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Abstract 

 

Hydrocephalus is caused by abnormal fluid accumulation through the ventricles of the brain.  

This can be the result of an obstruction in the ventricles or an inability to reabsorb cerebrospinal 

fluid (CSF). Ventricles in the brain swell as a result of accumulation of CSF. The pressure from 

the ventricles causes the brain to expand.  The aim of this research is to simulate the pulsation of 

CSF through the ventricles.  A model was created to include the brain and the CSF in the 

ventricles and subarachnoid space.  This was accomplished by creating two silicone rubber 

membranes with a mold designed in SolidWorks and created in the Rapid Prototyping Center as 

well as a wax mold.  The membranes are each a hemisphere that sit inside one another on top of 

a polycarbonate plate.  Positioned around the outer membrane is another hemisphere to represent 

the skull.  The inner membrane and the area between the skull and the outer membrane were 

filled with water to simulate CSF. The outer membrane was filled with agar to simulate the brain.  

A peristaltic pump will allow for pulsation of the flow of CSF to and from the ventricles and 

subsequently the subarachnoid space.  Pressure waves will be captured by magnetic resonance 

imaging and evaluated using a healthy brain model control. 
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1. Introduction 

 
The human head is made up of multiple layers including the ventricles, brain, cerebrospinal fluid (CSF), and the 

skull.  Ventricles are cavities in the brain that allow CSF to flow through them to access multiple areas of the brain
1
.  

The many layers of the skull enclose this system.  Water constitutes the majority of CSF, which is produced in the 

lateral ventricles.  Due to the cardiac cycle and consequential pulsation of cerebral arteries, it pulses through the 

third and fourth ventricles to the subarachnoid space (SAS), the area between the brain and the skull
1, 2

.  CSF can 

carry proteins, electrolytes, and nutrients to different parts of the brain.  During the contracting phase, systole, CSF 

flows downwards towards the spine.  The direction of the flow is reversed as the heart relaxes during diastole
3 ,4 ,5

.  

In the SAS, CSF cushions the brain and protects it from sudden head movements
1
 by reducing the weight of the 

brain by 97 percent
5
.  CSF also controls the cranial volume.  About 500 mL is produced each day, but only about 

150 mL of CSF is found in the brain at one time
5
.  This is because CSF is constantly absorbed in the SAS. 

   However, sometimes CSF is not properly distributed or consumed due to a disease called hydrocephalus.  

Hydrocephalus can be caused by head trauma, infection, tumors, deformations, or other medical anomalies
6
.  This 

causes the ventricles to increase in size with excess fluid, and in turn forces the brain to expand.  In an adult this 
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expansion can only go as far as the fully developed skull will allow it, causing painful headaches.  However, 

because young children’s skulls are not fully developed, this pressure on the brain causes the skull to expand as well.  

One of 1000 children are born with hydrocephalus each year
1
.  Untreated, hydrocephalus can result in severe 

retardation or even death
6
. 

 

1.1. treatments for hydrocephalus 
There are few solutions to help patients afflicted with hydrocephalus.  The most common procedure is introducing a 

shunt system to the brain
6, 7

.  Shunts divert the excess CSF from the ventricles to another space in the body that can 

absorb the CSF.  There are three main parts that make up a shunt: input, valve, and output.  The input attaches to a 

catheter that moves the CSF from the ventricle into the shunt.  The valve opens and closes in accordance to the 

amount of pressure in the ventricles.  If the pressure becomes greater than what is healthy, the shunt opens.  If the 

pressure decreases too much, the shunt valve closes.  CSF flows out of the shunt outlet to a different body cavity.  

Usually shunts redirect CSF into the peritoneum, but can release excess CSF into other areas connected to the 

bloodstream such as the lungs or the heart.  There are many possible complications that can occur with shunts.  

Infections and blockages can appear.  Also, the shunt can move around due to the active nature of people.  Many 

shunts must be replaced after only a few years due to these issues and due to wear and tear on the shunts
8
. 

   Two additional less often practiced procedures involve neuroendoscopy
6
.  An endoscope is a thin tube that 

includes a camera and room for tools that can be fed into a small incision to perform mildly invasive surgery.  An 

endoscopic third ventriculostomy uses an endoscope to cut a small hole in the ventricle wall in order to create a new 

passageway for the CSF to reach the SAS.  An endoscopic resection uses an endoscope to locate the blockage, 

usually a tumor, and then remove it.  While the latter two procedures are less invasive, they are rarely applicable to 

the situation
7
.   

 

1.2. CSF flow patterns 
Currently, hydrocephalus cannot be cured, and instead the symptoms can only be relieved temporarily

7
.  There is a 

direct correlation between the development of hydrocephalus and pulse pressure in the ventricles
9
.  This research 

expands the study of flow patterns of CSF through the brain, and consequently expands the study of possible cures 

for hydrocephalus.  This goal was accomplished by manufacturing a physical model to visualize the effect of the 

spherical geometry of the brain and ventricles on the flow patterns of CSF.  CSF fluid motion will be simulated and 

then validated at Northwestern University via magnetic resonance imaging (MRI) technology.  This prototype is a 

very simplified version of the final goal, which is to create a geometrically realistic brain model.  It will show the 

problems other researchers will face in manufacturing a more complicated model as well as assure that smaller 

details in the manufacturing process will not be overlooked during the designing stages. 

 

1.3. previous research 
Dr. Todd Parrish of Northwestern University donated MRI scans of his head to the Milwaukee School of 

Engineering (MSOE).  In 2008, a solid brain model was printed at the RPC showing the grey matter in the brain
10

.  

In 2012, Capek
11

 manufactured a new model that showed a more in depth classification of the areas in the brain.  In 

2013, research alluding to this project was conducted.  Bieszk modeled the scans on Mimics and Freeform to later 

use for the physical model depicting CSF flow patterns
12

.  However, because creating such a complicated model is 

beyond the resources currently provided, this project will simplify the process.  A more elementary model provides 

feedback that will aid other researchers in eventually creating model containing realistic cranial geometry. 

 

2. Methodology 
 

The model was made to represent the skull which contains the ventricles, the brain, and the subarachnoid space.  

Each entity is a hemisphere encased within the next.  The skull is made of hard plastic, and the brain and ventricles 

are contained by approximately 0.03 inch thick membranes.  The entire setup is attached to a flimsy sheet of silicone 

rubber spread over a fortifying sheet of polycarbonate.  Figure 1 shows a SolidWorks rendition of the skull and 

membranes.  The silicone rubber sheet adhered better to the membranes than the polycarbonate.  This ensures that 

ports could be implemented into the compartments through the sheets of polycarbonate and rubber.  A peristaltic 

pump will be attached to a port in the ventricles in order to simulate the pulsatile motion of cerebrospinal fluid 

through the ventricles to the SAS.  A tube connects the ventricles to the SAS, and another port allows fluid to escape 

from the SAS to simulate absorption of CSF.  A Stanford Agar Phantom gel mixed with sodium azide for 
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preservation replicates the density and magnetization transfer characteristics of the brain.  The gel consists of 7200 

mL of H2O, 800 mL of 21.8mM NiCl2, 240 g of agar, 40 g of NaCl, and 2 g of sodium azide, which is toxic
13

.  

Because CSF is primarily composed of water, water was used in the ventricles and SAS.  Figure 1 also shows the 

location of the ports.  Port 1 is the outlet to allow water to leave the model, simulating the absorption of CSF.  Port 2 

allows the brain compartment to be filled with agar.  Port 3 is the inlet to introduce water to the system in a pulsatile 

motion.  Port 4 is an outlet that allows water to travel from the ventricles to Port 5 in the SAS. 

 

 
Figure 1:  Model to simulate CSF flow patterns.  The numbers indicate the ports and the letters indicate the 

components of the model.  A) Water simulating CSF. B) Agar gel simulating brain material. C) Hard plastic 

simulating skull. D) Membranes to encase brain and ventricles. 

 

2.2. resin transfer molding 

In order to create the thin membranes that will create the geometry for the ventricles and the brain, molds were 

developed.  Originally, these membranes would be made of Dow Corning Sylgard 184 Silicone Elastomer.  This 

silicone rubber is flexible enough to expand due to the increased pressure in the ventricles and is strong enough to 

resist ripping.  These molds were designed in SolidWorks and printed via additive manufacturing at the Rapid 

Prototyping Center at MSOE.  The mold system consisted of a large inner bowl and a large outer bowl to create the 

membrane around the brain, as well as a small inner and outer bowl to create the membrane around the ventricles.  

Figure 2 shows an expanded view of the mold system.  The inner diameter of the large membrane was 6.0 inches 

with a height of 3.0 inches.  The inner diameter of the small membrane was 1.8 inches and the height is 0.91 inches.  

The membranes were created to be these specific sizes because they hold similar volumes to the human head.  The 

amount of CSF in the SAS is about 100 mL, while there is about 50 mL in the ventricles
1
.  A hemisphere with a 

radius of 0.9 inches can hold a volume of 24.8 mL.  The volume between the skull and the outer membrane would 

be about 50mL.  Each of these volumes is half of the CSF volumes in the head because the model depicts the top 

half of the head. 

 

A 

C 

B 
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Figure 2:  Expanded view of the parts of the molds to create the large and small membranes. 

 

   The molds were created at the Milwaukee School of Engineering Rapid Prototyping Center using a Selective Laser 

Sintering (SLS) device called the Sinterstation 2500plus.  An SLS machine uses a rolls powder onto a platform and 

uses a laser to cure only specific parts of the powder that correlate with a cross section of the product.  This process 

creates a layer by layer geometry of a part
14

. 

   Silicone rubber was to be infused into the molds with a vacuum system.  Figure 3 depicts vacuum mold setup 

without the outer shell of the ventricle mold.  The silicone was to be fed into the small mold and pulled from six 

ports at the top of the mold to be fed into six ports on the bottom of the large mold.  Excess silicone was to escape 

through a port at the top of the large mold. 

 

 
Figure 3: The molds for both membranes connected to form a resin transfer molding. 

 

2.2.1. problems regarding molds 

While leak checking there vacuum molds, many problems arose.  A proper vacuum seal of at most 1000 microns 

could not be accomplished even after applying multiple layers of latex.  The latex process is shown in Figure 4.  In a 

final attempt to remedy the situation, the mold assembly was placed into a large box and the box was filled with 

expanding foam as shown in Figure 5.  However, there was still a leak.   
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Figure 4: Applying latex to the molds. 

 

 
Figure 5: Filling the outside of the molds with foam to seal any leaks. 

 

2.3. wax molds 

At this point, the foam was removed from the molds and the smallest mold was salvaged in order to create a new 

mold made from wax.  An appropriately sized bowl was filled with melted paraffin wax to create the brain 

membrane and the inner shell of the ventricle mold was pressed in to the wax.  The wax mold was separated from 

the plastic bowl and mold.  It was then painted with multiple layers of latex to create new membranes as shown in 

Figure 6 and Figure 7.  This new procedure also accounted for possible leakage due to such a small surface area on 

the membranes being attached to the silicone rubber.  Instead of each membrane being individual entities, they were 

connected and created a cavity for the brain material.  Holes were cut into the latex before it dried so that the wax 

could melt out of the membranes.  However, when melting the wax, a tear developed in the brain membrane.  To 

prevent further, uncontrolled damage the membranes were strategically sliced in order to remove the un-melted wax 

from the membranes as seen in figure 8.  Later, the membrane was repaired with Dow Corning® 739 Plastic 

Adhesive and coated with additional layers of latex to seal any gaps left by the adhesive.  This particular adhesive 
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was used because it is still flexible when it cures.  Figure 9 shows the membrane after a portion was reattached and 

Figure 10 shows the membrane after more latex was applied to the entire membrane and it was attached to the 

silicone rubber backing. 

 

 
Figure 6:  Layering latex on top of wax mold. 

 
Figure 7:  Latex after holes were removed.

 

 
Figure 8:  Latex membrane after removing wax mold. 

 

  
Figure 9:  Latex membrane while being repaired. 

 
Figure 10:  Latex membrane after applying additional 

latex and adhering it to the silicone rubber side of the 

polycarbonate backing.

2.4. platform 

The prototype was assembled on top of a 3/32 inch sheet of silicone rubber attached to a 3/16 inch sheet of 

polycarbonate. The flimsy silicone rubber was used because rubbery materials like latex and silicone rubber could 

adhere better to it than to polycarbonate.  On the polycarbonate side, the ports were cut to a 1/4 inch diameter to fit 

the vinyl tubing included in the model.  On the silicone rubber side, the two outer ports were drilled to have a 1/16 

diameter to ensure that the port hole would not be larger than the width of the cavity made by the skull and the brain 

membrane.  The ports are shown in figure 11.  The tubes shown in Figure 12 were inserted into the ports of the 

polycarbonate and adhered with Loctite® Vinyl, Fabric & Plastic Flexible Adhesive.   
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Figure 11:  Silicone rubber side of prototype backing including the five ports. 

 

 
Figure 12:  Polycarbonate side of the prototype backing showing the tubing after being attached to the ports. 

 

2.5. assembly 

The prototype was assembled using more plastic adhesive.  The three major components of the model are pictured in 

Figure 13.  The membranes were attached and filled with water to leak check.  Next, the skull shell was attached.  A 

Stanford Agar Phantom recipe was mixed and added to the brain membrane while the ventricle membrane was filled 

with water to ensure that the agar solidified to the correct shape. 

 

 
Figure 13:  The three major components of the prototype lined up before assembly. 

 

3. Results 

 
Figure 14 shows the final product.  The inner diameter of the skull is approximately 6.25 inches.  The outer diameter 

of the brain membrane is approximately 5.75 inches.  The inner diameter of the ventricle membrane is 

approximately 2.00 inches.  This means that in this model, the one half of the subarachnoid space holds about 233 

mL, the brain area holds 781 mL, and the ventricles hold about 34.3 mL.  These volumes are similar to the actual 

volumes of CSF and brain material in the head (50 mL, 655mL, and 25mL respectively
1
), but vary substantially.  
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However, because the CSF flow research that will be performed on this prototype focuses more on the general shape 

of the ventricles and brain, these differences may not be crucial to the success of the research. 

 

 
Figure 14:  The completed prototype. 

 

4. Discussion 

 
The next step for this prototype is to be validated and used for CSF studies at Northwestern University.  It will be 

tested using an MRI machine.  Various respiratory patterns will be simulated by the peristaltic pump and the 

pressure waves through the brain will be analyzed. 

 

5. Future Work 

 
To make this model more realistic, future work will include using real geometries from the MRI scans donated by 

Dr. Todd Parrish.  Also, the volume of water in the subarachnoid space will be decreased and the prototype will 

include both halves of the brain.  This prototype gives insight to the problems that other researchers may face when 

manufacturing a second model.  Creating the membranes to enclose the ventricles and brain material was the most 

difficult part of the process.  Future researchers may want to look into alternate options to manufacture them such as 

investment casting or printing the membranes on an additive manufacturing device and then creating molds of those.  

Researchers may even want to look into the possibility of foregoing the membranes all together.  Regardless, this 

prototype provides a temporary model for researchers to study. 
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