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ABSTRACT OF THE THESIS

Anti-clogging Ventriculoperitoneal Shunt for Hydrocephalus

by

Yau Ching Yun

Master of Science in Engineering Science (Biomechanics and Biomedical Engineering)

University of California San Diego, 2024

Professor James Friend, Chair

Hydrocephalus is a neurological disorder in which there is an excess accumulation of
cerebrospinal fluid within the intracranial compartment that often results from cerebrospinal
fluid flow obstruction. Patients with hydrocephalus experience headaches, a reduction in body
coordination, an increase in sleepiness, blurred vision, hearing loss, and even loss of bladder
control. Existing treatments include acetazolamide, and endoscopic third ventriculostomy, with
ventriculoperitoneal (VP) shunt implantation being the existing golden standard. However,
obstruction in the shunt system is a recurring issue after ventriculoperitoneal shunt implantation
results in a need for shunt revision. Shunt implantation has medical expenditures of about one

hundred-million-dollar with half of this amount subject to shunt revision. In our research, we

X1



break the limit of shunt functionality by offering two novel approaches in fabricating the next-
generation VP shunt system in addition to developing a new hydrocephalus experimental model.
The first approach leverages the hyperelasticity of silicone to form a soft and flexible membrane
to induce obstruction of the shunt via external saline injection. The second approach utilizes the
characteristic of piezoelectric material, lithium niobate (LiNbQO3), to transduce ultrasound by
applying input voltage at a specific frequency. The first approach was to recover the full flow
rate after clogging in an experimental setting while the second approach can demonstrate the

potential of unclogging after fabrication by showing its theoretical concept.
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Chapter 1

Introduction

Hydrocephalus is a neurological disorder that results from an excess accumulation of
cerebrospinal fluid. Cerebrospinal fluid (CSF) is a colorless fluid found within the intracranial
compartment except the blood. CSF provides a variety of physiological functions such as serving
as a shock absorber and immunological mechanism for the central nervous system (CNS). A
typical approach in treating hydrocephalus requires an implant of a ventriculoperitoneal (VP)
shunt system. The overall theme of this project anchors the introduction of the next-generation
VP shunt system that solves the existing issues found in the current shunt system. Before the
discussion of other aspects of hydrocephalus, an overview of the anatomy and physiology of the

brain is first reviewed.

1.1 Anatomy, Physiology of the Brain and Hydrocephalus

The brain is part of the central nervous system along with the spinal cord. The brain
can break down into multiple lobes (frontal, parietal, temporal, occipital) shown in Figure 1.1.
Different lobes have different functions. The frontal lobe is located at the front of the brain and
is responsible for higher-order cognitive functions such as problem-solving, emotion, motor
function, speech formulation, and short-term memory. The temporal lobe is responsible for
auditory information processing and language comprehension. The parietal lobe located on the

upper back of the brain has the main function of sensory perception and integration such as



touch and temperature. Lastly, the occipital lobe is located on the back of the brain which is

responsible for visual processing.

Parietal Lobe

Parietal Lobe

Occipital Lobe

Hypothalamus .\

Temporal Lobe /
N—\
Pons

Medulla Oblongata / \____Cerebellum

Figure 1.1. The four lobes within the human brain.

The pons are located below the temporal lobe and above the oblongata and have the main
functions of signal relaying, and breathing control. Oblongata is responsible for a variety of
involuntary controls such as swallowing, vomiting, blood pressure (BP), and also breathing.
The cerebellum is responsible for movement coordination and balance. In the center region
of the brain, there is the hypothalamus which has the function of maintaining physiological
homeostasis such as body temperature regulation and hormone level. The pituitary gland is below
the hypothalamus which is responsible for hormone secretion by receiving signals from the
hypothalamus. The pituitary gland can further break down into posterior pituitary and anterior
pituitary. The posterior pituitary serves as a reservoir that stores and secretes hypothalamic
hormones while the anterior pituitary synthesizes and releases hormones in response to signals

from the hypothalamus.

1.2 Ventricular System and Cerebrospinal Fluid

The entire ventricular system consists of four interconnected ventricles with two lateral

ventricles, a third ventricle, and a fourth ventricle shown in Figure 1.2. The two lateral ventricles



Lateral Ventricle

Choroid Plexus (ChP)

Cerebral Aqueduct

Third Ventricle

Fourth Ventricle

Figure 1.2. Brain structure focuses on the ventricle (light blue) and cerebrospinal fluid secretion
site (red)
have a rough “C”-shape. The third ventricle is located in the center of the brain. The cerebral
aqueduct allows CSF flow by bridging the third and the fourth ventricles [50]. The fourth
ventricle is located near the brainstem and below the cerebellum. Each ventricle stores CSF and
contains the structure, choroid plexus (ChP), on the wall, shown in Figure 1.2. The total CSF
volume is 150mL with all four ventricle occupied 40 mL [67]. The ChP is a structure on the
ventricle wall that contains the epithelial tissue and its high surface area to volume ratio benefits
its secretion of CSF into the ventricle [12, 68]. From the ventricles, CSF is then flow into the
subarachnoid space which is sandwiched between the pia mater and the arachnoid membrane.
Subarachnoid space serves as a buffer region that provides protection for the brain and the spinal
cord.

The filtration of blood produces CSF which is secreted by the choroid plexus in the
ventricle and attains a variety of physiological functions [29]. The function of cerebrospinal fluid

includes the following.



(1) The buoyancy from the cerebrospinal fluid reduces pressure on nerves and blood vessels

by reducing the weight of the brain.

(2) Cerebrospinal fluid works as a shock absorber by compressing the cerebrospinal fluid

before the brain hits the skull [14].

(3) Blood-CSF Barrier (BCB): Regulation of extracellular environment by controlling the flux

of electrolyte [63, 60, 70, 68, 11].

(4) Biomarker: Investigating CSF helps diagnosing neurological disorders [56, 70, 21]. For

example, CSF is part of the diagnostic parameter for Alzheimer’s disease [42].
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Figure 1.3. The simplified pathway for CSF circulation

The role of CSF plays a significant role in the brain. For humans, ChP has a variety of ion
transporters that are needed to maintain ion homeostasis [68]. Choroid plexus establishes an
osmotic gradient by pumping Na™, K*, HCO3~, other electrolytes, and other solutes such
as vitamins out of the plasma into the ventricles [42, 48, 63]. The protein concentration in
CSF is in fact less than 1% with 80% of proteins in CSF coming from blood [49]. Besides
protein, CSF also contains various types of lipids such as phosphogylcerolipids and sphingolipids
which correlate to CSF protein concentration [52]. The weight of the brain also reduces as
a result of buoyancy from the cerebrospinal fluid. In humans, the net flow of CSF is about

0.4mL/min (0.2 —0.7mL/min) which is about 600 mL/day [63, 58]. There are also different



techniques to monitor and track CSF. Magnetic resonance imaging (MRI) and the method of
radioactive labeling are used to track CSF [63, 71]. The overall pathway of CSF secretion is
shown in Figure 1.3; CSF is first secreted by the ChP which is located on the wall of the ventricle
of the brain. Then, CSF flows from the lateral ventricles into the third ventricle and the fourth
ventricle and finally reaches the subarachnoid space. In subarachnoid space, CSF begins to flow
in different directions including the surface of the brain, spinal cord, intracranial venous sinuses,

etc [66]. Finally, CSF will reach the bloodstream and be recycled by the lymphatic circulation

[1].



Chapter 2

Neurological Procedure for Hydrocephalus
and Existing Technology

2.1 Hydrocephalus

As described previously, hydrocephalus is a neurological disorder in which there is an
excess accumulation of cerebrospinal fluid (CSF) within the intracranial compartment which
often results from obstruction of CSF flow. The accumulation of CSF indicates the rate of
CSF production is higher than the CSF reabsorption; this insufficient reabsorption results in
hydrocephalus. Patients with hydrocephalus often experience headaches, poor body coordination,
an increase in sleepiness, blurred vision, hearing loss, and even loss of bladder control [31,
54]. An average of 3 per 10000 infants experiences progressive hydrocephalus as a result of
aqueductal stenosis (AS) [16]. Furthermore, patients subject to infections and shunt blockage
also result in hydrocephalus [32]. Hydrocephalus can also be a complication after other diseases
such as intraventricular hemorrhage (IVH) [8]. It can also result from complications of surgical
procedures and tumors [51].

While hydrocephalus shows these general symptoms, there are various types of hy-
drocephalus. Hydrocephalus can be divided into two main types: (1) non-communicating
(obstructive) hydrocephalus and (2) communicating (non-obstructive) hydrocephalus. Non-
communicating hydrocephalus involves obstruction between ventricles which can reduce or

inhibit the flow of CSF between the ventricles [9]. Symptoms of non-communicating hydro-



cephalus can cause a sudden elevation in intracranial pressure (ICP) which has the potential
to induce sudden death [38]. Aqueductal stenosis is a common cause of non-communicating
hydrocephalus. Other common causes of communicating hydrocephalus include congenital CNS
malformations, tumors, meningitis that results in secondary obstruction, and fourth ventricle
outlets obstruction [41]. As age increases, the chances of experiencing chronic hydrocephalus
also increase. Chronic hydrocephalus falls into either one of the two categories. Chronic hydro-
cephalus occurs when there is a significant enlargement in the ventricle while the intracranial
pressure (ICP) remains relatively stable [15]. Furthermore, normal hydrocephalus (NPH) occurs
in all age groups with the elderly being the most common. NPH occurs when the increase in
CSF build-up results in ventricles enlargement while the ICP remains constant and is classified
as communicating hydrocephalus. NPH shares the subset of symptoms as hydrocephalus such
as dementia, gait unsteadiness, and loss of bladder control [24]. Subarachnoid hemorrhage and
head trauma can lead to NPH [13]. Besides studying the symptoms from clinical presentation,
the diagnosis of all types of hydrocephalus typically involves an MRI or CT scan of the patient’s

head while MRI provides greater insights into the causes.

2.2 Pharmacological Intervention

Various types of oral medication are appropriate for treating hydrocephalus. Acetazo-
lamide is a common medication that is a carbonic anhydrase inhibitor [65]. The ChP contains a
high concentration of anhydrase cabon which catalyzes the conversion from CO, and H;O to
HCO37. HCO3™ are tranported via NBCe2 protein channel into ventricle [10, 4]. Thus, inhibi-
tion of carbonic anhydrase inhibits the secretion of HCO3 ™~ which reduces CSF secretion into
the ventricle. Acetazolamide also reduces the expression of AQP1 which reduces the secretion
of CSF [64, 3, 69, 65]. While it was not effective in children, good feedback is found in adults
with hydrocephalus when the daily is within 200 — 500 mg [55, 2]. Although pharmacological

interventions are somewhat effective on adults, there exist side effects. For instance, paraesthesia,



dysgeusia, and an increase in tiredness are the general side effects that are dose-dependent [57].

2.3 Existing Treatment and Neurological Procedure

2.3.1 VP Shunt Approach and Existing Shunt System

The primary treatment of hydrocephalus involves the implantation of a ventriculoperi-
toneal (VP) shunt with about 36,000 shunt implantation per year [6]. The neurosurgeon begins
the procedure by first drilling a small hole in the patient’s skull. The proximal catheter along
with a rigid guide wire is then placed into the ventricle. The guide wire is then removed after the
proximal catheter arrives at the required destination. The shunt is typically placed in the lateral
ventricles but it can also be directed to the third or fourth ventricle in some circumstances. The
proximal catheter is first connected to a valve which can control the flow rate of the CSF. A distal
catheter is then connected to the other end of the valve which will redirect the CSF flow into the
peritoneal cavity.

There are a variety of different shunt systems with a similar principle. For example,
adjustable shunt and nonadjustable shunt. Adjustable shunt contains the valve component which
can be programmed and thus regulate the fluid drainage. Some of the valves also can measure
the pressure and flow [40]. There are also two types of valves including variable (adjustable)
pressure valves and constant pressure valves. The strength of the variable pressure valve is that
correction can be made after implantation. The pressure can be corrected via a magnet such that
a magnetic field generates a magnetic torque to rotate the valve [62]. Adjustable shunt is found
to be more expensive than nonadjustable shunt [59].

The main issue with the existing shunt is its durability; there is a high probability of
experiencing malfunctions which is either underdrainage or overdrainage [36]. Underdrainage
occurs when the rate of CSF removed from the ventricles is below the expected rate while
overdrainage is the opposite of underdrainage. Overdrainage can lead to the collapse of the

ventricle. The underdrainage is typically a result of shunt obstruction [39]. The current existing



VP shunt surgery is not perfect and often requires shunt revision due to obstruction. In the United
States, medical expenditures for shunt implantation are about 100 million, with half of this
amount subject to shunt revision [6]. From the UK Shunt Registry, the reported cumulative shunt
revision rate is 24% and 14% within the first year, for children and adults respectively [43]. For
a population of 1000 patients with a median age of around 41.6 years, the mean follow-up years
is 9.2 years with 70% of the patients being adults [47]. Moreover, 54% of the patients require
at least four shunt revisions and some patients also experience shunt infections [22]. Upon VP
shunt implantation, there is an estimated infection rate of around 5% [27]. This indicates an
evolution of the existing shunt system is needed as one of the main causes of the shunt revision
is the result of clogging. A variety of techniques were used to evaluate shunt function which
includes ultrasonography and MRI [5, 33]. Some cases of shun obstruction also include the
growth of choroid plexus into the shunt [36].

Without any shunt revision, shunt obstruction can lead to serious consequences such
as a rise in ICP which can trigger seizures, infection, and other symptoms associated with
hydrocephalus. There are a few existing methods for alleviating this problem. CSF-infusions
are one of the solutions for retrograde flush [43]. It starts with using two 25G butterfly needles
with one needle recording the pressure and the second needle is responsible for infusion. Flow
resistance and ICP are the parameters of interest to assess whether the infusion is completed or
not [43]. Additionally, the recent development of shunt avoids traditional plastic tubes, instead, a
composition of silicone and nitinol is used to fabricate the proximal catheter [16]. The benefit
of this device is that it has the ability to change its size due to the property of nitinol wire
while the silicone controls the initial geometry of the shunt [19, 44]. While Shunt is a preferred
option under most circumstances. ETV is often an alternative in place of shunt revision as a
result of shunt malfunction [23]. However, previous shunt insertion increases the surgical risk.
Postoperative care is closely monitored.

While we discussed the basic principle of the existing shunt system, recent research

attempts to develop the next-generation shunt that aims to the reducing clogging issue. Recent



development shows a catheter integrated with a backflow mechanism shows the capability to
reduce blockage of shunt [45]. They suggest two approaches with one using a micropump to
drive the backflow and the second approach using an electromagnetic backflow mechanism [45].
The micropump approach utilizes the flow generated from the micropump and drives back to the
proximal end to induce unclogging. electromagnetic backflow mechanism utilizes a diaphragm
that is sandwiched between an electromagnet and a metal to generate a backflow in order to
induce unclogging by collapsing the metal plate onto the diaphragm due to electromagnetic force.
In contrast to implementing additional components onto the shunt system, modification of the
shunt geometry can also reduce clogging. Another research shows alternating the position of
the ports on the shunt as a result of fluid dynamics optimization can also reduce clogging via

computational fluid dynamics analysis [18].

2.3.2 Endoscopic Third Ventriculostomy (ETV) Approach

Endoscopic third ventriculostomy (ETV) is a minimally invasive procedure with the
objective of restoring the homeostasis of CSF by creating an alternative circulation pathway
in the third ventricle to the subarachnoid [61]. ETV is also a solution that often goes hand in
hand with the VP Shunt implantation when there is shunt infection or shunt malfunctions [7].
ETV is an effective method for non-communicating hydrocephalus that is a result of structural
abnormalities such as aqueductal stenosis [46]. The ETV procedure typically begins with creating
a burr hole in the skull under anesthesia. An endoscope is inserted into the lateral ventricle and
finally arrives at the third ventricle. The Fogarty catheter is then used to puncture the floor of the
third ventricle thus creating an alternative pathway for CSF circulation. [53, 61]. A candidate for
ETYV shall show the signs of hydrocephalus, and the MRI shows the enlargement of the lateral
and third ventricle relative to the regular size of the fourth ventricle [28]. It also requires the
third ventricle to be sufficiently large to provide safe access for the endoscope without injuring
the ventricle wall [28]. Comparing ETV and VP Shunt implantation, ETV is more suitable for

non-communicating hydrocephalus has a shorter surgical time and hospital length of stay (LOS)

10



and there is a lower complication rate [9, 46]. Moreover, ETV is also proven to be safe and
effective in children (mean age = 6) [53]. While ETV is a suitable alternative to the VP shunt
approach and attains a low complication rate, it is important to recognize its limitations. ETV is
typically not suitable for patients with communicating hydrocephalus. Moreover, performing
ETV increases the possibility of injuring nearby vessels that surround the ventricular system
which can induce internal bleeding [34]. For example, a rupture of the basilar artery requires
immediate abortion of ETV, and craniotomy is required. Although VP Shunt and ETV are great
options treatment of hydrocephalus, lumber puncture serves as a short-term solution with a low

post-operative infection rate [26].

11



Chapter 3

Next-Generation VP Shunt System

A recent study envisions the next generation VP shunt system which has the core objective
to decrease the failure rate, lower shunt revision, and offer a variety of features including a
communication system, ICP sensor, life-long battery, and other advanced features [37]. In this
research, our objective is to deliver a next-generation shunt system with the ability to eliminate
obstruction. In this research, we offer two novel approaches to the next-generation VP shunt
system. The first approach takes advantage of the property of hyperelastic materials while the

second approach utilizes acoustic wave streaming.

3.1 Soft Robotic Approach
3.1.1 Soft Robotic Shunt Design

As soft robotics is growing in the field of surgical devices, for instance, soft robotics was
implemented into the steerable tip of the endovascular catheter [20]. In this design, we attempt
to leverage the hyperelasticity of silicone as part of the components for the new shunt design.
We modified the internal geometry of the shunt by increasing the inner diameter from a typical
1.5mm to 2.770 mm while maintaining the standard outer diameter of 3.0mm. The additional
room allows the introduction of a silicone tube membrane (Ecoflex 30, Smooth-On, Macungie,
PA USA) that is installed on the center of the shunt shown in Figure: 3.1. The material for

the silicone membrane is Ecoflex 30, Smooth-On, Macungie, PA USA. The ports remain the

12
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Figure 3.1. The general geometry of the shunt for the soft robotics approach. There are eight
ports with 0.5 mm diameter aligned vertically for three sets separated by 120°. The red color
tubes denote the silicone membrane.
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Figure 3.2. Shows the relaxation and actuation state of the silicone membrane.

same geometry with the standard 0.5 mm diameter. There are eight ports aligned vertically and
this pattern is repeated every 120°. This device has two states, relaxation state and actuation
state. During the relaxation stage, the Ecoflex 30 membrane is left as it is such that there is no
deformation or changes in its geometry. During the actuation stage, a normal saline solution with
0.9% NaCl is pumped into the silicone membrane and this will expand shown in Figure: 3.2.
During the experiment, the clogging agent will stick to the ports’ region of the shunt. In order to
remove the obstruction, the silicone membrane will be activated and change from a relaxation

state to an actuation state via an injection of approximately 2mL 0.9% NaCl solution. The
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Figure 3.3. The general geometry of the shunt for the soft robotics approach. There are eight
ports with 0.5 mm diameter aligned vertically for three sets separated by 120°. The red color
tubes denote the Ecoflex 30 membrane. Blue denotes the membrane during the actuation state.

membrane inflates (actuation state) and this expansion pushes the clogging agent out of the port

as a way to induce unclogging, shown in Figure: 3.3.

3.1.2 Fabrication Method

The fabrication of the proximal catheter of the VP shunt is a multi-step process. flow-
governed layer casting process and peel-dominated demolding process have been used to fabricate
a variety of geometry such as artificial blood vessels with high accuracy [17]. A similar technique
has been used in our fabrication. The size of the membrane limits the geometry of the mold. A
1.1 mm diameter steel rod (uxcell) is used as the mold hollow cylinder geometry. An example of
the setup of the mold is shown in Figure: 3.4.

The metal rod is aligned vertically and a mixture of part A and part B of the Ecoflex-30
is poured on top of the metal rod. The process is repeated for approximately 45 minutes until it
is partially cured. After 24 hours, a thin layer of Ecoflex 30 membrane will be formed and can
be removed from the metal rod with a tweezer.

The tip of the tubing is slightly larger than the diameter of the membrane as a result of



Figure 3.4. The mold setup for making the tubing
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Figure 3.5. Shows the installation of the silicone membrane into the shunt

dripping due to gravity in this setup.

Our shunt for the soft robotic approach has two parts. The silicone membrane will first

connected to the cap using UV glue. The cap along with the silicone membrane connects to the

shunt shown in Figure: 3.5 and Figure: 3.6

3.2 Acoustic Wave Streaming Approach

While the first approach utilized the hyperelasticity of silicone, the second approach

utilized the vibration generated by the piezoelectric material when approaching a voltage at its

resonance frequency. A transducer is first made and it is attached to the end of the shunt shown

in Figure: 3.7. Wires connected from the power source will connected to the transducer. The

transducer composed of three layers with a 0.5 mm thickness sandwiched between two 0.5 mm
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Figure 3.6. The CAD drawing of the shunt of all components attached

(@)
Transducer Storage
Aluminum
I 128°-XY-LiNbO3
Transducer

Figure 3.7. (a) Transducer architecture (Al-LN-Al) and (b) location of the transducer housing

128°-XY-LiNbO3. As the shunt is being clogged, a voltage source is applied at its resonance
frequency f,. At f,, the transducer is able to provide a large amplitude of wave propagation
which can be induced unclogging due to vibration.

In order for the transducer to provide the most desired result, the dimension of the port
size must match the wavelength of the wave propagation in water as a result of the transducer,
shown in equation (3.1)

A =2 (3.1)

3.2.1 Determin the appropriate Geometry

The device is in thickness mode with the 128°-XY-LiNbO3 sandwiched between two
aluminum plates. The thickness of the 128°-XY-LiNbOs3 is set to be 0.5mm. We decided
to determine the appropriate thickness of the aluminum so that we can achieve the condition

suggested in equation (3.1) because the thickness of 128°-XY-LiNbOj3 is more difficult to change.
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Figure 3.8. Shows the setup of the transducer which two 128°-XY-LiNbO3; sandwich an
aluminum plate with a thickness of /4 to be determined.

The setup for eight transducers is shown in Figure: 3.8. The propagation velocity from the

transducer can be approximated during the rule of mixture approximation

h h
VIrRD = (%) Val+ (%) VIN (3.2)

h = ha1+2h1N (3.3)

where hap, hiN, h, Va1, and Ay are the thickness of the aluminum, thickness of 128°-XY-LiNbOs3,
thickness of the structure, velocity of the wave on aluminum and the velocity of the wave on
128°-XY-LiNbOs. Since Virp = A X f; the frequency of the wave does not change as it passes

from one medium to another. Hence, we have the following conditions,

(
h h
Vrrp = 2h X f, = (%) Val+ (%) VLN

Vito = 20 f,

\h = ha1+2hi N

This method allows us to approximate the resonance frequency of the wave generated by
the transducer. This helps us to validate whether the way see the measurement is correct or not.

The actual resonance frequency is determined experimentally with the ENA network
analyzer (KEYSIGHT, San Diego, CA USA). The resonance frequency is 5.414 MHz while the
128°-XY-LiNbOj itself is around 6.9 MHz.
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3.3 Clogging Agent

As previously described, the composition of CSF contains proteins and lipids. J. Larsen
and G. Froning suggest utilizing IPA to solidify the egg yolk to allow easy separation of the egg
yolk and vitelline [35]. Shell membrane, chalaza, and egg albumin are first separated from the
egg. Vitelline is first then puncture and egg yolk spills out. A small amount of IPA is added to
solidify the egg yolk. The albumin is then heated to 7 = 100° C for around 3 minutes to help

solidify it while not denaturing it completely.

3.4 Experimental Model of Hydrocephalus

To assess the functionality of our innovations, an experimental model is needed. The
physical setup is shown in Figure: 3.9 and the schematic is shown in Figure: 3.10. We designed
a fluidic system in which CSF analog, water is used in this case, flows from the open reservoir
that is 30 cm above the centrifuge tube. The centrifuge tube represents the cerebral ventricle.
From the cerebral ventricle, water flows down to the scale ventricle. The scale reservoir is sitting
on the scale that has a load cell (HX711, Avia Semiconductor, Xiamen, P. R. China) which can
sense the weight changes and report the mass value to the user’s computer every five seconds.
This experimental setup can determine the downstream pressure which is measured from the
centrifuge tube to the scale reservoir. The height difference between the centrifuge tube to the
scale reservoir is also 30 cm. The flow of water is driven by gravity which will become the
source of pressure gradient.

The performance is evaluated by using the downstream pressure. This pressure can be

determined using the analogous Ohm’s Law.
Ap — sts X R (3.4)

Where Qgys is the systematic fluid rate of the circuit and R is the resistance generated from the
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Figure 3.9. Image of the physical setup

tubes. The flow rate is low thus, we can safely assume the flow is laminar. We shall also assume
steady state (d/dt =0), fully developed flow, (d/dx =0), axisymmetric flow, (d/d6 =0).

Using conservation of mass and conservation of momentum,

dp+V(p-u)=0 (3.5)

P (a,u+u : Vu) = —Vp+uViu-+fy (3.6)

and the associated boundary condition and pressure profile,

u(r==+R)=0 3.7)

luy(r=0)| < oo (3.8)
dp

Fri (3.9)
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Figure 3.10. Schematic of the experimental setup for assessing shunt function

Where y = pg, and this gives us,

nR*
= =— | vAh 3.10
0 (8uL> I (3.10)
Hence, the resistance R is given by
8wuL
R— AFZ‘ (3.11)

where A denotes the cross-sectional area of the tube. The downstream pressure is determined
using the experiment flow rate and the downstream resistance. To find the experimental flow
rate, we record the mass of CSF that enters the scale reservoir. Using the rate of change of the
mass respective to time to determine the flow rate Q such that

1
o) ~ o, (m(t,- +Ar) — m(t,)) where At =t —t; (3.12)

We need a model that describes the relationship between pressure p and flow rate Q. The

schematic in Figure: 3.10 can be converted into a circuit diagram shown in Figure: 3.11. This
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Routput, tube
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Figure 3.11. The circuit analogy of the fluidic circuit from schematic in Figure: 3.10

allows us to use an electrical analogy to determine the downstream resistance.
With p; being the pressure on the open reservoir on the top shown in Figure: 3.9. py. is
the pressure value inside the centrifuge tube relative to the scale reservoir. The resistance Rport,i

is the resistance of the port and they are treated in parallel. Hence, the downstream pressure is

Q4 = Rporteq + Rshunt + Ri3 + Ria + Ryq (3.13)

where Rporeqls €quivalent to

-
1 1 ! ! 1
. _ N N n + (3.14)
port,eq (Rport,l RpOI't,2 RpOl‘t.,3 RpOI't,Z?’ RpOI't>24

From here the theoretical equivalent resistance can be computed and thus, the theoretical flow

rate can be derived.
Ap
R’eq ’

0l = (3.15)
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The resistance from the valve cannot be determined using equation (3.11). Therefore, calibration
is needed to determine the resistance from the valve on both the upstream R,,, and the downstream
R,q. R; denotes the resistance downstream from the pressure py while R, denotes the resistance

upstream from the pressure p,; Therefore, we have the following relationship

RS =R, +Ry (3.16)

R =R +Ry, (3.17)

Rj, and RY, can be computed from the experimental flow rate and pressure. The pressure value
is the same in both experimental and theoretical models. R/, and R/, are computed from the
theoretical model. Hence, the value R, and R,; can be found. The resistance value that used to
compute py; 1S

Qu=R,+Ry (3.18)
Hence, the pressure pq4(t;) is

pa(ti) = % (m(t,- +At) — m(ti)) (3.19)

The experiment consists of four setups. They are the positive control, control with
clogging agent, soft robotic approach without clogging agent, and soft robotic approach with

clogging agent. Both positive control and negative control are the existing Codman/tr shunt.
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Chapter 4

Result and Discussion

4.1 Result

Figure 4.1. The result of the tubing and image is taken using iPhone 15 through a microscope.

A prototype of the shunt with a soft robotic device integration has been fabricated. The
unclogging of the shunt has been demonstrated and video-recorded in an external environment.
The image of the silicone tubing is shown in Figure: 4.1. The clogging agent which is composed
of egg components is shown in Figure: 4.3 With the current experimental setup, four sets of
trials are completed. They are positive control, negative control, a soft robotic device without

a clogging agent, and a soft robotic device with a clogging agent. Figure 4.2 (a) shows the
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Figure 4.2. Shows the downstream pressure for (a) Codman®shunt with no clogging agent
introduced,(b) Codman®shunt clogging agent introduced, (c) Soft robotic device with no clogging
agent, (d) Soft robotic device integration with clogging agent.

4

Figure 4.3. Shows the egg components that is extracted from the protocol described earlier.

VP shunt from Codamn® has a steady pressure profile of approximately 30cmH,O when no

clogging agent is introduced. When the clogging agent is introduced shown in Figure Figure 4.2

24



(b), the downstream pressure decreases. The occlusion begins at approximately 25 seconds when
rigorous shaking is applied. There is no flow recovery after the downstream pressure decreases
to almost zero. Figure Figure 4.2(c) shows the pressure profile of the VP shunt with soft robotic
device integration without a clogging agent. The downstream pressure remains near 30cmH,O.
Figure Figure 4.2 (d) shows the introduced VP shunt with soft robotic device integration with
the clogging agent introduced. The downstream pressure is first remains at a steady pressure
profile for around the first 100 seconds. Then, the centrifuge tube is shaken vigorously clogging
being to form, and the downstream pressure drops. It eventually reaches almost zero downstream
pressure. At this point, the soft robotic device is activated by water injection into that silicone
membrane. The continuous injection and release induces unclogging. The downstream pressure

increases eventually back to the steady state of 30cmH,O.

4.2 Discussion

This study focuses on the development of a next-generation VP shunt system that achieves
the capability of removing obstruction of the clogged shunt. Traditional shunt serves as the
golden standard for treating hydrocephalus [30]. However, the issue of shunt obstruction requires
the patient to undergo another surgery for shunt revision which shunt revision contribute to
almost of half of the medical cost for shunt surgery [6]. Therefore, the development of a new
shunt is needed.

The silicone membrane is successfully fabricated and it is able to restore the downstream
pressure as shown in Figure 4.2 (d). Moreover, Figure 4.2 (b) and (c) show the clogging agent
clogged the shunt successfully. This is because the downstream pressure drops and eventually
reaches a steady pressure of approximately 0cmH,O.

Figure 4.2 (b) shows that the existing shunt system does not have the ability to restore
the downstream pressure. This results from the CSF analog cannot passes through the ports

of the shunt. Thus, the rate change of the mass measured on the scale decreases. Reduction
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in mass change reduces the downstream pressure. This is reflected in equation (3.19). The
Codman®shunt does not have any additional biocompatible mechanism. There is no external
force that can move the occluding agent while only the valve downstream can regulate the flow
rate.

Results from Figure 4.2 (a) and (c) show that our soft robotic device is able to main
the same steady pressure at around 30cmH,0O. In contrast to the existing shunt device, our
innovation can overcome this barrier as a result of the soft robotic integration. The inflation and
deflation mechanism from the silicone membrane via water injection has the capability to unclog
the VP shunt. This is reflected in the Figure 4.2 (d). At time ¢ = 525 s, the unclogging process
begins. The silicone membrane turns from relaxation to actuation repetitively, the downstream
pressure begins to increase. The removal of the occluding agent helps restore the flow rate which
restores the downstream pressure. This rapid relaxation-actuation cycle helps push any clogging
agent out of the ports. The return of the steady state pressure is comparable to the steady state
without the clogging agent shown in Figure 4.2 (c).

The fluctuation of these result is from the sensitivity of the strain gauge HX711 load cell.
Any vibration can results in these fluctuation due to the HX711 load cell’s sensitivity. This noise
can also be seen by placing the scale reservoir on the load cell. Fortunately, the noise does not
affect the reading of the steady, the processing of obstruction, and the pressure of unclogging.
Since the pressure is obtained based on mass changes and recent work found the measuring mass
using HX711 is reliable [25], therefore, the downstream pressure measurement is reliable.

While the soft robotic device is able to do unclogging, the limitation of the soft robotic
device is limited by the silicone membrane. Any obstruction that is not in the port region, for
instance, obstruction occurs in the distal end. The silicone membrane cannot reach a distance

that is far away. As a result, the obstruction cannot be removed.
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