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Abstract: 

Cardiovascular Diseases (CVD) being the leading cause of death, investigating various methods for 

understanding the effects of these diseases is of utmost importance. Hemodynamic parameters such as blood 

pressure and flow rate are the first once affected by CVD. There have been various methods developed to 

study the flow dynamics using Computational Fluid Dynamics (CFD) which are computationally intensive 

and also uses unrealistic boundary conditions such as rigid vessel wall. This thesis focus on the developing 

methods combining 3D printing of patient-specific phantoms and sensors for measuring the mechanical 

parameters of flow in real-time and overcoming the pitfalls of CFD. 

The method of Lumped Parameter Model was used to verify the behavior of 3D printed idealized single 

vessel phantom as an RC circuit. In order to measure the flow parameters, pressure and flow sensors were 

used in conjunction with LabVIEW. An oscillatory flow (sine) with a flow rate of 350mL/min was used 

and LabVIEW recorded the recorded pressure and flow for different frequencies of flow wave in real-time 

using NI ELVIS II+ as a data acquisition system. Later the pressure and flow data were processed and the 

phase difference between pressure and flow, resistance and reactance were estimated. It was observed phase 

difference and reactance decreased with frequency, which showed that a compliant vessel behaves as a 

parallel RC circuit. 

We developed Smart Patient-Specific vascular models to provide a 3D display of pressure gradients on 

patient-specific coronary vascular geometries by combining 3D printed phantoms with pressure sensors. 

The coronary models printed include the three main coronary arteries and the aortic root. The pressure 

sensors were connected to these four locations and the data was acquired using NI ELVIS II+. A LabVIEW 

code was developed to measure the pressures at each vessel, calculate the Fractional Flow Reserve (FFR) 

for selected coronary vessel and display a 3D of a color-coded map of pressure for better visualization. 

For treatment of vascular diseases, new endovascular devices are emerging constantly allowing the 

physicians to treat with minimum invasion. There is a need for a system to measure the parameters (Force 

and Torque) of navigating a device through the vessels and provide a real-time feedback helping the 
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assessment of the devices. A system was developed to track the force and torque as guidewire was navigated 

through a patient-specific neurovascular phantom under fluoroscopy. A Six-Axis F/T sensor from ATI 

Automation Industries was used to measure force and torque in all six Cartesian axes in real-time. This 

system recorded the forces for three guidewires with varying tip stiffness. This study can be used for device 

testing and validation of emerging endovascular devices against existing devices. The study of force and 

torque showed that the guidewires differ in stiffness. Understanding the stiffness is important because the 

stiff guidewires are harder to navigate through the tortuous vessel and flexible tip guidewires provide an 

easy way of navigation. Hence, the tool developed could assist in assessing the stiffness of guidewire by 

recording the force and torque required to manipulate the device. 
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Chapter 1: Introduction to Cardiovascular Diseases and Hemodynamics 

1.1 Cardiovascular Diseases (CVD): 

Cardiovascular disease is at the top of the table of fatal diseases in the United States, accounting for nearly 

836,546 deaths1,2 . Each year cardiovascular diseases claim more lives than any other terminal diseases, 

including cancer. As stated by the American Heart Association Coronary Heart Disease being the leading 

cause claiming about 43.8% of deaths attributable to cardiovascular disease in the US, followed by Stroke 

(16.8 percent), Heart Failure (9.0 percent), High Blood Pressure (9.4 percent), diseases of the arteries (3.1 

percent), and other cardiovascular diseases (17.9 percent). 1 

The American Heart Association has described the seven vital heart disease factors as “Life’s Simple 7” 

which includes: no smoking, physical activity, healthy diet, body weight, and control of cholesterol, blood 

pressure, and blood sugar1-3. If these simple factors are overlooked, they can cause fatal cardiac conditions. 

For example, high cholesterol may lead to stenosis in an artery which increases the blood pressure causing 

aneurysm and if went untreated can be fatal. Therefore, symptoms related to heart should be looked closely 

and treated as soon as possible.1 

1.2 Introduction to Coronary Circulation System 

Coronary Circulation System is responsible for supplying the blood 

to the heart muscle4. Coronary arteries arise from the Aortic Sinuses 

(Left and Right) of Valsalva located right above the Aortic Valve5,6 . 

There are three main Coronary Arteries; Right Coronary Artery 

(RCA) emerging from anterior aortic sinus6, Left Main Coronary 

Artery (LMCA) originates from the left posterior sinus6 and 

bifurcating into Left Anterior Descending Artery (LAD) and Left 

Circumflex Artery (LCX)5,6 . Figure 15 shows origin of the coronary 

Figure 1: Main coronary vessel 
arteries and their convergence towards the apex of the heart. 
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Right Coronary Artery (RCA): 

RCA emerges right ostia also known as Right Sinus of Valsalva (RSV) between the aortic root and the 

pulmonary artery6. It courses through the anterior atrioventricular sulcus or groove where it divides in to 

the acute marginal branches to supply blood to the Right ventricle and then turns to continue to posterior to 

sulcus5,6 . Broadly RCA supplies blood to the Right Atrium (RA) and Right Ventricle (RV), the sinoatrial 

(SA) and atrioventricular (AV) nodes, the interatrial septum, a portion of the left atrium, the posterior-

inferior one-third of the interventricular septum and a portion of the posterior part of the left ventricle5. The 

length of RCA ranges between 12cm to 14cm5. 

Left Anterior Descending Artery (LAD) 

After bifurcating from LMCA the LAD continues to descend into the anterior interventricular sulcus 

towards the apex of the heart5. It typically supplies blood to the anterior 2/3rd of the interventricular septum, 

the entire septum at mid and anterior portion5,6 . Its normal length is from 10cm to 13 cm5 

Left Circumflex Artery (LCX) 

LCX courses towards the left into anterior atrioventricular sulcus and divides into obtuse marginal branches 

which supply blood to the side wall of the Left Ventricle (LV). The length of LCX is shorter that LAD, 

RCA and varies between 5cm to 8cm5. 

Table 15 summarizes the course each coronary artery takes and how they are divided into segments covering 

the entire surface of the heart. 

Table 1: Course and branches of Three main coronary arteries 

Coronary Artery Dependent Area of the Course Branches 

Heart 

Right Coronary Artery Free wall of Right Right Atrioventricular Acute marginal branch 

(RCA) Ventricle sulcus 

Left Anterior Anterior Anterior Septal branches 

Descending Artery Interventricular septum Interventricular Sulcus 

(LAD) 

Left Circumflex Artery Free wall of Left Left Atrioventricular Obtuse marginal branch 

(LCX) Ventricle sulcus 
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1.3 Hemodynamics 

Hemodynamics or the dynamics of blood flow is a way to explain the physics involved with flow of blood 

in a vessel7-9. The homeostatic mechanism of the body is responsible for monitoring and adapting to changes 

that occur in the vascular system. The study of hemodynamics is based on complex principles of fluid 

mechanics10,11 . This can provide us with information on the blood flow such as the flow profile, wall stress, 

transit time, changes in pressure. Hemodynamics can shed light on the phenomenon occurring in normal 

and diseased individual7. 

Various CVD affect the dynamics of blood flow 

(pressure and flow rate) and monitoring these parameters 

is vital in diagnosing and treating the diseases in an 

efficient manner. Considering stenosis in an artery, it is 

narrowing of an artery due to buildup of plaque. Stenosis 

hinders the blood flow drastically changing the flow 

wave pattern, increasing the pressure drop8,12 . If this goes 

untreated it might lead complete occlusion of the vessel Figure 2: Velocity profile in (A) normal vessel, 

and (B) Stenosed vessel. 

and devoid an organ of blood supply7,8 . Figure 27 show 

the velocity profile in normal and stenosed vessel. Stenosis causes the cross sectional area of the vessel to 

increase rapidly causing the pressure decreases along the flow direction hindering the flow, as it can be 

seen in the Figure 2 (B), the velocity is reducing and reversing the direction. The laminar flow is re-

established after certain distance from the stenosis region. The amount of stenosis affects the profile 

differently, more the stenosis larger the gradient of increase in cross-sectional area larger is the hindrance 

to flow7. 
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While stenosis affects the resistance of the vessel 

some diseases affect the compliance or the 

elasticity of the vessel7. Compliance plays an 

important part in propagation of the blood flow 

once it is ejected from the heart. During systole, 

blood is ejected from the left ventricle and enters 

the aorta and distal arteries. This causes an 

expansion which helps it to store a certain volume 
Figure 3: Wave propagation in a vessel caused by the 

compliance of the vessel of blood. During diastole, the heart relaxes which 

reduces the pressure and causes the arterial tree to deflate pushing the blood forward in the vasculature in 

the form of a pressure wave (Figure 3)7,13 . Changes in vessel wall dynamics also affect the pressure and 

flow through the vessel, with higher the compliance overall pressure drop decreases and vice versa. It is 

increases the transit time for the pulse wave to reach its destination13. 

If these conditions are overlooked it might lead to a catastrophic heart conditions, such as cardiac arrest or 

massive hemorrhage due to a ruptured aneurysm. Hence, there is a need of measuring and study the 

hemodynamics of cardiovascular system. 

Hemodynamics of Coronary Vasculature 

The dynamics of coronary vascular flow are more complex than any other vasculature, as the vessels are 

embedded in the Myocardium14. The contractions of the heart causes the blood to flow through the coronary 

system only at diastole unlike other vasculature in which the blood flows during systole13. This happens 

because during systole the heart contracts and compresses the coronary vessels preventing them from 

receiving the blood due to low pressure gradient. Due to this complex nature of the coronary circulation 

understanding the effect of the diseases on the coronary flow is of utmost importance15,16 . 
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1.4 Current methods of analyzing the flow and pressure relation: 

Understanding the hemodynamics of the blood flow is a vital component for learning the pathogenesis of a 

CVD and helping physicians to plan the treatments for these diseases16,17 . Various methods have been used 

to measure or conduct analyses of the blood flow dynamics for CVD in vitro, such as developing 

mathematical models, using human cadaver, and using Computational Fluid Dynamics (CFD)10,11 . The 

disadvantage of the mathematical modelling is that it works on idealized models, and does not provide 

information on patient specific vasculature18. On the other hand, studying human cadaver is patient specific 

but provides a retrospective analysis11. The other methods of understanding the effect of CVD on flow 

dynamics requires direct access to the patient vasculature, one of that technique is Fractional Flow Reserve 

(FFR)15. The goal is to understand the relation between the diseases and the hemodynamics beforehand in 

order to prevent it from getting worse. 10 

Computational fluid dynamics consists of complex 

fluid dynamics concepts in combination with 3D 

Modelling, it has the ability to simulate the realistic 

physiologically flow conditions and patient specific 

geometry. CFD uses high resolution 3D medical 

imaging to acquire 3D volumetric data which is 

used to generate the patient specific vascular models 

for further simulations. Figure 419 show the steps of 

generating a patient specific geometry of the Left 

coronary tree including LMCA, LAD, LCX and Figure 4: Patient-specific model development for CFD. 

(A) Patient scans. (B) Segmentation of patient coronary 
distal branches. geometry. (C) mesh manipulation for desired vasculature 

of coronary. 
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519Figure shows an example of CFD using 

ANSYS. The image shows the pressure map 

over the patient coronary geometry with a 

stenosis. This provides a visual representation of 

the geometry and the pressure gradient with help 

of color-coded map. Figure 5: CFD using ANSYS displaying a pressure map 

indicating the effect of Stenosis in LCX. 

There are certain limitations to Computational Fluid Dynamics approach, in order to simplify the 

computational intensity related to complex vasculature some assumptions are made for example, it assumes 

the vessels to be rigid in nature when in fact the compliance of vessel place a major role in the pulsatile 

flow studies10,11,19 . 

As mentioned earlier the method for assessing the dynamics in-vivo is Fractional Flow Reserve (FFR). It 

is technique of accessing the severity of the of the stenosis obstructing the blood flow. FFR is defined as a 

ratio of the blood flow in presence of stenosis and in absence15. 

For the measurement of FFR, physician uses a 

catheter with pressure sensor at the tip and inserts 

it to stenosed region and acquires the pressure 

measurement at two points; proximal (Pa) to the 

stenosis and distal (Pd) end20. Figure 6 show the 

general approach of measuring the FFR of a 

vessel. The formula for FFR is as follows; Figure 6: FFR measuring process. 

𝐷𝑖𝑠𝑡𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑑)
𝐹𝐹𝑅 = 

𝑃𝑟𝑜𝑥𝑖𝑚𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑎) 

The FFR is an indicator of whether the patients’ needs a stent or not. Patients with FFR>0.8 intervention is 

not required15. 
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1.5 3D Printing: Use in medical field: 

3D printing is a manufacturing process also known as 

Additive Manufacturing (AM) or Rapid prototyping21-23 

in which the desired objects are printed by fusing or 

depositing certain material (plastics, ceramics, metals, 

etc.) in layer by layer method22,24 . Figure 7 shows the 3D 
Figure 7: 3D printing from Stratasys (Objet) 

pirnter from Stratasys used for printing the models used in this thesis. 

Various imaging modalities such as Magnetic Resonance Imaging (MRI), Computed Tomography (CT), 

21,24 and CT angiography are capable of acquring 3D volumeteric data of the patient anatomy , but visualizing 

this 3D data on 2D displays is not possible21. With 3D printing it is now possible to bring these images from 

various 3D imaging modality to life which can be used for surgical planning, medical device testing21,22,24,25 . 

3D printing has many advantages in a multitude of medical applications. There are different kinds of printer 

available depending on the materials it uses to print an object and also the techinque it uses to to bond the 

21,22 layers in the products such as Selective Laser Sintering (SLS), Fused Depositon Modeling (FDM), etc. . 

Depending upon the application one can customize the 3D printer with the type of material the printer uses, 

the resolution (Layer thickness)22,23 . 

Biomedical Applications of 3D printing 

3D printing has a multitude of medical applications since it provides a way to produce application- specific 

and patient-specific products22. Lately it has been used in many applications such as patient-care, 

educational tool, research and development26 etc. 

Healthcare industry: 

3D printing has been used for reconstructing various anatomical structures such for dental repair, prostheses 

development, implants and other applications21,22 . All these applications need the product to be patient-

specific, for example, every individual has different pattern teeth. 3D printing can also be used for product 
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that require biocompatible materials such as ceramics, metals and polymers21; for instance, implant devices 

such bone implants casing for pacemaker needs to be biocompatible in order to prevent the rejection by the 

body. With help from 3D CT images 3D printing can assist in various reconstruction procedures, for 

21,23 example, Maxillofacial surgery . There are studies conducted on how this process can be used to replace 

damaged or burned tissue with variety of materials21,23 . 

Treatment planning: 

Everyday new surgeries are emerging which are more complex than the previous techniques and use 

intricate devices to perform these operations27. This has given rise to developing new methods for teaching 

new surgical residents as well as well as trained surgeons to help them perform the complex procedure 

smoothly21,27 . Traditionally, the physicians get various kinds of training from simulation software28, hands-

on training from the experts using idealized phantoms made of glass and other transparent materials29. 

3D printing can provide a lot of advantages in terms of treatment planning as it can easily print patient-

specific phantoms using the “.stl” file segmented from the 3D volumetric data imaging modalities and 

provide with a better understanding of the diseases and the anatomy in vitro21,29 . These patient-specific 

phantoms can help physicians by providing them with anatomically accurate environment for training and 

planning purposes21,27,29 . 

Research and Development: 

3D printing is rapidly becoming a standard testing tool in the medical research by providing the researcher 

with phantoms for understanding of various anomalies that are still a puzzle21,22 . Researchers use these 

phantoms to understand various anatomical structures inside out which can help in developing new surgical 

techniques. The studies of hemodynamics of blood flow can be conducted using these phantoms. It can be 

used as a software validation tool for various measurements (flow, pressure and other physiological 

quantities) by connecting sensors to these models26. As discussed in section 1.4 other methods to study the 

dynamics of flow (mathematical modeling, Computational Fluid Dynamics) have their limitations such as 
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they assume vessel wall to be rigid which physiologically inaccurate, this can be solved with 3D printing 

by building compliant models with tissue mimicking materials. In order to print the vascular with accurate 

physical properties, the Table 2 below shows normal compliance values in humans measured by various 

techniques, these standard values help in selecting the printing material to mimic accurate cardiovascular 

properties. 

Table 2: Compliance values reported by other studies 

Study 

Total arterial compliance 

estimated by stroke volume-

to-aortic pulse pressure ratio 

in humans30 

Author 

Denis Chemla et al. 

Vessel 

Compliance 

1.46 

Age 

20-74 

(years) 

Units 

𝑚𝐿/𝑚𝑚𝐻𝑔 

Estimation of Arterial Warren K. Laskey 1.421 29-60 × 10−3𝑐𝑚5/𝑑𝑦𝑛 
compliance in Humans31 et al. (years) 

Measurement of total Vivek Muthurangu 1.87 Sample size: 𝑚𝑙. 𝑚−2. 𝑚𝑚𝐻𝑔−1 

pulmonary arterial et al. 17 children 

compliance using invasive and adults 

pressure monitoring and MR (Means age 

flow quantification during 9.8 years) 

MR-guided 

cardiac catheterization32 
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Chapter 2: Lumped Parameter model (LM0) of an Idealized Vessel Phantom 

2.1 Lumped Model 

As discussed in section 1.2 Coronary System is one of the important vascular system since it supplies the 

blood to the heart’s myocardium. Any kind of interference to the coronary flow, for instance Coronary 

Artery Disease, can be fatal to the patient. Hence understanding the effects of CVD on the patient 

vasculature and on its physical properties such as vessel diameter, elasticity, etc. is imperative33. Moreover, 

to understand the dynamics of the flow in vasculature it is necessary to acquire the pressure (the driving 

force for blood flow) and the flow rate through the vessels. The dynamics of the blood flow would be simple 

if the vessel are rigid, have perfect circular structure and the blood is a ‘Newtonian’ fluid which is an ideal 

condition. In a practical case, the vessel walls are compliant, the cross section is not perfect circular and the 

blood is a ‘Non-Newtonian” fluid (meaning the viscosity changes with applied shear stress)13,34 . The 

physical properties of the vessels (compliance and diameter) plays a major role in the relationship of the 

pressure and blood flow. 

All of the parameters mentioned above plays an important role in hemodynamics making it difficult to 

analyze. And in order to analyze, there is need of measuring the pressure and blood flow, instead of 

acquiring the measurements invasively. This gives rise to modeling the Cardiovascular System (CVS)33 or 

Coronary vasculature, to be specific13,33 . 

Lumped Model (LM) or Lumped Parameter Model (LPM) models the cardiovascular system with its RLC 

(Resistance, Capacitance, Inductance) elements (electrical equivalents)13,35 . LPM could be an excellent tool 

for understanding the relation between pressure and flow, which depends on various parameters, for 

instance, vessels diameter, length, elasticity, and the nature of driving pressure (Steady or Pulsatile)13,36 . 

First lumped model for the circulation system was first developed by Otto Frank which included two 

elements (Resistance-Compliance) called as Windkessel Model33. Over the years there have been several 

realization of lumped model, each with slight variations incorporating various components of flow 
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dynamics by adding RLC elements in different combinations of series and parallel networks. The types of 

lumped model are mentioned below13. 

 LM0: {R, C} 

 LM1: {R1, {R2 + C}} 

 LM2: {{R1 + L}, {R2 + C}} 

 LM3: {{R1 + (Pb)}, {R2 + C}} ; Pb= back pressure 

The notations, bracket, plus signs, and commas represent ways the RLC elements are connected. Brackets 

depict the elements included in the model, commas indicate the elements are connected in parallel, and plus 

signs represent the element are connected in series. 

Before jumping to the complex coronary vasculature it is necessary to first advisable to study flow dynamics 

in a simple tube. An overview of the flow dynamics of simple tube is given in the following section, 

including the development of flow, and relation of hydraulic parameter to their electric equivalents. 

2.2 Overview of Flow Dynamics in a Tube 

2.2.1 Development of Flow in a Tube 

As mentioned earlier, it is crucial to study the flow dynamics in tube before moving on to the complex 

vascular system. A profile of fully developed flow in a tube otherwise known as ‘Poiseuille flow’ is shown 

in Figure 813. 

Figure 8: Profile of a fully developed flow also known as ‘Poiseuille flow’ profile 
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Flow profile in most of the hydrodynamics is of parabolic nature due to a condition called ‘no-slip’13,37 . 

This condition prevents the fluid from flowing thorugh the tube like bullet because the fluid elements at the 

tube wall are halted and have no relative velocity, thus forming a stationary layer around the tube wall37. 

As the fluid progresses in the tube the adjacent layer has a greater speed compared to the stationary layer, 

similarly the fluid particles at the center of tube axis are the fastest creating a ‘parabolic velocity profile’. 

In other words, the velocity at the wall-fluid interface is zero and at the center is maximum13. Flow is 

developed at a distance from the entry point. Modeling the coronary system using LPM, the flow is 

considered to be fully developed, which is an assumption that is necessary (examinig the extent of flow is 

intracable) and irrational (entry lengths of the vessels differs, hence it cannot be represented as developed 

flow in a single tube). 

Hydraulic Resistance: 

There are number of ways which provide resistance to the fluid. Flow acceleration is one of the type of 

resistance and elastic of the tube resists the flow by inflating. These come into effect when the driving 

pressure is oscillatory in nature. There is one form of resistance which exist irrespective of nature of the 

driving pressure, this is caused by friction between the fluid and the tube wall. This condition causes the 

Poiseuille flow profile discussed in earlier section. 

Figure 913 shows the effect of the viscous friction on the flow. The 

viscous property states that the velocity gradient should finite, 

hence the profile with step change (top) is not possible because this 

makes the gradient infinte. Therefore, to maintain a finite gradient 

the change in velocity of adjacent layers need to small (bottom). 

Figure 9: Effect of Resistance on the 

fluid profile The total resistance (R) can expressed in the terms of pressure 

difference (∆𝑝)and flow rate (𝑞), which the same as Ohm’s law in the electrical analogy; 

∆𝑝 
𝑅 = 

𝑞 

12 



 
 

 

     

   

 

  

 

 

 

 

 

 

 

  

 

 

  

   

 

 

    

   

      

     

 

    

   

      

     

    

   

    

 

 

 

 

        

      

      

        

      Table 3: Cardiovascular resistance reported in literature 

Study Author Age Resitance Units 

Effects of Exercise Training Rainer 70 years or 1612 𝑑𝑦𝑛/𝑠/𝑐𝑚−5 

on Left Ventricular Function Hambrecht, MD younger 

and Peripheral Resistance in et al. 

Patients With Chronic Heart 

Failure38 

Estimation of total systemic Warren K. 29-60 years 1185 𝑑𝑦𝑛. 𝑠. 𝑐𝑚−5 

arterial compliance in Laskey et al. 

humans31 

Inductance: 

Inductance is the electrical equivalent to the fluid 

interia. It is the acceleration and deceleration of the 

fluid due to the oscillatory driving pressure as shown 

in Figure 1013. Due to the inertia the fluid does not 

respond to acceleration and deceleration 

immediately, but takes some time to adjust to the 

change in pressure. This phenonmenon is called as 

‘reluctance’ (fluid is reluctant to rapid transistion of Figure 10: Effect of fluid inertia on flow. When 

driving pressure changes its direction, instead 

the drving pressure) inertance or inductance due to changing the direction immediately fluid decelerates 

and then accelerates in the direct of the pressure 

the electrical analogy. Inductance comes into effect 

when there is change in the flow rate. In case this the pressure difference (∆𝑝) is proportional to the rate at 

which the flow rate (𝑞) is changing, which is given as follows; 

𝑑𝑞 
∆𝑝𝐿 = 𝐿 

𝑑𝑡 
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Capacitance: 

This effect comes into play when the tube is elastic 

in nature and flow is oscillatory. Tube being elastic 

the volume held in the tube changes similar to a 

capacitor in an electric circuit which stores charge. 

This phenomenon affects the inflow and outflow of 

the tube because the inflation and deflation reduce 

or increase the flow rate respectively. Figure 1113 

Figure 11: Effect of compliance on flow. (A) stores 

certain volume of fluid by expanding, (B) inflation and shows the effect of capacitance (compliance) on the 
deflation of the wall cause the fluid to move forward. 

flow, when he fluid enters an elastic tube it may 

exapand the tube (Figure 11 A) or flows through the rigid tube. There is one more effect due to the elasticity 

of the tube i.e. it assists the propagation of the flow wave as shown in figure 11 (B). The capacitive flow 

rate is expressed as; 

𝑑(∆𝑝)
𝑞𝐶 = 𝐶 

𝑑𝑡 

∆𝑝 is the pressure difference and not the change in pressure. Whereas, the capacitive flow (𝑞𝐶) is 

proportional to the rate of change of pressure difference. 

2.2.2 LM0 model of an Elastic Tube: 

Lumped Model 0 also known as the Windkessel (Air Chambers) Model includes two elements: resistance 

and capacitance39. A simple elastic tube incorporates resistance which is present irrespective of nature of 

drivng pressure in combination of the capacitance effect of the tube. However, if the flow is steady in nature 

the lumped model will include only driving pressure and the resistance, and if the flow is oscillatory the 

model accounts for the capacitive effect of the tube13. 
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Figure 1213 shows the LM0 model of an elastic tube. Due 

the compliant nature of the tube the flow has two ways 

to progress through the tube; either face the resistance 

due to vessel wall-fluid interface or contributing to 

infaltion of the tube i.e. capacitance. Since the flow has 

option the resistance and capacitance are in parallel, 

same as in the electrical parallel RC circuit the current 
Figure 12: Configuration of RC in LM0 model. 

In a tube resistance and capacitance are in parallel has two ways (resistive branch or capacitive branch). 
as the fluid can either face the resistance or 

contribute in inflation of the tube 

2.3 Purpose: 

In recent years, researchers have modelled the coronary circulation using the electrical equivalents using 

the mathematical methods and computational fluid dynamics. These methods sometimes assume the 

compliance to be constant, simulations are unable to combine the effect of actual fluid-vessel wall 

interface10,11,33,35 . 

The purpose of this project was to validate the electrical concepts of Voltage-Current phase relationship, 

reactance as a function of input frequency using a 3D printed ideal vessel model to simulate accurate 

physical properties of coronary vasculature (compliance, diameter, surface roughness, etc.) in combinations 

with embedded pressure and flow sensors to record the mechanical parameters in the vessel model. 

2.4 Materials and Methods 

2.4.1 Model Development 

As discussed in the earlier section, it is necessary to understand flow dynamics in an idealised vessel model 

before moving onto a complex coronary vascular model introduced in the previous chapter. Therfore an 

idealised phantom was designed and printed in the same tissue mimicking material (Tango Plus)40-42 used 

for the patient specific coronary vascular model to simulate the physical properties of a vessel which 
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C rcatc two concentric c1rclcs w1th 
d1an1ctcr 0.8 c1n and 0.4 cm 

I 
Repeal step I on the new plane and cul 
through the cylinder creating two ports 
2cm away from either end of the tube 

Extn1dc the lnncr su.-focc I 2cn1~ creating a 
hollow cylinder 

C r-catc a new plane tangent to eylmdcr 
surface fo1 the base to 1nakc sensor ports 

negelected or assumed to be constant in previous Lumped Model studies. Figure 13 shows the steps of 

developing the idealized vessel phantom. 

Figure 13: Steps for developing the Idealized vessel phantom. The phantom was 12 cm 

long and lumen was 4mm 

In order to analyze the behavior of the vessel model as an electric RC circuit an oscillatory driving pressure 

was applied using a programmable pump by Shelby Medical (described in detail in following section), two 

pressure sensors were used to record the pressure difference across the model, and a flow sensor to measure 

outflow through the model. Table 413 shows equivalency of the electrical (RC) and hydraulic componets 

decribed in the section; 

Table 4: Electrical equivalents of the hydraulics 

Electrical Equivalents Hydraulic Equivalents 

Hydraulic Resistance Wall- fluid Interface, diameter of the vessel 

Capacitance Compliance of the vessel 

Voltage drop Pressure difference of the two points on the vessel 

Current Flow through the model 

Impedance Complex quantity; with hydraulic resistance 

(Real), Reactance (Imaginary) 

2.4.2 Programmable Pump- CompuFlow 1000: 

CompuFlow 1000 is programmable pump (Figure 14) which provides accurate pulsatile and steady flow 

rates, it also allows the user to control the the waveform parameters (time period and amplitude), specify 

the number of pump strokes, and the user can also design any application specific waveforms from a simple 

sine wave to a complex pressure wave; this all is done with the help of dedicated software named SimuFlow 

III. 
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2 
IN .. • 1 

• .. 

I 11 I 
Piston 

Figure 14: Programmable Pump. 

Figure 15: Working of the programmable pump. Image shows the movement of the piston and the 

corresponding fluid motion 

Figure 15 shows color coded block diagram explaining the function of the ports of the pump. The piston 

can move in two directions, for example direction 1 and direction 2, whenever it moves to any direction the 

function of IN and OUT ports changes. For instance, if the piston moves towards 1 which is denoted by 

black arrow the pump pulls in the fluid from OUT and pumps through IN (Denoted by black arrows as 

well) and similarly if the piston moves to towards 2 (red arrow) the ports change their functions (direction 

of fluid in red arrows). 
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Y connector 

Connections of Pump to a model: 

For the purpose of this project only OUT 

was used as shown in Figure 16. Since 

this port pulls and pumps the fluid, a ‘Y’ 

connector with clamps was used in order 

to prevent the pump from pulling back 

the fluid from the model. The Idealized 

model is connected on the side of clamp 

two and clamp 1 side is inserted in to 

reservoir containing the blood 

mimicking fluid mentioned in Chapter 2. 

The clamps are opened/closed depending upon the direction of the piston (direction 1 or 2). Recalling from 

the Figure 15 and considering only OUT port, when the piston moves towards 1 it pulls in the fluid and fills 

the internal reservoir hence clamp 1 is opened and clamp 2 is closed allowing the pump to pull in the fluid 

from the external reservoir and not from the model. And when the piston starts moving in other direction 

clamp positions are changed. 

SimuFlow III: 

Figure 17 shows the front panel of the software SimuFlow III; a dedicated software for controlling the 

programmable pump. The software allows the user to change the time period (frequency), amplitude or the 

flow rate (maximum flow rate of 35 mL/s can be achieved) of the waveform. The software includes 

waveforms that are already built into it, for instance, carotid artery (Figure 17), femoral artery waveforms. 

User can design any kind of waveform for example a simple sine wave (Figure 18), which was used for this 

project. The user can generate the mentioned customized waveform by using MS Excel to roughly plot the 

desired waveform with flow rate (mL/s) on x-axis and time (ms) on y axis and then divide the flow rates 

Figure 16: Modification in the connection of the pump 
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by the maximum value and copy these value in the ‘.pmp’ file that is readable by the pump. Detailed 

operation instruction to use the pump can found in appendix A. 

Figure 17: Front Panel of SimuFlow III. This software allows the user to control the parameters of the 

flow 

Figure 18: Customized Sine wave for this study 
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Sensor Housing 

Flow 

Reflector 

2.4.3 Flow Meter: 

There are various types of techniques used for measuring flow; Optical flow meters, thermal mass flow 

meters, magnetic, ultrasonic flow meters, etc. Selecting the type of meter depends on the type of medium 

to be measured i.e. gas or liquid. Since, in this project fluid flow is measured the flow meter used is based 

on transit time calculations which is a type of ultrasonic technique. The Flow meter from ‘Transonic’ was 

used in this project to measure flow through the vessel. In the following section the basic principle for 

transit time flow measurement is explained. 

2.4.3.1 Transit-time Flow Measurement: 

It is one of the ultrasonic measurement techniques, 

other being Doppler measurement. Unlike Doppler, 

this method determines the flow by calculating the 

time taken by the ultrasonic pulse to reach the receiver, 

hence the transit-time flow meter. Figure 19 shows the 

basic working principle of the transit time flow meter. Figure 19: Basic construction of an ultrasonic flow 

The sensor housing has a pair of piezo-electric crystals and a specific angle, these crystals acts as transceiver 

(transmitter and receiver) and on the other end of the tube there is a reflector for the waves to reflect back 

to the receiver. This sensor works in two cycles; upstream (against the flow) and downstream (in the 

direction of flow). They emit ultrasound back and forth and the instrument then calculates the difference 

the between upstream and downstream transit times to indicate the volumetric flow. 

Figure 20 shows the flow sensor and instrument from Transonic used for the project. It can be seen that 

sensor is a clamp-on type, which holds on to a tube for flow measurements. The blue part is the sensor 

housing with transceiver piezo-electric crystals in it and on the other side the silver part is the reflector. ‘B’ 

shows the instrument that calculates the upstream and downstream transit times. It also allows to control 

some of the parameters using the toggle switch on the front panel and provides with two types voltage 
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output; Mean and Pulsatile for data acquisition. Table 4 gives clear functionality of each switch on the 

panel. 

Figure 20: Flowmeter from Transonic (Left) and clamp-on ultrasonic sensor (Right). 

Table 5: Description of flowmeter controls 

Control and Indicators Function 

NORMAL/LOFLOW Changes the display sensitivity by a factor of 4. 

Change this switch if the display does not show the 

proper reading 

MEAS. Sets the instrument in measurement mode for the 

experiments 

TEST This is a diagnostic mode, indicating the signal 

strength from the sensor. 

ZERO Used for calibration of the DAQ system. In this 

mode the display and the analog output shows 0V. 

SCALE Used for calibration of the DAQ system. In this 

mode the display maximum flow for the given 

probe and the analog output shows 1V. 

POLARITY Changes the polarity of the display if the sensor is 

connected in upstream direction. 

FILTER It includes; 10, 30 and 100 Hz low pass filter for 

the analog outputs. 

OUTPUT Two kinds of output; Mean and Pulsatile. 
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Connect the sensor to the 
programmable pump 

Select the appropriate channel settings 
in LabVIEW and run the code 

Run the pump in order to keep fluid in 
the tube and avoid Ac.Er error 

Enter the flow rate manually in 
LabVIEW 

Using SimuFlow III apply the same 
Flow rate through the tube and record 

the voltage in LabVIEW 

Repeat tlie process LI- ana 5 fo1· five 
flow rates 

The code and the sensor is calibrated 

2.4.3.2 Connections and Calibration of Flow Sensor: 

Since the sensor uses ultrasonic waves, 

there needs to be a proper contact between 

the sensor and the surface of the tube on 

which the sensor is clamped on. An 

ultrasound gel (same one used imaging) is 

used to make good contact for the acoustic 

Figure 21: Flow sensor clamped on a silicone tube using 
waves to travel to the receiver 

ultrasound gel for acoustic connection 

uninterrupted. If the contact is made the flowmeter display will indicate the flow reading, if not, the display 

will show an error ‘Ac.Er’ (Acoustic Error) meaning the waves are blocked and are not received by the 

receiver which might be caused by air bubbles or because of the poor contact. In the Figure 21 shows when 

the sensor is clamped on the tube using ultrasound gel. 

Calibration of The Flow Sensor using LabVIEW: 

The process steps for calibration of the flow sensor is 

same as the ones for pressure sensor. In order to calibrate 

the sensor, it is connected to the clamp 2 side of 

programmable pump (Figure 16) and constant flow with 

5 known flow rates are applied. The Calibration code in 

LabVIEW stores the voltage values for each flow rate 

and fits a line for calculation of ‘slope’ and ‘intercept’, 

which are then used to convert the voltage (V) to flow 

rate (mL/min). The flowchart (Figure 22) shows the 

steps to be followed. The flow rate used for calibration 

were 5, 10, 15 and 20 mL/s. The detailed steps for Figure 22: Steps to calibrate flow sensor using 

LabVIEW 

connecting the flow sensor can found in appendix A. 
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Figure 23 shows steps to be followed in LabVIEW. 

Figure 23: Steps for calibration in LabVIEW. (A-E) Five know flow rates entered manually by the user in each 

tab and applied using the pump 

Figure 24 shows the graph plot of the 

output array with flowrate on y axis and 

sensor output on x axis. LabVIEW fits a 

line and calculates the slope and intercept 

using the line formula. The standard 

values of slope observed for calibration 

were in the range of 4.9-5.5. With this Figure 24: Slope and intercept for flow sensor. It used to convert 

the volts to flow rate in mL/min 
calibration the system output was 

deviating 0.7% from the true flow rate. 
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2.4.3.3 Characteristics of Flow Sensor: 

Understanding the characteristics of the sensor is important as it entails the errors and the sensitivity of the 

sensor to the applied input. Figure 25 (A) below shows the plot of Output (V) Vs Input (mL/s) also 

indicating the slope which is the sensitivity of the sensor i.e. 0.188V/5mL/s and also showing a direct 

relationship between input and output. Figure 25 (B) show the hysteresis loop for the flow sensor; this plot 

indicates the repeatability of the as the sensor is subjected to an increasing (Black Arrow) and decreasing 

(Red Arrow) flow rates. The hysteresis loss measured for the flow sensor was about 1.06%. 

Figure 25: Characteristics of flow sensor. (A) Output signal Vs Input Flow rate, (B) Hysteresis loop indicating 

the repeatability of the sensor 

2.4.4 Pressure Sensor 

2.4.4.1 Overview on Pressure Measurements: 

Pressure is a physical force that is exerted on an object by a fluid (gas or a liquid). It is also defined as the 

normal force per unit. There are various units of pressure including Pascal (Pa), pounds-force per square 

inch (psi) and many other. In the medical field millimeter of mercury (mmHg) is used as a unit for blood 

pressure. 
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Different types of pressure measurement43: 

Absolute Pressure measurement is defined as 

the difference between measured pressure and 

absolute zero pressure i.e. vacuum. 

Gage Pressure measurement is defined as the 

difference between measured pressure and the 

atmospheric (ambient) pressure. 

Differential Pressure measurement is 

difference between two points of 

measurements, one of which is chosen as base 
Figure 26: Different type pressure measurements. 

or reference pressure. Figure 2644 shows different types of pressure and their relationship with each other. 

There are two different methods of sensing pressure; capacitive, piezo-electric and piezo-resistive43. 

2.4.4.2 Piezo-resistance Effect: 

The word piezo means to press in Greek, when combined with the term resistance it refers to a change in 

resistance of the material when it is stressed by an external force. This effect is based on the principle of 

resistivity (𝜌) of a conductor, given by the formula; 

𝐴 
𝜌 = 𝑅 

𝐿 

It states that the resistivity or the power of the material to resist the current depends upon the length (L) and 

the cross sectional area (A) of the material. 

In piezo-resistive sensor when pressure or strain is applied it changes either the length or the area of the 

sensing surface hence changing the resistivity of the material. Therefore, in a pressure sensor when the fluid 

exerts pressure on the sensing element it changes the resistance; hence converting a physical quantity into 

an electrical change. 
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In order to acquire change in voltage instead of resistance, the sensing element is usually connected bridge 

circuit (also known as Wheatstone Bridge) which converts the change in resistance to change the output 

voltage of the bridge. 

2.4.4.3 Wheatstone Bridge Circuit 

Wheatstone Bridge is a circuit used to measure the resistance of an unknown component by connecting it 

into a bridge circuit with three know resistance and voltage across the bridge. 

Figure 27 shows the Wheatstone bridge with RX as the 

unknown resistor or the sensing element and R1, R2 and 

R3 are the known resistance. To understand how 

Wheatstone bridge is used to transduce the change in 

resistance to change in voltage, the knowledge of 

operation of Wheatstone bridge is important. It is divided 

into two parallel network (R1-R2 and R3-RX) also known 

Figure 27: Wheatstone Bridge Circuit 
as two arms of the bridge, each consisting of two resistors 

in series. 

This circuit has two states; Balanced and Unbalanced. The Balanced is when the output voltage (VG) is 

equal to zero, in other words the voltage drop at points D and B should be equal. This state is achieved 

when the following condition is met: 

𝑅1 𝑅3 
= 

𝑅2 𝑅𝑋 

The unbalanced state is when the output voltage (VG) is not equal to zero. That means the ratio of the arms 

of the bridge is not equal. The balanced state is when the output voltage is zero. 
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PIN 1 PIN 2 
VCC OUTPUT 

A 

PIN 4 
OUTPUT 

B 

PIN 3 
GROUND 

This is the case in any piezo-resistive sensor, the RX, the sensing element never remains constant, hence the 

output voltage is varied with respect to change in RX. 

Combining a piezo-resistive pressure sensor with a Wheatstone Bridge gives the output in volts and has 

greater stability in the output. 

2.4.4.4 Honeywell Pressure Sensors: 

The pressure sensor used for this project is based on the similar principle of piezo-resistivity. The sensor is 

a gage type, called 26PC Flow-Through series from Honeywell used to detect pressure exerted by liquids. 

Table 6 below shows some characteristics of the sensor: 

Table 6: Characteristics of Pressure sensor 

Measurement Type Gage 

Pressure Range 0-15 psi 

Output Analog 

Response time 1 ms 

Supply Voltage 2.5-10 Vdc 

Sensitivity 3.3mV/psi 

Figure 28 below shows the pressure 

sensor (A) used in the project and the 

pinout of the sensor (B). Table 7 shows 

the description each pin. 

Table 7: Pinout of the sensor 

Symbol Description 

VCC Excitation Voltage 

Output A Positive output 

GROUND Supply ground 
Figure 28: (A) Pressure sensor, (B) Internal circuit of the sensor 

Output B Negative output 
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A slight modification was made to the sensor in order 

to connect them to the 3D printed models. For each 

sensor two 3-way ports were attached to both ends of 

the sensor using superglue and were kept still for 2-

3 hours to dry the glue before being used. Figure 29 

shows the sensor with the ports attached. 

2.4.5 Data Acquisition: NI ELVIS II+ 

2.4.5.1 Introduction to ELVIS II+: 

For the purpose of acquiring the sensor data, a data acquisition system from National Instrument called as 

ELVIS II+ was used. ELVIS stands for Educational Laboratory Virtual Instrumentation Suite. It is an 

educational tool designed by National Instruments to provide a hands-on experience to students in designing 

and developing electronics circuits from simple RLC (Resistor, Inductors and Capacitors) circuits to 

complex amplifiers, filters using Integrated Circuits (IC). The uniqueness of this data acquisition system 

from NI is that this instruments comes integrated with all the basic laboratory equipment including digital 

multimeter, function generator (signal generator), oscilloscope and many other instruments. It also has a 

breadboard (prototyping board) used to design and test circuit just as an ordinary board but with one 

exception it also acts as a data acquisition for NI’s Software LabVIEW (Laboratory Virtual Instrument 

Engineering Workbench). Figure 30 shows the NI ELVIS II+ and Detailed information is included in 

Appendix B. 

Figure 29: Modification to sensor to connect it to a 

Figure 30: NI ELVIS II+ 
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Connect the sensors in 

Using slopes and intercepts voltage 
is converted to pressure reading in 

mmHg 

2.4.5.2 Pressure Sensor Connections: 

Figure 31 shows the pressure sensor with its four 

color coded terminals: Red (+V), Black (Ground), 

White (+Output; directly proportional to input 

pressure) and Green (-Output; inversely proportional 

to input pressure). 

Figure 31: Sensor with terminals 

2.4.6 Pressure Sensors Calibration using LabVIEW 

The output of the sensors is voltage (volts), in order to 

display these readings in appropriate pressure units 

(mmHg), the pressure sensors were calibrated using 

LabVIEW code. Figure 32 shows the flowchart to carry 

out the calibrations process. The sensors are connected 

in series with a syringe and pressure gauge at either end 

of the sensors. Five different known pressure values are 

applied using the syringe and the corresponding voltage 

readings are recorded by LabVIEW, which calculates 

slope and intercept required to convert the acquired 

voltage to its pressure value in mmHg. Detailed 
Figure 32: Flowchart of pressure sensor calibration 

explanation for calibration process of 4 sensors is given below: 
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A CALIBRATION CALIBRATION -·--·--·--·-

-· - -· _., 

Step 1: For this project 2 sensor were used and each sensor has different values for a certain pressure as 

shown in the Figure 33. Therefore, in order to calibrate these sensors simultaneously, they need to be 

connected in series. To apply pressure on the sensors a syringe is used and a pressure gauge to monitor the 

applied pressure. The figure shows the setup for the calibration process. 

Figure 33: Sensor connection for calibration. Sensor are connected in series with Syringe for applying 

pressure on one end and Pressure gage to monitor the pressure on the other end. 

Step 2: Five known pressure values such as 30, 60, 90 and 120 mmHg (in the range of normal Blood 

pressure) were used to calibrate (Different set of values can also be used). A LabVIEW program developed 

was used for calibration. Figure 34 shows steps to be conducted in LabVIEW; for the values of pressure 

mentioned user will enter 30 in the box manually in the code (Figure# A) and apply 30 mmHg using the 

syringe and the gauge then click ‘Next’ on the code. Repeat the same process for rest of the pressure values 

(60, 90 and 120 mmHg) Figure 33 (B-E). LabVIEW generates an array and stores the user entered pressure 

values with the acquired voltages from the ELVIS II+. 

Figure 34: Steps for calibrations of four sensors in LabVIEW. Enter 5 pressures 

(mmHg) manually and click Next 
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Step 3: After all the 5 values click ‘Next’. 

Then by using linear fitting code will 

display a graph shown the relation between 

pressure(mmHg) and voltage (mV) and 

calculate the slope and the intercept for each 

sensor. Figure 35 shows the plot indicating 

that pressure and voltage have inverse 

relation, and the slopes and intercepts. Figure 35: Calculation of Slope and Intercept for each sensor 

Step 4: As for the calculation of flow rate, LabVIEW uses the slope and intercept for respective to pressure 

sensor to convert the voltage to pressure in mmHg. The standard slope for calibration was calculated 

between 9.5-10.2. The error in the pressure measurements was observed to be 10% deviation from the true 

pressure. 

2.4.7 Characteristics of the pressure sensor: 

According to the datasheet and table 6 of the sensor output A increases as the pressure increases and Output 

B decreases as the pressure increases. Figure 36 show the output vs input characteristics for pressure sensor. 

The sensitivity of the pressure sensor was measured as -0.1mV/30mmHg (negative slope indicates that 

input and output are inversely proportional), in other words the output decreases by 100.4mV for every 

30mmHg step. Figure show the hysteresis plot for the pressure sensor indicating the loss in the 

measurements 3.4% also showing that sensor has a repeatability of 96.6%. Black Arrow indicates pressure 

applied in increasing order and red arrow indicates the pressure applied in decreasing manner. 
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Figure 36: Characteristics of the pressure sensor. (A) Output signal vs pressure; indicating the sensitivity of the 

sensor i.e. 0.1mV/30mmHg, (B) Hysteresis loop showing the repeatability of the sensor. 

2.4.8 Data Acquisition using LabVIEW: 

The calibration codes for flow and pressure sensor store the slopes and intercepts for respective sensors into 

an excel sheet with a ‘.csv’ format, which prevents the user from calibrating the sensors repeatedly. The 

Figure 37 below shows the front panel for acquiring flow and pressures (proximal and distal) 

simultaneously. It is mandatory to acquire the signals from sensors synchronously because for the 

calculation of phase difference between two signals they need to start at the same time. 

The user selects the calibration files using the browse file function and the channel setting (physical 

channels, configuration, mode for acquisition). Physical channels are the analog pins where the sensor are 

connected on the ELVIS II+ (select all the three channels (2 pressure, 1 flow)), configuration must be 

selected as RSE (Referenced Single Ended), acquisition mode needs to be selected as ‘continuous sampling’ 

(in order to acquire sample continuously at the specified rate). After selecting the settings, the code will 

acquire the data in synch. The code also allows the user to store the waveforms of flow and pressure 

difference in ‘.csv’ with the time stamp for further analysis. 
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Figure 37: Front panel of LabVIEW code for acquiring Flow and Pressure wave and saving the data in ‘.csv’ 

2.4.9 Experimental Setup: 

Figure 38: Block diagram of the setup for lumped model. 

The block diagram of the setup used for the project is shown in the Figure 38 including all the major 

components (Pump, model, sensors, acquisition system). Model is connected at the end of the tube through 

which the pump pushes the fluid as shown in Figure 39, the other end is open and the fluid falls into the 

external reservoir from which the pump pulls in the fluid making it a close loop. 
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Distal Pressure Sensor 

Connect the setup as shown the 
picture in previous section 

Select appropriate channel settings. 
calibration files for the sensor and enter the 

desired file name to be sto1·cd 

Run the pump with constant flow pattern 
with desired flow rate 

Save the pressure difference and flow rate 
data by clicking the 'SAVE' button on the 
front panel and unclick when the desired 

data is stored 

Run the pump with sine wave flow pattern 
with same flow rate 

Repeat the step 4 for four different frequency 
of the flow wave 

Figure 39: Experimental setup for lumped model. Image shows two pressure sensor (Proximal and Distal), 

Flow sensor connected to the outflow 

Steps for conducting experiments 

In order to calculate the phase and capacitive 

reactance, an oscillatory flow (sine wave) as shown 

in Figure 40 with four different frequencies was 

used, and for the calculation of the resistance of the 

idealized vessel model a constant flow was used. The 

pressure difference and flow rate data was recorded 

for each frequency and the constant flow using 

LabVIEW. Later using another code, the pressure 

and flow data for constant flow and each frequency 

was read in and phase difference, resistance and 

capacitive reactance were calculated. The flowchart Figure 40: Flowchart of conducting the experiments for 

lumped model 

gives a comprehensive idea of the steps to record and 

store data. 
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2.4.10 Calculation of Phase Difference, Resistance and Capacitive Reactance: 

Figure 41: LabVIEW code calculation of Phase, Hydraulic resistance and Reactance 

User have to input two ‘.csv’ out of which ‘Resistance’ file will remain constant for the given run of 

experiment, and the phase files will be different for each frequency. 

Hydraulic Resistance Calculation 

As the Ohms Law states, resistance of an electrical circuit is proportional to the ratio of voltage and current. 

The same theory can be applied in this project to calculate the hydraulic resistance of the idealized vessel 

model. Hence to calculate the resistance, the LabVIEW code will read in the Excel sheet record for the 

constant flow and separate the flow and pressure difference column, take an average and calculate the ratio. 

The unit of the hydraulic resistance is ‘dynes.sec/cm5’. 

Phase Calculation 

Phase of a sinusoidal wave is the position of a point in 

time on one wave cycle. Figure 42 shows the 360o of 

phase. In a sine wave, the maximum positive peak 

occurs at 90o and negative at 270o while the wave 

crosses zero at 0o, 180o and 360o.But a sine wave does 

not always cross zero at 0o, 180o and 360o, they can cross Figure 42: Phase of a Sine wave 
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zero at point in point and that is called the phase shift, for instance, cosine wave crosses zero at 90o hence 

having a shift of 90o as compared to a sine wave. 

Phase difference comes into picture when 

comparing two waveforms of same frequency; 

in this case two sine waves, it is the time taken 

by the wave to reach to its maximum value. 

Figure 43 shows the normalized flow and 

pressure waves with a phase difference. 

pressure(black) is leading flow (red) by a certain 

phase which calculated by using the equation 

below; 

𝑡𝑑 
𝜃 = 360 ∗ ; 𝑡𝑑 = 𝑡𝑖𝑚𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑝 = 𝑡𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒 𝑝𝑒𝑟𝑖𝑜𝑑 

𝑡𝑝 

Capacitive Reactance (XC) Calculation 

As discussed in earlier section, capacitive reactance is the resistance offered to the flow by the elasticity of 

the tube. It has the same unit as of the Resistance ‘dynes.sec/cm5’. As it is known, the phase difference (θ) 

is proportional to the ratio of total reactance (X) and resistance; 

𝑋 
𝑡𝑎𝑛𝜃 = ; 𝑋 = 𝑋𝐿 − 𝑋𝐶 𝑅 

And since in LM0 on resistance and capacitance effect are taken into consideration, 𝑋𝐿 is considered as 

negligible. 

𝑋 = −𝑋𝐶 

−𝑋𝐶 
𝑡𝑎𝑛𝜃 = 

𝑅 

Figure 43: Method to calculate Phase difference 
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2.5 Results: 

With the help of Solidworks an idealized vessel model was designed and printed in Tango Plus with 

dimensions as 4mm lumen, 12cm in length and provisions pressure sensor connections shown in figure 44. 

In combination with programmable pump and the blood mimicking fluid a physiologically accurate 

environment was achieved. LabVIEW in conjunction with ELVIS II+ acquired, processed and displayed 

the pressure and flow data from the sensor. The flow rate was kept at approximately 350 mL/min because 

the higher flow rate was posing a risk of model damage. This code measured the pressure and flow data 

and saved the pressure difference, flow and the time stamp. Figure 45 shows the flow and pressure wave 

measured by LabVIEW in real-time. 

Figure 44: Idealized vessel model printed in Tango Plus with provision for sensor. 

Figure 45: Output of the LabVIEW code. (A) Flow wave, (B) Pressure difference. 
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Figure 46 shows the result of the measurements of the resistance, phase difference, and reactance using the 

formulas using the mentioned in the previous section. The images shown above indicate that there is a phase 

difference between the pressure and flow which is the effect of the compliance as it the case in a parallel 

RC circuit; there is a phase difference between the voltage and current. In order to validate the relationship 

of frequency with phase and reactance, the pressure and flow data was collected for four different time 

periods (828, 690, 506 and 322 ms) which lie in the frequency of the heart as it can be seen in Figure 46 

(A, B, C, D) respectively. The sensors were able to accurately sense the pressure and flow rate. The values 

on the right of each image indicates the parameters (Resistance, Phase, Reactance, and Frequency) for the 

respective time period. 

Figure 46: Image show the graph of Pressure and flow waves and the values of phase difference and reactance at 

different frequencies (1.2, 1.5, 2, and 3Hz) 
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Figure 47: Graphs of (A) Phase Vs Frequency and (B) Reactance Vs Frequency. Both of the parameters showed 

inverse relationship with frequency of the input 

Hydraulic Resistance: The hydraulic resistance was calculated the as ratio of constant pressure difference 

and flow. It is indicating the resistance that is offered by the model to the flow from the pump. The pressure 

difference was recorded once the pressure at the proximal sensor was around 80 mmHg to simulate the 

physiological pressure at the aorta. 

Phase: It the indicates the phase shift between the pressure and flow in ‘degrees’. As the model acts a RC 

circuit; in which there is a phase shift between current and voltage, unlike in a pure resistive where the 

current and voltage are in phase. Moreover, in a RC circuit the current lags the voltage. The phase values 

in the Figure 46 are negative which indicates that flow (red) lags the pressure wave (white), and can be 

verified by the waveform display of figure 46 and 48; giving the visual representation of flow lagging the 

pressure. Theoretically, the phase difference is inversely proportional to the frequency of the input signal, 

in this case the input signal is the flow from the programmable pump. In the Figure 46 (A-D) the phase 

values decrease with increase in the frequency, in addition to the values a more comprehensive observation 

can be made from the plot shown in Figure 47 (A). This plot gives a clear understanding of the inverse 

relationship of phase and frequency. 
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Reactance: It is the resistance to the flow offered by the compliance of the vessel. It observed that the 

capacitive reactance values are negative since as the mentioned in the earlier only capacitive reactance is 

considered, which is the negative part of the total reactance. And the relationship of the reactance with 

frequency (Inversely proportional) was validated as it can be seen in the Figure 46 (A, B, C and D) the 

reactance decreases with increase in the frequency as well the graph Figure 47 (B) shows the inverse relation 

of reactance and frequency. This is the result of the rate of change of the flow wave; as the frequency is 

increased the vessel elasticity is unable to change to with the rapid change in pulsatile flow, therefore 

reducing the effect of the compliance. 

Same experiment was repeated with flow rate kept constant 350mL/min but a different set of input 

frequencies were used to observe if result show similar trend in phase and reactance. Figure 48 (A-D) and 

Figure 49 (A and B) shows that phase and reactance have an inverse relation with frequency. 

Figure 48: Image show the graph of Pressure and flow waves and the values of phase difference and reactance at 

different frequencies (0.5, 1.5, 2.5 and 3Hz) 

40 



 
 

 

 

          

        

         

    

 

          

         

          

   

  

        

         

          

       

            

             

     

-20 

-25 \ 
\ _,. 

' \ R'•0.999 

' \ 
\ 

\ 
\ 

\ 
\ 

., 

... 

Pbas, vs FINjuency 

Fr,qum:y (") 

10 

\ 

" ' ' ' ' .... 

1l 

',t.. 

" 25 

----, 

-2000 

' -4000 

-12000 

-14000 

' \ \ 

' \ 

Reactancr vs Frequency 

Frequency(") 

10 1l 

, R' • 0.9996 
\ 

\ 
\ 

\ 
\ 

' ' ,, 
' ' ' ' ', 

' ', 
' ... ,,, 

', 

20 25 

... ... 

Figure 49: Graphs of (A) Phase Vs Frequency and (B) Reactance Vs Frequency. Both of the parameters showed 

inverse relationship with frequency of the input 

2.6 Discussion: 

In this study it was showed that an idealized vessel model can be model with the R-C (Lumped Parameters) 

circuit using a programmable pump for oscillatory flow and pressure and flow sensors for measurements 

of flow dynamics in real-time. Later with the saved data of pressure and flow; electrical parameters 

(resistance, phase and capacitive reactance) were estimated and the relation of phase and reactance with the 

frequency was validated. 

This method of combining the sensors with 3D printing can provide with a flexibility of controlling of the 

parameters, such as flow and pressure, helping to simulate a physiological flow condition. With 3D printing 

there is control over the physical properties of the model, for instance, the material used for printing controls 

the compliance of the model. Being able to print the model in elastic materials overcomes the limits of the 

current studies of lumped modelling of coronary vasculature i.e. they assume the vessel to be rigid33,35 . 

There are few limitations to this study, firstly, as it can be seen in the Figure 45 the signal quality of the 

pressure and flow wave was achieved by the implementation of a low pass filter vi in LabVIEW, this 

reduces the acquisition speed of the code missing out some points of the waveform. This problem can be 

solved by incorporating a hardware active filter using an Op-amp (Operational amplifier) with a cut-off 

frequency of 2 Hz. Secondly, the nature of driving pressure used for this study was a simple sine function 
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in order to simplify the calculations. Using a complex cardiac function shown in Figure 17 could more 

accurately simulate physiological flow condition, and by calculating the harmonics of the wave the 

estimation of the reactance can be estimated for each harmonics of the complex cardiac wave. Finally, in 

the calculation of the reactance, the inductive reactance was assumed to be constant which is not accurate 

physiologically. Moreover, the study was conducted with an idealized phantom which can be replaced with 

more complex vasculature, for instance, branches of vessel with different diameters simulating a complex 

network of RC circuit, more sophisticated phantom with modeled diseases (stenosis, aneurysms, etc.) could 

be used to understand the effect of the various diseases. 

2.7 Conclusion 

In this project an idealized vessel model was successfully designed and 3D printed in Tango Plus for 

simulating a physical properties of a vessel including the compliancy. With the use of pressure and flow 

sensors in conjunction with LabVIEW, a measuring system was developed to acquire the data of fluid 

dynamics in real-time. The study was able to validate the theory that an elastic vessel model governs the 

electrical concepts of RC circuit; it affects the pressure-flow relationship in the same way as the RC circuit 

affects the voltage current characteristics. This method can be used to simulate various cardiac diseases 

such as stenosis or hardening of a vessel by modifying the compliance of the model. 
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Chapter 3: Smart Patient-Specific Coronary Vascular model 

3.1 Introduction: 

Recall from section 1.3 discusses the complexity of coronary vasculature and the importance of the 

understanding the hemodynamics in the coronaries5,13 . Unlike any other vasculature (neuro, renal, etc.) 

coronary behave different as they are embedded in the myocardium and the contraction affect the flow 

through the vessels5,6,13 

Diseases such as stenosis in the coronary vessel can have a fatal effect as the it reduces the blood flow to 

the heart. As discussed in the chapter 1, Fractional Flow Reserve is an indicator of severity of stenosis 

which helps the physicians to decide if the patient requires stent15,20. Current method of FFR measurement 

involves surgeon inserting pressure wire and measuring pressure at proximal and distal end of the stenosis. 

This method has its drawbacks including the incision required for the pressure wire insertion. With 3D 

printing, patient specific coronary phantoms can be printed41 in tissue mimicking material (Tango Plus) and 

combined pressure sensors described in chapter 2 these measurements can be acquired in real-time. 

3.2 Purpose 

Understanding the pathophysiology of CVDs has become crucial. There are several methods of studying 

the effects of CVD on coronary vasculature such as mathematical modeling, CFD, etc. as discussed in 

earlier chapter10,11,45 . Recall the limitations of these simulation methods, understanding the dynamics of 

blood flow of the entire coronary tree can be computationally intense since complex nature of the 

vasculature, these methods use some unrealistic assumptions such as the vessel walls are rigid10,11,19 which 

is anatomically incorrect since the vessel walls are compliant. 

In order overcome these hurdles we used 3D printing with CT Angiography (CTA) which allows us to 

design patient-specific coronary vascular models. 3D printing has the ability to print these models with 

tissue mimicking materials simulating the vessel wall properties41 which provides us accurate patient 

anatomy and physical properties15,41 . To carry out studies related to the flow dynamics we need to measure 
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two main mechanical parameters of flow (pressure and flow rate)10. 3D printing gave the ability to add 

provisions to embed sensor for pressure measurements in the models, the detailed manufacturing will be 

discussed in detail in next section. 

The main purpose was to develop a Smart Patient-Specific coronary vascular model with pressure sensor 

embedded into the models to provide a real-time display of the pressure reading in mmHg and also generate 

a 3D display of patient geometry with color coded pressure gradient. These phantoms were then subjected 

to typical physiological flow conditions mimicking the blood viscosity (3-4 cP) by mixing glycerol and 

water in 40-60 ratio. 

3.3 Materials and Methods: 

For this project patient-specific coronary phantoms were printed in tissue mimicking material and using 

LabVIEW and pressure sensors, the pressure measurements were acquired in real-time. 

3.3.1 Model Development: 

This approach of designing the patient-specific phantoms was created Sommer, K., et al. 41 and presented 

at the SPIE 2017 medical imaging proceeding. Figure 50 shows a detailed flow of model development from 

acquiring patient CT Angiography (CTA) scans to creating a final 3D printable model for benchtop 

experimentation. 

Figure 50: Steps for model development. (Left to right) scans of patient are 3D rendered and converted to a mesh 

for further processing and generating an STL file for 3D printing 
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Each patient undergoes a CTA scan in which the raw data is acquired and experimentation purposes. The 

3D volumetric data is then imported into Vitrea 3D system (Vital Images, Inc. Minnetonka MN) where they 

are 3D rendered. Using the segmentation abilities of the system the desired coronary geometry inclusive of 

three main arteries; Left Anterior Descending (LAD), Circumflex (LCX), and Right Coronary Artery 

(RCA) with secondary are isolated and exported as STL file for later processing. The STL is imported into 

Autodesk Meshmixer for further mesh manipulation operations such as removal of unwanted vessels and 

mesh smoothing. After the necessary processing is done the inlets and outlets were extended to meet at a 

same plane. Finally, the provisions were made to connect pressure sensors, the model was made solid with 

appropriate wall thickness and the support base was added. The model was then printed using Tango Plus, 

a soft rubber-like polymer that mimics tissue. Figure 51 shows the final product of 3D printing. 

Figure 51: Final 3D printed Patient-Specific coronary model with support base 

In order to create a color coded map of 

the pressure and generate a 3D display 

of the patient geometry four pressure 

sensor were connected at four different 

locations: aortic root, LAD, RCA and 

LCX as shown Figure 52. 

Figure 52: 3D printed model including Three main coronary 

vessels (LAD, LCX, and RCA) and aorta 
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3.3.2 Pressure sensors: 

As discussed in chapter 2, four pressure sensors for Honeywell were used to measure the pressure at four 

locations (Aorta, LAD, LCX and RCA) on the coronary model showed in Figure 52. The calibration process 

is exactly the same as mentioned in the chapter 2. Four sensors were connected in series and calibrated 

using LabVIEW for 5 different pressure and using the slope-intercept formula of line the voltage from the 

sensor were converted to pressure in mmHg. 

Connection on ELVIS II+ 

Figure 53 shows connections of four 

sensors on the board with 10V power 

supply to each of them and then 

connecting it to the analog inputs for 

data acquisition using LabVIEW. The 

sensors are connected at a distance in 

order to avoid the interference in the 

signal by mutual inductance. 
Figure 53: Connection of the sensors to the analog terminals on 

ELVIS II+ 

Connection to Patient Specific vascular model 

Recall from the section 3.3.1 the phantoms 

have provision to connect pressure sensor at 4 

locations; just above the Aortic valve and three 

main Coronary arteries (LAD, RCA and 

LCX). Connectors are glued to each vessel so 

that the sensor can be connected as shown in 

Figure 54 

Figure 54: Sensor connected to coronary model 
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3.3.3 Experimental Setup 

To map the pressure onto the patient geometry we used four Pressure sensors, a patient-specific coronary 

vascular model (included aorta and three main arteries: LAD, RCA and LCX). To simulate blood flow a 

pump containing a mixture of Glycerol and water (40-60 ratio) to simulate blood viscosity (standard 3-4 

centipoise) and a constant flow was used. A convention was decided in order map the correct pressure value 

onto coronary vessel shown in Table 8. 

Table 8: Convention of sensor location on the model 

Sensor on the Artery Analog pin on ELVIS 

Aorta AI 0+ 

LAD AI 1+ 

LCX AI 2+ 

RCA AI 3+ 

A Block diagram of the experiment is 

shown in Figure 55 giving the direction 

of the flow through the phantom and also 

the signal flow from the sensors to the 

LabVIEW. From the reservoir the pump 

pushes the blood mimicking fluid 

(mixture of glycerol and water) into the 

model through tubes and then fluid 
Figure 55: Block diagram of the experimental setup. Indicating 

returns back to reservoir and the loop the fluid flow and sensor connection to LabVIEW 

continues. For the pressure data collection, the voltage from the sensors is acquired by LabVIEW through 

the ELVIS II+ and processed to display the pressure values and the 3D color coded map. 
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Figure 56 shows the actual setup of the experiment with sensor connected onto the model according the 

convention mentioned in the Table 7. Flow damper was used to regulate the compliance of the aorta and 

the pressure in it. Whereas, the distal resistance simulates the resistance of the capillary bed42. 

Figure 56: Experimental setup showing the pressure sensor connected a 4 location, Flow damper to simulate 

aortic compliance, distal resistance simulating capillary bed and the pump 

3.3.4 Pressure Mapping on the Patient Geometry: 

Mapping the pressure data from the sensors onto the 3D patient geometry is an advantage since it provides 

a 3D color coded visualization of the pressure on the model in real-time. LabVIEW acquires the data from 

four sensors and with help of interpolation the code maps the pressure gradient onto the STL file of the 

model being tested. 

LabVIEW uses a built-in function named ‘Sensor Mapping’ to generate a 3D color coded map on the STL 

file. Figure 57 shows the in-built function and its setting in order to give out a map. 
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Figure 57: Placement of the virtual sensor on the STL of the patient geometry under test 

The STL file of the model that is tested is uploaded into LabVIEW by clicking the ‘Load Model’ button 

on the top left corner of the window. The DAQmx Task name section will show pressure sensor connected 

to the analog input channel of the ELVIS II+ board, drag each channel on the appropriate vessel as 

mentioned in Table 7. The Color ramp values can be adjusted depending on the range pressure readings to 

get a color map that is more distinguishable. 

Figure 58 shows the front panel of the code developed in LabVIEW providing numerical display of the 

pressure at the aorta, LAD, RCA and LCX in mmHg with a 3D display of color coded map of these pressure 

values on the STL of the model. First, the user selects proper channel settings (terminal of the sensors 

connected on the ELVIS II+, type of input, mode and rate of acquisition), enters the information about the 

model to be tested such as the model number and the vessel of the Fractional Flow Reserve (FFR) needs to 

be calculated. 
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Once all the information is entered and the sensor are connected to according to the convention mentioned 

in the Table 7, displays the four pressure values in mmHg and also generates a color coded map of the 

patient geometry. In addition to this, the code also has the provision of autofocusing (reorients the 3D map 

to the original position), save the 2D image 3D color map with pressure values overlaid. Zero adjust button 

recalibrates the display to zero. FFR button calculates the FFR for the selected vessel by taking the ratio of 

the pressures at the vessel over aorta value. 

Figure 58: Front panel of pressure mapping code 
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3.4 Results: 

The code (Figure 59) was successful in measuring the pressure on the patient-specific coronary vascular 

model and generate a 3D map of the pressure gradient and calculating the FFR of the vessel in real-time. It 

was able to render the 3D model into 2D image and save it with overlaying the model number and pressure 

values at each vessel (Red) and the FFR of the particular vessel (White). The 3D map display allows the 

user to view the patient geometry from all angles and when the code is stopped, it saves the map in that 

orientation. 

Figure 59: Final result of the pressure mapping code. Displaying 4 pressure value corresponding to each vessel, 

FFR of the selected vessel and the 3D color coded map of pressure gradient. 

The patient-specific coronary vascular phantoms were printed successfully in Tango plus and were coated 

in wax to limit the compliance of the model to a physiological level. Four pressure sensor were calibrated 

and connected to each of the vessel (aorta, LAD, LCX and RCA) and the voltage value were acquired by 

ELVISII+ and converted to pressure in mmHg using LabVIEW. The models were connected to a 

programmable pump (CompuFlow 1000 from Shelby Medical) with a constant flow of 350 mL/min, since 

the models under were unable to sustain the pressure exerted by higher flow. 
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Figure 60 shows the pressure map of the three models that were tested and the FFR was measured at LAD 

for all three patients. The 3D map gave a qualitative understanding of the pressure gradient over the entire 

patient geometry. Physiologically the pressures are three coronary arteries are lower as compared to the 

aorta. This physiological condition can be validated from the color map and the overlaid pressure values 

that the pressure at LAD, LCX and RCA are relatively lower than pressure in the aorta. 

The sensor mapping VI interpolated the pressure values and mapped them onto the STL file of the patient 

geometry based the color shown below. The limits of the color ramp can be changed to get a distinguished 

color ramp for the pressure values with less difference. The color ramp indicates the pressure (mmHg), Red 

being the highest. 

The FFR values were calculated for LAD of all the three models. Comparing the color map and the FFR it 

can be seen that there is drop in pressure at the LAD as compared to other coronary arteries. This map is an 

indicator of the location of the stenosis and combined with FFR, the code can help determining if the patient 

need a stent; Patient with FFR<0.80 indicates that patient may need a stent15. 

Figure 60: Images showing the color coded map of the pressure on the on the STL file of the patient overlaying 

with the pressures (mmHg) at Aorta, LAD, LCX, and RCA and the FFR of the LAD for the all three models 
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3.5 Discussion 

The sensor system mentioned in this project made it possible to monitor the pressure in the 3D printed 

vascular model in real-time and also provide a 3D visual representation of the pressure data on the patient 

geometry. This method of pressure measurements and calculating the FFR can be used as an excellent tool 

for software validation. The pressure measurements with this code can be compared against other pressure 

measurements software. 

From the results it can be observed that the pressure values were below the physiological range; as the aorta 

should in the range of 80-100 mmHg42. The pressure values need to be in physiological range because it 

makes a huge difference in measurement of FFR. For instance, in the model no. 39 (Figure 60-C) the 

pressure values at aorta and LAD are 38.04 mmHg and 22.95 mmHg respectively and since the FFR 

(LAD/Aorta) is 0.57 indicating the patient requires stent. But if the pressure in each vessel increased in 

such a way that Aorta is around 100mmHg and the pressure gradient will still be the same and the LAD 

will around 84 mmHg, now the FFR is 0.84 which indicates the patient does not require stent. The reason 

for this low pressure is that the patient scans are acquired when the vessel are dilated and when the phantoms 

are printed they tend to expand beyond the physical range hence reducing the pressure. To get the pressure 

in the range of 80-100mmHg the flow rate needs to be higher which is physiological inaccurate. Therefore, 

while calculating the FFR the offset needs to added to the pressures and for the color map will be the same 

as it displays the gradient. 

This approach can also be used while device testing and treatment planning procedure. This method 

overcomes the method of pressure measurements using a pressure wire; which affects the pressure gradient 

across stenosis and over or underestimating the pressure 46 and moreover it does not provide a visual 

feedback of the pressure changes in the entire vasculature. The 3D map provides an additional information 

about the exact location of the pressure readings. The physician or the trainee can view the map from every 

orientation can view the pressure map and the way it changes as the devices are inserted in the vessel. 
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There are certain limitations to this project, as mentioned earlier the flow pattern used was constant instead 

of pulsatile, which is not actual representation of the physiological condition of the blood flow. The inbuilt 

sensor mapping VI provided by LabVIEW is not a dynamic VI i.e. it poses limitations like inability to load 

a STL model and change the color ramp. This VI uses interpolation to map the pressure values onto the 

STL file, the accuracy of the mapping depends on the sensor size the user selects in the dialog box of this 

VI. In Figure 57, it can be seen that either ends of the aorta are the provisions for the connectors to connect 

the pump to the model i.e. it is not a part of the model and does not experience any pressure, but the VI 

maps the pressure onto this part of the model which is an artifact. This can be solved by replacing this VI 

with a code in which the user can specify the area of the model onto which the pressure should be mapped 

or STL file without the connectors or support need to uploaded for the mapping. 

3.6 Conclusion 

As mentioned earlier there is a need for development of a system to measure pressure in the 3D printed 

vascular phantoms to overcome some of the shortcomings of other methods used for conducting flow 

studies. The system developed in the chapter successfully provided a real-time feedback to the user about 

the pressure changes using the color map in the model and also ability for estimating the FFR, thus making 

a 3D printed model, a Smart Patient Specific Vascular Phantom. 

The method developed in this project was able to measure the pressures at Aorta, LAD, LCX and RCA. 

With the help of the built-in functions for 3D mapping the code was able to generate a 3D color coded map 

of the pressure gradient and providing a visual feedback to the user instantaneously. This method is flexible 

in nature and the number of sensors in the code can changed depending on the application. The pressure 

mapping program can also be employed for other vascular phantom for instance neurovascular and various 

other vascular studies to understand the effect of certain procedure or diseases on the pressure in real-time. 
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Chapter 4: Development of Tool for Endovascular Device Testing 

4.1 Introduction to Endovascular Procedures: 

As stated in the chapter 1, according to AHA cardiovascular diseases (CVD’s) such as aneurysms, stenosis 

and various others are the leading cause of death in the United States1,47 . Traditionally, these vascular 

conditions were treated by opening the site of intervention. These techniques posed a certain risk to the 

patient and unnecessarily large incisions48-50. Endovascular devices such catheters and guidewires achieved 

the greater efficiency in treating the mentioned diseases by using minimum size of incision, hence, reducing 

the time of the procedure and also the recovery time for the patient. These procedures can be employed for 

treatment in aorta, neuro-vasculature (Circle of Willis) and any other peripheral vessels with help of the 

imaging modalities such fluoroscopy; helping easy navigation by providing a road-map to the surgeon. 

In these kind of procedures physician makes a small incision in the groin, arm or the neck and with the help 

of delivery catheter or introducer the physician inserts a guidewire which is then navigated to intervention 

by site carefully without damaging the vessel48,51 . For navigation which involves combinations of pushing, 

retracting, rotating the tip of the device, the surgeons solely rely on the various haptic (force and torques at 

the fingertips) and visual (imaging modalities such as fluoroscopy) feedback. 

4.2 Purpose: 

One of the major drawback of the endovascular procedure is that even in 2D imaging the physicians might 

lack the essential sense of force used while navigating the guidewire through tortuous vasculature, leading 

to excess for causing the vessel to rupture52. Since the physicians rely on their sensory system which is 

developed due to extensive training and hard work, this skill varies for every physician. Therefore, there is 

a need of a tool that can provide a feedback in terms of force and torque in real-time as the device is 

navigated through the vasculature. 

In this study a tool was developed to track the force and torque experienced by user as the device is 

navigated through a patient-specific neuro-vascular phantom and providing a graphical feedback of the 
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force and torque with respect to time. This study employee this tool for a device testing application, in order 

to measure and record the force and torque at six axes. 

4.3 Materials and Methods: 

In order to track force and torque required to navigate a guidewire through a Patient-Specific neurovascular 

phantom, a Six-Axis Force and Torque sensor from ATI Industrial Automation was used and was interfaced 

with LabVIEW. 

4.3.1 Six-Axis Force and Torque (F/T) sensor 

The sensor from ATI is a six axis force and torque sensor, meaning it tracks force and torque in all Cartesian 

coordinates (X+, Y+, Z+, X-, Y-, Z-) simultaneously. This sensor uses strain gauge to convert the force and 

torque data to electrical signals. Figure 61 (A) shows the sensor, Mini40 that records the data in all six 

Cartesian coordinates. Figure 61 (B) show the default coordinate space of the sensor of the force and torque 

measurements. 

Figure 61: Six-Axis Force and Torque sensor (A) and default Cartesian axes of the sensor (B) 

The strain gauges are placed in such a manner that it can sense the for perpendicular forces (Fx, Fy and Fz) 

and rotational forces (Tx, Ty and Tz) 
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There are various types of sensors made available by ATI, but this sensor (Mini40) is smaller in size as 

compared to other sensor and has a through hole in the center for inserting a guidewire. The process of 

connecting the guidewire is discussed in the next section. 

4.3.1.1 Calibration using LabVIEW: 

The sensor was interfaced with LabVIEW to track the force and torque in real-time. In order to interface 

and display the data for corresponding axis the sensor needs to be calibrated. The manufacturer provides 

with a calibration file with extension ‘.cal’ that is used to convert the strain gauge voltage signals to forces 

and torques on each axis. Detailed description can be found in appendix C. 

4.3.1.2 Interfacing F/T Sensor with LabVIEW: 

The sensor can be directly connected to a PXI system provided by the National Instruments using a standard 

cable, since the cable provided by ATI is NI compatible the interfacing is just Plug-n-Play. A LabVIEW 

code was developed to read in the calibration file, apply the tool transformation (Default transformation 

was used for this project) and record F/T with respect to timestamp as well as store the same in a ‘.csv’. 

Figure 62 shows the interfacing of sensor to the IPS and then to the NI’s PXI system. 

Figure 62: Interfacing of F/T sensor to the NI PXI system for data acquisition 
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Figure 63: Front panel of LabVIEW for F/T tracking in real-time 

Figure 63 shows the front panel of the code to measure the Force and Torque in real-time. The user selects 

the calibration file, enters the desired units (if left blank the default units for force and torque are N and N-

m respectively) and enters the filename for the data to be stored. The Bias and Un-bias buttons are used to 

make the F/T values to zero or keep the default which are resultant of the gravity acting on the sensor. 

4.3.2 Experimental Setup: 

For this project, guidewires of size 0.014” each and of three different stiffness (extra torque, torque and 

floppy) were used for which the forces and torques were recorded while they were navigated through a 

patient-specific neurovascular phantom (Figure 64) with fluoroscopy as a ‘road-map’. A skull model 3D 

printed in aluminum (Figure 65); used to simulate the attenuation of an actual skull and provides with a 

realistic environment for resident training for image guided procedures. 

Figure 65: 3D printed aluminum skull model toFigure 64: Patient Specific Neurovascular phantom 
simulate the anatomical noise for realistic environment 
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Figure 66: Block Diagram of the setup 

The block diagram (Figure 66) shows a setup for the experiment; the model is connected to simple roller 

pump to simulate the pulsatile flow through the model. A three-way port was connected between the pump 

and the model to give access to contrast injection and the guidewire through F/T sensor. The outflow of the 

model was sent back to the pump making a close loop system. 

The guidewire is passed through the sensor before it is 

inserted in the model and is secured with torquer which is 

inserted in the center hole of the sensor as shown in the 

Figure 67. This arrangement secures the guidewire and can 

be navigated using the sensor which record the forces and 

torques when the user presses on the sensor or rotates it 

Figure 67: Placement of the torquer in the sensor respectively. 
to hold the device 
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Figure 68 below shows the entire setup for the experiment, which includes the model placed on the skull 

model and under the fluoroscopy, roller pump and computer system to track the F/T data. 

Figure 68: Experimental Setup. Image showing the Phantom under fluoroscopy and computer system to track the 

force in real-time 

Fluoroscopy was used as an imaging modality to aid the navigation of the guidewire simulating an image 

guided intervention procedure. Fluoroscopy is use to visualize the blood vessel without the surrounding 

bony structure. In this project fluoroscopy was used to create a road map of the vessels in the phantom 

which is an aid for the physician to navigate guidewire to the intervention site. 

Firstly, Digital Subtraction Angiography (DSA) was performed by dividing all the frames by the first frame, 

in this manner the bony structures are removed and once the contrast is injected only the vasculature can 

be visualized. The Figure 69 shows first frame (A); vessels are hard to distinguish with bony structure of 

the skull model, and the subsequent frames shows the vascular structure (B) with contrast injected. 
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Road-map with Guidcwirc 

Figure 69: Digital Subtraction Angiography (DSA). (A) 1st frame of the sequence, (B) single frame after dividing 

the entire sequence by the 1st frame 

DSA is used to visualize the blood flow, but the flow is not monitored instead it is used to create a road-

map of the vasculature. This is done by selecting the frame with best image of the vessels with contrast can 

converting it to a map called as road-map. The Figure 70 (A) below shows the frame of a DSA, the road 

map is then placed in the background and the fluoroscopy is done while the guidewire is navigated to the 

intervention site. Figure 70 (B) shows the road-map with a guidewire. In order to insert the guidewire a 

delivery catheter was first inserted through a three-way connector up to the base of the model and the 

guidewire is then navigated by using the F/T sensor. 

Figure 70: Creating a road-map. (A) Selecting frame to use as a road-map, (B) Road-map with 

guidewire 
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4.4 Results: 

Three guidewires with different tip stiffness were navigated through Patient-Specific neurovascular 

phantom and the LabVIEW code recorded the force and torque along the six axes using the Mini40 F/T 

sensor from ATI. Figure 71 shows the code tracking the forces with respect to time instantaneously and 

also saves the data in a ‘.csv’ format for further analysis. 

Figure 71: LabVIEW code tracking force and torque along all six axes 

The force and torque data from the excel sheet was then read in using LabVIEW and filtered using a median 

filter in order to remove the unwanted spikes in the signal. The graphs below show the force and torque 

required by the user to manipulate the three guidewires through the neurovascular phantom. 

Figures 72 and 73 display the force and the torque for guidewires of manufacturer A, B, and C respectively. 

As it can be seen from the force graph the force along z-axis which is the push force applied by the user to 

move the guidewire further into the phantom. The X and Y axis forces are the grip force applied by the user 

on the sensor. 

Comparing the force results for each manufacturer, the force required to navigate the guidewire from 

manufacturer A ranges from -4N to 7N all three axes which is the highest of all three guidewires as this had 

the most rigid tip, followed by Manufacturer B which had a tip stiffness lesser than A and greater than C 

recorded the force in range of -4N to 5N. Lastly, Manufacturer C had flexible tip hence it the force required 
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to navigate were -0.5N to 5.5N. The negative forces indicate that guidewire pulled back due to coiling of 

the guidewire. 

Figure 72: Results of the forces tracked by the code for 3 manufacturers (A-Stiffest, B-stiff, C- Floppy) 

Figure 73: Results of the Torques tracked by the code for 3 manufacturers (A-Stiffest, B-stiff, C- Floppy) 

63 



 
 

       

         

         

         

 

       

         

       

           

 

  

   

            

      

        

      

 

             

  

         

     

  

              

       

The torque results (Figure 73) for each manufacturer indicates the rotational force exerted by the user to 

rotate the tip of the guidewire and navigate it through the neurovascular phantom. The torque required to 

manipulate the tip of the guidewires in order to navigate them in desired direction were recorded as; -0.015 

N-m to 0.03N-m for Manufacturer A, -0.02N-m to 0.03N-m for Manufacturer B, and -0.017N-m to 0.025N-

m. 

As the neuro vasculature is tortuous the guidewires need to be manipulated to a greater extent depending 

on the tip stiffness. As the stiffness increases the manipulation of the guidewires is increased as they coil 

upon themselves or bounce off the vessel walls. It can be seen from the results the manipulations such 

pulling back and rotating the wire is far less for Manufacturer C as compare to B and A which were difficult 

to navigate. 

4.5 Discussion 

The software developed for measuring the force and torque is a user friendly tool. The software allows the 

user to do easy one step calibration by simply importing the ‘.cal’ provided by the manufacturer (ATI 

Industrial Automation). The axis orientation is dynamic allowing the user to change it depending on the 

application. The ‘Bias’ and ‘Unbias’ buttons allows the user to make the display of force and torque to 

indicate zero, which can be used to remove the force and torque exerted on the sensor by user before the 

start of the procedure. 

The developed tool was able to record the forces for the guidewire and the values lie in the range of the 

force data for a catheter published in the literature which is about 0.5N-5N. 

This system can also be used as a device testing tool for other endovascular devices for instance, clot 

retrieval devices and many more. Real-time measurements help the user to understand the amount of force 

and torque required to navigate the device to the intervention site. 

This system can be used by physicians while planning a treatment for a specific patient as with 3D printing 

it is easier to print patient specific phantoms. With help of this code the physicians will acquire the various 
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information about the devices and make an informed decision depending upon the force and torque data for 

the device under test. As this program stores the data with time stamp and with fluoroscopy of the test, the 

physician can study the procedure in detail, for instance, they can visualize at what point of the time the 

device bounced off the wall or coiled and which device recorded the least amount force for navigation. 

The limitation of the system is that the forces recorded by the system can vary for the same device even 

though all parameters such as flow rate of the pump, the phantom, etc. as the result of different physicians. 

The navigations techniques used by the various physicians is different, the skill of operating the is different 

affecting the time to conduct the same procedure. This can be solved by standardizing the procedure and 

keeping the user constant for particular testing. 

4.6 Conclusion 

The system was able to track the force and torque for the neuro guidewires as they were navigated through 

a patient-specific neurovascular phantom under fluoroscopy and provide a real-time feedback to the user. 

The results showed that this system can be an excellent tool for testing and validating not only the neuro 

vascular devices but also any other endovascular devices. This system can also be employed in treatment 

planning procedure by physicians and assist them in selecting appropriate devices depending upon the 

forces required to manipulate and navigate various vascular devices. 
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Chapter 5: Conclusion and Future Work 

5.1 Conclusion 

This thesis was focused on developing tools using sensors for measurements of various parameters using 

patient-specific 3D printed vascular models. Three systems were developed two of which were employed 

in assessing the flow dynamics in coronary vascular phantom and idealized vessel model, other system was 

used to track the force and torque as an endovascular device was pushed through the patient specific 

neurovascular phantom. 

The codes developed in this thesis are customizable for various flow studies, for instance number of 

pressure sensor can be changed depending on the application, or the pressure and flow measurements can 

be implemented separately unlike in the Lumped model study. The method developed chapter 1 for pressure 

and flow measurements is advantageous for various flow studies involving the assessment of the flow 

dynamics, understanding the effect of devices on the pressure and flow patterns as they are navigated. As 

these methods were utilized to validate the behavior of an idealized vessel with respect to a parallel RC 

circuit. This project showed that a single vessel acts as a RC circuit and entire cardiovascular system is 

nothing but a complex network of series and parallel RLC. 

In Chapter 2 it was shown that the interfacing electronics such as pressure sensors on patient-specific 3D 

printed vascular phantoms can be utilized to measure the measure FFR. As discussed in section 3.5 the 

current method of using pressure wire require an incision and it overestimates the flow parameters as the 

wire might change the tortuosity of the vessel46. The tool developed in chapter 2 was able to overcome this 

pitfall and the measure pressure at 3 main coronary arteries and aorta with a provision to calculate the FFR 

of selected vessel with respect to aortic pressure in the model. In addition, the program generated a 3D color 

coded map of the patient geometry for visualization of the pressure gradient. 
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The system developed for measuring the force using the Six Axis Force and Torque sensor showed that it 

possible get force data in all six directions instead of the push force required to guide endovascular devices. 

This method can be used various application involving vascular devices and 3D printing, for instance, 

testing and validation of various devices, treatment planning, testing the 3D printed models and determining 

their physical properties such compliance53, resistance to the devices. 

In all these cases it is shown that it is possible to interface 3D printing with electronics components and 

acquiring accurate measurements instead of manual measurements, which are prone to human error. This 

makes it a Smart 3D printed model which overcomes the obstacles other methods of flow studies, such as, 

assuming the vessel to be rigid and other physiologically inaccurate assumptions. 

5.2 Future Work 

There is room for further advancements and achieving accuracy in each of the study discussed in this thesis. 

In case of the pressure measurements, the pressure sensor from Honeywell have a tendency to drift from 

the original voltage value, it experiences the lack of repeatability in the readings thus requires frequent 

calibration. There could be improvement in the calibration process by developing a way to apply know 

pressure on the sensor in a precise manner and ensuring consistency, unlike the way it was done in this 

study which may involve human error and the sensors can be calibrated differently by different user. Other 

improvement that can be implemented in the pressure measurements is to design a hardware low pass filter 

instead of the software filter in LabVIEW to increase the speed of the code and since the hardware filters 

are much more effective than software filters. 

The next step in the lumped model project would conducting the similar study of LM0 model for a 

branching 3D printed model instead of singe vessel, this could help in understanding the behavior of 

complex vasculature as network (series and parallel combinations) of parallel RC circuit. Another 

advancement is to increase the complexity the lumped model and include the ‘L’ (Inductor) component into 

the modelling the inertia of the blood flow making the modelling more precise. 
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First open the clamp 2 and 
then close clamp I 

Conduct the experiment 

Stop the pump when it reaches 
the end of direction 2 

Watt 

Appendix A 

Transonic Flow Sensor and Programmable Pump 

Connecting the flow sensor to a tube: 

Figure A.1 shows a flowchart indicating steps for connecting the flow sensor and how to rectify the errors 

in the process. 

Figure A.1: Flowchart for steps to connect the flow sensor to a silicone tube. 

Steps to control the pump: 

Before running the pump close clamp 2 and open clamp 

1. Using the SimuFlow III run the pump, the piston will 

always move to its Home position (‘1’) and while it is 

moving towards Home it will pull in the fluid so the 

‘clamp 1’ is opened and ‘clamp 2’ is closed. After it 

reaches home, the piston moves towards ‘2’ and starts 

pumping the fluid according to the programmed 

waveform, open the ‘clamp 2’ and close ‘clamp 1’ 

Figure A.2: Flowchart for working of the pump 
pushing the entire flow into the model. Figure A.2 gives 

pictorial representation of steps to be carried out while running t 
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Appendix B 

NI ELVIS II+ 

Hardware of ELVIS II+: 

There are two main components of the ELVIS II+: Workstation (Figure A.1 A) and Prototyping Board 

(Figure A.1 B). 

Figure B.1: (A) NI EVLIS II+ Workstation (B) Prototyping Board 

Workstation 

Workstation provides with variety of knobs for variable power supply, function generator. It also has 

various connectors which allows us easy access to measuring device such as oscilloscope, DMM and also 

get output from power supply, function generator in the form of BNC, banana connectors. 

A short description of each component on the workstations: 

Figure B.2 (A): the back side of the workstation has the power button to power up the workstation, 

connections for power cord and USB to communicate with a computer for acquiring and processing signals. 

Figure B.2 (B): there are 3 BNC connectors, one for acquiring signal from the function generator and two 

for each channel of an Oscilloscope. Three connectors at the bottom are Digital Multimeter (DMM) 

connections, it has the same convention as any other DMM. 
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Figure B.2 (C): on the top is the second power button which turn the prototyping board, in order to power 

up the prototyping board the workstation needs to powered up by the button shown in Figure# (A). The two 

knobs below are for the manual control of the positive and negative voltage of the power supply. And last 

two knobs are provided to control the amplitude and frequency of the signal from the function generator. 

Figure B.2: Components of the ELVIS Workstation 

Prototyping board: 

ELVIS II+ is compatible with many other boards for example Integrator Operational Amplifier Lab, Digital 

System Development Board, Mechatronics System Boards and many more. 

Prototyping board (Figure B.3), as the name suggests is used to develop prototypes of the analog and digital 

circuits using simple components such as resistors and capacitors or logical circuits such AND, OR using 

IC’s. When combined with workstation it provides an entire laboratory experience at your disposal. 
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Figure B.3: Components of the Prototyping Board 

Signals of prototyping board which are most commonly used are described in the table: (Left to right in the 

Figure B.3). More information can be found in the datasheet of NI ELVIS Hardware user manual on 

National instruments website (http://www.ni.com/pdf/manuals/374629c.pdf): 

Table B.1: Description of terminals on the prototyping board 

Signal label Use Description 

AI <0-7> +/- Analog Inputs Analog input channels for LabVIEW. It also allows to acquire 

differential inputs as shown by (+/-) signs 

AI SENSE Analog Inputs It is mostly used in the non-referenced mode of data acquisition. 

AI GND Analog Inputs Referenced ground for analog inputs 

AO <0-1> Analog outputs Analog Output Channels 0 and 1—Used for the Arbitrary 

Waveform Generator. 

FGEN Function Function Generator Output 

Generator 

SYNC Function TTL output synchronized to the FGEN signal. 

Generator 

SUPPLY + Variable Power Positive Variable Power Supplies (0 to 12V) 

Supplies 

Ground Power supplies Ground for variable power supply 

SUPPLY - Variable Power Negative Variable Power Supplies (-12 to 0V) 

Supplies 

+15V Constant Power +15V Constant Supply 

Supplies 
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Instruments & Apps 

- BIi - - -Arbitrary 
Waveform 

Bode Analyzer Digital Reader Oigiu1I Wri1er Oi9i1al 
Mult,met.,r 

Generalor - - - - -Dynamic Signal Functio n Oscilloscope 2•Wire Current 3 Wire Current 
Analy:e, Generator voltage Analyzer volt-,ge Analyzer - ~ - - -Impedance Variable Power Digital Waveform 8 Channel Audio Equalizer 
Analyi::er Supplies Viewer Oscilloscope 

• a - + 
Dala Logger DC Level Oc1ave Analyzer Add Item 

-15V Constant Power -15V Constant Supply 

Supplies 

GROUND Constant Power Ground 

Supplies 

+5V Constant Power +5V Constant Supply 

Supplies 

DIO <0-23> Digital 24 Digital lines used for reading and writing data 

Input/output 

LED <0-7> User-Configurable 8 LEDs used as an indicator for analog or digital applications 

I/O 

The NI ELVISII+ and the instruments on them can be controlled by a dedicated software called ‘ELVISmx’ 

‘from National instrument. This software includes Soft Front Panels (SFP) used to control the ELVIS II 

hardware. ELVISmx is created in LabVIEW giving an advantage of programming the ELVIS using Virtual 

Instrumentation (VIs). 

NI ELVISmx Software: 

NI ELVISmx provides SFP instruments, created in LabVIEW, the source code of the SFPs can edited by 

modifying their LabVIEW code making the SFP application specific. This software has SFPs for all the 

hardware instruments of ELVIS II+. These SFPs can be accessed using an application called ‘NI ELVISmx 

Instrument Launcher’ shown in Figure B.4. 

Figure B.4: NI ELVISmx Launcher: software to control the hardware of 

ELVIS II+ 
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NI ELVISmx Instrument Launcher: 

The launcher provides various features other that SFPs such as documents, online resources links etc. To 

run a particular hardware, open its SFP to access the functions. Mostly commonly used instruments are 

explained in detail in following section. 

Digital Multimeter (DMM): 

DMM is used for troubleshooting any kind of the analog circuits and 

also for measuring different components. Figure show the SFP for 

DMM, it allows us to make different kinds measurement, the 

connection displays indicates the way to connect the banana jacks 

on the DMM connectors on the workstation (Figure B.5). Following 

are measurements that can be done by DMM: 

 Voltage (AC and DC) 

 Current (AC and DC) 

 Resistance 

 Capacitance 

 Inductance 

 Audible continuity 

Figure B.5: SFP of Digital 

Multimeter (DMM) 

Function Generator: 

It generates standard types of waveforms (sine, square or 

triangle) and provides the ability to control the amplitude and 

frequency settings and also functions such as DC offset, AM and 

FM. Figure A.6 shows the SFP of the function generator. The 

output can be routed in two ways; one using the BNC connector 

on the workstation (Figure B.2(B)) or from the prototyping 

Figure B.6: SFP of Function Generator 

board terminal named FGEN. 
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Oscilloscope: 

This SFP provides same functionality of a standard laboratory oscilloscope. As shown in the Figure B.7 the 

ELVISmx oscilloscope have two channels, knobs to adjust he amplitude and timebase, autoscale (changes 

these settings to best fit the signal in the screen). You can measure the signals from the circuits in two ways; 

either from the BNC connectors on the workstation or can use any of the Analog input pins from the 

prototyping board. 

Figure B.7 SFP of the Oscilloscope 

Figure B.8 shows and example of using Function generator and oscilloscope in conjunction. 

Figure A.8 Function Generator connected to the Oscilloscope displaying the Sine wave, frequency and amplitude 

(Bottom) 
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Variable Power Supply: 

NI ELVIS II+ has both types of power source; 

constant (+/- 15V and +5V) and variable source 

(-12V to +12V). This SFP (Figure B.9) allows 

the controlling of positive (0 to 12V) and 

negative (-12 to 0V) supply independently. The 

output can also be controlled manual through 

the knobs on the workstation by selecting the 

manual mode option on the SFP. 

Figure B.9: SFP of Variable Power Supply 

NI ELVIS II+ and LabVIEW: 

The SFPs in ELVISmx can also be controlled using LabVIEW by their individual Express VI’s as shown 

in Figure B.10 below. In this project the focus is using ELVIS as a data acquisition device in conjunction 

with LabVIEW. 

Figure B.10 Express VI’s for SFP in LabVIEW. The hardware can be controlled using LabVIEW same as 
ELVISmx 
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In order to acquire data from the ELVIS board either the Analog Inputs or Digital I/O lines are used 

depending on the type of the signals. In LabVIEW we use an Express VI called ‘DAQ Assistant’. This VI 

allows you to configure the program by selecting the type of the input (Analog or Digital), at which terminal 

it is connected, setting the sampling rate and other parameters which are shown in the figure below: 

Figure B.11: DAQ Assistant VI. Used for acquiring the signal from the data acquisition device (ELVIS II+) 

Figure B.11 shows that multiple inputs can selected to for data acquisition and various parameter such as 

Acquisition Mode, rate of acquiring can be adjusted to get a desired an acquisition speed. Using the VI, the 

code can communicate with ELVIS II+ and obtain data. Figures below shows a few examples of interfacing 

LabVIEW with ELVISII+; Figure B.12 (A) shows the frequency measurement using Function Generator 

SFP as an input and LabVIEW to calculate the frequency. Figure B.12 (B) shows use of LabVIEW to 

measure voltage and validate it with DMM SFP of ELVISmx. 

Figure B.12: Interfacing LabVIEW and ELVIS II (A) Displaying and measuring the frequency of a sine wave 

(B) Interfacing DMM with LabVIEW 
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Transducer Connection 
12-pin Female Connector 

Interface Power Supply 
Box (9105-IFPS-1) 

/ DAQ Device Connection 
/ 26-pin Male Connector 

\_ 12 V Wall Mount Power Supply, 2 A,24 W 
(9105-PS-KTPS24-12020MP) 

Appendix C 

Interfacing the Six Axis F/T Sensor 

Electronic hardware for the Six Axis F/T sensor: 

The sensor only consists of strain gauges that convert the physical data into resistance change in each 

direction. The hardware provided by the ATI Industrial Automation converts the change in resistance to 

corresponding voltage and supplies operating voltage to the sensor. This hardware is known as Interface 

Power Supply (IPS) box; this box provides power to the transducer and the signal conditioning (Filters and 

amplifiers) hardware included in the box. 

Figure C.1 on the right shows the IPS for the sensor, it has three connectors; two (12V power connector 

and DAQ connection) connectors and other side 12-pin connection for the sensor. There are two ways to 

power the device; either through the 12V wall mount supply or it can also be powered by the DAQ 

connector through the computer it is connected to. 

Figure C.1: Interface Power Supply; used to supply excitation voltage to 

the sensor and provide signal conditioning to the output of sensor 

Load Calibration File SubVI: 

This subVI is called into the main LabVIEW code to read in the calibration file provided by the 

manufacturer. It reads in the ‘.cal’ file which includes a matrix called calibration matrix containing the 
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scaling factors for each axes which are then multiplied with the strain gauge voltages to convert it to force 

and torque. This VI generates a matrix for force and torque with units’ N and N-m as default units, which 

can be changed by user. Figure C.2 shows the calibration matrix with columns as Fx, Fy, Fz, Tx, Ty and Tz. 

Figure C.2: Calibration VI; loads the calibration file, produces a calibration matrix and defines units of 

force and Torque 

Tool Transformation 

The sensor measures the F/T on all six Cartesian axes, it measures 

with a reference coordinate frame or default frame shown in 

Figure C.4 which is located at the origin of the sensor. The Tool 

Transformation subVI is used by the user in case a different 

orientation of the coordinate frame is required. Figure C.3 shows 

the default tool transformation (D stands for Displacement and R 

stands for Rotation in XYZ axes) that places the coordinate frame 

Figure C.3: Default transformation 
at the origin of the sensor. In order to change the acting point of Matrix 

F/T other than origin of the sensor the user can enter the desired values in the D and R for each axes. The 

transformation will execute displacements in X, Y and Z followed by rotations in X, Y and Z. The 

displacements are the distance component of the calibration’s torque units, so if the sensor was calibrated 

to use Newton-meters as the torque unit, the displacement is measured in meters and the unit for rotation is 
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radians. Figure C.4 shows an example of changing the coordinate frame using the tool transformation by 

using various sine and cosine functions. 

Figure C.4: Manipulation of the default coordinate frame using the tool transformation matrix 
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