidewires (Hi-Torque Balance 

Middleweight Universal II-Abbot and Amplatz Super Stiff -Boston Scientific) and these 

are used in the model. The effect of bending stiffness of the guidewire and also friction 

between guidewire and vasculature on its behavior are investigated. The results are 

validated with actual movement of the guidewires in a simple phantom model. 

Results: Behavior of a guidewire in a vasculature was predicted using the developed 

model. The results of both simulation and experiment show that the translational 

behavior of a guidewire is influenced by its mechanical properties and by the friction 

between the guidewire and vasculature. 

Conclusion: The present study is the first step to develop a complete model which can 

predict the behavior of a guidewire inside the vasculature. We compared the tip 

trajectory for two commercial guidewires in one vasculature geometry. In future, this 

kind of knowledge might support not only the interventionist in choosing the best 

suitable guidewire for a procedure but also the designer to optimize new instrument to 

have the desired behavior. 
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4.1 Introduction 

Over the past decade, more than 7.4 million people have died as a result of Coronary Artery 

Disease (CAD), which is the narrowing or blockage of coronary arteries [1]. Percutaneous 

Coronary Intervention (PCI) is a minimally invasive procedure for diagnosis and treatment 

of CAD [2]. During PCI, initially a guidewire is used to access a specific vasculature. The 

choice of guidewire plays an important role in the success of an intervention. Although there 

are different types of guidewires, a systematic classification of the characteristics of 

guidewires has not yet been defined and there is no metric to select an appropriate guidewire 

for a specific vasculature. Hence, interventionists tend to perform the procedure on the basis 

of their experience. The main objective of this study is therefore to predict the  behavior of 

the guidewire in a vasculature and its performance prior to the procedure. To achieve this, 

we have developed a computationally efficient computer-based model and have endeavored 

to investigate a relation between different mechanical properties, focusing on the stiffness of 

the guidewire and friction, and its  behavior. We start this paper by reviewing the essential 

preliminaries of components and performance characteristics of guidewires. Moreover, the 

geometrical properties of the selected vasculature is presented. Then, the developed model, a 

short introduction on the rigid multibody dynamics technique, the simulation environment 

and experimental set-up are explained. Finally, we discuss the results on the basis of the 

properties of two commercial guidewires and evaluate the accuracy of the model by a 

validation experiment. 

4.2 Method 

4.2.1 Preliminaries 

Guidewire:  A guidewire is a long, thin, and flexible wire commonly used in combination 

with a catheter to facilitate the navigation through the vasculature’s branches. Each 

guidewire consists of three main components: Core, Distal Tip and Covering. The core (or 

central part) of the guidewire is commonly made of stainless steel, nitinol or combination of 

them. The material, diameter, and tapering of the core influence the performance of the 

guidewire. The distal tip, which is situated inside the vasculature during the procedure, has 

either a one piece (core-to-tip) or a two-piece (shaping ribbon) tip design and its length and 

diameter are influential in specifying the function of the guidewire. The covering varies 

along the length of the guidewire; at the distal tip, coils or a polymer are mostly used to 

provide more flexibility. Moreover, the distal part often has either a hydrophilic or 

hydrophobic coating to reduce the friction between the guidewire and the vasculature, and 

between the guidewire and the interventional devices over the guidewire (e.g., catheter or 

stent). 

The wide range of guidewires available in the market is the result of a change in these 

components. In other words, the construction of a guidewire and its performance are 

inextricably interwoven and the smallest variation in each of the components changes the 

overall properties of the guidewire and its performance [3-12]. 
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To describe performance of a guidewire, several terms are used in literature such as 

pushability, trackability, bending stiffness/ flexibility, torqueability, etc [5,11-17]. Based on 

these characteristics one classification for guidewires is presented as: starting (e.g., Balance 

Middleweight), selective (e.g., Universal II, Glidwire) and exchange guidewires (e.g., 

Amplatz Super Stiff). This classification is mainly based on the requirements during 

different phase of a procedure [11] and although it gives a general grouping, the choice of a 

guidewire within each group is still subjective. We will focus on the influence of the 

flexibility/ stiffness of the guidewire on its translational motion. Flexibility/ stiffness is the 

resistance of a guidewire against bending deformation (also known as bending stiffness, 

bending rigidity, and flexural rigidity). To measure this property, the guidewire must be 

intact and unused, since cutting the guidewire into segments would have disrupted the 

structural integrity of the wire and produced inaccurate results. We have measured the 

bending stiffness of two guidewires with a 3-point bending test method at different places 

along the length of new guidewires. In this method, the guidewire is set between two 

supports (Figure 1). A semicircular loading nose, placed at a point midway between the 

supports, is displaced at a test speed of 1 mm/sec. To limit the influence of the gravity, the 

force is applied horizontally. By means of an attached 10-N load cell (Kyowa Electronic 

Instruments Co., Ltd.), the reaction force experienced by the loading nose is continuously 

measured. For consistency in the results, the measurements were done in the middle of every 

30mm, for a length of 150 mm from the distal side (in total 5 points). The test was 

performed three times for each segment and the average is presented. Finally, EI is a 

measure for the bending stiffness and is calculated by [18]: 

EI= 
𝐅𝐥𝟑

𝟒𝟖𝐝
      (𝐍𝐦𝟐) ,                                  (2) 

in which F is the applied force, l is the length of the guidewire, d is the maximum 

displacement of the segment. As EI consists of two terms: E is the Young’s Modulus, and I 

is the cross sectional inertia. Therefore, material and diameter of the core of the guidewire 

influence the bending stiffness. 

 
 

Figure 1: Experimental setup: 3-point bending test: a) supports, b) guidewire, c) load cell. 

c 

b 

a 
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Vasculature: During interventional procedures, it is not only the properties of the guidewire 

but also the properties of the vasculature that influence the choice of guidewire. Depending 

on the properties of a vasculature such as its diameter, angle in bifurcation, stiffness of the 

wall, etc., a different guidewire has to be chosen. Recent research on extracting the geometry 

of the vasculatures has yielded some interesting results [19-23] which inspired us with our 

phantom model (Figure 2). Our vasculature model includes branches with diameters 

between 2 mm and 8 mm, and bifurcation angels between 60 degree and 120 degree. The 

ProJet 3500 HD 3D printer is used to print the phantom model. Data regarding wall stiffness 

is extracted from the catalogue of the printer (material: VisiJet M3 Crystal, flexural strength: 

49 MPa) [24]. The guidewire can’t deform the vasculature phantom due to high stiffness of 

the material. Although we can take into account the deformation of the vascular wall in the 

simulation model, due to high value of the wall stiffness in the phantom model deformation 

will be neglected. 

 

Figure 2: Schematic of guidewire and vasculature interaction forces: 𝐏𝟎 is the initial position of the 

guidewire tip. 

4.2.2 Model 

Modelling guidewires and catheters and their  behavior within the vasculature, for different 

purposes, is an emerging research area and a variety of techniques have been used [3, 22, 

25-38]. We have developed a multibody dynamic model to simulate the translational motion 

of a guidewire. An advantage of this method is that because of its simple structure, it is easy 

to understand and in comparison with FEM modelling, it is very fast. Moreover, adding 

other phenomena such as friction and/or material properties to different parts of the body is 

easier to incorporate [39]. In the following, we will first discuss the applied forces to the 

guidewire while navigating inside the vasculature. These forces play an important role in the 

orientation of the guidewire. Then, the multibody dynamics method will be explained to 

pave the way to formulate the equations of motion for the guidewire model. 
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Forces on the guidewire inside the vasculature: Orientation of a guidewire inside the 

vasculature is determined by the applied forces (Figure 2.a). Due to the contact with the 

vascular wall, collision and friction are considered as the most influential forces [40-41]. In 

case of a collision, detecting and responding to it are two important parts of the simulation. 

In our model, we have implemented a simple collision detection algorithm in which a 

collision occurs when the distance between the guidewire and the vasculature wall is smaller 

than the guidewire diameter. With x and y being the position in x- and y-direction, we apply 

Eq. 2 and Eq. 3 to add constraints to the contact force: 

|𝐱| ≤
𝟏

𝟐
𝐥𝐯 ,                                                          (3) 

|𝐲| ≤
𝟏

𝟐
𝐭𝐯 + 𝐫𝐰𝐢𝐫𝐞 ,                                      (4) 

in which 𝑙𝑣 and 𝑡𝑣  are the length and the thickness of the vasculature, respectively and 

𝑟𝑤𝑖𝑟𝑒 is the radius of the guidewire. If the contact constraints are met, regarding the collision 

response, a normal force is exerted onto the wire. Since the vasculature is modeled as a 

spring-damper-system, the normal force consists of a spring-component, calculated using the 

penetration depth (u) and a damping component calculated with the penetration velocity. 

This force prevents the guidewire from penetrating inside the vasculature wall and Hooke’s 

law is used to account for it (the wall stiffness is based on material properties used in the 

phantom model): 

𝐮 = (
𝟏

𝟐
𝐭𝐯 + 𝐫𝐰𝐢𝐫𝐞 - |𝐲|) ,                                (5) 

𝐅𝐧 = −𝐤𝐰 ∙ 𝐮 − 𝐜𝐰 ∙ 𝐯𝐲 ,                                (6) 

in which 𝑘𝑤 and 𝑐𝑤 are the spring stiffness and the damping coefficient and vy is the speed 

of guidewire in y- direction. For the friction between the guidewire and the vasculature wall, 

the Coulomb friction model is used; the friction force is calculated from the normal force 

(Fn) by multiplying it with a friction coefficient (μ): 

Ff = Fn ∙ μ ∙ (−
vx

|vx|
) ,                                (7) 

in which vx is the speed of guidewire in x-direction. When |vx| = 0 (namely, static 

condition), Ff is zero. Therefore, only dynamic friction is considered in this equation. The 

value for the friction coefficient is based on information provided in [48]. 

Multibody dynamics model: The multibody dynamics approach follows a discrete 

representation of a continuum body. The body is discretized to smaller segments 

interconnected with each other by joints [42-44]. The dynamic behavior of the total system 

is investigated by deriving and solving the equations of motion of the whole body [27-28, 

45-47]. The segments are considered as rigid bodies, i.e. each segment can translate and 

rotate but its shape is fixed. 
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Based on the above-explained theory of multibody dynamics, we consider the guidewire as a 

set of rigid segments. As the guidewire is under planar motion, revolute joints are used 

between each two segments to allow for rotation. The length of the segments are variable: 

the segments at the distal end have shorter length than at the proximal end (Figure 3). This is 

due to the variation in mechanical properties of the guidewire along the length: more flexible 

at the distal side and more stiff at the proximal side. In the modelling, the proximal side of 

the guidewire is inserted into a catheter which is fixed and is considered as the initial 

position of the guidewire and the distal side of guidewire, which is outside the catheter, 

navigates inside the vasculature. 

 

Figure 3: Visual representation of guidewire model: the guidewire is considered as a chain of small 

rigid segments connected to each other by joints. 

Mathematical formulation of equations of motion: We defined the relative position of 

each two segments by means of the relative angle between them (θi). Thus, the motion is 

described by the generalized coordinates [θ1, θ2, … , θn] and the coordinates of each joint αi 

is expressed as: 

αi = Ti(θi) ,                                               (8) 

in which Ti is the transformation matrix. The corresponding velocity and acceleration of 

joint αi in the new coordinate system are then  

α̇i =
∂Ti

∂θi
θ̇𝑖 ,                                                 (9) 

α̈i =
∂Ti

∂θi
θ̈i +

∂2Ti

∂θi ∂θj
θ̇𝑖θ̇𝑗 .                             (10) 

To account for the bending stiffness of the guidewire, linear torsional springs and dampers 

are applied in the joints. From the mechanics of materials ([18]), the relation between the 

torque Ts and the angle of twist in a torsional spring is:  

Ts = k(θ − θ0) ,                                        (11) 

where k is the torsional spring stiffness, θ0 is the neutral angle where restoring torque is zero 

and θ is the joint angle. In the same way, for the torsional viscous damper, we have: 

Td = Cθ̇ ,                                                   (12) 
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in which C is the torsional coefficient of viscous damping and θ̇ is the joint angular velocity. 

From [18] and based on Eqs. 10 and 11 , the differential equation of motion for a n-degree-

of freedom system is written in the matrix form as: 

Mα̈ + Dα̇ + K(α − α0) = Q ,                   (13) 

where M is the mass matrix, D and K are damping and stiffness matrices, α0 is the angular 

position in equilibrium and Q is the vector of generalized non-conservative forces. As the 

mass of each segment of the guidewire is very small compared to its length, it can be 

neglected (i.e. M ≈ 0). Substituting Eqs. 8 and 9 into Eq. 12, and conducting a number of 

simplifications, we have:  

−Dθ̇ = −TT(F + Mt) + K(θ − θ0) ,       (14) 

where T is the transformation matrix that transfers the global coordinates to local 

coordinates, F and Mt contain the applied forces and the applied moments, respectively. The 

derived equation (Eq.13) consists of a set of equations where all of them are needed to be 

solved at the same time (simultaneous or coupled equations [27]). 

The developed model is based on the forward dynamic method, i.e. given initial conditions 

and applied forces and/or applied moments, over a given time interval to predict the motion. 

By applying a defined force to the proximal side of the guidewire, the tip moves by a speed 

of 2 mm/s.  

4.2.3 Simulation 

We simulated the translational motion of the guidewire inside the vasculature and assessed 

the effect of different parameters: bending stiffness of the guidewire, friction between 

guidewire and vasculature wall, and the transition of applied force on the guidewire. 

Moreover, as we discretized the guidewire to smaller segments, the influence of number of 

segments (n) on the computation time and the accuracy of simulation is investigated. The 

measured data of Hi-Torque Balance Middleweight Universal II-Abbot and Amplatz Super 

Stiff -Boston Scientific guidewires (Figure 5) are used regarding the bending stiffness. We 

will refer to these two guidewires as Universal and Amplatz. The model is developed in a 

MATLAB/Simulink (The MathWorks, Inc) environment. In Table 1 and Figure 5, the 

guidewires’ parameters used in the simulation are listed. 

Table 4: Guidewires data 

Name & Trade Diameter 

(mm) 

Core Material Flexible Tip 

(mm) 

Length used in 

simulation (mm) 

Amplatz Super Stiff 

(Boston Scientific) 

 

 

0.89 

 

Stainless steal 

 

70 

 

150 

Universal II 

(Abbot Vascular) 

0.36 Nitinol 45 150 
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(a)                                                                             (b) 

Figure 4: Bending stiffness measurement: a) Amplatz, b) Universal. 

4.2.4 Experiment 

The experimental setup for the validation is shown in Figure 4. Details about the set-up are 

explained in [44]. We inserted the two guidewires, which were also used in the simulation 

(Universal and Amplatz), into the phantom model using a two-axis automatic stage (Sigma 

Koki Co., Ltd.,SGSP20-85(X), SGSP-40YAW). The guidewire is manipulated by pushing 

and pulling at the proximal side. One camera (15 frames per second, 1920 × 1080 screen 

resolution (Logicool)), positioned in front of the model, is used to record the trajectory 

during the experiment. Furthermore, 10 N load cells are placed under the phantom model to 

measure the applied forces in y-direction. Since the applied forces for Universal guidewire 

were very small, we have changed the load cells to 1N to be able to measure small forces. 

Finally, to evaluate the accuracy of the simulation, the trajectory results are compared and 

the root-mean-square (RMS) is calculated to measure error as follow: 

Error = √
1

i
∑ ∑ (P𝑡𝑖𝑝

𝑉 (i) − Ptip
𝑆 (j))2

𝑗𝑖  ,               (15) 

in which 𝑃𝑡𝑖𝑝
𝑉  and 𝑃𝑡𝑖𝑝

𝑆  are the position of the distal tip in the experiment and in the 

simulation, respectively. 

4.3 Results 

4.3.1 Bending stiffness 

Figure 5 shows the results of bending stiffness measurement for the two guidewires: 

Amplatz and Universal. It can be seen that, although the bending stiffness is non-

homogeneous along the length of the guidewire(s), it follows almost the same pattern for 
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both guidewires: first a considerable flexibility at the distal side, then an abrupt increase in 

the transition part toward the proximal side. In Figure 6 the propagation of the two 

guidewires with different bending stiffness is shown. These results show that the flexibility 

of a guidewire impacts its behavior during advancement: a higher flexibility results in a 

different trajectory and more contact with the vasculature wall. 

4.3.2 Number of segments and error measurement 

The total number of segments (n) to define the length of the guidewire in the simulation 

model has a significant effect on the behavior and the computation time. Figure 7 shows that 

lower number of segments results into bigger error. On the other hand, increasing the 

number above a certain threshold does not change the behavior anymore, but the 

computation time increases (Table. 2). Moreover, comparing the results for two guidewires 

show that the stiffer guidewire (Amplatz) is more sensitive to the number of segments. 

 

Figure 5: Experimental  set-up: a) automatic stage, b) guidewire, c) camera, d) load cell, e) phantom 

model. 

4.3.3 Friction coefficient and applied forces 

Figure 8 shows the transition of applied force between the guidewire and vasculature wall 

along the y-axis for both Amplatz and Universal guidewires in the experiments. These 

results show that the contact force is much higher for the stiffer guidewire. Furthermore, the 

contact force is influenced by the geometry of vasculature, i.e., there are peaks in the applied 

force in the corners. At t=22 s in Figure 9, a small peak is seen which is due to the contact 

with the wall in the second corner. In Figure 9, the effect of friction for Amplatz guidewire 

is assessed and is shown that with a higher friction coefficient the contact force increases. 
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Figure 6: Comparing the  trajectory of Amplatz and Universal guidewires in simulation for n=200. 

 

Table 5: Simulation computation time for different number of segmentas and error measurment, 

friction coefficient= 0.4. 

Guidewire 

 

Number of 

segments 

Computation time (s) Error (mm) 

Amplatz Super Stiff -

Boston Scientific 

 

20 4 4.91 

40 15 3.12 

100 96 1.68 

200 469 0.87 

400 3534 0.38 

Universal II- Abbot 

Vascular 

20 4 0.76 

40 14 0.70 

100 91 0.69 

 200 455 0.56 

 400 2857 0.56 
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(a) 

 
    (b) 

Figure 7: Trajectory of the tip of the guidewires in the simulation and the validation experiment: a) 

Amplatz, b) Universal. 
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Figure 8: Comparing the transition of applied forces for two guidewires: Amplatz and Universal. 

 

 

Figure 9: Comparing the transition of applied forces between guidewire and vasculature wall along 

y-axis in simulation (n=200) with different friction coefficient and the validation experiment: 

Amplatz guidewire. 

4.4 Discussion 

The goal of this study was to develop a guidewire simulation model and predict the behavior 

of the guidewire and its performance inside a vasculature. We have investigated the effect of 

bending stiffness and friction on the behavior of a guidewire and validated the results. 

4.4.1 Bending stiffness 

The results of bending stiffness measurement conform with the expected properties from a 
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guidewire: sufficient flexibility at the tip to pass through the vasculatures and high rigidity 

in the body to transfer the force from the proximal side. Moreover, the results confirm that 

the guidewire with nitinol have more flexibility than ones with stainless steel. The 

developed model has shown how these differences influence the behavior of the guidewire 

inside the vasculature: e.g., a guidewire with higher flexibility results in less contact force 

with the vasculature wall. This can be explained by the fact that the flexible tip deflects 

easier than the stiff one and thus, it needs less force to navigate. This property also affects 

the simulation time; in the simulation, the flexible one takes slightly longer than the stiff one 

to be computed (Table. 2). 

4.4.2 Friction 

We have changed the friction coefficient in the simulation to see the effect of this parameter 

on the behavior. It has been shown that more friction causes the guidewire to navigate with 

more bending and the tip applies more force to the vasculature wall. 

4.4.3 Limitation 

A 3D printed model has been used for the experiments. The material of this model has a 

flexural strength of 49 MPa which is very stiff relative to a guidewire, i.e., a guidewire 

cannot deform the vasculature. In the simulation, although it is possible to consider the 

deformation of the vascular wall, due to high value of the wall stiffness in the phantom 

model, deformation was neglected.  

The differences between simulation and experiments may be due to the following reasons: 

 Only the translational motion in 2D has been investigated. Thus, a perfect torque 

control is assumed. 

 Estimated data regarding friction and high stiffness for vasculature wall are used. 

 Plastic deformation of the guidewire during the experiments is ignored. 

4.5 Conclusion 

The present study is the first step to develop a complete model which can predict the 

behavior of a guidewire inside the vasculature. We have investigated the trajectory of two 

guidewires with different mechanical properties. We conclude that knowledge of the 

behavior of the guidewire might help the interventionist to choose an appropriate one. 

Furthermore, this information makes the design requirements clear and might help to 

optimize new instruments to follow the desired behavior.  

For future research, we will extend the model to 3D with a deformable wall and the 

combination of a guidewire and a catheter will be modeled. Moreover, we will modify the 

simulation parameters to minimize the differences of the guidewire behavior in the 

experimental and simulation results.  
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Nomenclature 

Symbol Description Symbol Description 

L Guidewire length 𝑻𝒔 Torque  

i Segment length 𝒌𝒘 Vasculature wall stiffness 

n Number of segments 𝒌 Torsional spring stiffness 

𝑭𝑷 Applied force at the proximal side 𝜽𝟎 Neutral angle where restoring torque is 

zero 

𝑭𝑫 Received force at the distal side 𝑻𝒅 Torsional viscous damper 

m Number of force measurements 𝑪 Torsional coefficient of viscous damping, 

F Applied force �̇� Joint angular velocity 

𝒅 Maximum displacement �̇�𝟎 Joint angular velocity where 𝑇𝑑 is zero 

𝑬 Young’s Modulus 𝑴 Mass matrix  

𝑰 Cross sectional inertia 𝜶𝟎 Angular position in equilibrium 

𝑴𝒕 Applied moment 𝑸 Generalized non-conservative forces 

𝜽 Rotation angle 𝑫 Damping matrix 

𝑲𝒕 Rotational stiffness 𝑲 Stiffness matrix 

𝜶𝒊 Coordinates of  joint  𝑖 𝒕 Wall thickness 

𝑻 Transformation matrix that transfers the global coordinates to local coordinates 
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Background: In every endovascular intervention, guidewires and catheters are the basic 

tools, used together to gain access to the desired place in the vascular system. Therefore,  

knowledge of their behavior and also the interaction between them, prior to the 

procedure might be of a great help in order to choose proper instruments. Therefore, the 

goal of this study is to develop an interactive guidewire-catheter model, and investigate 

the effect of bending stiffness of the instruments and friction on their behavior 

Method:. A simulation model was developed  in Matlab, based on the rigid multibody 

dynamics method and the Newton-Euler method was applied to simulate the dynamics 

of the instrument. The mechanical properties of two guidewires and one catheter have 

been measured and implemented in the developed model. The effect of bending stiffness 

(ranging from 1-10 Nmm2 for the guidewires and 300-500 Nmm2 for the catheter) and 

friction (≤ 0.5) on the trajectory of the instrument as well as on the amount of applied 

forces to the vascular wall and to each other were examined. The sensitivity of the model 

to the friction coefficient as well as to the stiffness coefficient of the vascular wall were 

tested by changing these coefficients in the model.  

Results: An  interactive model of guidewire and catheter was presented to predict the 

behavior of instruments inside the vascular system. The user can easily rotate or move 

the angle of view, by mouse operation, in the x, y and z direction to have a better look on 

the position of the instrument relative to the vascular wall. The results show that the 

more flexible instrument causes more contact points with the artery’s wall because the 

flexible tip deflects easier than the stiff one. Moreover, a higher friction causes less 

fluctuation of the instrument’s tip. 

Conclusion: With the developed model, the specialists can acquire information about 

the possible trajectories taken by each guidewire and catheter, and the amount of applied 

forces by them to the vascular walls. This information gives insight into the performance 

of different instruments prior to the procedure, and can be helpful in selecting a proper 

instrument in each specific case. 
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5.1 Introduction 

Guidewires and catheters are the basic instruments used in endovascular interventions. A 

common procedure starts by placing a guidewire into the major arterial segment of interest. 

Then a catheter is inserted over the guidewire, and the procedure is continued by further 

manipulation of these instruments  [1]. 

Due to various vascular geometries in the body, variety of guidewires and catheters, with 

different shapes and mechanical properties, are available in the market [2]. The specialist 

has to choose a guidewire and a catheter which interact well with each other, and fits with 

the vascular geometry. This selection is mainly based on experience. Therefore, it is 

common to repeat the procedure with different instruments until gaining access to the 

desired vasculature. This repetition leads to a number of drawbacks such as a longer 

procedure time as well as more cost due to frequent exchange of the instruments, and more 

importantly, less comfort for the patient. Thus, evaluating the performance of the 

instruments prior to a procedure can help the specialist with a better decision and increase 

the success rate of the procedure in a shorter time. 

Recently, using computer models to simulate the behavior of guidewires and catheters has 

emerged as an important research area [3]. For such simulation systems to be used in 

practice, two requirements should be met: the system should be sufficiently realistic, and 

they must be (near) real-time. Therefore, researchers have applied different kinds of 

modelling techniques to achieve these requirements, including the Finite Element Method 

(FEM) [4-12], the Mass-Spring Model (MSM) [13-19], and the rigid multibody dynamics 

method [20-31]. Because of the numerical stability of FEM, it is widely used in the 

simulations, with a broad variety of applications. However, due to the non-linear underlying 

effects of FEM, applying this method to model guidewires and catheters involves to a very 

high computational effort. Moreover, due to the complex mathematical background of FEM, 

it is difficult to interpret the results. Despite the simplicity of MSM compared to FEM, 

MSM is more suited for modelling soft tissue behavior (e.g., the abdominal skin or 

muscles). For more rigid objects such as guidewires and catheters, a high computational 

power is required. In contrast with FEM and MSM, the rigid multibody dynamics method 

has a simple structure, which makes it faster, and also easy to understand and interpret the 

results. Moreover, adding friction or material properties to each individual segment is 

relatively easy [3]. Therefore, we selected the multibody approach to model the instruments. 

Until now, the focus of most studies has been mainly on the modelling of a catheter or (in 

fewer studies) a guidewire, and researchers have tended to consider only the interaction 

between the instrument and the vascular wall. However, in reality, guidewires and catheters 

are used together, and the interaction between them influences their behavior [1, 32]; a 

catheter is a hollow instrument and its behavior changes while a guidewire is traversing 

inside it [33]. Thus, to have a high degree of realism in the modelling, it is important to 

consider not only the individual behavior of each instrument but also their interaction with 

each other [34-35]. There is only limited research done with considering this interaction [36-
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37] on which they considered the combination of guidewire and catheter as a single 

composite model and the collision between the two instruments was ignored. Therefore, the 

novelty of our model is that not only the behavior of each instrument inside a vasculature, 

but also the interaction between the instruments are considered while they are moving 

together. Moreover, the presented model is interactive, i.e., the user can easily rotate or 

move the angle of view, by mouse operation, in the x, y and z direction to explore the 

position of the instrument more precisely relative to the vascular wall. This feature is very 

useful in comparing the exact location of the instruments with different mechanical 

properties. 

We start this chapter by describing the developed model which is based on the rigid 

multibody dynamics method, along with the simulation environment. Then we explain the 

method governing the interactions of the instruments with the vascular wall and also with 

each other. Finally, we present the navigation results of a few instrument in the left coronary 

artery as an example of vascular geometry and discuss the results. 

5.2 Method 

To model guidewires and catheters the multibody approach has been used. In this approach, 

the long instruments were discretized to a set of small rigid segments connected to each 

other by joints. In the current model, a non-uniform segmentation was chosen due to 

different mechanical properties of an instrument at the tip and the body. Then, gimbal joints 

were used between the segments to model the deformations in the 3-dimensional space. As a 

gimbal joint is represented by three revolute primitives, the elastic properties of the 

instrument were implemented in the spring stiffness and damping coefficient of each 

revolute primitive. The displacement was determined by three translations and three 

rotations. 

While modelling a guidewire and catheter together, the catheter was discretized with a lower 

resolution than the guidewire (see Figure 1). The reason is that the guidewire is more 

flexible than the catheter, and tends to deflect easier. Therefore, smaller segments are 

required to be able to track the guidewire inside the catheter [refer to chapter 4]. 

 

Figure 4: Discretized model of a guidewire moving inside a catheter: the segments are connected to 

each other by joints (𝑔𝑖, 𝑐𝑗,…) to account for the bending and torsional deformations of the 

instruments. 
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5.2.1 Mathematical formulation of motion for each instrument 

We used the Newton-Euler method to simulate the dynamics of the instrument. The Newton-

Euler equations are determined by considering the system as a connected system of free 

bodies. Therefore, three equations for the linear accelerations (Newton), and three equations 

for the rotational accelerations of each element (Euler) were created [38]. 

Figure 2 shows a configuration of two segments in the space; joint i connects segment ① to 

segment ② and allows the segments to rotate with three DOF’s with respect to each other. 

The relative position of each two joints is defined in spherical coordinate system by means 

of two angles (θ and φ), and the segment’s length (𝜆𝑖). Rotations in plane x and y explains 

the bending movements whereas a rotation in plane z accounts for the torsional movements 

of the instrument. 

 

Figure 5: Two segments are connected via joint i. The position of segment ② is calculated with 

respect to segment ① via a spherical coordinate system. 

From the 2D model presented in the previous chapter, the equations of motion can be written 

as follows: 

−𝐷θ̇ = −𝑇𝑇𝐹 + 𝑀𝑡 + 𝐾(θ − θ0) ,    (Eq.1) 

where θ is the angular position of the segment, 𝜃0 the angular position in equilibrium, D the 

damping matrix consist of damping constants, T the transformation matrix which transfers 

the applied forces in the global coordinate system (F) to applied moments at the segments, 

𝑀𝑡 the applied moments at the segments, and K the stiffness matrix consisting of stiffness 

constants. 

For a 3D model, in a similar way, a local coordinate is considered at each joint, i.e. 𝒒𝒊= (𝜆𝑖, 

θ𝑖, φ𝑖). In Figure 2, �̂�𝑖+1 was considered parallel to segment ②, and then, an arbitrary force 

F was applied at joint i+1. By projecting F on the (�̂�𝑖+1, �̂�𝑖+1) plane, the normal force to 

segment ② is as follows: 

                                        𝐹𝑛 =
�̂�𝑖+1.𝐹

�̂�𝑖+1.�̂�𝑖+1
�̂�𝑖+1+

�̂�𝑖+1.𝐹

�̂�𝑖+1.�̂�𝑖+1
�̂�𝑖+1.        (Eq.2) 
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Therefore, the moment around joint i in the direction of θ𝑖 is: 

                                       𝑀𝑎 = 𝜆𝑖‖𝐹𝑛‖.                                        (Eq.3) 

The angular position of joint i (θ𝑖) in Figure 2 was calculated by replacing term 𝑇𝑇𝐹 in Eq.1 

with 𝑀𝑎 from Eq.3 and then one time integration. Likewise, we projected the force F on the 

(�̂�𝑖,  �̂�𝑖) plane and calculated variable φ𝑖 which is the angle between the local vector 𝑥𝑖 and 

the projected vector. Thus, we calculated the position vector of joint i+1 (𝑝𝑖+1) with respect 

to joint i, by knowing these two angles (θ𝑖, φ𝑖), and the length of the segment (𝜆𝑖) as 

follows: 

[
𝑥
𝑦
𝑧

]

𝑖+1

= [
𝑥
𝑦
𝑧

]

𝑖

+ 𝜆𝑖 [

sin θ𝑖 cos φ𝑖

sin θ𝑖 sin φ𝑖

cos θ𝑖

]

𝑖

       (Eq. 4). 

5.2.2 Interaction of the instrument with the surrounding area 

The instruments encounter resistance while they traverse inside the vascular system because 

of the contact with the vascular wall or with each other, and due to friction. These contact 

and friction forces affect the orientation of the instruments inside the vasculature. 

In our model, we described each instrument and also the vasculature by the centerline and 

radius because of their circular cross section. Additionally, each instrument, as explained 

before, was discretized into segments with known length interconnected with each other by 

joints (see Figure 1). Likewise, the vascular data is discrete with a resolution of 30m. 

Therefore, we investigated the interaction between the guidewire, catheter, and the 

vasculature by calculating the relative position of joints in each one with respect to the other 

one. Following, first the contact detection algorithm will be presented, and then, the normal 

force and friction force will be calculated. It worth to note that although in the following we 

will explain the interaction between the instrument and vasculature, the same principles has 

been applied for the interaction between the instruments together. 

Contact detection: Detecting the contact between the instrument with the vascular wall is 

an important part of the simulation. In our algorithm, we detect a contact if the normal 

distance between the vasculature and the instrument exceed a certain threshold. Following, 

we will explain the calculation of the normal distance and the threshold. 

To find the normal distance between the instrument and the vascular wall, first the algorithm 

finds the nearest point of the centerline of the vasculature (𝑠𝑖) to the joint of the instrument 

(𝑞𝑖), and then the distance between them (Y) is calculated as follows: 

                                       𝒀 = 𝒒𝒊 − 𝒔𝒋,                                        (Eq. 5) 

in which 𝒒𝒊 ,the position vector of each joint of the instrument, was calculated in the 

previous section. Next, the algorithm finds the second closest node of the vasculature to the 

instrument by calculating 𝑑1 and 𝑑2 (see Figure 3).  
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Figure 6: Calculating the relative position of the instrument and the vasculature 

Let’s assume 𝑑2 < 𝑑1 which indicates 𝑞𝑖 located inside the 𝑠𝑗𝑠𝑗+1 segment of the 

vasculature. Thus, the normal distance (𝑙sj𝑞i
) between joint 𝑞𝑖 and segment 𝑠𝑗𝑠𝑗+1 is 

calculated as follows: 

                                       𝑙sj𝑞i
= 𝑌 − |𝑌|cos (𝜑𝑗𝑖)

𝑋

|𝑋|
,                 (Eq. 6)  

in which 

                                       𝑋 = 𝑠𝑗+1 − 𝑠𝑗 ,                                     (Eq. 7) 

                                       cos(𝜙𝑗𝑖) =
𝑌.𝑋

|𝑌||𝑋|
.                                  (Eq. 8) 

By considering the normal distance (𝑙sj𝑞i
), the possible configurations of the instrument 

inside the vasculature are shown in Figure 4. Therefore, after calculating the normal 

distance, to detect the contact, the threshold is defined as follows: 

                                       |𝑙sjqi
| ≥ 𝑅𝑣 − 𝑅𝑖 .                               ( Eq. 9)                               

with 𝑅𝑖 and 𝑅𝑣 being the radii of the instrument and of the vasculature, respectively. 

 

                     (a)                                      (b)                                             (c) 

Figure 7: Position of the instrument and vasculature with respect to each other while the instrument 

is moving inside the vasculature: a) and b) no contact between the instruments (|𝒍𝐬𝐣𝐪𝐢
| < 𝑹𝒗 − 𝑹𝒊), c) 
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contact between the instruments occurred (|𝒍𝐬𝐣𝐪𝐢
| ≥ 𝑹𝒗 − 𝑹𝒊); the contact forces are indicated by 

arrows. 

Normal force and friction force: If the contact constraint, explained above, is met, then a 

normal force is exerted on the instrument as a contact response. To calculate this normal 

force, the vascular wall was modeled as a spring system; therefore, the normal force consists 

of a spring-component, is calculated using the penetration depth (u). This force prevents the 

instrument from penetrating into the vessel wall and Hooke’s law is used to account for it as 

follows: 

                                    𝐹𝑛𝑤 = −𝑘𝑤. 𝑢.
lsjqi

|lsjqi
|
,                                (Eq. 10) 

in which 𝑘𝑤 is the elasticity coefficient of the vascular wall, and u is calculated as: 

                                    𝑢 = |lsjqi
| − (𝑅𝑣 − 𝑅𝑖) ,                          (Eq. 11) 

For the friction between the instrument and the vascular wall, the Coulomb model was used 

in which the direction of the friction is opposed to the relative velocity of the instrument 

with respect to the vasculature. Thus, the friction is calculated as follows [39]: 

  𝐹𝑓 = −𝜇|𝐹𝑛𝑤|. 𝑒𝑖 ,                                     (Eq. 12) 

in which μ is the friction coefficient (determined based on information provided in [40]), 

and 𝑒𝑖 is the tangential direction and was determined in the direction of the tangential force 

as follows [26]: 

   𝑒𝑖 =
𝐹𝑡𝑤−𝐹𝑛𝑤

|𝐹𝑡𝑤−𝐹𝑛𝑤|
 ,                                     (Eq. 13) 

in which 𝐹𝑡𝑤 is the total force inserted to 𝑞𝑖, and (𝐹𝑡𝑤 − 𝐹𝑛𝑤) is the tangential force. The 

total force is calculated from the velocity and normal force as follows: 

  𝐹𝑡𝑤 =
|𝐹𝑛𝑤|

cos 𝛼
.

|𝑣|

𝑣
 ,                                     (Eq. 14) 

in which 

cos 𝛼 =
|𝐹𝑛𝑤|.|𝑣|

𝐹𝑛𝑤.𝑣
.                                      (Eq. 15) 

A lot of research has been done to reduce the friction between the instrument and the 

vasculature, and between the instruments (e.g., guidewire and catheter or stent) [41]. Later, 

we will explore the effect of friction on the applied forces by changing the coefficient of 

friction in the simulation. 

5.2.3 Properties of the instruments and vasculature 

The left main coronary artery (LMCA) was chosen as an example of a vascular geometry 
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due to the high risk of atherosclerotic disease in this artery [42]. The LMCA bifurcates into 

the left anterior descending (LAD) and the left circumflex (LCX) arteries. Data regarding 

the centerline and diameter of the RCA were extracted from CT scans of the patients’ 

vascular geometry [43]. The diameter of the LAD and LCX range from less than 1 to 3 mm 

along the length; consequently, the use of 0.014-inch guidewires (0.36 mm) in combination 

with 5- or 6-Fr (approximately 2 mm) catheters are recommended to not limit the coronary 

circulation [1]. 

Table 1 includes a list of instruments used in our model which were recommended by 

interventional specialist for the coronary arteries [44]; a multipurpose catheter (MPA1) with 

a curved tip is used in combination with the guidewires. 

 

Table 6: List of the instruments 

Item Size Description Core 

material 

Poisson’s ratio (𝝂) 

Guidewire 0.014" Abbott Hi-Torque Pilot 50 Guide 

Wire: 0.014" x 190cm, J-Tip 

Stainless 

steel 

0.3 

Guidewire 0.014" Abbott Hi-Torque Pilot 200 Guide 

Wire: 0.014" x 190cm, J-Tip 

Stainless 

steel 

0.3 

Catheter 6 F Cordis Vista Brite Tip, Guiding 

Catheter 55cm, MPA1 

- - 

Since the manufacturers provide only the basic properties of the instruments (such as 

diameter and length), and not the exact mechanical properties, we have measured the Young 

modulus (E) by a 3-point bending test for different guidewires and catheters (for the details 

of the measurement method refer to [31]). We considered these instruments as isotropic 

materials and used the data in the mechanical engineering books (e.g., [45]) for the 

Poisson’s ratio (𝜈). Then, the shear modulus (G) can be calculated as follows: 

𝐺 =
𝐸

2(1+𝜈)
.                                            (16) 

Therefore, the bending and torsion stiffness of the instrument are calculated. In addition, the 

mass properties of the instruments have measured by an electronic balance; to have proper 

data for the discretized computer model, the real instrument has been cut to segments of 

30mm and the weight of each segment was measured separately. Based on these data, the 

density of the segments were calculated and used in the model. 
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5.3 Results 

5.3.1 Bending stiffness and mass properties measurement 

Figure 5 shows the measured data of the bending stiffness for two guidewires, in which 

Pilot200 is slightly stiffer than Pilot50, and one catheter. It can be seen that, although the 

bending stiffness is non-homogeneous along the length of the instruments, it follows almost 

the same pattern: first a considerable flexibility at the distal side, then an increase toward the 

proximal side. 

 

Figure 5: Bending stiffness measurement: a) Pilot50 and Pilot200, b) Catheter MPA1. 

Table 2 shows the mass measurement of the instruments along the length. Based on these 

results, the density of the instruments were calculated and used in the model. 

Table 7: Mass measurement for each segment of the instruments 

Measurement position 

[mm] 

Mass of each specimen [g] 

 

PILOT 50       PILOT200         MPA1 

0-30 0.020  0.021  0.065 

30-60 0.010  0.011  0.063 

60-90 0.010  0.011  0.065 

90-120 0.008  0.009  0.065 

120-150 0.008  0.009 0.064 

 

5.3.2 The effect of bending stiffness on the tip trajectory and contact forces 

In Figure 6, comparison between the tip trajectories of Pilot50 and Pilot200, from different 

views, are shown. In addition, the tip trajectory of a stiff guidewire (a stiffness of 10
th

 times 

of Pilot200 stiffness) is shown to highlight the effect of stiffness. In Figure 7 and 8, the 

configuration of the guidewires in the simulation environment while moving forward are 

shown. Figure 9 shows the amount of contact forces applied by the these guidewires. 
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Figure 8: Comparison of tip trajectories of three guidewires 

 

 

 

Figure 7: Trajectory of Pilot50 in the left coronary artery while passing the bifurcation and directing 

to the left anterior descending (LAD) 

 

 

Figure 8: Trajectory of Pilot200 in the left coronary artery while passing the bifurcation and directing 

to the left anterior descending (LAD) 

 

 
Figure 9: Contact forces caused by guidewires of different bending stiffness 



 

73 

 

These figures show that as the stiffness of the guidewire increases, the guidewire applies 

more forces to the vascular wall (Figure 9) and as a result causes deformation in the wall. 

Although in Figure 6 the deformation caused by the stiffer wire was shown by coming out of 

the vascular lumen, it is just for demonstration and in reality the wire deforms the wall, and 

in case of very stiff wire it might puncture the wall. 

5.3.3 Sensitivity of the model to the friction coefficient 

We have investigated the sensitivity of our model to the friction by changing the coefficient 

of friction (). Figure 10 shows the amount of applied forces to the vascular wall for three 

different  while pushing the guidewire into the LAD artery. It is shown that in the absence 

of friction (i.e.,  = 0), the instrument causes the minimum amount of force, and in the 

presence of the friction, the higher the , the higher the forces applied to the vascular wall. 

 
Figure 10: Comparing the transition of applied forces between the guidewire and vascular wall in the 

simulation with different friction coefficient: Pilot200. 

5.3.4 Sensitivity of the model to the vasculature wall stiffness (𝑘𝑤) 

To illustrate the sensitivity and versatility of the model, we changed the stiffness coefficients 

(𝑘𝑤) for the vascular wall in our simulation. Figure 11 and 12 show the effect of 𝑘𝑤 on the 

amount of applied forces to the vascular wall and the tip position of the guidewire, 

respectively, while pushing the wire into the LAD artery. 

 
Figure 11: Comparing the transition of applied forces between the guidewire and vascular wall in the 

simulation with different stiffness coefficient of the vascular wall: Pilot200. 
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Figure 12: Comparing the trajectory of the guidewire in the simulation with different stiffness 

coefficient of the vascular wall: Pilot200. 

The results show that a higher 𝑘𝑤 leads to more forces, and therefore, the guidewire is 

pushed toward the centerline of the vasculature. 

5.3.5 Guidewire and catheter interaction 

Figure 13 shows a visualization of the advancement of the guidewire and catheter, together, 

in the main left coronary artery. The interaction between them was modeled, and the 

influence of this interaction was investigated by the amount of applied forces between them, 

during the advancement (Figures 13 and 14). 

 

Figure 13: Guidewire and catheter advancement in the main left coronary artery 
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Figure 14: An example of motion pattern in the simulation to push the guidewire and catheter inside 

the main coronary artery to the LAD direction: first the catheter is pushed forward to give direction 

and support to the guidewire; next, the guidewire follows the catheter. Then, the catheter is pushed 

forward and rotated to the direction of the LAD. Last, the guidewire follows the catheter towards the 

LAD. 

  
Figure 15: The transition of applied forces between the Pilot50 guidewire and MPA1 catheter in the 

simulation: first, in the main left coronary artery, the guidewire and catheter move in the same 

direction and the amount of applied forces from one to another is minimum. Then, when the catheter 

is rotated and changes the direction towards the LAD, the amount of forces is increasing due to 

further interaction between them. 

5.4 Discussion 

The goal of this study was to develop an interactive guidewire-catheter model, and 

investigate the effect of bending stiffness of the instruments and friction on their behavior. 

In particular, the effect of these parameters on the trajectory of the instrument as well as on 

the amount of applied forces to the vascular wall were examined. The sensitivity of the 

model to the friction coefficient as well as to the stiffness coefficient of the vascular wall 

were tested by changing these coefficients in the model. Additionally, we considered the 

interaction between the guidewire and the catheter, and the effects of this interaction. 
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In the appendix, we endeavored to perform experiments on a developed PVA-H model of 

the RCA and validate the results of the simulated model. Although these experiments gave 

us good indications on the accuracy of the model but some improvements are needed in 

future studies. Some of these  improvements are included using a sensor at the tip of the 

instrument which can measure forces in all direction, and a more precise tracking strategy 

for tip trajectory. 

5.4.1 Bending stiffness 

In contrast to the previous studies [e.g., 32], we used a non-uniform bending stiffness for the 

instrument, i.e., different parts of the instrument may have different bending stiffness to 

mimic very closely the real instrument. We compared two guidewires with different 

stiffness: Pilot50 and Pilot200. The results show the higher flexibility of Pilot50 causes 

more contact points with the artery’s wall (Figure 7-8). This can be explained by the fact 

that the flexible tip deflects easier than the stiff one (Figure 6), and thus, it needs less force 

to navigate. Figure 9 confirms that the total amount of applied forces to the artery’s wall in 

z-axis for the more flexible wire is less than the stiff one (here, Pilot200). 

Here, we should point it out that in the simulation we can measure the amount of forces in 

all directions, but in Figure 9 we showed the forces only in z direction as an indication of 

force transition. 

5.4.2 Friction 

Changing the friction coefficient influences both the trajectory and the amount of applied 

forces. In Figure 10, we showed that the applied forces increases while the friction increases. 

An increase in applied forces causes high risk of damaging the vascular wall. A lot of 

research has been done to reduce the friction between the instrument and the vasculature. 

However, on the other hand, a higher friction causes less fluctuation of the instrument’s tip. 

Therefore, the friction coefficient needs to be optimized to strike a balance between the 

increase in the applied forces and the performance of the instrument. 

In our simulation, we considered an estimated value of friction coefficient, which was based 

on the literatures, and later, by comparing Figure 9 and 10, we came to the conclusion that 

μ=0.1 in the simulation results to similar results as in the phantom experiment (refer to 

appendix). 

 

5.4.3 Guidewire and Catheter interaction 

A catheter is a hollow instrument which together with a guidewire are used in every 

intervention [1]. While a guidewire is traversing inside a catheter, due to the interaction 

between them, their behavior change [32-33]. This changing in the behavior is resulting to 

gain access to a desired location in the vascular system in which was not possible with a 

guidewire or a catheter alone [1]. 
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The transition of applied forces between the Pilot50 guidewire and MPA1 catheter in the 

simulation (Figure 15) shows that when the catheter is rotated and changes the direction 

towards the LAD, the amount of interaction force between the guidewire and the catheter is 

increasing due to more contact between them. Therefore, the developed model allows to test 

different combinations of guidewires and catheters, with different mechanical or geometrical 

properties, in each vascular geometry and investigate which combination gives access 

without damaging the vascular wall due to too much force. 

5.4.4 Vascular data 

In this research, we used centre-line and radius data from a human coronary artery, retrieved 

using computed tomography (CT) angiography data, done in [43]. Although, the CT data of 

the patients are not always available, a solution would be to determine the severity and 

complexity of the intervention in a time efficient manner. Subsequently, for those patients 

for which the procedure is more difficult, a CT scan is made. 

5.5 Conclusion 

We presented a computer-based model of guidewires and catheters which can predict the 

behavior of these instruments inside the vascular system on the basis of their mechanical 

properties. The presented model is interactive, i.e., the user can easily rotate or move the 

angle of view, by mouse operation, in the x, y and z direction to have a better look on the 

position of the instrument relative to the vascular wall. This feature is very useful in 

comparing the exact location of the instruments with different mechanical properties. While 

we presented the results of a few instruments in the RCA artery, the model is generic and it 

is applicable in other areas of the body and their specific instruments. 

With the developed model, the specialists acquire information about the possible trajectories 

taken by each guidewire and catheter, and the amount of applied forces by them to the 

vascular walls. This information gives insight into the performance of different instruments 

prior to the procedure, and can be helpful in selecting a proper instrument in each specific 

case. 
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6. Influence of Guidewire and Vasculature Geometries 

on Navigation 
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Background: The geometry of vasculatures varies both intrinsically or due to diseases; 

on the other hand guidewires with different shapes are available in the market. 

Therefore, predicting the proper guidewire for each vasculatures is challenging. Goal of 

this chapter is to use the developed model to investigate the effect of geometry properties 

of both guidewire and vasculature on the behavior of the guidewire. 

Method: The left main coronary artery (LMCA) was chosen as an example of a vascular 

geometry. Moreover, the model described in Chapter 5 was used  for the simulations. In 

the model, the trajectories of the guidewire with tip angles of 0 to 30 degree were 

simulated to explore the minimum (threshold) angle for navigation towards the LAD 

with and without rotation, and the amount of applied forces to the LAD’s wall were 

compared. Moreover, since the diameter of the LAD changes from 3 mm at the proximal 

side to less than 1 mm at the distal side, we examine the effect of atherosclerosis by 

increasing the stiffness coefficient of the vasculature wall (𝑘𝑤) in which the diameter 

changes along the LAD, and investigate the amount of applied forces to the vascular 

wall which is an indicator to avoid rupturing the vasculature. 

Results & Conclusion: The results show that the performance of a guidewire depends 

not only on mechanical properties, but also geometrical properties; in other words, both 

need to be within an appropriate range for a successful procedure. 
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6.1 Introduction 

In the previous chapter, we have developed a computer model to investigate the behavior of 

guidewires and catheters by considering the mechanical properties of the instrument, and of 

the vasculature such as bending stiffness and friction. In this chapter, we use the developed 

model to investigate the effect of geometry properties such as the tip angle of guidewires, 

and the narrowed cross section of the arteries, due to vascular disease, on the behavior of the 

guidewire. 

6.2 Effects of tip angle of the instrument 

The shape of guidewire’s tip has an important role in the navigation of the guidewire, in 

particular in the bifurcations. This is one of the reasons that large variety of guidewires with 

different tip shapes are available in the market (see Figure 1). Besides, it is common to shape 

the tip of the guidewire during the procedure to enhance the maneuverability [1]. In addition, 

using angled-tip guidewires can also decrease the number of catheter changes due to easier 

access with a guidewire alone [2]. 

 

Figure 1: A few example of guidewires with different tip shape 

In this section, we focus on variations in angled-tip guidewires and investigate how different 

angles influence the instrument trajectory. In addition, we apply rotational motion as well as 

translational motion to investigate how tip-angle can reduce the need for complex steerable 

instruments. 

6.2.1 Method 

The left main coronary artery (LMCA) was chosen as an example of a vascular geometry 

due to the high risk of atherosclerotic disease in this artery [3-4]. The LMCA bifurcates into 

the left anterior descending (LAD) and the left circumflex (LCX) arteries. The geometry 

data was extracted from Computed Tomography Angiography (CTA) of a patient [5] and 

used as input for the modelling of the vasculature.  

 

Considering the diameter of the left main coronary artery (3mm), a Pilot50 (0.36mm) was 

chosen as guidewire to not block the coronary circulation [6]. In the model, the trajectories 

of the guidewire with tip angles of 0 to 30 degree were simulated to explore the minimum 

(threshold) angle for navigation towards the LAD with and without rotation, and the amount 

of applied forces to the LAD’s wall were compared. 
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In the developed model, it is possible to apply different inputs to the proximal side of the 

instruments including translation and rotation motions. Figure 2 shows an example of input 

motion in order to go to the LAD artery with a 20 degree tip angle; the guidewire translates 

and rotates by a constant speed of 2 mm/s and 30 deg/sec, respectively. 

 

Figure 2: Motion pattern example on the proximal side of the instruments to navigate in the LMCA 

6.2.2 Results and Discussion 

Based on the simulation results, =16 is the threshold angle, i.e., the guidewire moves into 

the LAD artery if the angle is less than 16 degree and it moves into the LCX artery when the 

angle is more than 16 degree. Figure 3 shows the tip trajectory of the Pilot50 guidewire in 

the LMCA; the guidewire moves with a tip angle of 15 degree () towards the LAD, and 

with an angle of 20 degree () towards the LCX. When a rotation motion is also applied 

(see Figure 2), the guidewire with 20 degree tip moves into LAD direction; however, as it 

has been shown in Figure 4, the rotation causes extra forces to the artery’s wall. 

 

Figure 3: Tip trajectory of the Pilot50 guidewire in the left coronary artery: the guidewire moves 

with a tip angle of 15 degree towards the LAD, and with an angle of 20 degree towards the LCX 

 
Figure 4: Comparison of the applied forces to the artery's wall with and without applying rotation 

motion: the rotation applied between 9 to 15 second. 
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It is noteworthy that in the motion pattern shown in Figure 2, a constant speed of 2 mm/s  

for the translational motion was chosen based on literature and the rotation pattern was 

chosen based on the LMCA geometry, and it was applied just as an example in order to 

compare the influence of the guidewire’s tip. Therefore, the overall conclusion is 

independent of the motion pattern. 

6.3 Effects of narrowing of the artery 

Atherosclerosis, which is the narrowing of artery due to plaque deposition, is the 

predominant underlying cause of vascular disease. In response to the atherosclerosis, the 

arterial walls change to maintain an adequate lumen channel for blood flow, and to retain a 

regular and round lumen cross section. The first possible change of the artery wall to 

atherosclerotic plaque deposition is arterial enlargement (Figure 5)[4]. Subsequently, by 

decreasing the diameter of the artery, the stiffness of the artery wall increases. 

 

Figure 5: Arterial enlargement to retain a regular and round lumen cross section (Adopted from [3]). 

6.3.1 Method 

The left anterior descending (LAD) was chosen as an example of a vascular geometry 

model. The diameter of the LAD changes from 3 mm at the proximal side to less than 1 mm 

at the distal side, and thus, the guidewire encounters different diameters while inserting to 

the LAD. Therefore, in the simulation, we examine the effect of atherosclerosis by 

increasing the stiffness coefficient of the vasculature wall (𝑘𝑤) in which the diameter 

changes along the LAD, and investigate the amount of applied forces to the vascular wall 

which is an indicator to avoid rupturing the vasculature. 

6.3.2 Results and Discussion 

Figure 6 shows the effect of increasing 𝑘𝑤 on the amount of applied forces to the vascular 

wall by the tip of the guidewire, while pushing the guidewire into the LAD artery. At the 

proximal side of the LAD, in which the diameter is bigger, lower forces were applied. By 

inserting the guidewire towards the distal part, in which the diameter decreases, the 

magnitude of force increased. Fig. 6 shows the influence of  𝑘𝑤 on the force between 

guidewire and vascular wall. Moreover, it shows the increase in force due to narrowing the 

diameter. 
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Figure 6: Comparing the transition of applied forces between the guidewire and vascular wall in the 

simulation with different elastic coefficient of the vascular wall: Pilot200. 

6.4 Conclusion 

In this chapter, we used the previously developed model of chapter 5 to investigate the effect 

of geometrical properties such as the tip angle of the guidewire. Moreover, we studied the 

effect of narrowing of the cross section of the arteries, e.g. due to vascular disease such as 

atherosclerotic, on the magnitude of applied forces by the guidewire tip to the vascular wall.  

The results show that the performance of a guidewire depends on not only mechanical 

properties (as shown in Chapters 4 and 5), but also geometrical properties; in other words, 

both need to be within an appropriate range for a successful procedure.  

Using a guidewire with angled- tip can enhance the maneuverability. Moreover, choosing a 

right tip-angle for the guidewire can eliminate the need for using expensive steerable 

catheters in order to access a specific branch. 

The vascular properties such as diameter and elasticity change due to vascular diseases like 

atherosclerosis. This results in a different reaction against the passage of the guidewires 

including a higher magnitude of applied forces. The risk of rupture of the artery is thereby 

increased which further underlines the importance of selecting a guidewire with a proper 

stiffness to keep the forces as low as possible. 
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7. Discussion 
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In this chapter, we will discuss our accomplishments, and also will give recommendation for 

future studies. 

7.1  Accomplishments 

In this thesis, we developed a computer model for supporting pre-intervention planning, in 

particular, to help objective selection of the guidewires and catheters prior to each 

procedure. For this aim, we first reviewed the structure of these instruments and their 

components, with a focus on the proximal connectors in guidewires with a sensor (e.g., flow 

or pressure) on the distal tip, to learn their working principles. Next, we concentrated on the 

mechanics of the main body of the guidewires and catheters, along with their performance. 

A literature study was done in order to investigate guidewire and catheter modelling 

purposes and applied techniques. We concluded that, in general, guidewire and catheter 

modelling follows three main purposes including training, pre-intervention planning, and 

designing new instruments, and, therefore, depending on the purpose, three main techniques 

have been applied which are FEM, MSM, and Rigid Multibody Links [1-6]. Since the FEM 

and MSM techniques require a very high computational effort, they have been mainly 

applied in training purpose. Therefore, we chose the Rigid Multibody Links technique for 

our pre-interventional planning purpose which has a simple structure and is relatively faster 

[7-9].  

As the first step to develop a simulation model, which is able to predict the behavior of a 

guidewire inside the vasculature, we focused on two dimensional space. In chapter 4, we 

introduced a 2D multibody model of a guidewire traversing a simple vascular geometry; the 

guidewire was considered as a set of small rigid segments connected to each other by 

revolute joints [7,9-11]. We evaluated the performance of the model by implementing the 

elastic properties of two commercially available guidewires (Hi-Torque Balance 

Middleweight Universal II sold by Abbot and Amplatz Super Stiff sold by Boston 

Scientific) in the model. After evaluating the accuracy of this model, we extended the 2D 

developed model to a 3D model. Moreover, by adding the catheter to the model, the 

applicability of the model was increased. The ways in which the instruments interact with 

each other and with the vascular wall were considered. 

Thus, we developed a computer model to evaluate the performance of different instruments 

for a specific vasculature geometry, prior to the procedure. In particular, the model predicts 

the behavior of guidewires and catheters by considering the mechanical and geometrical 

properties of these instruments and of the relevant vasculature. The developed model is 

generic and we can readily adopt the simulation to a new geometry. Figure 1 shows the 

simulation environment. 
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Figure 1: Simulation environment: inserting guidewire to the RAC 

7.2  Importance of the findings and clinical relevance 

The importance of mechanical properties resulted in a wide variety of guidewires and 

catheters available in the market. Therefore, one complicating factor of endovascular 

interventions is that a high degree of expertise is required to select a proper instrument for a 

particular vascular geometry. Considering the fact that in every intervention, frequent 

guidewire or catheter exchanges are required to gain access, having additional exchanges 

due to a wrong choice makes the procedures more expensive, both in cost and time. Adding 

to that, the comfort of the patient will also decrease. Thus, with our developed model, we are 

able to predict the performance of the instrument prior to the procedure by evaluating its 

probable trajectory inside the vasculature, and the amount of force applied to the 

vasculature’s wall. This information gives insight to select a proper instrument and 

maximizes the success rate of the procedure. It plays an even more decisive role for the 

newly developed instruments, which are constantly coming to the market and their 

performance is not fully known even to the experienced specialists.  

Guidewire-catheter-vessel wall interaction 

Until now, the focus of most studies has been mainly on the modelling of a catheter or (in 

fewer studies) a guidewire, and researchers have tended to consider only the interaction 

between the instrument and the vascular wall. However, in reality, guidewires and catheters 

are used together, and the interaction between them influences their behavior. There is only 

limited research done that considers this interaction, as often the combination of guidewire 

and catheter is represented by a single composite model and the collision between the two 
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instruments is ignored [12-13]. Therefore, the novelty of our model is that not only the 

behavior of each instrument inside a vasculature, but also the interactions between the 

instruments are considered while they are moving together. Moreover, the presented model 

is interactive, i.e., the user can easily rotate or move the angle of view, by mouse operation, 

in the x, y and z direction to have a better look on the position of the instrument relative to 

the vascular wall. Thus, a combination of these visual feedbacks and numerical simulation 

allows clinicians to virtually explore the performance of the instruments with different 

mechanical properties and to choose objectively. 

 

The data of coronary arteries of a real patient served as an example of vascular geometry. 

We developed a transparent phantom made of polyvinyl alcohol hydrogen (PVA-H) and 

dimethyl sulfoxide (DSMO) mixture, and the simulation model was validated by comparing 

with actual movement of the instruments in the phantom model. The developed models, both 

simulation and phantom, are generic and allows for the evaluation of a large variety vascular 

geometries. 

7.3  Future research 

The developed model is the first step toward a clinically applicable simulation model. 

During this study, we encountered also some limitations which we highlight here to support 

and guide future research. 

First of all, the mechanical properties of the vascular system, such as elasticity of the walls 

and friction coefficient, were estimated based on a limited range of data presented in the 

literature. Because we can easily adopt these properties in our model, it is suggested to 

measure them more precisely for the intended vasculature. This is especially important in the 

diseased vasculatures in which their properties greatly change and not much data is 

available. Therefore, it is recommended to measure these properties more accurately for 

different vasculatures both in healthy and diseased conditions in order to get realistic results. 

The next improvement to our model would be to simulate patient’s breathing motion. In the 

current model, we focused on the modelling of the instrument itself, and the radii and 

centerline data of the vasculatures were used as geometry information. Therefore, in the 

future studies, a dynamic centerline instead of a static one has to be considered. 

Moreover, to validate the simulation results, we developed a number of phantom models 

with different materials, and we performed some preliminary experiments. The mechanical 

properties of the current PVA-H model was estimated based on the literature, and a few 

measurement has been done. Therefore, as a next step, the mechanical properties of the 

developed phantoms have to be measured and compared with the real vasculatures. In 

addition, tracking the movement of the guidewire or catheter inside the phantom was based 

on a simple image processing of the recorded videos by the cameras. However, using 

tracking systems which are based on, for example, MRI or acoustic technology may result in 

more accurate validation[14-17]. 
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The next main step will be to develop a Graphic User Interface (GUI) so that the 

interventionalist can easily interact with the model. The interventionalist receives 

information on the patient’s anatomy and has to decide which catheter/guidewire is best to 

use; it is important to have a GUI which is not complicate to use. In Figure 1 an example of 

such a GUI is shown; in the left, the user can load the images of the patient and intended 

vascular geometry information. Then, from the instrument library, the user can test different 

catheters and guidewires, and investigate their behavior based on the position, velocity, 

amount of applied forces, and finally compare the results of different try-outs and choose the 

most suitable guidewire and catheter, based on a set of defined criteria. For the purpose of 

instrument library, it is necessary to measure the mechanical properties of a wide range of 

guidewires and catheters. Finally, the GUI should be validated with an interventionalist. 

 

 

Figure 9: A preliminary GUI. Left side: user can choose the vascular geometry from the library, and 

test different kind of guidewire (or catheter). Middle: the trajectory of the instrument inside the 

vascular geometry and other desired output are showed. Right: the results of different choices based 

on the calculated error are shown and the best instrument is recommended. 

7.4  Conclusion 

Guidewires and catheters are the basic instruments used together in endovascular 

interventions. Since the range of vascular geometries are extensive from one organ to 

another, and from one patient to another, a variety of guidewires and catheters are available. 

Thus, the interventionalist needs to select a combination of guidewires and catheters in 

which they perform as desired both individually, and together. Despite the importance of 

this selection in the success rate of the procedure, it is mainly subjective and based on 

experience. The developed model in this thesis is the first step towards making this selection 

more objective by predicting the instrument trajectory and the force transmission between 

the instrument and the vascular wall; the motion of the guidewires and catheters in the 

vascular system were simulated, and both the individual performance of each instrument and 

the effect of the interaction between them were taken into account. These data were 

determined to assess their performance.    
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Appendix A: Phantom development 
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Introduction 

Phantom models play an essential role in the medical field, both in research and in training. 

An accurate phantom model can provide better insight into instrument performance and help 

medical professionals to develop their skills in instrument handling. Moreover, phantoms 

can be used to evaluate the accuracy of the simulation models. In this thesis, the trajectory of 

guidewires and catheters were simulated and the amount of applied forces to the vascular 

walls were estimated. During our research, we endeavored to evaluate the simulation results 

by comparing them with experimental data, obtained from phantom models. Therefore, the 

objective of this appendix is to develop phantoms which can be used in our validation 

experiments, and the main criteria include accurate geometry, comparable material 

properties to that of coronary arteries walls, easy to use, cost-effective, and robust. 

Moreover, we prefer a transparent phantom which allows visual feedback for the tracking of 

the guidewire’s tip. 

In addition to the phantom development process, we will suggest an experimental set-up and 

tracking method which can be used to analyze the trajectory, and the amount of applied 

forces of the instruments inside the phantom models. The results of these experiments can be 

used to validate the accuracy of our developed model. 

Method 

Phantom development process 

As explained in the introduction, our goal is to develop an accurate phantom which is easily 

reproducible. Therefore, we started with a simple 2D geometry using data extracted from 

[1], which includes branches with diameter between 2 and 8 mm, and bifurcations angels 

between 60 and 120 degree (Figure 1). VisiJet M3 Crystal was used to print the 2D model 

(P1). 

 
Figure 1: First phantom prototype (P1): a simple 2D geometry printed with VisiJet M3 Crystal 

After a few preliminary tests in the P1 ohantom, the same material was used to print a more 

realistic 3D model of the right coronary artey (RCA) (Figure 2). For this phantom (P2), data 
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regarding the centerline and diameter of the RCA were extracted from CT scans of the 

patients’ vascular geometry [2]. The merit of using this model is that it is relatively simple, 

cheap, and accessible. Therefore, it is possible to have a geometrically accurate model for 

any vascular geometry used in the simulation. The disadvantage of this model is that the 

friction coefficient and modulus of elasticity differ greatly from a real coronary artery. 

 
(a)                                                                         (b) 

Figure 2: a) RCA geometry, and b) the 3D printed phantom prototype with actual size (P2) 

There are several materials currently used in literature in order to produce a phantom with 

properties comparable with vascular walls; most notably gelatin, silicon, and polyvinyl 

alcohol hydrogel (PVA-H). Relevant mechanical properties of each of the three proposed 

materials and of the coronary artery were obtained from literature and are summarized in 

Table.1. 

Table 1: Material properties 

Material Friction coefficient () Mechanical loss coefficient 

tan() 

Coronary artery 

Silicon 

Gelatin 5%Wt 

PVA-H 5%Wt 

PVA-H 10%Wt 

PVA-H 15%Wt 

PVA-H 18%Wt 

0.2 

0.4 -1.5 

0.015 -0.035 

0.1-0.2 

0.1-0.2 

0.1-0.2 

0.1-0.2 

[3] 

[5] 

[7] 

[5] 

[5] 

[5] 

[5] 

~0.081-0.15 

~0.2 

~0.14 

~0.050 

~0.052 

~0.083 

~0.097 

[4] 

[6] 

[8] 

[5] 

[5] 

[5] 

[5] 

Gelatin is the least complex material to work with, however, its properties do not match the 

coronary arteries (Table 1). Silicon has a comparatively large range of friction coefficients 

(see Table 1), caused by the large performance difference between old or new and wet or dry 

silicon. Although silicon is not as flexible as arteries, it is more flexible than our previous 

developed models. Therefore, we developed a phantom (P3) to examin the possibility of 

having a more complex geometry (being tortuous) with more flexible material. 

A two-piece 3D printed geometry was used as mold (Figure 3a) in which each part was 

filled seperatly with silicon and hardener (10:1) (Shin-Etsu Chemical Co.Ltd, Japan). The 

filled molds were placed in a vaccum chamber with a negative pressure in order to make the 

casts bubble-free. Then, the castings were cured in an oven (Figure 3b). Finally, the molds 
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were removed, and the two pieces were glued together to release the completed casting 

(Figure 3c). Although the geometry of the phantom can be precise, silicon forms relatively 

stiff walls which do not resemble the properties of the coronary arteries. 

 
(a)                                                            (b)                                                   (c) 

Figure 3: a) 3D printed mold, b) castings in the oven, and c) the silicon phantom prototype (P3) 

The next material suggusted in Table 1 is PVA-H in which offers both favorable friction 

condition and desired flexibility compared to other materials; these properties of PVA-H are 

controlable by changing the weight percent (wt%) of PVA grains and a number of freezing-

thaw cycles. Consequently, we used PVA-H, as a final model, to mimic the right coronary 

artery wall. 

As we explained in the introduction, our intention in creating a phantom model was to 

validate the simulated trajectory of the guidewire and catheter. In order to get visual 

feedback during the movement of the instrument inside the phantom, the transparency of the 

phantom is important. Based on the literature (e.g., [9]), we found out that PVA-H becomes 

transparent by making a mixture of 80 % dimethyl sulfoxide (DMSO) and 20 % deionized 

water, instead of using 100 wt% deionized water as a solute. 

Figure 4 shows two different phantoms of the RCA, which have been made in the 

colaboration with Takashima lab in Japan. The first model (Figure 4a, P4) has an identical 

geometry as the RCA, but there are some disadvanteges such as difficulty in fixating the 

phantom in the exact orientation. Therefore, the idea of box-model, i.e., extruding the same 

geometry inside a cuboid shape, was emerged to be a convenient option (Figure 4b, P5).  

 
(a)                                                          (b) 

 

Figure 4: The RCA phantom with a) 17 wt% PVA concentration without DSMO, b) 12 wt% PVA 

concentration with DSMO 
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Figure 5 shows a PVA-H box-model which was made based on the method explained in [9] 

but with 12 wt% PVA concentration with DSMO in order to test the sensitivity of the 

flexibility. For this phantom, first a 3D printed PVA coronary artery was created and 

suspended in a box (Figure 5a); PVA is commonly used as a water solvable support 

structure for 3D-printing. The 3D print artery was protected by a boundary layer of silicone 

coating to limit the dissolving in the PVA-H. Then, the box was filled with the PVA-H and 

DSMO mixture. A single 24-hour freeze-thaw cycle was applied, and then the PVA artery 

had dissolved completely, resulting in an accurate vessel geometry (Figure 5b). 

 
 

(a)                                                          (b) 

Figure 5: The right coronary artery (RCA) a) the 3D printed PVA (printer: Ultimaker 3, Ultimaker 

inc., Geldermalsen, The Netherlands), b) box model of 6 wt% PVA concentration with DSMO 

Tracking set-up 

As explained previously, the main objective of developing phantoms was to evaluate the 

simulation results by comparing them with experimental data, performed on phantom 

models. Therefore, we designed an experimental set-up in order to track the guidewire 

movement inside the developed phantom. 

A box model of the RCA made of PVA-H was used for the validation experiments (see 

Figure 4b). In order to record the trajectory of the guidewire during the experiment, three 

cameras (15 frames per second, 1920 × 1080 screen resolution) were positioned on three 

sides of the model. In addition, load cells (Kyowa Electronic Instruments Co., Ltd.) with an 

operating range of 10N were placed under the phantom model to measure the applied forces 

downward (in z-direction) to the phantom’s wall. The motion, which could be translational 

and rotational and its pattern could change depending on the vascular geometry, was applied 

by a linear stage to the proximal side of the guidewire. In our experiments, the speed of the 

translational and rotational motion were 2 mm/s and 10 deg/s, respectively. The motion 

pattern could change depending on the vascular geometry. 

Since the diameter of RCA ranges from less than 1 to 3 mm along the length, the use of 

0.014-inch guidewires (0.36 mm) in combination with 5- or 6-Fr (approximately 2 mm) 

catheters were recommended in real intervention to not limit the coronary circulation [10]. 

Therefore, we used the same size guidewires in both simulation and experiments. 
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(a)                                                          (b) 

Figure 6: a) Experiment setup which consists of a two-axis automatic stage (Sigma Koki Co., 

Ltd.,SGSP20-85(X), SGSP-40YAW) to insert the instrument into the phantom, b) box model of the 

RCA 

Results 

Table 2 shows a list of developed phantoms and achieved properties. Based on this 

information, we selected the P5 phantom which was made of a mixture of PVA-H and 

DSMO, and fulfilled most of our criteria. 

Table 2: Phantom properties 

         Property 

Phantom 

Accurate 

geometry 

Material 

properties 

Simplicity Transparent 

P1   + + 

P2 +  + + 

P3   + + 

P4 + +  + 

P5 + + + + 

Figure 7 shows the process of extracting the position of guidewire’s tip using the images 

acquired by the cameras. The image processing was done in collaboration with Takashima 

lab and detail information can be find in [11].  
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Figure 7: The process of tracking the tip of a guidewire in the images taken by the cameras 

At the end, to examine the applicability of our developed phantom as well as the tracking 

set-up, we performed a few experiments and compared the outcomes with the simulation 

results. As an example, Figure 8 shows the tip trajectories of the two guidewires with 

different stiffness in the RCA artery, both in the simulation and the experiments. These 

results show how the flexibility of a guidewire impacts its behavior during advancement: 

higher flexibility, more fluctuations. Moreover, the simulation results show the trajectory of 

the stiffer guidewire deviated more from the experiments, and it can be explained by the fact 

that we used a discretized model of the guidewires in the simulation; when the guidewire is 

more stiff, the segments have to be smaller to be able to model the behavior more precisely 

[Chapter 5]. 

 
(a)                                                                                              (b) 

Figure 8: Comparing the tip trajectory of two guidewires with curved tip inside the RCA: a) Pilot50, 

b) Pilot200 

In the experimental set-up, the force sensors measure the amount of applied forces in z-

direction. Figure 9 compares the total amount of applied forces to the artery’s wall via each 

guidewire, in the simulation and validation experiments, while the guidewires were inserted 

into the RCA. The results show that as the stiffness of the guidewire increases, the guidewire 

applies more forces to the vascular wall. The differences between the experiments (Figure 

9a) and simulations (Figure 9b) are mainly due to the force sensors used in the experiments; 

we used 5 and 10 N load cells for Pilot50 and Pilot200, respectively, while the amount of 

applied forces are in the range of mN. 
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(a)                                                                          (b) 

Figure 9: Comparing the total amount of force applied by Pilot200 and Pilot50: a) experiment b) 

simulation 

Discussion 

We presented an overview of the developed phantoms. The phantoms consisted of different 

materials and were used in validation studies of the simulation model. Considering our 

design criteria, e.g., similar mechanical properties to vascular walls and being transparent for 

the purpose of video tracking, the phantom made of PVA-H and DSMO mixture was chosen 

to be used in our validation experiments. 

Moreover, the preliminary results of the validation experiments were discussed. In the 

experiments, we used a linear stage to insert the guidewire into the phantom with fix speed 

motions. Although the simulation model is readily adoptable to either motion input or force 

input, the experimental-setup needs to be improved in a way to be able to apply forces 

instead of motion. 

  



 

105 

 

Reference 

1. Clogenson, H. C. M. "MRI-Compatible Endovascular Instruments: Improved 

Maneuverability during Navigation." (2014). 

2. Schaap, Michiel, Coert T. Metz, Theo van Walsum, Alina G. van der Giessen, 

Annick C. Weustink, Nico R. Mollet, Christian Bauer et al. "Standardized evaluation 

methodology and reference database for evaluating coronary artery centerline 

extraction algorithms." Medical image analysis 13, no. 5 (2009): 701-714. 

3. K. Takashima, R. Shimomura, T. Kitou, H. Terada, K. Yoshinaka, and K. Ikeuchi, 

“Contact and friction between catheter and blood vessel,” Tribology International, 

vol. 40, no. 2, pp. 319–328, 2007. 

4. H. E. Burton, J. M. Freij, and D. M. Espino, “Dynamic viscoelasticity and surface 

properties of porcine left anterior descending coronary arteries,” Cardiovascular 

engineering and technology, vol. 8, no. 1, pp. 41–56, 2017. 

5. M. Ohta, A. Handa, H. Iwata, D. A. Rfenacht, and S. Tsutsumi, “Poly-vinyl alcohol 

hydrogel vascular models for in vitro aneurysm simulations: The key to low friction 

surfaces,” Technology and Health Care, vol. 12, no. 3, pp. 225–233, 2004. 

6. Y.-b. WANG, Z.-x. HUANG, and L.-m. ZHANG, “Damping properties of silicone 

rubber/polyacrylate sequential interpenetrating networks,” Transactions of 

Nonferrous Metals Society of China, vol. 16, pp. s517–s520, 2006. 

7. J. e. a. Winter, “The material properties of gelatin gels,” 1975. 

8. J. Eysturskar, “Mechanical properties of gelatin gels; effect of molecular weight and 

molecular weight distribution,” Ph.D. dissertation, Norwegian University of Science 

and Technology, 2010. 

9. YU, ChangHo, Hiroyuki KOSUKEGAWA, Keisuke MAMADA, Kanju KUROKI, 

Kazuto TAKASHIMA, Kiyoshi YOSHINAKA, and Makoto OHTA. "Development 

of an in vitro tracking system with poly (vinyl alcohol) hydrogel for catheter 

motion." Journal of Biomechanical Science and Engineering 5, no. 1 (2010): 11-17. 

10. Schneider, Peter A. Endovascular skills: guidewire and catheter skills for 

endovascular surgery. New York, NY, USA: Informa Healthcare, 2009. 

11. Takashima, Kazuto, Shotaro Tsuzuki, Atomu Ooike, Kiyoshi Yoshinaka, Kaihong 

Yu, Makoto Ohta, and Koji Mori. "Numerical analysis and experimental observation 

of guidewire motion in a blood vessel  model." Medical engineering & physics 36, 

no. 12 (2014): 1672-1683. 

  



106 

 

 

 

 

 

  



 

107 

 

Curriculum Vitae 

Hoda Sharei-Amarghan 
 

19 March 1986                        Born in Mashhad, Iran. 

 

Related experience 

 

2014–2018                              PhD candidate 

Department of biomechanical engineering, 

Delft university of technology, Delft, The Netherlands. 

Nov–Dec   2016          Visiting researcher 

Kyushu Institute of Technology, Kitakyushu, Japan 

Feb–March 2015          Visiting researcher 

    Philips, Eindhoven, The Netherland 

2012–2014:             Researcher 

Department of biomedical engineering, 

Liege university, Belgium 

2009–2012:                Master of science 

Department of electrical and computer engineering 

Shiraz University, Shiraz, Iran 

2008–2009:             Medical technology advisor 

    Avicenna hospital, Shiraz, Iran. 

2004–2008:                Bachelor of science 

Department of biomedical engineering 

Amirkabir University of Iran, Tehran 

  



108 

 

List of Publications and awards 

 

 Hoda Sharei, Ronald Stoute, John J. van den Dobbelsteen, Maria Siebes, and 

Jenny Dankelman. “Data Communication Pathway for Sensing Guidewire at 

Proximal Side: A Review.” Journal of Medical Devices 11, no. 2 (2017): 024501. 

 

 Hoda Sharei, Tanja Alderliesten, John J. van den Dobbelsteen, Jenny 

Dankelman, "Navigation of guidewires and catheters in the body during 

intervention procedures: a review of computer-based models," J. Med. Imag. 

5(1), 010902 (2018), doi: 10.1117/1.JMI.5.1.010902.  

 

 Hoda Sharei, Jeroen Kieft, Kazuto Takashima, Norihiro Hayashida, John J. van 

den Dobbelsteen, Jenny Dankelman, “A Multi-body Dynamic Model to Study 

the Translational motion of Guidewires based on their Mechanical Properties”, 

submitted. 

 

 Hoda Sharei, Kazuto Takashima, John J. van den Dobbelsteen, Jenny 

Dankelman. “Interactive Manipulation of Guidewires and Catheters inside the 

Vascular System during Intervention”, submitted. 

 

 Hoda Sharei, John J. van den Dobbelsteen, Jenny Dankelman. “Overview of 

State of the art: Guidewire's Proximal Connectors”, 5th Dutch Bio-Medical 

Engineering Conference, Egmond aan Zee, The Netherlands (2015). 

 

 Hoda Sharei, John J. van den Dobbelsteen, Jenny Dankelman. “Guidewire 

Construction and its Characteristics for Use in Interventional Procedure: A 

Review of Contemporary Technology”, 27th International Conference of the 

Society for Medical innovation and Technology (SMIT), Brno, Czech Republic 

(2015). 

 

 Hoda Sharei, John J. van den Dobbelsteen, Jenny Dankelman. “Guidewire 

Model Based on its Mechanical Properties”, 28th International Conference of the 

Society for Medical innovation and Technology (SMIT), Delft, The Netherlands 

(2016).  

 

 Hoda Sharei, John J. van den Dobbelsteen, Jenny Dankelman. “3D Model of 

guidewire motion based on its mechanical properties”, 6th Dutch Bio-Medical 

Engineering Conference, Egmond aan Zee, The Netherlands (2017). 

 



 

109 

 

 Hoda Sharei, John J. van den Dobbelsteen, Jenny Dankelman. “Modelling the 

behavior of guidewire inside the vascular system and comparing the trajectory 

and the applied forces”, Design of Medical Device Conference, Eindhoven, the 

Netherlands (2017). 

 

 Hoda Sharei, John J. van den Dobbelsteen, Jenny Dankelman. “Prediction of 

Guidewire Trajectory inside the Vascular System: 3D Computer based Model”, 

29th International Conference of the Society for Medical innovation and 

Technology (SMIT), Turin, Italy (2017). 

 

 Hoda Sharei, Kazuto Takashima, John J. van den Dobbelsteen, Jenny 

Dankelman. “Modelling and analysis of guidewire motion to evaluate the effect 

of bending stiffness”, submitted. 

 

 Hoda Sharei, John J. van den Dobbelsteen, Jenny Dankelman. “Modelling the 

behavior of guidewires: effect of angled-tip and rotation”, 30th International 

Conference of the Society for Medical innovation and Technology (SMIT), 

Seoul, South Korea (2018). 

 

 Best poster award (150 euro)- 3ME PhD day- Delft university of Technology. 

 

 Travel award (700 dollars)- Smit2018- Seoul, South Korea. 

 

 

 

  



110 

 

  



 

111 

 

Acknowledgements 

 

“Our life is a constant journey, from birth to death. The landscape changes, the people 

change, our needs change, but the train keeps moving. Life is the train, not the station”, 

Paulo Coelho. 

The four years I spent completing my PhD was one of the most challenging stations, and it 

would have been impossible to pass without a number of people who accompanied me on 

this journey. Therefore, before moving to the next station, I want to thank them. 

Firstly, I would like to thank my promotors Jenny Dankelman and John van Dobbelsteen. 

Jenny, thank you for your trust in me and for giving me the opportunity to be a part of your 

team. Thank you for your not only scientific but also emotional support during the last four 

years; there was always a sense of relief after talking with you. John, thank you for your 

guidance as I worked toward my PhD. Your broad knowledge and your out-of-the-box 

thinking were always admirable. 

Secondly, thanks go out to the reading committee, for investing their time in reading and 

evaluating this thesis. 

I am very thankful for the opportunities I received as a guest researcher. Working for two 

months at Philips in Eindhoven was a great opportunity to get to know the industrial 

environment; I thank Ronald Dekker for hosting me in his group. At the same time, I would 

like to thank Ronald Status, my project-mate, not only for being my guide at Philips but 

also for helping me to start my PhD, reading my draft, and giving me confidence with his 

encouraging words. Thank you, Ronald, for trusting me to present your work at the EMBC 

conference when I had just started my PhD; your trust made me feel more confident. 

Moreover, I had the pleasure of working in the Takashima lab at the Kyushu Institute of 

Technology, Japan, for two months. I would like to thank Kazuto Takashima and his 

students for their hospitality. I would also like to thank Theo van Walsum from Erasmus 

MC for supporting me with patient data. 

Besides all the scientific help, doing a PhD is not possible without wonderful friends and 

colleagues to have fun with during coffee and lunch breaks. My officemates, Ronald, 

Xavier, Paulos, Federico, and Bram, thank you all for creating a nice office atmosphere! I 

learned a lot from each one of you and enjoyed every second of being in the office with you 

guys. I missed you a great deal when you left one by one, and I wish you all the best. I also 

thank Dick Plettenburg just because of his smiling face and warm “good morning” every 

day when I passed his office. Marco, thank you for spending quality time on reading my 

first paper, it was a great help. Germa en Mats, hartelijk bedankt voor het vertalen van mijn 

samenvatting in het Nederlands. 

Moving to MISIT lab had the advantage of allowing me not only to practice my Dutch but 

also to make new friends. John, Tonke, Roos, Jullie, Marit, Nick, Arjo, Arjan, Linda, 

Tim, Jan, heel veel bedankt voor jullie geduld en steun. Ik heb heel veel plezier gehad in 

MISIT lab in de laatste jaar van mijn PhD. Mijn speciale dank gaat naar Tonke – Lieve 

Tonke, ik kan niet je genoeg bedanken voor jouw open, lief en behulpzaam houding, 

bedankt voor welkomen me in MISIT lab. 



112 

 

And of course my life outside the university was filled with the love and support of my 

friends and family, whom I would like to name and acknowledge here. Firstly, I would like 

to thank Janny – lieve Janny, je was niet alleen mijn Nederlandse docent maar ook een 

echte vriendin!  Ik kan nooit jouw genoeg bedanken voor alle liefde en steun die heb ik altijd 

van jouw gekregen zowel voor mijn taalvaardigheid als in mijn gewoon leven, hartelijk 

bedankt! Next, I would like to thank my special friends who were with me from the 

beginning of my PhD journey (and even before), and who never hesitate to offer me any 

help I need: Tricia, I had so much fun with you in our day-out trips and in our spontaneous 

trip to Sardinia – thank you for reading my paper and correcting my English! Somaye, my 

smiley face friend, thank you for reminding me how much more appealing is the life with 

flowers! Farahnaz, my beautiful friend, it is always enjoyable to have a break with you, and 

to chat and share and listen to each other’s thoughts and forget about time! Ahmad, thank 

you for always being up for any adventure, either skydiving or just having a dinner in a 

noisy bar while you really wish for a quiet place! 

Many thanks to all my family in Iran, specially my dear sister, Zari, thank you simply for 

being in my life! Thank you for all the messages and calls from so far away, and for trying 

hard to cheer me up any time I needed it! Thank you for your lifelong support! 

And the last one, Bijan, the love of my life: I can’t describe your love and support during 

the last 14 years, and especially during the last 4 years! Without your words of 

encouragement, your confidence in me, and your efforts to make me relax, it would have 

been impossible to finish this book – thank you for moving from Maastricht to Delft, in the 

middle of your own PhD, just to make me feel more comfortable in my new job… thank you 

for your undying love and devotion to me. 

 

 

Hoda Sharei 

Delft, January 2019 

  



 

113 

 

 
 


