
Proceeding of the National Conference 

On Undergraduate Research (NCUR) 2013 

University of Wisconsin, La Crosse 

La Crosse, Wisconsin 

April 11-13, 2013 

 

Creation of a Flow-Through Replica of a Diseased Arterial Segment for 

Recreating a Realistic Hemodynamic Environment 

Khaled Mougharbel 

Department of Electrical Engineering 

University of South Florida 

4202 E. Fowler Avenue, ENB 118 

Tampa, FL 33620 

 

Rapid Prototyping Center 

Milwaukee School of Engineering 

1025 N. Broadway Street 

Milwaukee, WI 53202 

 

Faculty Advisor: Dr. Jeffrey A. LaMack 

 

 

Abstract  

 
Hemodynamic patterns are thought to play a critical role in the development of arterial disease. This study explores 

the blood flow through the aortic bifurcation. The primary purpose is to recreate an accurate three-dimensional 

prototype of an aortic bifurcation for in vitro experiments using additive manufacturing techniques. The secondary 

purpose is to juxtapose the different flow environments between the healthy and diseased artery.  Detailed magnetic 

resonance imaging scans were obtained from National Biomedical Imaging Archive and converted to 

stereolithography format. Using multiple software applications, Mimics, Magics, and Freeform, the scans were 

segmented to show the aortic bifurcation.  It was possible to recreate realistic arterial replicas by using the 

stereolithography machine. Future studies will develop methods to culture endothelial cells onto the luminal surface 

of such a replica, allowing them to be exposed to a realistic flow environment in a region where arterial disease is 

known to develop. This will provide insights into links between local hemodynamic environment and the 

progression of arterial disease.  
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 1. Introduction 

 
Study of blood flow distribution in blood vessels is beneficial in understanding diseases related to these vessels. 

With the use of rapid prototyping techniques it is possible to reconstruct realistic aortic models to demonstrate 

accurate hemodynamic patterns.
1
 Although simplified models and previous studies provide insight into the disease 

development, vascular replicas based on patient specific anatomy is required to better simulate hemodynamic flow.
2
 

Traditionally, researches study the effects of hemodynamic either in vivo, with many limitations and challenges, or 

in vitro using unrealistic flow environments. But rapid prototyping captures both the in vivo and in vitro aspects by 

providing realistic hemodynamic patterns in an in vitro environment. 

  



 

 

1.1. aorta & atherosclerosis  

The aorta is the largest artery in the body. Arteries are blood vessels that carry blood from the heart. The aorta 

emerges from the left ventricle of the heart, forms an arch, then extends down to the abdomen, where it branches off 

into two smaller arteries, the iliac arteries.
3
 This study focuses specifically on the blood flow through an aortic 

bifurcation, the division of the aorta into right and left common iliac arteries. More interestingly, disturbed flow 

occurs in healthy vessels simply due to complex geometry, like a bifurcation; this may initiate disease.  Healthy 

arteries have smooth inner walls, tunica intima, and blood flows through them easily. However, clogged arteries 

develop from the result of a substance, plaque, build-up the tunica intima. Arterial plaque can create further 

disturbed blood flow, increased shear stress, or potentially block blood flow altogether; thus resulting in serious 

health complications. Cholesterol is a natural fat like substance and is essential to health, however too much 

cholesterol in the blood might be harmful. There are many types of cholesterol but the most important ones in this 

study are: low density lipoprotein (LDL), and high density lipoprotein (HDL). The process by which the plaque 

develops is referred to as atherosclerosis.  Atherosclerosis consists of four key stages. First, the body activates cells 

called macrophages to defend against LDL that penetrated the endothelial cells in the intima. Second, the 

macrophages enlarge and become a part of the vessel wall, foam cells. Third, as the macrophages grow the body 

protects itself by creating a capsule, called a plaque. As the plaque gets bigger the body tries to preserve the blood 

flow through the artery. Then, calcium also affects the plaque buildup by making the capsule hard and inflexible. 

This will prevent the artery from inflating. When the blood starts pumping through a narrower gap it damages the 

capsule that is covering the plaque, thus leading to rupture that will likely completely block the artery. Depending on 

the location of the blockage, consequences may be severe, such as a stroke or heart attack.
4
   

 

1.2. stereolithography 
In principle, any rapid prototyping machine operates similarly, building layer by layer but using different solidifying 

agents. Stereolithography (SLA) is an additive manufacturing process that uses an ultraviolet (UV) laser to create 

successive cross-sections of a three-dimensional object within a vat of liquid photopolymer. The SLA machine 

builds with a cross-sectional layer thickness of 0.005 inches or 0.006 inches. As shown in Figure 1, the machine 

consists of the following parts: a build platform, a resin vat, a recoating blade, an ultraviolet laser and a scanning 

device. A platform is placed at the top of the vat filled with the polymer. As the UV laser traces the layer in the 

polymer, the resin begins to cure; solidifying the part to be manufactured. Then a Zephyr blade moves across the 

platform to level the uncured polymer. After each layer has been completed, the platform drops down again and 

repeats the same procedure. This process is innovative due to its layer by layer construction. The SLA is highly 

accurate and can build complex geometries and intricate details, only varying within 0.002 to 0.005 inches. One of 

the main benefits of building blood vessels with the SLA machine is its optically clear, near colorless feature, due to 

the clear liquid polymer used. For this specific experiment the SLA 250 was used with DSM’s Somos WaterShed 

XC 11122 liquid polymer. The SLA 250 has a building platform size of 10x10x10 inches.
5 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Illustration to demonstrate the operation of stereolithography  



 2. Methodology 

 
This study revolves around a three step process that implemented three software programs. Depending on the 

particular vessel being modeled, detailed instructions may vary but the general approach should be accurate.  
 2.1. data acquisition 
Magnetic resonance imaging (MRI) image files were obtained from the National Biomedical Imaging Archive 

funded by the National Cancer Institute. The National Biomedical Imaging Archive is a public database that 

contains images of over 2000 de-identified patients. With the use of filters such as number of images (250+ images) 

and location of the images, an appropriate case study was identified. The images constituted a full torso and the 

lower abdominal area to capture the aortic bifurcation. The images obtained from the database are in Digital 

Imaging and Communications in Medicine (DICOM) format. DICOM is the default format of MRI files. The 

disadvantage of getting DICOM images from an open database is that limited information is provided with these 

images. This information is disclosed to protect the patient’s identity.  

 

 2.2. image processing  
Three image processing programs were used in this study: Mimics(Materialize, Leuven, Belgium), Magics 

(Materialize), and FreeForm Modeling (SensAble Technologies, Woburn, MA). Mimics is widely used in the field 

of 3D image reconstruction.
6
 It is notable for its functionality and user friendly interface. Here, Mimics was used to 

open DICOM files; which automatically rearranges the cross-sectional images in sequential order and in the correct 

orientation. Steps were devised to create a 3D model suitable for additive manufacturing production, as illustrated in 

Figure 2: 

 Determine the direction of the three planes: the sagittal plane, the coronal plane, and the transverse plane 

 Draw a line over the region of interest (ROI), the area intended for reconstruction, in one representative 

layer 

 Modify the threshold, brightness and contrast to distinguish the ROI 

 Create a mask covering the ROI using the Dynamic Region Growing Tool 

 Scroll through the layers making  the region growing selected the correct areas 

 Erase unwanted segments, using the Erase Tool, for each slice 

 Export the model as a stereolithography (STL) file  

 

(A)           (B)                      (C)    

  

 

 

 

 

 

 

 
 

(D)     (E) 

Figure 2. Mimics views illustrating: (A) selecting the aorta from the top view by adjusting contrast and brightness to 

distinguish it from the other organs, (B-C) scrolling through the images making sure the Dynamic Region Growing 

Tool selected the aorta, (D) inspecting the region created in other 3D views, (E) final model of the isolated aortic 

bifurcation 



   With the steps above finished, Magics was used to hollow out and make cuts into the virtual prototype. The 

Hollow Tool was used, with the following selected parameters: 

 Wall Thickness: 0.63 mm 

 Detail Size: 0.3 mm 

   The artery thickness was determined based on previous experiments. The reported means for aortic intima-media 

thickness were 0.63 mm and 0.61 mm for males and females, respectively.
7
 The Cut Tool was then used to trim the 

total vessel length to 4 inches. This length restriction was imposed by machine constraints.  

   Using Freeform with the Phantom Desktop, a pen-like machine that provides a haptic feedback to give the user a 

more realist experience was used to perform the following final touches on the model, as illustrated in Figure 3: 

 Using the Toothpaste Tool add clay to mimic plaque in the disturbed flow areas 

 With the use of the Smoothing Tool, smooth-out the added clay to give it a realistic contour  

 Repeat the steps listed above respectively to obtain the necessary plaque geometry 

The process to generate plaque is mainly user customizable and mostly done free handedly.  

 

Figure 3. Different views in FreeForm to illustrate the virtual plaque 

 

 2.3. three-dimensional modeling  
Rapid prototyping can be defined as a technique used to quickly manufacture physical model using 3D computer-

aided design data.
8 
As discussed earlier, the SLA machine was used to fabricate the healthy and plaque-containing 

models. After construction, each model was placed in a tri-propylene glycol monomethyl ether (TPM) chemical bath 

for about 10 to 20 minutes, rinsed with alcohol to clean the TPM, and air hosed to remove any access alcohol. Then 

the model was placed in a post care apparatus, an ultraviolet oven.  In the diseased model, supports were used to 

construct the plaque. The support material is a cured resin from the same material used to construct the model.
9
 Due 

to the models’ durability, the inlet and outlets were trimmed using a sanding belt in preparation for the flow analysis.  

As illustrated in Figure 4, the model was semi-transparent, colorless, and full scale, with a plastic patterned finish. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Different views of the models made using the rapid prototyping. The models are hollow, colorless and 

semi-transparent. 

  



 3. Flow Analysis  

 
The model was incorporated into a flow loop with a working fluid of water to validate that the rapid prototyped 

replica was sufficient for flow through testing, and in vivo simulation.
10

 As demonstrated in Figure 5, quarter inch 

platinum-cured silicone tubing was attached at the outlet, and half inch clear silicone flexible tube was attached to 

the inlet of the replica. The experimental setup consisted of two rotary vane liquid flow sensors (McMillan, 

Georgetown, TX) connected in a parallel configuration with respect to the left and right branches leading back to the 

reservoir; from which fluid was withdrawn using a pulsatile pump (Masterflex, Cole-Parmer, Vernon Hills, IL). The 

inlet flow rate was evaluated by summing the flow rates through the left and right branches. This experiment proved 

that the model withstood realistic flow rates. In healthy adults, the average flow rate through the aortic bifurcation is 

about 1.5 L/m.
11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (A) The rapid prototyped model of the aortic bifurcation, (B) The left liquid flow sensor attached to the 

digital multimeter,   (C) The right liquid flow sensor attached to a digital multimeter, (D) Pump, (E) Pulse dampener 

Figure 6.  Inlet flow rate vs outlet flow rate for a diseased and healthy aortic bifurcation 
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   As shown in Figure 6, there is a visible distinction between the healthy and diseased replica at low total flow rates, 

below 0.25 L/m. Throughout the entire range of flow rate studied, the left outlet branch experiences a higher flow 

rate compared to the right outlet branch. Interestingly, at high flow rates, above 0.50 L/m, the plaque in the diseased 

artery does not have a drastic effect on flow partition compared to healthy vessel. At lower flow rates the difference 

between the two outflows is less predictable and flow dependent. Data was collected up to 1 L/m due to the flow 

meter’s limitations. This experiment concludes that there is a complex, flow dependent distribution between the 

outlets at lower flow rate as opposed to high flow rates. Further fluid dynamic studies must be conducted to extract 

more specific information related to flow patterns.  

 

 4. Conclusion  

 
Rapid prototyping was successfully implemented by converting MRI files into a realistic flow through replica of a 

healthy and diseased arterial segment. This study outlined a simplified tutorial for creating a 3D prototype. Although 

the protocol was developed on a patient specific aorta, the procedure remains theoretically the same for other 

patients. This 3D model provided a realistic impression of the aorta’s complex geometry. The protocol should 

benefit future researchers on improving rapid prototyping, and understand the complexity of the aortic bifurcation.  

Most importantly, this study will enable future researchers to achieve a better understanding of the development of 

atherosclerosis in regions of disturbed flow by serving as a platform for endothelial cell growth in flow through 

replicas.  
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