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Abstract

Hydrocephalus (HC) is a disease that occurs as a result of the increased cerebrospinal fluid
(CSF) amount in the brain. The disease is managed by what is termed a shunt, which is a
medical tool that is implanted surgically to divert CSF from the brain. As a result of their
passive design nature, these shunts have multiple fundamental shortcomings and failures,
causing considerable inconvenience and risks to the patient. The aim of this research is to
design an agile and active HC management framework that is capable of addressing the
shortcomings and failures of the currently used CSF shunts in the most convenient manner for

the patient and to advance research regarding hydrocephalus management.

Thus, this work proposes an active patient shunting and monitoring system layout for CSF
drainage and patient follow-up. The system layout is designed so that each component is put
in place to address the shortcomings of passive shunts. To achieve this, the shunting system
proposed is a closed-loop system that consists of multiple sensory inputs for patient monitoring
and CSF drainage control to keep the patient's intracranial pressure (ICP) at the required level.
As various studies looked at new shunting systems concepts from the perspective of algorithms,

the novelty and focus of this work is on the hardware side of the active shunting system.

The proposed electromechanical shunting system's core hardware component is the valve it
uses. Hence, this study provides a detailed design and methodology of a novel
electromechanical valve. This is where the main gap of knowledge has been identified, as
current research is still focused on passive valves. Mathematical modelling was conducted
during the valve conceptualisation process. The results showcased that although current passive
valves cannot address hydrostatic pressure effects, they are three times more active than

automated valves and can generate a smoother pressure profile. Based on this, a novel concept



11
of a hybrid electromechanical valve that utilises an ultrasonic element attached to a ball-in-
cone system is proposed. The design methodology of the valve components included the use
of computer modelling, where forces inside the flow compartment were obtained using
computational fluid dynamics (CFD). Spring sizing and ultrasonic element design were carried
out using finite element analysis (FEA). The designed valve operates under a 3.5 V high-
frequency current, has a 10 — 20 mmHg range, and can drain CSF up to 300 mL/h. The proposed
electromechanical valve showcased that it possesses multiple features that the current passive
valves do not. This includes malfunction detection, event recognitions, and wireless pressure

settings revisions. Its main drawback is its lack of blockage management.

A wearable device was developed to diagnose and monitor normal pressure hydrocephalus
(NPH) patients, as NPH is not associated with increased intracranial pressure (ICP). The device
consists of a 3-axis + 3.7 g accelerometer to measure gait patterns, an HC-05 bluetooth module,
a 3.7 V battery, and an Attiny85 microcontroller. A functionality test was carried out on the
device by conducting a vibrational analysis assessment using a miniature shaker. After
calibration, the device proved that it could supply accurate acceleration data on all three axes.
The device range, sensitivity, placement, and multi-axis use show that it may produce more

accurate results compared to those used in the literature.
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Chapter 1

INTRODUCTION

1.1 Introduction

Hydrocephalus (HC) is defined by Leinonen et al. [1] as the disorder caused by “the dynamic
imbalance between the production and absorption of cerebrospinal fluid (CSF) leading to
enlarged vortices”. It is simply the result of increased CSF amount in the ventricles caused by
a disruption in flow, absorption, or formation [2,3]. CSF is a colourless transparent liquid that
plays an essential role in protecting the brain and neural tissues by serving as a cushioning
medium. It also carries away toxic chemical products resulting from metabolism [2]. The
choroid plexus forms about 70%-80% of CSF being cycled in the brain [1,2,4]. Statistics show
that HC is prevalent in 85 per 100,000 of the overall global population. However, these
statistics significantly change when considering age groups, as the condition occurs in 88 per
100,000 paediatric population and 11 per 100,000 adults [5]. Statistics are even higher in the

case of the elderly population, as HC occurs in 400 per 100,000 elders above 80 years old.

Figure 1.1 shows the circulation and production of CSF in the brain. It is formed at a rate of
500 ml/day, where the total amount of CSF in an adult body is about 120-150 ml. This shows
that CSF is recycled around three times per day [3]. The normal intracranial pressure (ICP) is
between 5 and 15 mmHg in the supine position and between -5 and +5 mmHg in the standing

position [1]. This difference is the result of siphoning effects [6].
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Figure 1.1: The choroid plexus and CSF brain circulation [7]

Hydrocephalus is classified based on numerous aspects, which include (i) acute (temporary)
versus chronic HC, (i1) acquired versus congenital (present from birth), and (ii1) communicative
versus obstructive [1,2]. The latter classification is considered the most important as it depends
on the flow of CSF. If there is no apparent blockage impeding CSF flow but rather an issue
with its absorption, it is considered a communicative HC. However, if there is a blockage in
the flow of CSF, it is considered obstructive. Simply put, HC is considered communicative if
CSF is able to leave the ventricular system and obstructive if' it is not [2,4,6,8]. Chronic HC in
adults is sometimes called Normal-Pressure HC (NPH) as it slowly develops over time. When
the causality — such as brain trauma or haemorrhage — of NPH is known, it is termed secondary
NPH (sNPH). When there are no known causes for NPH, it is termed idiopathic NPH (iNPH),

which is the most common form of HC in adults [1].

Diagnosis of HC starts with the symptoms which differ for infants, older children, young adults,
and the elderly. Generally, symptoms can include vomiting, headache, drowsiness, reduced
mental capacity, dementia, gait, and increased head circumference [1,6,8]. Compiling
symptoms by using investigative pieces of equipment is used to diagnose HC. Computerised

tomography (CT) is used to evaluate the size of the ventricles and compare them with the size
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range for normal ventricles [3,4]. Also, magnetic resonance imaging (MRI) can detect tumours
that are sometimes not visible to CT scans and can detect flow voids in the third ventricle. ICP

can also be monitored using CSF infusion tests that keep track of the pressure status inside the

brain [3,8].

HC is currently managed using passive drainage devices known as shunts. They are medical
tools that are implanted surgically to divert the flow of CSF from the brain ventricular system
to a suitable drainage site for absorption [9]. These passive shunts have been in use since the
1980s, when the last major development took place with the introduction of adjustable shunts.

These shunts have multiple opening pressure settings and can be non-invasively adjusted.

1.2 Motivation

As mentioned, HC is managed using shunts consisting of passive valves that drain CSF into
specified locations. They have fundamental issues and failures related to their design and nature
of operation. These issues include over/under drainage, lack of proactivity as it does not reflect
the changes the patients undergo as their condition evolves, increased shunt dependency, and
late detection of malfunctions [7,10—13]. Other issues include the high revision rates these
passive shunts require, negatively affecting both the shunting costs and patients' quality of life.
Statistics show that around 58% of shunt operations are for revisions as opposed to first-time
installation. Patients tend to ensure they remain near their neurosurgical clinic as shunt
adjustments are frequently needed. The shunting surgical operation costs around £8,500 to
£10,200 per surgery, where an adjustable shunt costs about £2,300 and a fixed one is about
£1,100 [14-16]. Overall shunting costs from hospital admission to discharge are estimated to
be between £30,000 and £64,000 [17,18]. In addition, shunt revisions and adjustments are

estimated to cost around £6,000 to £17,000 per patient per year [19].
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A gap in knowledge exists when it comes to the methods by which the issues and failures of
current CSF shunts can be addressed. However, there is an agreement in the scientific
community that automated and active shunting is the way forward in the attempt to resolve
these issues. Although the notion of active shunting is not new, attention to research and
innovation around the topic has been lacking as most of the literature regarding the topic is on
the conceptual level and is focused on algorithms [10,12,20-24]. Specifically, there is a lack
of development regarding the hardware needed for the operation of an active shunt, such as a

controllable electromechanical valve.

Several studies produced other types of passive valves for shunts [13,25-32]. Some of these
new designs make use of silicon membranes and are planted near the brain to navigate the
operational issues with current shunts. Others have a built-in blockage removal mechanism,
and some attempt to combat the over-drainage issue. However, all these new designs are shown
to possess most of the fundamental issues mentioned above. The cause for this lack of
innovation is mainly a result of the small market of HC shunts compared with other
neurosurgical devices [33]. This can be clearly seen in the case of ICP sensors, where great
attention has been given to them because ICP monitoring is not only of importance for
hydrocephalus patients but also necessary for head trauma, intracranial haemorrhage,
subarachnoid haemorrhage from ruptured brain aneurysms, and intracranial tumours. Another
factor in the lack of research — specifically regarding electromechanical valves — could be the
actuation method. Traditionally, physical movement is delivered in controllable systems using
magnetic actuation. However, the implantability, miniaturisation, tolerance, precision, and the
effects of such a method — magnetic fields — on patients is a point of question [34]. Currently,
all work surrounding the idea of active shunting is on the conceptual level, as only two research
teams — Miethke [35] and Ludin and Mauge [36] — have a conceptual design of an

electromechanical valve that an active shunt would need to function properly.


http://emedicine.medscape.com/article/251834-overview
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It must be noted that despite active research on hydrocephalus, the exact underlying mechanism
of how it occurs — the reasons behind CSF flow disruption — is not yet fully understood [1,37].
An active shunting system would offer new insight into the condition as the constant
monitoring and sensory output can generate large amounts of data that can improve clinical

understanding of HC.

This research attempts to investigate and advance the research on the active shunting topic by
proposing a layout for such a system. The research provides a novel approach to managing HC
patients based on their needs and the feedback of NHS physicians by utilising the concept of
active shunting. It provides the design and evaluation of a hybrid electromechanical valve that
can be used in such an active shunting system, considering different criteria and operating

conditions.

1.3 Aim and Objectives

This research aims to design an agile and active HC management framework that is capable of
addressing the shortcomings and failures of the currently used CSF shunts in the most
convenient manner for the patient and to advance research regarding hydrocephalus
management. The different parts of this framework, the nature and components of its shunting
system, and its ability to manage all types of HC are major research questions. Thus, the

objectives necessary to achieve this research aim are:

a. To produce a novel active shunting system layout that can keep ICP at desired levels,
consider the influence of patient movements and body position, and combat
unnecessary drainage resulting from ICP spikes causing events such as coughing and
sneezing. Such a system needs to be a closed-loop system that uses sensory input in the

decision-making process.
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b. To conduct mathematical simulations regarding ICP response when CSF is managed
using passive and automated shunt valves in order to understand their operational
differences, such as their level of activeness and accuracy. This is crucial for
constructing an appropriate design concept for the electromechanical shunt and
selecting both fluid diversion and actuation mechanisms.

c. To design the electromechanical valve responsible for CSF drainage, which consists of
three major design steps. These are fluid compartment sizing, spring specification
design, and actuator operation analysis. The design process is carried out using a
combination of computer modelling and general design methods. The valve must be
compatible with the active shunting system mentioned above.

d. To design, prototype, and assemble an accelerometer-based NPH gait analysis wearable
printed to aid with diagnosing and monitoring NPH patients by identifying the patient's
gait pattern before and after CSF drainage. This is achieved by selecting the necessary
components — such as microcontrollers and accelerometer type — for the sensor to
function and then implementing a code on both the sensor and machine end to produce,
stream, and handle data. Those selected components are then assembled on an in-house

manufactured printed circuit board (PCB) in a specific layout.

1.4 Methodology

As mentioned above, the proposed HC management framework relies on the concept of active
shunting. The first step is to point out the specific issues with current shunts that the active
shunt system must address. This is achieved by conducting an extensive review of used systems
and current active research. The active shunting system layout is based on the identified failure
points of current systems, where different components are added to the system to address or

negate one or more of these failure points. In addition to addressing these issues, the active
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system must carry on with its main tasks of CSF drainage and ICP management. The conducted
review and the proposed active shunting system layout showcased that the core component of
this system 1s the shunt valve. This electromechanical valve is the area where research is most
lacking and where the gap in knowledge has been identified. In addition to diverting CSF, the

valve is a crucial component that defines the system's nature, layout and operation.

A new design of the electromechanical valve must be conceptualised first, which is carried out
with the aid of mathematical models that showcase how different valves manage CSF. The
hydrodynamics of CSF are modelled using Anthony Marmarou's theory. The
electromechanical valve design options are reviewed based on the outcome of these models.
The option with the most optimal features is selected. These features refer to valve activeness
level, ability to combat hydrostatic pressure, ability to keep ICP at the required levels, and

power draw.

The design process of the conceptualised electromechanical valve in the previous stage is
sectioned into three design steps. Each step is concerned with the design of one of the valve
components. The first step is the design of the CSF flow chamber, which is carried out by
conducting a computational fluid analysis (CFD). The results of this analysis are then used in
the second step, which is concerned with designing the spring system of the valve. The spring
design relies on finite element analysis (FEA) computer simulation and general design
formulas. The last step is designing the ultrasonic piezoelectric motor used to actuate the valve
system. The motor design is carried out by conducting a modal analysis (frequency analysis)
to obtain the operating frequency of the piezoelectric actuator. A dynamic analysis is then
conducted by utilising that operating frequency to find out the resulting motor properties and

parameters such as speed, step definition, and operating voltage.
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It is important to ensure that the proposed HC management framework is able to manage all
types of HC, including NPH. The active shunting system is not able to monitor NPH patients
as their condition is not associated with elevated ICP. Since NPH is not monitored the same
way as average HC, a different method is required to monitor and diagnose the condition. As
gait disorder is the most prevalent symptom in NPH patients, an accelerometer-based wearable
device is developed. Multiple components — such as a micro controller and a 3-axis
accelerometer — are used to ensure that this device can measure gait data. These components
are assembled on a printed circuit board (PCB) in a designed layout. The device is programmed
to gather and stream gait data to a nearby computer that utilises a Python script to manage, plot,
and store data. The wearable is first prototyped, and an initial version is produced to ensure the

operation of components and the validity of the code used to operate it.

The last step is validating and evaluating both the designed electromechanical valve and the
developed wearable gait device. The validation of the valve is carried out by validating each
one of the three design steps mentioned earlier, either by verifying the simulation results or by
comparing the obtained results to other studies. The valve is then evaluated based on how many
of the fundamental failures with current shunts the valve manages to negate compared to other

types of valves researched in the literature.

The gait device is validated by conducting a functional vibrational analysis test. This test can
confirm the accuracy of the data obtained by the device during operation. The device is
validated by measuring its parameters — such as range, sensitivity, and data type — against other

gait devices available in the literature.

Further details on the exact methodology of each step are available in each chapter's

introduction.
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1.5 Contribution

The contribution of this research can be summarised as follows:

a.

Provided a concept for an active shunting system layout that consists of a catheter tip
implanted ICP sensor, a 3-axis accelerometer, a controllable electromechanical shunt
valve, and a control unit. The system can resolve the shortcomings of currently used
shunts and can stream ICP data to the hospital database. Its settings can be changed
remotely to reduce patient and physician inconvenience. This was published in a
conference paper titled “Smart Shunting and Monitoring of Hydrocephalus Patients”
[38].

Provided a detailed design and methodology of a novel electromechanical shunt valve
that can be used as a part of the proposed active shunting system. The valve consists of
a fluid compartment, a linear spring, and an ultrasonic element that is used to actuate
the system. The valve is hybrid in nature, possessing both the activeness advantages of
passive valves and the accuracy and controllability of automated valves. This is the
most crucial section of the research as the design is novel since no valve is available in
either the literature or the market that offers this controllability feature. The valve has
an operational range of 10 — 20 mmHg, a speed of 1 mm/s, a step definition of 4 nm,
and operates with a 5 V input. Based on this, a conference paper titled “An Intelligent
Hydrocephalus Shunt: A New Concept” [39] and a journal paper titled “Design of a
Piezoelectrically Actuated Hydrocephalus Shunt Valve” [40] were published.
Developed a wearable ankle-attached sensor that can analyse NPH patients' gait for
use during both diagnosis and patient monitoring. It can generate acceleration data —
3-axis acceleration patterns — that can assist physicians in performing gait tests on

patients. The sensor generates gait data using a 3-axis accelerometer and then streams
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data to a nearby computer. The sensor can read acceleration values up to £3.7 g and has

a sampling rate of 100 Hz.

1.6 Conclusion

Hydrocephalus is a condition that results from the excess amount of CSF in the brain and is
currently managed through passive mechanical devices called shunts. The aim of this research
is to challenge the failures, shortcomings, and issues surrounding these passive mechanical
shunting systems. This is achieved by proposing a layout for an active shunting system that
keeps ICP at the desired level and mitigates the effects of patient movement and sudden ICP
spikes causing events. This system is intended to be a closed-loop system, which requires it to
make use of multiple sensory inputs. The system's main component is a shunt valve that can

be controlled electronically to achieve the required drainage.

This electromechanical valve is considered the fundamental part of the system and is the area
where knowledge is most lacking. Thus, it is given greater attention as it is considered the core
of this research. A design process is followed to develop this valve, starting with understanding
how automated valves handle CSF drainage compared with passive valves. Detailed design
and analysis are conducted on each component of the valve. This included the use of dynamic
modelling, computational fluid dynamics, and finite element modelling. The valve has the
characteristics of a passive and an automated valve, which are achieved using a spring system
controlled by an ultrasonic element. The design is compatible with operation conditions

associated with an implanted system.

Due to the fact that NPH is not associated with an increase in ICP, a wearable sensor is
developed to aid with the diagnosis and monitoring of NPH. Additional sensory input is
necessary to monitor the progress of NPH patients. This is achieved through gait monitoring

using the accelerometer-based wearable sensor.
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1.7 Thesis Structure

This thesis is structured into seven chapters, starting with the current introductory chapter that
showcases the research background, aim, and objectives. Chapter two is a literature review of
practices used to manage hydrocephalus and current CSF shunts. Research around the topic of

active shunting and shunt valves is reviewed in this chapter.

Chapter three contains an overview of the active shunting system layout and components. It
explains the rationale behind the chosen system layout. Chapter four shows the dynamics of
different valves and their management of CSF drainage and ICP control. A mathematical model
is simulated to understand the difference between automated and passive valves, as it is
necessary to improve the design process of the electromechanical valve and is considered the
first step in that process. Chapter five outlines the entire design process of the
electromechanical valve. It contains three main sections where a CFD analysis of CSF flow,
the design of the spring mechanism, and the design of an ultrasonic element actuator are carried
out. This chapter is considered the main section of the thesis. Chapter six showcases the
wearable device design required for diagnosing and monitoring NPH patients. It shows the
design and components of the accelerometer-based wearable device. Chapter seven showcases
the validation and performance evaluation of both the designed electromechanical valve and
the wearable sensor. Simulation and general engineering techniques — in addition to vibrational

testing — are carried out in this chapter.

Chapter eight is the conclusion, where the thesis findings are outlined and summarised. Future
work regarding the thesis topic is suggested, and any limitations of the study are discussed.

Table 1.1 shows the locations of the objectives mentioned above within the thesis.
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Table 1.1: Objectives location within the thesis

NO. Objective Chapter
(a) Active shunting system layout Chapter Three
(b) ICP mathematical Simulation Chapter Four
() Electromechanical valve design Chapter Five

(d) Wearable device development Chapter Six
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Chapter 2

LITERATURE REVIEW

2.1 Introduction

The two main methods to approach hydrocephalus are medical management and surgical
intervention. The condition is medically managed through diuretics such as furosemide and
acetazolamide, as they can reduce the production of CSF since they are inhibitors of the
carbonic anhydrase enzyme, which is an essential enzyme for the production of CSF found in
the choroid plexus. Although it is usually the first option to consider, this process has minimal
and unsustainable effects as it may be able to reduce CSF but not reduce ICP due to the
inhibitor's effect on cerebral vessels and blood flow in the cerebrum [4,37]. There are two
common approaches for the surgical intervention method, both of which are considered long-
term options. The first one is Endoscopic third ventriculostomy (ETV), in which an endoscope
is placed within the ventricular system to generate an opening in the floor of the third ventricle.
This creates a fistula between the third ventricles and the subarachnoid space in front of the
brainstem. Although ETV has the attraction of relieving the patient of the complications —
discussed later — associated with the use of CSF shunts, the literature states that it is considered
ineffective in children under one year of age and most effective in adults with obstructive HC.
It also states that the long-term success of ETV depends highly on the cause of HC, as certain
tumours react differently to it than others [3,4,37,41]. The second approach to surgical

intervention — and the focus of this study — is HC management through the use of CSF shunts.



Chapter 2: LITERATURE REVIEW 28

This chapter outlines present-day practices and currently used shunts, including their types,
operation methods, and their shortcomings. The current research and advances regarding shunts

are also discussed and summarised.

2.2 Background Information

A shunt is a medical tool that is implanted surgically to divert the flow of CSF from the brain
ventricular system to a suitable drainage site for absorption. It provides a uni-directional
controlled flow of CSF from the brain [9]. The two general types of shunts are the lumbar-
peritoneal shunts (LP) and the ventricular shunts. The LP shunt is designed to drain CSF from
the lumbar thecal sac into the peritoneal cavity (the abdomen). The ventricular shunt — shown
in Figure 2.1 and is the focus of this study — drains CSF directly from the brain ventricular
system and is placed inside the head of the patient [42]. It must be noted that both shunts are
opened-loop, purely passive mechanical systems. There are three main components of the

ventricular shunts which are:

a. The shunt valve: This is the core component of the shunt — shown in Figure 2.1 — as it
controls the CSF drainage process. These valves range from types based on their mechanism
to types based on their pressure settings. The common classification — discussed further in
section 2.2.1 — is based on whether they are fixed single-pressure point valves or adjustable
valves.

b. The proximal catheter: This is the component — shown in Figure 2.1 — responsible for
draining CSF from the ventricular system in the brain. The catheter is basically a tube that
has a titanium tip on the ventricular end. As one of the common causes of shunt failure is
the obstruction of the proximal catheter, many catheter end (tip) shapes — such as straight,
flanged, and J-shaped ends — were designed to minimize the chance of obstruction due to

debris. However, it was found that these shapes have a very minimal effect on the blockage
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in the proximal catheter. The catheter’s length ranges between 15 and 23 c¢cm, with an inner
diameter between 1 and 1.6 mm and an outer diameter between 2.1 and 3.2 mm [43,44].

c. The distal catheter: This component — shown in Figure 2.1 — is responsible for delivering
the CSF into the drainage site. One of the ventricular shunt classifications is based on the
drainage site, where the peritoneum (abdomen) and the heart's right atrium are the two
common draining sites. The upper is termed ventriculo-peritoneal shunt (VP), and the latter
is termed ventriculo-atrial shunt (VA). Other drainage sites used include the pleural cavity,
where the shunts used for this site are termed ventricular-pleural (VPL) [45]. The catheter
length ranges between 90 and 120 cm, with an inner diameter between 0.7 and 1.3 mm and
an outer diameter between 2.1 and 2.5 mm. Draining holes are found toward the end of the

catheter (the drainage end) and are between 0.25 and 0.5 mm in size and about 1 to 1.5 cm

from the distal tip [43,44,46].

. proximal Catheter

valve

= distal Catheter

Figure 2.1: Cerebrospinal ventricular shunt system [47]

In terms of the material used for the catheter, early-stage versions used materials such as rubber
and silver wires. They proved unsuccessful as they were bio-incompatible and released toxins

into the tissues. Silicon was then found to be non-reactive with human tissues and has been
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used in shunts since 1956 [46]. However, the main issue with silicon is its hydrophobic nature,
which causes it to absorb bacteria to its surface, causing infections. Some methods were
adopted to navigate this issue, such as coating silicon with polyvinylpyrrolidone (PVP) to make
it hydrophilic. As a result, water moulded around the catheter and stopped bacterial
colonisation but made the catheter very smooth and slippery. Thus, this method was eventually
abandoned as it caused the catheter to detach from the connectors easily. Another method
involved the use of an antibiotic-impregnated catheter (AIC) through embedding antibiotics
with the silicon in the catheter [45]. Other practices included coating both the proximal and
distal catheters with barium, making them visually apparent on X-ray images. However, the
barium results in a higher calcification rate, which makes the catheters more susceptible to

breakage [44.,45].

2.2.1 Shunt Valves

The valve is considered the main component of the shunt and is responsible for regulating the

flow of CSF and ensuring that it is uni-directional. The main types of valves are:

a. Fixed differential pressure valves (DPV).
b. Hydrostatic valves (HSV).
c. Programmable (adjustable) valves.

a. Fixed differential pressure valves (DPV)

DPVs are the first-generation valves designed and used to manage CSF. Their operation is
based on the difference between the intracranial pressure (ICP) and the drainage site pressure
(differential pressure (DP)). These valves have an opening pressure (OP) at which the valve
opens, allowing the flow of CSF toward the distal end. This indicates that the valve remains
closed until DP is higher than OP, and only then will CSF be allowed to flow across the valve.

Other types of these valves operate based on closing pressure (CP), as the valve remains open
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until DP is lower than CP [48]. One of the types of DPV valves is the slit valve shown in Figure
2.2a, which consists of a slit opening placed at the end of a tube. As the pressure increases and
DP exceeds the designed OP — Figure 2.2b — of the valve, the slit opens. Another type is the
ball-in-cone valve, which consists of a spring that holds a metallic ball — Figure 2.2¢ —to block
the opening. As DP rises above the valve designed OP, the opening is gradually unblocked by
the metallic ball — Figure 2.2d — allowing CSF to flow. Lastly is the diaphragm valve, which
consists of a diaphragm positioned to close an opening. This diaphragm remains to block the
opening — Figure 2.2e — until DP exceeds OP, at which point it unblocks the opening — Figure

2.2f —and allows CSF to flow [45].

= — £ =

a) b)

= 4+

e)

Figure 2.2: Differential pressure valves. (a) Closed slit valve (DP<OP). (b) Opened slit valve
(DP>OP). (c) Closed ball-in-cone valve (DP<OP). (d) Opened ball-in-cone valve (DP>OP).
(e) closed diaphragm valve (DP<OP). (f) Opened diaphragm valve (DP>OP)
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The main shortcoming of DPVs is the fact that they are fixed-pressure valves. Thus, if any
change in the patient's status that may require an alteration in the optimal amount of CSF to be
drained occurs, the valve must be changed surgically. This is even more problematic for
children as they are developing individuals with constant changes to their bodies [49,50]. This
becomes more of an issue when the effect of hydrostatic pressure comes into account.
Assuming a patient is in the supine position and suddenly stands, the CSF column's weight
causes an increased ICP pressure. This leads to an increased DP, causing the valve to open,
resulting in over-drainage (siphoning effect) [48,51].

b. Hydrostatic Valves (HSV)

HSV valves — also termed anti-siphon valves — emerged from the need to address the
hydrostatic pressure effect in DPVs in order to prevent over-drainage [51]. Figure 2.3
showcases how when a patient with an HC shunt is supine, the height difference between the
intracranial cavity and the drainage site is minimal, so the drainage occurs slowly. When the
patient stands up, the difference in height between the drainage site and the intracranial cavity
increases. This results in a rapid rise in hydrostatic pressure, causing an increase in CSF flow.

This results from the CSF column's weight acting on the valve inlet [44].

Intracranial cavity

Shunt valve

Drainage site

CSF column height (h)

a)

Figure 2.3: The effects of hydrostatic pressure. (a) The supine position where hydrostatic

pressure is minimal. (b) The standing position as the weight of the CSF column is significant
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HC shunt valves operate using differential pressure between the valve's inlet and outlet. The

hydrostatic pressure is taken into account as follows:

OP = ICP + pgh — DSP eq2.1

Where OP is the valve opening pressure (mmHg), ICP is the intracranial pressure (mmHg),
and DSP is the drainage site pressure (mmHg). The term pgh represents the hydrostatic
pressure where p is CSF density (g/cm?), g is the acceleration due to gravity (m/s?), and h is
the height of the column of CSF (cm) representing the distance between the cranial cavity and
the drainage site. Depending on the drainage site (heart or abdomen) and the patient's body
dimension, h is usually between 10 and 40 cm. The introduction of the HSV was required to

combat this issue, and they are divided into three types discussed below.

The first type is suction-controlled devices showcased in Figure 2.4 that contain a flexible film
or membrane so that the flow is blocked — Figure 2.4a — when the patient is supine with DP
lower than OP. The film stretches — Figure 2.4b — outward when DP exceeds OP, permitting
CSF to pass through. The sudden increase in ICP pushes the film's upper half outward when
the patient stands, with the lower half of the film sucked inward due to the siphoning effect.
This makes the device block the path of CSF flow — Figure 2.4c — when a pressure rise occurs.
Some of the drawbacks of this device are that it needs to be positioned perfectly for the
siphoning pressure to be equal to the ICP pressure, and the flexible nature of the film makes it
vulnerable to external pressure [44]. The second type is flow-regulated devices that keep the
flow constant by controlling the resistance of the shunt to CSF flow [51]. One type of these
flow-regulated devices is the binary flow control device shown in Figure 2.5. There are two
pathways for CSF to flow in this device, which are the low — the small coiled tube — or the high
— the ball-spring system — resistance pathway. The flow goes through the low-resistance —

Figure 2.5a — pathway when the patient is supine. When the patient stands, the high pressure
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and flow push the ball into the hole, closing the low-resistance pathway and forcing CSF to
take the high-resistance — Figure 2.5b — pathway [44,52]. One of the drawbacks of this system
is that due to the small diameter of the coiled tube, it is very susceptible to blockage by
monocytes (large white blood cells) [44]. The third type is the gravitational valves presented
in Figure 2.6. They work by using two to four metal balls to control the flow of CSF. The way
they operate is that when the patient is supine, the CSF flows normally — when DP exceeds OP
— through the first chamber — Figure 2.6a — with the ball-spring system. The second chamber
pathway is open as the metal balls system does not block the opening in this position, allowing
CSF to flow normally through the second chamber. When the patient stands, the CSF flows
through the first chamber as normal. However, due to gravity, the metallic balls close the
opening to the second chamber —Figure 2.6b — in this position. This means that the OP has been

increased in this position, which in turn counters the HSP [53]. When installed, the longitudinal

D=
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axis of these devices must be parallel to the spine [54].
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Figure 2.4: Suction-controlled device. (a) The patient is supine with DP<OP. (b) The patient is
supine with DP>OP. (c) When the patient stands. PP represents the positive pushing pressure,

and SP represents the negative sucking pressure
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Figure 2.5: Flow-regulating device. (a) The patient is supine, so CSF is going through the low-
resistance path. (b) When the patient stands, the ball closes the low-resistance path, causing

CSF to take the high-resistance path
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Figure 2.6: Gravitational valve. (a) The patient is supine, so CSF flows through both chambers
when DP > OP. OP is only related to the ball in the first chamber. (b) When the patient stands,
the new higher OP is related to the steel balls in the second chamber blocking CSF
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¢. Programmable (Adjustable) Valves

Adjustable valves were developed in the late 1980s to address the fixed-pressure issue with
DPVs. The term “programmable” is not in any way related to computer programming, as these
valves are basically DPVs with the feature of changing their OP non-invasively. A rotating
magnetic system — Figure 2.7a — is used to control the active length of the spring attached to
the ball. This causes the stiffness of the spring to change, thus controlling the OP of the valve.
This removed the need for surgery to change the valve when different pressure settings were
needed [50,51]. One example is the Sophy® Mini SMS8 adjustable valve that comes in four
different ranges (0.5 —3,2 —15,3.5—-22, 5.5 - 30) mmHg, each with eight pressure steps [55].
However, it must be noted that once the pressure is set, the adjustable valve performs as a fixed
DPV valve with an OP that controls CSF flow. This means that over- or under-drainage can
still occur. Furthermore, these types of valves use an external magnet — as seen in Figure 2.7b
— to change the OP of the valve, which can be problematic when MRI is used on a patient as it

interferes with valve settings [45].

Semi-circular
spring

Figure 2.7: Programmable valves [56]. (a) adjustable valve where the opening pressure is

controlled through a semi-circular spring. (b) External magnetic adjustment tool



Chapter 2: LITERATURE REVIEW 37

2.2.2 Current Shunt Systems Failures and Issues

Shunt failures and issues are divided into two main categories. The first is fundamental issues
related to the nature of the design of these shunts, as they represent inherent issues and flaws
shared between all types of shunts currently in use. The second category is operational issues
related to normal operational failures, which may differ from one shunt to another. The
difference between the two categories can be summarised through the fact that all shunts have
the fundamental issues discussed below, while operational issues can be associated with some

shunts and not others.

a. Fundamental Issues

The first fundamental issue with current shunts is that even after the introduction of
programmable valves and anti-siphon devices that helped with over-drainage, no current
commercially available valve can definitely reduce the overall shunt failure [57,58].
Furthermore, there is no substantial difference between the early-developed fixed-pressure
valves and the programmable valves in terms of revision rate [57]. Pickard et al. [59] further
confirm this statement in the case of paediatric patients, but they also show a noticeable
advantage for adjustable valves over fixed pressure valves for adult patients. More so, the lack
of personalisation of the current shunting system tends to encourage the patient to become fully
reliant on the shunt. Although the degree of shunt dependency can differ from one patient to
another, it ultimately increases with time [10,11]. This can cause the patient's condition to

worsen as the patient becomes less dependent on their body's normal CSF drainage pathways.

An extremely sensitive issue with current shunts is that regardless of the type of shunt
malfunctions, shunting systems are not equipped to detect them as these malfunctions “cannot
be detected before they manifest clinically” [12]. This can cause health risks to the patient and

can sometimes even be life-threatening. Furthermore, the current shunt systems do not take
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into consideration the changes in the dynamic behaviour of ICP, which vary not only from one
patient to another but also for the same patient depending on age, health, and other elements
[10]. Also, the effect of the hydrostatic pressure phenomenon is currently combated with the
anti-siphon device mentioned earlier. However, due to the nature of their over-drainage
prevention-focused design, there is a potential risk that they may cause under-drainage [13].
Lastly, the fact that current shunts do not recognize the rise in ICP due to normal events can
cause unnecessary drainage (over-drainage). These ICP sudden peaks are caused by coughing

or sneezing, where the drained CSF can take hours to be re-produced [7].

b. Operational Issues

Current statistics suggest that around 30% to 40% of shunts fail within the first year, 50%
within the first two years, and 90% after five years [28,57,60]. According to the 2017 UK shunt
report [59], there were around 3000 shunt operations in the UK each year by 2017, 1660 for
paediatric patients and 1400 for adults. Around 66.5% of paediatric operations were for shunt
revision as opposed to primary first-time installation, while 47% of the adult operations were

for shunt revision. The main shunt failures can be summed as follows:

i. Under-drainage (obstruction)
Under-drainage is by far the most common cause of shunt malfunction since 35% to
45% of overall shunt complications result from shunt system blockage [23,59].
Proximal catheter obstruction accounts for around 50% to 60% of shunt failure due
to blockage. Valve malfunction due to cells and debris obstruction is only responsible
for 5% to 15.8% of shunt failure [57,59].

ii. Infection
The overall reported shunt infection rate varies from 3% to 15% [57,60], with 15%

for children under six months and 5% for older children and adults [58]. However,
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90% of infection cases occur within the first six months of shunt installation. The
probability of infection decreases with time as it reaches 6% after two years [57]. The
most recent report by Pickard et al. [59] shows a drop in infection rates since 2009,
reporting an infection rate of 5.1% for children and 2.6% for adults. This is assumed
to be a result of the increased usage of antibiotic-impregnated catheters since their
introduction in 2001.
iii. Mechanical failures
Mechanical failures usually fall within three categories, starting with failures due to
fractures, the majority of which occur in the distal catheter. They are responsible for
3% to 12% of shunt failures [57]. The second is failures due to disconnections, which
occur when shunt components disconnect from each other due to connector failure.
The third is failures due to the migrations of either the proximal catheter or the distal
catheter from its initial position. They occur mainly in children as a result of their
body development, causing the catheters to be displaced [57,60].
iv. Over-drainage

The main cause of over-drainage in both paediatric and adult patients is what is
termed slit ventricles syndrome (SVS), which remains to be a poorly specified
condition related to HC-shunted patients. A common theory is that SVS results from
the ventricle collapse due to the repeated cycle of enlargement and decompression as
a result of the shunt operation cycle. The syndrome usually appears between three
and five years after shunt installation [61]. According to Pickard et al. [59], over-

drainage is much less common to occur than under-drainage.
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2.2.3 Normal Pressure Hydrocephalus (NPH)

Normal-pressure hydrocephalus (NPH) commonly occurs in adults over 60 years old. It is
unique as it develops due to the enlargement of the ventricles in the brain (ventriculomegaly)
without an increased ICP. As a result, the diagnosis is conducted by tracking associated
symptoms instead of tracking ICP. These symptoms are urinary incontinence, cognitive
disruption (dementia), and gait disorder. These three symptoms are often termed the Hakim-
triad and usually develop slowly over time [62,63]. All three symptoms do not need to be
present for clinical diagnosis [64,65], as only 48% of the cases exhibit all three symptoms. The
pathogenesis of NPH is still not clear, so patient diagnosis and selection for shunting is difficult.
This is more of an issue when it is combined with the fact that only 50% of NPH patients
improve after shunting [66]. As the pathogenesis of NPH is still disagreed upon, multiple
theories discussing biomechanical, metabolic, hereditary, inflammatory, and vascular factors
have been considered and discussed. One study reviewed published knowledge regarding NPH
to determine the current consensus regarding its cause [67]. The study reviewed published work
between 2007 and 2017 and found that the most frequent theory links high blood pressure,
cerebrovascular disease (such as strokes and AD), and poor venous compliance (which impairs
CSF pulsation, flow, and absorption through the arachnoid granulations) to the causing of NPH
[63,67]. Regardless, this pathogenesis theory is not a certainty, as it is stated that the studies

reviewed tend to contradict each other.

The diagnostic process consists of tracking the Hakim-triad symptoms by having patients
undergo a physical trial for gait assessment purposes, a mini-mental status examination
(MMSE) to assess their cognitive status, and a CT or MRI scan to examine the size of their
ventricles. The cognitive disruption consists of decreased volume of speech, slower response
time, memory distortion, lack of attention and apathy, and decreased executive functions [64].

As a result, NPH can lead to dementia, which is treatable by addressing the NPH causing it.
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The urinary incontinence symptom is a result of detrusor — smooth muscle found in the wall of

the bladder — overactivity, which can also cause urinary urgency and frequency [62,63].

The gait disorder is the most common and earliest symptom to surface, as its presence is
described as “obligatory” for NPH diagnosis [63]. It seems to be a result of the disturbance of
the “phased activation of muscle groups”. This gait disorder is often described with short steps
and step height, side-to-side shuffle with the patient bent forward, rotation and pivot
difficulties, and an overall reduced speed and slowness of extremities [64,66]. As a result of
the importance of gait for the diagnosis of NPH, a study was conducted by Song et al. [68] to
identify and quantify patients' gait characteristics. The study considered a large number of
factors — before and after drainage — such as velocity, step length, swing, timed course, number
of steps to finish the course, and steps to turn 360°. The important outcome of this study was
the finding that the 360° turn test proved much less useful when diagnosing NPH. If NPH is
suspected after the patient undertakes the diagnostic process, lumbar drainage (LP) is carried
out on the patient — usually over the course of three days — to remove between 40 and 50 ml of
CSF (high volume LP). This helps in evaluating the patient's response to shunting, where a

positive response to the drainage is usually a good indicator that long-term shunting is needed.

As mentioned, the current gait assessment procedure during diagnosis is qualitative. There are
three methods to monitor and analyse gaits, starting with machine vision (MV), where optical
analysis of motion is used. The second one is floor sensor (FS), where kinematic data are
obtained from a sensor-equipped force platform. The third type utilises body-attached sensors,
where motion data is collected directly [68,69]. The combination of optical analysis of motion
and force platforms is termed gait analysis systems, which can be considered the gold standard
for gait measurements [70,71]. However, the space and expenses required by these systems

render them impractical as a standard diagnosis practice.



Chapter 2: LITERATURE REVIEW 42

In terms of body-attached sensors, both gyroscopes and accelerometers can be used to obtain
gait pattern-related data. A study by Tong and Granat [71] showed that an ankle-mounted
gyroscope provided reasonable results compared with the gait analysis systems. One of the
studies that objectively assessed patients’ gaits used a “GAITRite Portable Walkway and Gait
Analysis System”, which is a treadmill that analyses and reports walking and gait patterns. The
study shows that changes in gait after CSF drainage are highly significant and quantifiable and
directly correspond with patients’ responses to drainage [72]. Gafurov et al. [73] attempted to
use a pair of ankle-attached 2-axis 2 g accelerometers for gait biometric verification. The
sensor's sample rate was 16 per second, and the data obtained were deemed “promising”.
Bamberg et al. [74] carried out one of the most elaborate wireless sensing system studies. They
integrated a 3-axis 2g accelerometer, a gyroscope, force-sensitive resistors, bend sensors, and
electric field sensors in the bottom layer of a shoe. Bora et al. [75] used a combination of two
biometric goniometers and two 3-axis accelerometers in order to measure the gait hip angle, as
one of each was placed on both the upper thigh and the hip. Another study was conducted to
quantify gait in patients with spinocerebellar ataxia type 6, which is a condition characterised
by movement difficulties. It used an accelerometer-based wearable mounted in the lower back
[76]. Other studies focused on developing protocols for step characteristics measurement (time

and length), but those studies focused on waist and chest-located sensors [77,78].

It is noticed that the use of accelerometers is more frequent than that of gyroscopes. This is a
result of the fact that accelerometers have more options when it comes to mounting location
and not just joints. Furthermore, a single accelerometer provides data about the entire body's
inertia status, which requires two or more gyroscopes to achieve. Lastly, the data obtained by
the accelerometer can be translated into angular values, providing the same type of data a

gyroscope does.
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2.3 Current Research

Current research related to HC shunting falls under two categories. The first consists of
research linked to the concept of active shunting. The second consists of research around
altering and advancing the valve mechanism of the shunt, as it is the main component for both
the classical shunt and the active shunt. Research around active shunting aims to address the
fundamental issues with current shunts discussed above, while research around valve

mechanism is more concerned with the operational issues of shunting.

2.3.1 The Active Shunt

In the broadest sense, an active shunt can be defined as “an implantable system — including
hardware and algorithm — designed to control CSF drainage based on feedback from one or
more measured conditions” [40]. The active shunt should autonomously respond to changes in
ICP dynamics. It is a “reactive” and “proactive” system that manages and regulates CSF flow
based on real-time ICP readings, patient feedback, and prepared schedules. It should also have
fault detection and identification capabilities. It should act as a personalised hydrocephalus
treatment system for the patient and should be goal-driven to gradually reduce shunt
dependency. The shunt's internal part should be able to communicate with the external part to

establish a treatment database and report the patient's condition to the physician [9,11].

The components of an active shunt system can be divided into hardware and algorithms [40].
The internal hardware of an active shunt can consist of sensors, a CSF control mechanism, a
power source, a communication unit, and housing. In terms of sensors, ICP and CSF have very
low values of around 10 mmHg and 0.3 ml/min, respectively. These low values are at the limit
of what the existing sensor technology can measure [4,37,79]. Issues such as power draw,
seclusion from moisture, and bio-compatibility remain [79]. There are two options for the CSF

control mechanism required to manage and drain CSF, which are miniaturised pumps and on-
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off valves. A valve or pump design that keeps power consumption to a minimum is necessary
as it is an implanted part of the system. Also, the use of materials that resist fouling is highly
favourable. An actuator is needed to generate physical movement to control the valve or pump.
Essential criteria for this actuator include force output and MRI compatibility (from the
magnets on the motor) [10,79]. A power supply is required as different components may
operate on battery power, including sensors and actuators on the system. The selection of
battery size affects the battery placement inside the body. Another important factor is the type
of battery to be used and whether it is rechargeable from an outside source or a battery that
requires replacement after a while, such as pacemaker batteries [79]. A communication unit is
required for both the data transfer from the implantable shunt to any external database or
external devices and the data transfer between different components of the implantable shunts
[79]. This includes PCBs (printed circuit boards), ultra-low power microcontrollers (ULP), and
wireless transceivers [10,24]. Lastly, housing is needed as the components used in an active
shunt require isolation from moisture as they are electronic. In addition to protecting the electric
components, the housing must be built from a bio-compatible material to reduce the chances

of infections [79].

External hardware — such as smartphones and computers — may consist of any platform to
access shunt data [10]. It must be noted that no shunt prototype or detailed design with the
above components has been reported in the literature researched. These components describe
what the active shunt “should” include. All of the literature surrounding the active shunt is
either conceptual or focused on shunting algorithms and control. However, regarding the shunt
components, the CSF valve mechanism — showcased in more detail in section 2.3.2 — is one of

the main research focuses.
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There is less literature shortage when it comes to the algorithm side of the active shunting
concept. In general, systems are classified into opened-loop and closed-loop systems. The
opened-loop system uses a programmed schedule to control the CSF valve without the need
for any sensory feedback, while the closed-loop system uses real-time sensory feedback to

control CSF flow [79].

In order for the active shunt to achieve the designated tasks mentioned earlier, the multi-agent
approach is proposed for the shunt intelligent system [10,12]. Using the Prometheus
methodology to develop this multi-agent system, seven agents — showcased in Figure 2.8 —
were developed by Momani et al. [10]. They consist of the “decision-maker, adjustment
handler, weaning manager, and the external communicator manager”, representing the external
agents. The internal agents consist of the “valve manager, sensors manager, and the internal

communicator’.

Later, Alkharabsheh et al. [12] proposed a similar system — showcased in Figure 2.9 — using
the same Prometheus methodology. However, their system consisted of six agents, four of
which are situated externally consisting of the “decision-maker, feedback manager, database
manager, and the external communicator agent”. The remaining two are located internally and
are the “ICP report manager and the internal communicator”. The mode of operation for both
systems is similar as they should make decisions necessary for valve schedule optimisation
based on sensory input. Based on the latest schedule, the systems should also control the valve
open/close status and monitor the shunt's performance. Figures 2.8 and 2.9 show the proposed

systems layout for Momani et al. [10] and Alkharabsheh et al. [12], respectively.
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Momani et al. [20] proposed a valve schedule structure based on a 24-hour scheme divided into
24 one-hour sub-schedules. The algorithm they developed calculates the optimum on-off
period and intervals between these periods for each one-hour sub-schedule. They used three
hydrocephalus patients' data since their algorithm required ICP historical readings to
personalise the valve schedule for each patient. The algorithm successfully predicted a schedule
that maintains the predicted ICP between the acceptable limits. It must be noted that the issue
with this type of opened-loop algorithm is its lack of proactiveness and its dependency on
historical data rather than real-time data. This type of system remains susceptible to the same
fundamental issues mentioned earlier as they do not take into consideration the changing ICP
dynamics of the patient, which may cause the historical data the system uses to result in
inaccurate drainage. An argument can be made that despite their shortcomings, the currently

used passive shunts are more accurate since they use real-time conditions to drain CSF.

Alkharabsheh et al. [21] proposed a fuzzy-logic-based system for fault diagnosis in shunting
systems that relies on ICP and flow rate feedback to identify faults. The study was conducted
on a schedule-based valve where numerical simulations using Simulink to produce ICP data
were performed. The system had an excellent success rate in pointing out the faults in each
simulation. They ran 48 trials for different types of faults, including partial valve blockage, full
valve blockage, valve disconnection, ICP sensor dislocation, and flow-meter fault. The system
was correct in identifying the faults in all trials except for the case of partial blockage and full
valve blockage, as they tend to overlap with each other. This study can be considered a
guideline when it comes to developing an active shunting fault detection algorithm. The study
not only considers ICP and flow-meter sensory input but also the closed/opened status of the
valve, which leads to accurate fault-type detection. Although the study was performed on a

schedule-based valve, the sensory input it relies on aligns perfectly with a closed-loop valve.
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Hence, there is no reason to assume that different results will be obtained for a closed-loop

valve.

Another approach to managing active shunts was proposed by Elixmann et al. [22], who
extracted craniospinal compliance-related features from the ICP pulse waveform and used them
to adjust the target ICP. The appropriate ICP level differs from one patient to another and even
differs for the same patient based on a number of elements, such as age and health conditions.
The one goal of this algorithm is to decide the ideal ICP value that is suitable for the patient,
as it is mainly related to craniospinal compliance. The authors achieved this by using long-term
recordings obtained from several hydrocephalus patients, as those readings determined a
relationship between the ICP waveform, wave amplitude, and craniospinal compliance. Their
algorithm's experimental results show that it is successful in identifying ideal ICP values for
different waveforms in real-time scenarios. However, due to the lack of understanding
regarding the dynamics of hydrocephalus, the extent of the relationship between compliance,
wave amplitude, and waveform is not yet fully confirmed. Furthermore, the authors stated that
some factors — such as heartbeat — were not considered, which may or may not affect

craniospinal compliance.

Another study was conducted by Narayanaswamy et al. [23], where they developed an
algorithm for the precise detection of shunt blockage, identifying not only blockage but also its
specific location. The algorithm manages that by analysing feedback from multiple pressure
sensors. The minimum number of sensors required for the algorithm to function is four pressure
sensors. The first is responsible for measuring ICP, the second measures pressure in the
proximal catheter, and the third and fourth are located along the distal catheter. These four
sensors allow the algorithm to monitor the proximal catheter, the valve, and the distal catheter

for blockage. The more pressure sensors used, the more detailed the blockage location within



Chapter 2: LITERATURE REVIEW 49

these three sites is obtained. The general idea of the algorithm is that when a partial or full flow
blockage occurs, the liquid column before the blockage site causes an increase in the pressure.
In contrast, the pressure downstream from the blockage will be low due to the limited flow,
and by comparing pressure values at each sensor, the blockage site can be found [23]. The
study provides a simple yet effective methodology for determining blockage location. The main
issue is the required number of sensors for the algorithm to operate, as implementing this
number of sensors in an implanted system can be a point of uncertainty. However, using
multiple sensors can also be effective in detecting other types of faults, especially since this

algorithm can easily be incorporated into general fault detection algorithms such as

Alkharabsheh et al. [21].

Momani and Al-kharabsheh [24] proposed a wireless monitoring system to gather ICP data
from implantable sensors. They proposed a system with both scheduled and closed-loop
operation options. The ICP data is used to update or change the currently used valve schedule
or used directly to control the valve — based on ICP reading — when the closed-loop system is
activated, as seen in Figure 2.10. Their system allows external intervention to take place when
necessary, allowing the physician to control the on-off valve period wirelessly. They also
developed an emergency scenario with three emergency levels based on the rise in ICP level.
Based on that emergency level, the shunt can either (i) continue working as normal as it sends
ICP readings for further analysis in the case of low emergency, (ii) activate the closed-loop
scenario in case of medium emergency, or (iii) open or close the valve based on the rise or drift

of the ICP in case of high emergency.
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Figure 2.10: Momani and Alkharabsheh [24] closed-loop scenario

The closed-loop system is considered the ideal option when it comes to managing CSF. The
combination of a closed and opened-loop system might prove to have some advantages, such
as limiting power draw. However, it can be assumed that the opened-loop system will
continuously cause the emergency function — due to the inherent lack of proactivity — to be
activated, causing the closed-loop scenario to start. This means that the usability of the
scheduled scenario during actual operation is in question. Furthermore, the study does not
showcase how the closed-loop scenario can combat over-drainage resulting from hydrostatic
pressure as it relies only on a single input, the ICP readings. The attractive point of this study

is the introduction of a multi-level emergency function with multiple responses.

These studies are summarised in Table 2.1 below, highlighting the specific topic, methods,

limitations, and other comments.
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2.3.2 Advances in The Valve Mechanism

The majority of the literature researched around shunt valves is focused on developing new
designs of “passive” valves, as each study proposes a solution to one or several of the
operational issues mentioned earlier. Chung et al. [25] developed a valve that utilises the
pressure the user generates externally by pushing the housing to resolve the blockage issue. In
the pushing stage — Figure 2.11a — the pressure acts on the fluid in the valve cavity and pushes
it in both the brain and the abdominal direction. However, the system has a membrane check
valve, allowing CSF to flow only in the abdominal direction. Once the user’s fingers are lifted
— Figure 2.11b — the restoration of force generates suction from the brain, thus moving CSF
into the shunt cavity. The check valve uses a membrane attached to an anchor to regulate flow,
as the pressure on the membrane surface causes it to deflect in the flow direction. The deflection
ratio combined with the width of the membrane channel controls the valve characteristics. The
main purpose of this device is to clear any blockage that may occur in along the shunt — except

in the proximal catheter — by inducing a flushing motion of CSF.

M ® b
$ {

Drainage site Drainage site

Figure 2.11: Chung et al. [25] shunt design. (a) Finger push creates pressure toward the inlet
and outlet of the valve to clear the blockage. (b) Removal of fingers results in suction flow

from the brain toward the valve
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Johansson et al. [13] proposed an electromechanical system (MEMS) based HC shunt design
that can limit the effects of hydrostatic pressure and remove the need for antiphon devices.
Their design is solely focused on combating under-drainage that could result from using anti-
siphon devices and over-drainage resulting from the hydrostatic pressure effect. Their valve
uses a flexible bladder connected to a water-filled third catheter (pressure compensation
catheter) — Figure 2.12a — that is parallel to the proximal catheter, causing hydrostatic pressure
to affect both catheters simultaneously. A silicon membrane valve — Figure 2.12b — is designed
to connect the proximal and pressure compensation catheter to cancel the hydrostatic pressure's
effects on the proximal catheter. As the patient stands, the pressure on the inlet port (Pin)
increases, causing the membrane to open, allowing flow from the inlet port to the outlet port.
However, the pressure from the compensation port (P.) is also applied on the membrane in the
opposite direction, negative to the inlet pressure, thus balancing the inlet pressure and causing
the flow to be regulated. The area of the valve boss — Figure 2.12b — is much smaller than the
area of the membrane, which means that the effective area exposed the inlet pressure (Pin) and

the compensation port pressure (Pc) is approximately the same.
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Figure 2.12: Johansson et al. [13] shunt. (a) Layout of the shunt. (b) The membrane valve
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Chappel [26] proposed a valve design that is able to offer a continuous and constant CSF flow
rate regardless of the ICP level on the valve inlet side. The valve is very similar to the currently
used ball-in-cone valves. It has a hollow cylinder housing — Figure 2.13 — with a helically
engraved piston, a spring, and two fluid openings. As the pressure reaches the OP — Figure
2.13a — of the valve, the piston slides back, permitting CSF to flow into the inlet chamber.
However, flow from the inlet chamber to the valve outlet is limited as the fluid can only stream
through the helical grooves on the piston surface. Hence, CSF flow remains constant regardless
of the inlet pressure. When the pressure is less than the OP — Figure 2.13b — of the valve, the
piston slides to the front, blocking the valve inlet. However, the two small fluid openings in
the inlet chamber hold a certain volume of CSF, which means even when the inlet is blocked,

CSF will remain streaming along the helical grooves.
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Figure 2.13: Chappel [26] cylindrical valve. (a) Opened Status with CSF flowing into the inlet
chamber. (b) closed status with the CSF reserved in the fluid openings flowing into the outlet

of the valve



Chapter 2: LITERATURE REVIEW 55

Webster et al. [27] presented a concept to detect valve faults using the visibility of silicon
through ultrasound. This was accomplished by designing a valve that utilises a snap-through
buckling (STB) shell to control CSF flow. They used the ability of certain materials to buckle
or deform under pressure elastically. Fault detection is established through ultrasound imaging
of the valve shape as the valve has a certain shape when blocking flow and another shape when
it buckles under pressure permitting CSF flow as seen in Figure 2.14. This signifies that the
technique does not allow for specific fault or location detection but is used as general fault
detection based on whether the valve is operational or not. The valve is designed in a way that
when the pressure reaches a certain limit, the spherical STB silicon shell collapses inward
exposing a hole — Figure 2.14b — at the centre of the shell that allows CSF to flow. When the
pressure drops, the silicon shell rebounds to its original shape closing the hole in the centre.

The characteristics of the valve are defined by the shell thickness, radius, and material hardness.

(b)

Figure 2.14: Webster et al. [27] shell valve. (a) Closed status of the valve with the shell in its
original shape. (b) Opened status of the valve where the shell has buckled under pressure,

exposing the hole in its centre and permitting CSF flow
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It must be noted how these designs differ highly both in nature and on the issues they attempt
to address. Chung et al. [25] offer a manual solution to one of the major faults in shunting, as
their design 1s able to clear debris from the shunt valve and distal catheter. However, due to the
fact that it uses a check valve between the shunt and the proximal catheter, the backward
flushing flow removal does not occur in the proximal end of the shunt. This becomes an
especially relevant issue when considering that 60 % of blockage [59] occurs within the
proximal end. It must be noted that the study provided experimental validation of the valve
functionality to handle CSF flow. Still, no tests were run to confirm the extent of its ability to
remove a blockage. Johansson et al. [13] shunt design offers an alternative method to
antisiphon devices to combat over-drainage from hydrostatic pressure. However, the exact
advantages of this design over antisiphon valves are not clear since antisiphon devices deliver
the same results with a smaller footprint as they are currently attached to the shunt valve. The
authors also note that the membrane valve does not act as a check valve successfully, as it
cannot stop reverse flow. Another aspect that needs to be pointed out is that the shunt valve
must be implanted in the body's midsection, and whether that is convenient both surgically and

for the patient remains to be investigated.

Regarding Chappel [26], the valve design nature is excellent in combating hydrostatic pressure
effects and ICP spikes caused by coughing or sneezing events. The fact that the valve delivers
constant CSF flow regardless of ICP status is both an advantage and a disadvantage. While the
valve mitigates the effects of hydrostatic pressure and ICP spikes causing events, it does not
allow for more drainage to occur when required due to an increase in ICP. Webster et al. [27]
stated that specific dimensions of the shell valve might result in CSF leakage when the valve
is in closed status. They also state that when the valve rebounds as it transitions from the opened

to the closed status, some reverse flow of CSF tends to occur.



Chapter 2: LITERATURE REVIEW 57

The natural CSF drainage process consists of it being absorbed from the brain to the sagittal
sinus, which in turn carries CSF out of the cranium. This drainage process is controlled by what
is termed arachnoid granulations (AGs), which are small protrusions growing from the
arachnoid matter surface — Figure 2.15a — that act as a natural slit valve with specific pressure
settings to control CSF flow out of the brain [80]. As HC can occur when these AGs are
blocked, one of the most interesting current trends consists of designing miniature valves that

are implanted on the arachnoid matter surface — Figure 2.15b — to replace these blocked AGs.
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Figure 2.15: CSF drainage through the sagittal sinus. (a) Natural drainage through the
arachnoid granulations (AGs). (b) Drainage through the miniature valve when the AGs are

blocked

Oh et al. [28] produced one of the earliest studies regarding miniature valves using silicon-
based polydimethylsiloxane (PDMS) and parylene in a simple 3-D dome petal shape shown in
Figure 2.16a. They designed two valves, a cross-cut, and a slit-cut dome (single cut). The

principle of the valve operation is based on the pressure over and under the dome so that when
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the pressure difference reaches the designed opening pressure, CSF is permitted to flow. The
dome's cut length, diameter, and height control the valve characteristics. Another similar valve
that is also placed on the arachnoid mater to mimic the operation of AGs was presented by
Schwerdt et al. [29], where they replaced the blocked AGs by using a passive hydrogel valve.
The valve is composed of biocompatible hydrogel and silicon, as showcased in Figure 2.16b.
While the silicon acts as the base of the valve, the hydrogel performs as a membrane that
deflects to allow the flow of CSF when a specific pressure difference is reached. Another type
of these valves was also proposed by Lee et al. [30], as they produced a 3-D printed hydrogel
check valve shown in Figure 2.16¢. The hydrogel has a slit-shaped channel to allow for uni-
directional flow and tends to absorb fluids and get swollen as a result. The swelling increases
the hydrogel's mass, causing the structure's two sides to be further pressed against each other.
This, combined with the slit-shaped channel, defines the characteristics of the valve in terms
of pressure settings. The valve acts under the same principles as the above miniature valves,
relying on pressure difference to permit CSF flow. One of the latest studies was conducted by
Lylyk et al. [32], as they proposed another miniature valve consisting of a 3 cm tube — Figure
2.16d — with a built-in slit valve to manage CSF flow. The main difference between this design
and other miniature valves is the location of where it is implanted and the route used for CSF
drainage. The tube is not implanted across the arachnoid matter (upper side of the brain) but
rather through the internal jugular vein and deployed at the inferior petrosal sinus (IPS) (bottom
side of the brain). The tube has a mascot catheter end to help stabilise it once it is deployed

across the IPS.
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Figure 2.16: Passive miniature valves in current research. Arrows indicate CSF flow direction.
(a) Oh et al. [28] 3-D dome PDMS-based valve. (b) Schwerdt et al. [29] hydrogel valve. (¢)
Lee et al. [30] hydrogel valve. (d) Lylyk et al. [32] inferior petrosal sinus (IPS) valve

These miniature valves present a promising new option to replace the current classical shunts
as they eliminate some of the challenges these current devices face. Unlike current shunts that
use proximal catheters tunnelled inside the brain, these valves greatly reduce the risk of
infections as the valves are implanted outside the brain. Furthermore, the lack of catheters in
these designs eliminates the potential for some mechanical failures, such as disconnections or
catheter migration (catheter displacement). Also, because of the valves' nature and placement,
they eliminate the issue of over-drainage due to hydrostatic pressure (siphoning effect).

However, these designs have some drawbacks and uncertainties, such as a higher probability
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of blockage and obstruction due to their microscopic size. The manufacturing process for the
Oh et al. [28] valve can be considered complicated compared with current devices, as it
includes SU-8 mould fabrication, PDMS and parylene coating on that mould, and laser
machining the dome slits. Furthermore, they stated that the valve failed to prevent reverse flow
due to its geometrical shape and the non-sticky nature of parylene. Also, Schwerdt et al. [29]
note that further issues surrounding their valve include the susceptibility of the hydrogel to
absorb CSF, which alters its deflection properties. Also, due to its size and the fabrication
process, the reproducibility and reliability of the valve are points of consideration. The
hydrogel's tendency to absorb fluids was incorporated into Lee et al. [30] design, which
managed to eliminate it as an issue and use it as a feature to prevent reverse flow, as proven by
their experimental study [31]. The main issue with this valve is its reproducibility, as 140 valves
were manufactured, but only 27% of them met the required specifications [30]. This is a result
of the attempt to correlate the hydrogel swelling with the valve pressure specification and the

valve's ability to not permit reverse flow.

The most note-worthy issue with these types of valves is the fact that since they are implanted
on the arachnoid matter — or the inferior petrosal sinus (IPS) in the case of Lylyk et al. [32]
valve — they can only be used to manage communicative HC where CSF is able to exit the
ventricular system as opposed to non-communicative HC where CSF is trapped in that system.
This is the main reason why the proximal catheter is always implanted inside the ventricular

system in the current shunting systems.

A summary of these studies is showcased in Table 2.2 below, where the study focus, valve

nature, specifications, and other comments are highlighted.
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Table 2.2: Summary of current research on valve mechanism

Focus of

Study study Specifications Comments Limitations
. The potential effects of
- Elastic silicon ~ It 'S the same as the the unregulated flow on
Chung et al. Blockage . classical shunts pathway. .
g housing. . S both the proximal and
[25] removal - Flexible housing is used .
- Membrane  check . . distal ends as a result of
(2003) to induce a flushing .
valve. motion flushing are not
’ discussed.
The  feasibility of
Combating  _ Compensation multiple . cat}.le.ter
Johansson et the Catheter and - The valve is located in the implantation in addm’on
al. [13] siphoning bladder midsection of the body. ~ t0 @ pressure-sensitive
(2014) effect i Membre;ne valved valve in the body's
midsection needs to be
confirmed.
-Same as the current ,
. The valve's
Continuous classical shunts. susceptibility to cause
Chappel [26] - Threaded Piston. - Can combat  over- pUDIILY
constant ) . . under-drainage due to
(2016) - Spring setup. drainage from hydrostatic . . .
CSF flow . its operation nature is
pressure and ICP spikes not discussed
causing events. )
Webster et -Same as the classical gllal;ticd fi\élfgimilifr? b?ﬁ
Fault - Silicon-based STB  shunts pathway. . . ’
al. [27] . . no discussion about the
detection shell. - Valve status is visible . PR
(2018) throuch ultrasound device's elastic limits is
& ’ provided.
- PDMS and parylene - Implanted on the
Oh et al. Miniature deflection arachnoid mater. gelaﬁ?st tllll:: e:/l:l)\?e grt;
[28] brain membrane. - Reverse flow issues. thep araclgmoi d  mater
(2011 Implant - PDMS-base. - Resolve a number of requires discussion
- 3-D dome shape. operational issues. 4 )
Schwerdt et Miniature - Hydrogel deflection ~ Implante;d on the  Implementation
. arachnoid mater. methods on the
al. [29] brain membrane. S .
o - Reproducibility and arachnoid matter
(2014) Implant - Silicon base. S ree . .
reliability issues. require discussion.
Lee et al. . . - Implanted on the Implementation
[30] & [31] Mi)nr?itrlllre ) I;Il};(lilrl(l;%;rlledeﬂectlon arachnoid mater. methods on the
(2020) & Implant _ Silicon bas'e - Resolves a number of arachnoid matter
(2022) P ’ operational issues. require discussion.
o Implementation
Lylyk et al. Miniature i Implanteq on the inferior through the IPS is
. - Macro tube. petrosal sinus (IPS). ,
[32] brain - Slit valve based ~Resolves a number of ‘o licated ~due  to
(2022) Implant ’ nearby  veins  and

operational issues.

arteries.
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All of the designs mentioned above are passive single fixed pressure point valves that act as
fixed differential pressure valves with only one pressure setting, as they do not offer the option
to change the valve opening pressure. Based on the literature, it is noted that research is shifting
focus on using membrane valves that are directly implanted around the brain tissues as opposed
to traditional shunting techniques. This is understandable as these valves offer the opportunity
to eliminate several major inconveniences with the current shunting system. However, they
also have several issues, ranging from reproducibility to blockage issues. Although these new
designs attempt to eliminate one or several operational issues that surround current shunts, they
remain exposed to the same fundamental issues ranging from lack of proactivity to lack of fault

detection features.

None of the researched literature attempted to design an electromechanical valve that can be
compatible with the active shunt concept, as current options cannot change the opening
pressure automatically (electromechanical valves). There is an extreme necessity for such a
valve right now as the scientific community's focus is shifting — in addition to miniature valves
— toward an active shunt system that is controlled by algorithms. Further innovation cannot
take place without having a viable prototype that can test current theories and concepts related
to active shunting. Nevertheless, there are multiple patented designs of CSF management
valves that are targeted to be used on active shunts. Miethke [35] describes an
electromechanical valve — Figure 2.17 — that is adjusted using an automated actuating system
guided by an electronic system to close and open the valve. At the same time, a pump-based
active system was also proposed by Bertrand et al. [81] to control the flow of CSF. Another
patent registered to Ludin and Mauge [36] describes a mechanical valve, a pressure sensor, and
an actuator that can be controlled using an algorithm. These patents remain in the conception

stage as no prototype or detailed design is available in the literature reviewed. Components are
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described generally in these patents as the exact methods of actuation and sensor operation are

not detailed.
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Figure 2.17: Miethke [35] patented valve design

2.4 Conclusions

It can be seen that the literature surrounding CSF shunting is not extensive, as most of the
literature is focused on the clinical progress of the disease. When it comes to studies regarding
the advancement of shunts, some studies provided new designs that follow the same current
shunt layout in an attempt to address certain issues with the current system. However, the
classical shunt layout is being deserted as there is a trend of using miniature valves that can be
implanted near the brain as they can eliminate several of the operational issues facing current

shunts.

Although the notion of active shunting is not a new concept, attention to research and
innovation around the topic has been lacking. This is made clear through the fact that the
biggest leap in the field was the introduction of the currently used adjustable shunt, which was
developed in the 1980s. Most of the research regarding active shunting is on the conceptual

level and is focused on algorithms. This is mainly a result of the small market of HC shunts
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compared with other neurosurgical devices [33]. This can be clearly seen in the case of ICP
sensors, as great attention has been given to them. This is because ICP monitoring is necessary
for head trauma, intracranial haemorrhage, subarachnoid haemorrhage from ruptured brain
aneurysms, and intracranial tumours and is not only of importance for hydrocephalus patients.
Another factor to the lack of research around the topic of active shunting could be the actuating
method, as it is traditionally achieved using magnetic manners and the implantability,
miniaturising, tolerance, precision, and the effects of such method — magnetic fields — on
patients is a point of question [34]. The most recent actuating method is using piezoelectric
elements, which is a better fit for this type of operation. The main problem with piezo motors
is their high voltage demand. However, this is no longer an issue as a result of the introduction
of ultrasonic piezo elements. Some of the few teams currently addressing active shunting are
Ellis Meng and Tuan Hoang from the University of Southern California. They created a
prototype pressure and flow sensor incorporated with the shunt for malfunctions detection [82].
This further asserts that the gap in research is the development of a valve that can be
electronically controlled, which is one of the main contributions of this study. The proposed
valve is intended for use in an active shunt that can address the fundamental issues with current

systems.


http://emedicine.medscape.com/article/251834-overview
https://michelson.usc.edu/ellis-meng/
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Chapter 3

ACTIVE SHUNT CONCEPT

3.1 Introduction

Any device introduced to the human body through medical or surgical means and designed to
remain there after the procedure is considered an implantable device [83]. The first implantable
medical device was a pacemaker developed in 1958. Currently, 5-6% of the developed world
population has a medical implant helping with a specific bodily function [84]. The
methodology followed through the conceptualisation process of the shunting system is based
on three factors. First are the demands and requirements of the patients, which are the main
factors that affect the nature of the implanted system. The second factor is the medical staff
and physicians' preferences, requirements, and feedback. Lastly, the feasibility of the implant
is examined from an engineering perspective. It is important to note that the active shunting
system concept proposed in this chapter is drafted from a hardware perspective as opposed to

the currently available ones based on algorithms and software.

In regard to patients' demands, the active shunting system must be able to address all the
fundamental issues mentioned earlier in section 2.2.2. Hence, the system must offer
personalised treatment, be able to detect ICP spikes due to events, detect faults within the
system, and combat over-drainage resulting from the siphoning effect. This requires

controllable drainage, data handling, and communication. This chapter is where system
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components that are needed to achieve these requirements are identified. The system layout

and how these components link to each other are also discussed.

3.2 Main System Components

The components required for the system to operate rely on the failures that the system must
address, as each component must be goal-driven to address one or more specific fundamental
issues of the current passive shunts. A list of these failures and the proposed solutions to
approach them is showcased in Table 3.1. These solutions are translated into components that

the active shunting system can utilise to negate the showcased failures.

Table 3.1: Solutions to passive shunting failures and required components

Fundamental issue Solution Required Components

Drainage must be based ona - Drainage algorithm.
Increased shunt reliance real-time weaning algorithm - Control unit.
and sensory input. - ICP sensor

) .. - Fault detection algorithm.
) . Real-time ICP abnormalities ) g
Lack of malfunction detection .. ) - Control unit.
analysis is required.
- ICP sensor.

Vulnerability to Changesin ~ Drainage control must be - Controllable valve.
ICP dynamics based on real-time ICP data. - ICP sensor

Monitoring patient
movements and adjusting
drainage accordingly.

- Controllable valve.
- Body position sensor.

Over-drainage due to the
siphoning effect

Recognition of ICP spikes

No ICP spikes recognition .
causing events.

- Body position sensor.
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As shown in Table 3.1, the system consists of multiple components that are divided into
hardware and software. In terms of the hardware side, the components include a pressure-
sensing unit that is necessary to track the ICP level as it is the main sensory output. It also
includes a body position sensing unit that is required to combat the effects of hydrostatic
pressure (siphoning effect). The body position sensor also assists with identifying ICP spikes
due to coughing or sneezing to prevent over-drainage. A control unit is required to provide the
communication tools by which different components are able to communicate with each other.
It is also the platform within which the algorithms — both drainage control and fault detection
algorithms — managing the shunting process are installed. A controllable valve is required to
drain CSF out of the brain, as its OP must be controllable electronically in order to achieve the
solutions listed in Table 3.1. Lastly, a power source is needed as all of the above components

require power to operate. These components are shown in Figure 3.1.
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Figure 3.1: Active shunt components
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The next sub-sections attempt to discuss in detail the current options for all of these hardware
components, whether these options are commercially available or currently being researched.
This is carried out in order to also identify the component that is most critical to the
development of an active shunt, where establishing progress in terms of this component is most

necessary.

3.2.1 Pressure Sensing Unit

ICP monitoring is of extreme importance for hydrocephalus patients as diagnosis, patient
status, and condition progress rely on ICP levels. Furthermore, ICP is the main input when it
comes to the active shunt system, as drainage decisions are made based on it. In general, ICP
monitoring methods can be categorised into non-invasive and invasive methods. Non-invasive
measurements are of low risk as they do not require the insertion of a device into the patient's
body. Some of these non-invasive techniques to estimate ICP include the use of magnetic
resonance imaging (MRI) by measuring transcranial blood and CSF volume flow rate, the use
of transcranial doppler ultrasonography (TCD) in conducting measurements of the ophthalmic
artery, and the use of near-infrared spectroscopy (NIRS) by measuring tissue oxygenation [85—
88]. The other widely used method is invasively gathering ICP readings through micro-pressure
sensors. These sensors are divided into two main categories based on their working principles,
consisting of fibre-optic and piezoelectric (piezo) sensors. Fibre-optic sensors use the change
in the intensity of the light reflected from a built-in mirror as a result of pressure and translate
that change into pressure readings [89,90]. Drift proved to be a major issue with this type of
sensor as it can exhibit a zero-drift greater than 3 mmHg, resulting in an overestimation of ICP
by (9-30) mmHg [91]. The piezoelectric sensors utilise a silicon membrane that is infused with
piezo-resistors-based transducers, where pressure readings are obtained based on the deflection

of the silicon membrane [85,92,93]. These sensors are much more popular than the fibre-optic
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ones as they are used in most commercial ICP sensors, such as Codman ICP micro-sensors,
Raumedic Neuro sensors, and Sophysa Pressio 2 sensors. The sensor proved robust and reliable

and produced minimal zero drift [93].

Pressure monitoring can be achieved by placing the sensor — showcased in Figure 3.2 — in
different locations, such as the parenchyma, subarachnoid space, epidural, and ventricles. In
the case of the ventricles sensing packages, both ICP monitoring and CSF drainage are
achievable using the same catheter. This is an important distinction between ventricles ICP

monitoring and other locations, as drainage is only possible from the ventricles.

The most recent ICP sensing system to be developed is the “Telemetric” ICP sensors like the
Miethke Sensor Reservoir and the Raumedic Neurovent-P-tel sensors. They utilise the piezo-
resistive method to measure pressure but differ in how they receive power and deliver ICP
readings as they are wireless devices [94,95]. The appeal of such a system is its lack of external
wires and the level of mobility it can offer. However, although some tests and clinical studies
regarding these devices' accuracy and zero drift have been carried out [94,95], they remain a

new and unproven technology with limited data on their functionality on a broad ICP range.
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Figure 3.2: Different locations for sensor implantation for ICP monitoring [96]
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It is important to note that the gold standard (most accurate) method by which ICP is measured
and monitored is external ventricular drainage (EVD), where a catheter is placed in the
ventricular compartment through a burr hole for both drainage and pressure measurement
through an external pressure sensor. The greatest shortcoming of the non-invasive techniques
mentioned above is that none of them is accurate enough to be used critically or as a main ICP
monitoring system [97]. Furthermore, under the scope of the active shunt concept, such systems
are not practical as they lack mobility and require complicated devices. Telemetric devices
offer excellent mobility and are very suitable for on-demand ICP measurement. Still, they do
not provide drainage — except for the Miethke Sensor Reservoir — which could prove

inconvenient for continuous ICP monitoring.

The logical choice is the ventricular catheter tip implanted piezo micro pressure sensor where
both CSF drainage and ICP monitoring can be achieved. The piezo micro pressure sensor
closely follows the gold standard measurement of EVD and can provide both ICP monitoring
and CSF drainage simultaneously. They are in good agreement with the concept of the active

shunt.

3.2.2 Body Position Sensing Unit

As mentioned earlier, hydrostatic pressure is one of the issues that face HC shunting in general
as it causes over-drainage to occur when the patient changes their body position from supine
to standing. This showcases the importance of tracking the patient's position for controlled
drainage, which can be achieved by incorporating an accelerometer or a gyroscope into the
active shunt system. The sensor is also necessary for identifying coughing and sneezing events

that cause over-drainage as a result of the sudden spikes in ICP.

Gyroscopes are devices that can detect changes in angular rotation velocity, and they consist

of micro-electromechanical (MEMS) and optical gyroscopes. Optical gyroscopes measure
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rotation in a single given axis, while the MEMS ones can support up to 3-axis feedback and
are perfect for miniaturization [98—100]. Although the optical gyroscopes are very accurate,
they are complex and expensive to manufacture. MEMS gyroscopes are robust, can be
manufactured to the required performance and accuracy, and can provide measurements for up

to three planes. As a result, they are currently in control of the market [101].

The second option is using accelerometers, which are sensors that can detect changes in linear
velocity for one or more axes by measuring the displacement of a proof mass attached to a
spring system. The main types of accelerometers include capacitive, piezoelectric, and
piezoresistive accelerometers. The capacitive accelerometers have low power consumption,
low noise, and fast response to motion, while the piezoelectric ones are not suited for constant
operation [102,103]. The Piezoresistive accelerometers are good for constant operation, such

as measuring gravity [104].

The gyroscope seems to be the most appropriate device to use at first, as combating hydrostatic
pressure is linked to gravity and the angle of the patient's body position. However, a 3-axis
accelerometer can also detect orientation using acceleration data. Furthermore, some studies
showcased that the accelerometer output is more appropriate for the detection of sneezing and
coughing events [105,106], as these events cause ICP spikes and result in over-drainage. Thus,
it can be concluded that the more appropriate sensor to use is a 3-axis piezoresistive
accelerometer due to its output, constant operation ability, accuracy, and miniaturisation. This
can replace the currently used antisiphon devices built to combat over-drainage in classical

shunts.

3.2.3 Controllable Valve

The controllable valve status is the output resulting from the decision-making process in a

controlled closed-loop system. From a hardware point of view, the controllable valve



Chapter 3: ACTIVE SHUNT CONCEPT 72

characteristics, mechanism, and design determine the requirements of the other components.
The control unit layout and the implant power requirements (the battery) depend highly on the
valve mechanism and its operating voltage. The controllable valve consists of two components,
which are the CSF flow diversion mechanism and the actuation mechanism. More details on

the valve mechanism and design are discussed later in chapters four and five.

3.2.4 Power Source

Batteries are used in implanted biomedical devices ranging from pacemakers and implanted
cardiac defibrillators to neurostimulators and drug delivery systems. The battery for the active
shunt is necessary to provide power to the different components of the system. It must be highly
reliable with a stable and safe constant output level. Also, it must provide power over a
prolonged period of time to keep surgical interference to a minimum. Furthermore, the battery
energy-to-density ratio must be high to enable miniaturization so it can be suitable for an
implant. Table 3.2 presents multiple types of batteries currently used in biomedical implanted

systems.
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Table 3.2: Different types of implanted batteries

Battery type Cell ([\)'?);:)n tial comments
o . - widely used for pacemakers.
Lithium/Iodine batt widely P
thium/Aodine battety 2.8 - High energy-to-density ratio.
Li/I> - Safe and reliable.

Lithium/Manganese Dioxide Battery 3 ) H?gh cell potential. . i
Li/MnOx - High energy-to-density ratio.

- Stable output characteristics.

- High cell potential.
Lithium/ Carbon Monofluoride - Very high energy-to-density ratio.
battery 3 - Lower capacity.
Li/CFx - It can maintain charge better in
standby mode (low self-charge).
Lithium/ Carbon Monofluoride- B It_ has - the Same p.roperties. as the
. . . Li/CFx batteries in addition to
silver vanadium oxide battery 32 . . .
Li/CFx - SVO improved energy-to-density ratio and
! higher cell potential.
Carbonaceous/Lithium cobalt oxide - Highest cell potential.
battery 3.9 - Capable of delivering high current
C/LiCoO2 levels.

Information obtained from [107,108]

The power needs of the accelerometer, ICP pressure sensor, and electromechanical valve
influence the power requirement for the active shunt. Pressure and acceleration piezoresistive
sensors tend to operate at a 2.8 — 4 V range. The electromechanical valve specifications —
discussed in chapters four and five — require a 3.5 V supply input. This leads to selecting the
C/LiCoO> rechargeable battery as it has the cell potential required for these components to
operate. The C/LiCoOz has a carbonaceous anode and a lithium cobalt oxide cathode. Materials
such as manganese, nickel, and cobalt-based oxides can be used for the cathode electrodes.
However, lithium cobalt is widely used as it has a higher gravimetric capacity of 155 mAh/g.

This cell type was developed for specific use in implanted biomedical devices [107].
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3.2.5 Control Unit

The control unit is the platform for the hardware needed to operate the different components
of the active shunt. The most important piece of hardware on the control unit is the
microcontroller (or processor), as it is the brain of the operation and the platform for the
algorithms used for CSF drainage and fault detection. The hardware can include up to two
voltage regulators to ensure accurate performance of both the pressure sensor and the
accelerometer since they require specific voltage input. Analogue-to-digital signal converters
are also required as both the pressure and the acceleration sensor outputs are analogue and need
to be converted before they are supplied to the microcontroller. On the other hand, a digital-to-
analogue converter is also required to convert the digital signal from the microcontroller into

an analogue signal to control the actuation mechanism of the electromechanical valve.

Furthermore, another extremely important piece of hardware is the bluetooth transceiver that
is needed for the implanted system to share sensory data and system status with external
monitoring platforms. It is also how the valve operating pressure can be changed after
implantation and during operation. These components are grouped and connected together
through a printed circuit board (PCB), which must be a high-density board that allows for the

packing of many connections in a small area due to size restrictions.

3.2.6 Algorithm

The algorithm used to control the shunt is divided into the drainage control algorithm and the
fault detection algorithm. The drainage algorithm controls the valve opening pressure by using
the ICP pressure sensor and accelerometer feedback. It controls drainage levels when the
hydrostatic pressure is in effect and when it is not. It also detects events of coughing and
sneezing — based on accelerometer readings — to prevent over-drainage due to ICP spikes. On

the other hand, the fault detection algorithm detects issues with the valve mechanism and the
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system in general, as it is able to detect blockage and other issues within the shunt system using
sensory feedback. This, combined with patient feedback, can assist in detecting faults and their
types. The algorithm offers the possibility of personalising drainage requirements for each
patient individually. As reviewed in section 2.3.1 and shown by Momani et al. [10] and
Alkharabsheh et al. [12], fuzzy logic algorithms can be used to establish control over the
components of such a system. This includes a weaning scenario where patients are gradually
pushed to use the normal CSF drainage pathways instead of the shunt system. This is of extreme
importance as it can potentially transfer the active shunting system into a treatment option

instead of a management system.

3.3 System Layout

The hardware components are identified in the previous section and are showcased in Figure
3.3. The pressure sensor is tip-mounted and installed on the proximal catheter in the cranial
cavity inside the brain. The electromechanical valve remains in the same position as the current
mechanical shunt, which is under the skin and just behind the ear. The control unit,
accelerometer, and battery are grouped together in the same package, making the system more
compact. There are two options when it comes to the implant location of this package. The first
one is the chest cavity since it provides plenty of space for the package, while the second option
is to implant it below the valve near the head of the patient. It is important to note that the
performance of the bluetooth transceiver across the body needs to be considered. This is
because of the dielectric properties of muscle, fat, and skin. Human tissues show an increase
in relative permittivity as frequencies decrease. However, studies show that communication is
feasible with active implants with a transmission loss of 20 to 60 dB at frequencies between
100 MHz and 1 GHz [109—111]. Both the chest area and the location behind the ear are low-

fat areas, making them appropriate for a stable bluetooth connection.
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Figure 3.3: Implanted hardware components of the active shunt

However, locating the control unit package behind the year introduces an opportunity to charge
the system battery using conductive coupling — similar to the Neurovent-P-tel sensor and
Miethke Sensor reservoir — since only skin stands between the battery and the charging
mechanism. This is even more appropriate as the selected C/LiCoO?2 battery is rechargeable.
However, this location can constrain the size of the control unit package as it is required to be
as small as possible since it shares this location with the controllable valve. Furthermore, there
is minimum tissue volume in that area, ensuring that bluetooth stability is at a maximum. The
deciding factor is that this option ensures that both the controllable valve and the control unit
are implanted in the same location, improving compactness and reducing the number of
surgical locations needed. Thus, for these reasons, it can be concluded that the second option

is considered the more appropriate layout for this system.
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The control unit connects to a mobile phone using bluetooth for data storage and patient
feedback. The data collected by the sensors are stored locally on the mobile phone. It is sent
through the Internet to a secure hospital database, where it is made available to the physician.
The pressure sensor and valve are implanted and connected to the control unit using cables.
The physician is able to set the needed opening pressure for the valve remotely. Figure 3.4

shows how the data is handled in the proposed system.
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Figure 3.4: Data flow and components of the active shunt. It includes four major components.

The printed circuit board, the implanted valve, the smart device, and the database
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3.4 Conclusion

The active shunting system can actively combat a number of the shortcomings, failures, and
issues that face the currently used mechanical shunts. It combats over-drainage resulting from
hydrostatic pressure and from events that cause ICP spikes, such as coughing and sneezing.
The system offers a personalised method of managing the HC disease, and it also provides the
extremely needed feature of shunt fault detection as current shunt systems failure statistics are

very high. It combines sensory input and patient feedback to detect fault types.

The system consists of multiple components, including a piezoresistive type acceleration
sensor that detects the patient's position and a piezoresistive pressure sensor that is mounted on
the tip of the proximal catheter to measure ICP levels. This system also includes a control unit
that acts as a communication module for the different components of the system. It is also the
platform where drainage and fault detection algorithms are installed. The system is powered

by a lithium-based rechargeable battery using conductive coupling.

The system can change the patient's experience regarding the management of their HC
condition. Patients with implanted shunts visit their physician often to adjust their shunt's
opening pressure, check for possible shunt faults, and carry out necessary revisions. This
restricts the patient’s ability to travel as they ensure they have access to their physician at all
times. Furthermore, one of the biggest issues surrounding the diagnosis and treatment of
hydrocephalus is that the condition remains poorly understood. The constant monitoring of
patients can generate massive data that can help fill the gaps concerning the hydrocephalus

condition.
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Chapter 4

VALVE MECHANISM

4.1 Introduction

The conceptualisation process of the electromechanical valve layout, components, and
operation method is explained in this chapter. The valve must be compatible with the active
shunting system discussed in chapter three. Hence, the main requirement of the valve is that it
should have the feature of being actively controlled. The methodology used to achieve this
includes conducting an ICP dynamic modelling process to further understand the difference
between passive and automated valves and their effects on ICP and CSF. Based on the results
of the dynamic model, different factors are put in place to assist with the selection process of
the valve mechanism components. These factors are necessary as there are different operational
restrictions associated with this implanted system. This chapter aims to study the conditions
under which the electromechanical valve is to operate, which is the first step of the design

process. Based on these conditions, an appropriate design concept is proposed.

Numerous valve layouts and components are discussed, and the most appropriate valve design
for the drainage operation is selected. This is achieved by reviewing different types of actuation
mechanisms and fluid diversion methods, where the concept design layout is chosen based on

the selection factors put in place.
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4.2 ICP Dynamics

A better understanding of how standard and fully automated (controlled) closed-loop valves
manage ICP is necessary to provide an appropriate design layout of the valve. Elevated ICP is
a complicated and not fully understood phenomenon that occurs due to brain injury, brain
tumours, and hydrocephalus. Several CSF flow models exist, such as brain tissue displacement,
anatomical structure, and stress-strain distribution in the tissue [112]. However, the interest
here is solely on the hydrodynamics of CSF flow as it is needed to assess the operation of
different valves. The main method to improve the treatment of elevated ICP used to be animal
models [113]. However, many ICP-generating models have been formulated since. Some of
these models make use of electrical circuit principles, while others utilise control theory.
Although many theories were brought forward before the 1970s, Anthony Marmarou's theory
was the first to contain all components (CSF production, absorption, circulation, and storage)
within the theory structure [112,114,115]. He expressed his theory in the form of an electrical

circuit model to showcase CSF circulation, where pressure represented the circuit voltage.

4.2.1 Mathematical Model

The current widely used assumption is that the space in the skull can be addressed as a closed
cavity. The volume inside consists of the blood, tissue, and CSF volume. From this assumption,
the so-called “Monro-Kellie doctrine” equations below are derived [7]:

Total Volume (Viotq1) = CSF Volume (Vegr) + Blood Volume (Viy1p0q) +

Tissue Volume (Vyissue) a4l

Vese () = f (Vproduced(t) - Vresorbed(t) - Vdrained(t)) dt eq4.2
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Where Vg is CSF volume (cm?), meduced is the CSF volume flow rate being produced by
the choroid plexuses (cm?/s), Vyesorpea iS the CSF volume being absorbed in the arachnoid
granulations by the sagittal sinus (cm?/s), and Vj,gineq is the CSF volume being diverted by

the valve (cm?/s). Where [ referes to antiderivatives and not integrals. CSF production is

related to arterial blood pressure and intracranial pressure as follows [7,116]:
I./produced(t) = .Bproduction . (ABP (t) —Icp (t)) cq 4.3

Where ABP is the arterial blood pressure (mmHg), ICP is the intracranial pressure (mmHg),
and By oquction IS a constant representing the CSF formation resistance (cm*/mmHg.s). Several
models exist for the ABP as it can be represented as a variation with a frequency and amplitude
[117] or represented as a function of arterial radius and body inclination [118,119]. However,

the model used represents ABP as a wave [120] as follows:

T
ABP () = 17.5sin (2mt - E) — 12.5 sin(4mt) + 16000 eq 4.4

Note that this equation gives ABP in Pa, so it must be multiplied by the factor of 0.007500617
to get the value in mmHg. Next is the volume absorbed by the Sagittal Sinus, which is
represented as follows [7,116]:

0 ,ICP < ULg

Vresorbea(t) = { ,Bresorption . ([CP (t) — VBP(t)) ,else eq 4.5

ULy represents the upper limit that when the ICP reaches, the absorption starts (mmHg). VBP
is the venous blood pressure (mmHg) and Bresorption 18 @ constant representing the absorption
resistance (cm’/mmHg.s). It must be mentioned that reverse flow through the arachnoid

granulations is impossible [114]. VBP is taken as a constant (= 4 mmHg) in some models


https://en.wikipedia.org/wiki/Arachnoid_granulation
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[7,116]. However, the model used takes into consideration the body inclination effect on VBP

as follows [118,119]:

VBP = B, — APiciinea eq 4.6

L.sin(¥)

Pinclinea = W eq 4.7

Where B,, is the mean level of VBP (=4 mmHg), AP;;, c1ineq 1 the change in pressure as a result
of position (mmHg), L is the distance between the heart and the head (mm), and W is the
inclination angle measured from horizontal in degrees. The 13.959 is a conversion factor from
mmH20 to mmHg. V4, gineq 15 Introduced for patients with hydrocephalus. In the case of

standard mechanical valves, the following equations are used:

/ = 0 ’ Pvalve < OP
Vdrained(t) - { Ny - (Pvalve (t) _ OP) ) Pvalve > 0p €q 4.8
Pvalve (t) = ICP (t) - Pdistal + Phydrostatic (t) €q 4.9
Phydrostatic(t) = Pgh .sin (qJ (t)) €q 4.10

Pjistqr 1s the pressure at the distal end (drainage site) (mmHg). ICP — Pyjs¢q; represents the
differential pressure (DP), P,,,e 1s the pressure acting on the gate of the valve (mmHg), and
Pyyarostatic 18 the hydrostatic pressure (mmHg). The valve only opens if the value of Pyqpe
reached the designed opening pressure (OP) of the valve. 4 ,, is the differential pressure valve
flow permittivity (cm?*/mmHg.s), which is a constant representing the standard valve flow

capacity or resistance. p is CSF density (kg/m3), g is the gravity (m/s?), and h is the distance
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between the drainage site and the cranial cavity (mm). The equation is multiplied by the
inclination angle W to obtain the real height of the column of liquid. The equation must also be
multiplied by the factor 0.007500617 to get the value in mmHg. As seen from eq 4.9, the
pressure controlling the opening and closing of the valve is not the ICP but rather the pressure
difference at the valve gate. In the case of an automated valve (closed-loop valves), another set

of equations is adopted from eq 4.8 as follows:

0 ,ICP < LL
Vdrained(t) = Nawv * (ICP (t) - UL) ,ICP > UL cq 4.11
Varainea(t — 1) , otherwise

Where UL and LL are the upper and lower limits of ICP (mmHg), and 7n,, is a constant
representing the closed-loop automated valve resistance (cm?*/mmHg.s). Note that the actual
ICP values are used for the pressure sensor-based closed-loop valve. The Vy, gineq(t — 1) term
indicates that when LL < ICP < UL, the last status of the valve is repeated. The second term of
eq 4.1 is the blood volume, which is equal to the sum of the venous blood volume V., 4,5 (cm?)

and the arterial blood volume V,,t¢yiq; (cm?) as follows [115,120]:

Vblood = Varteriat(t) + Voenous(t) eq4.12

eq4.13

d(ABP (t) — ICP(t))) N (d(VBP () — ICP(t)))
avenous

v, =a ,
blood arterial ( dt dt

Where V.4 is the blood volume flow rate (cm?/s), while 0yrerial aNd Oyenous are the
compliance for the intracranial arterial and venous compartments (cm?*/mmHg), respectively.
The first and second terms of eq 4.13 represent Vi teriar and Vyenous, respectively. The last

term in eq 4.1 is the tissue volume, which is represented by [115]:
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_ . dlcrm) eq4.14

Vtissue — T Utissue dt

Where ojsqye i the compliance of the tissues (cm?/mmHg). Finally, a model is needed to link
the ICP with the total volume in eq 4.1. Some models assume a linear relationship between the
two parameters, but that linearity is only feasible for values not far from the optimal range

[117]. The model used links ICP values and total volume by using an exponential relation as

follows [7,116]:

ICP (t) = Py + Keastic e?Vtoral eq4.15

Where P, is the reference pressure (mmHg), K,;,¢¢ic represents the modulus of elasticity of the
venous compartment (mmHg), and ¢ is a variable that relates to the exponential relation
between ICP and volume (cm?). These sets of equations are used to produce an ICP signal to
simulate ICP readings from a patient with the hydrocephalus condition. The effect of having
both a normal classical shunt valve and an automated valve on drainage is to be analysed as

this can assist with selecting the electromechanical valve mechanism.

4.2.2 Dynamic Simulation Setup

Usually, the process of modelling ICP consists of recreating already available patient ICP data.
This is carried out as the modelling process usually attempts to predict the patient’s ICP level
based on the existing data. It is achieved by adjusting the different parameters in a trial-and-
error manner until the mathematical model output matches the existing ICP history data.
However, in this case, the interest is only in developing an ICP signal in order to understand
the impact of different shunts on it. Thus, these parameters are not modelled after any historical
data. Simulink is used for this dynamic simulation, where the overall simulation block is shown

in Figure 4.1, while the remaining simulation blocks are presented in Appendix-1.
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The simulation was carried out for a period of 15 seconds. This low time period is a result of
simulating arterial blood pressure (ABP) at a fine time step of 0.001 s. This is carried out to
ensure that the ABP profile is as smooth as possible. The parameters chosen for the modelling
of ICP are shown in Table 4.1. These parameters were chosen based on a trial-and-error to
simulate the ICP signal in a patient with a hydrocephalus condition. As the ICP level for a
healthy individual is between 5 and 15 mmHg [1], the parameters were selected to reflect a
rapid increase of ICP beyond that level to simulate severe hydrocephalus. The passive valve is
then set to drain CSF when ICP exceeds 15 mmHg, while the automated valve is set to keep

ICP between 14.5 and 15.5 mmHg.

Table 4.1: Parameters used for mathematical modelling of CSF

Parameter Value Parameter Value
Bproduction ~ 4.1894 x 10* cm’/mmHg.s Nawv 1 cm’/mmHg.s
Bresorption ~ 104.167 x 10 cm?*/mmHg.s OP 5 mmHg
ULg 40 mmHg Pjistar 6 mmHg
P, ~4 mmHg p 997 kg/m3
L 100 mm g 9.81 m/s2
h 100 mm Ayenous 0.46 cm®/mmHg
Na.v 0.02 cm*/mmHg.s Qtissue 0.3 cm?*/mmHg
UL 15.5 mmHg Py 7.5 mmHg
LL 14.5 mmHg Keiastic 0.26 mmHg
Agrierial 0.15 cm*/mmHg ¢ 0.26 cm?

P, was modelled as a random number between 3-5 mmHg to showcase the irregularity of ICP
ULR is set at a high value to simulate hydrocephalus conditions, as CSF is not absorbed using normal pathways
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Figure 4.1: Simulink simulation block. The block generates ICP levels and simulates its

response to both standard and automated shunt valves
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4.2.3 Dynamic Simulation Results

The model considered the effect of hydrostatic pressure and the changes in ICP levels due to
changes in body inclinations. Figure 4.2b presents the ABP wave, which is very smooth,
ensuring that appropriate parameters and an appropriate time scale are used. A close look into
the generated signal in Figure 4.2a shows the constant natural irregularity and instability of
ICP. Figure 4.2c shows how a normal mechanical shunt handles ICP where the valve was set
to keep ICP below 15 mmHg. It can be seen that the shunt is keeping the ICP much below the
wanted level. This is a result of the hydrostatic pressure and the sudden fluctuations in ICP due
to changes in head inclination. On the other hand, the automated shunt in Figure 4.2d was set
up to keep ICP between a LL of 14.5 and UL of 15.5 mmHg. While the controllable shunt is
managing to keep pressure within those limits, it is not keeping ICP as smooth as the standard
valve. This is the result of the continuous operation of the standard valve compared to the
automated valves. The classical valve goes through 132 open/close cycles with the current
simulation setup, while the automated valve goes through only 41 cycles. This demonstrates
that the classical valve is about three times (320%) more active than the automated one. This
can be improved by using smaller LL and UL limits. However, this leads to increased valve
operation levels which can be problematic in a system that runs on a limited power source. It
must be pointed out that in a closed-loop system, the ICP signal must be processed first and
filtered before it is used to make a drainage decision. However, this simulation focuses on the
real impact of ICP levels on the valve status, which is why no signal processing was

implemented.

To summarise, the standard valve has a 320% more active operation pattern than the automated
valve. However, hydrostatic pressure and other events that affect the ICP level do not affect
the automated valve. These results show that a merge between the standard valve's active

response and the automated valve's controllability is the most advantageous option.
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4.3 Valve Concept

Based on the dynamic simulation, it is clear that a hybrid valve with both the controllability of

an automated valve and the passive continuous operation of a normal mechanical valve is

needed. The electromechanical valve consists of two main components, which are the CSF

flow diversion mechanism and the power delivery mechanism (actuation). The mechanism

selection of those two components depends on the factors below:

1-

Size and compactness: This is simply a space issue, as the valve needs to be small
since it is implanted under the skin in the area above the ear. This is more of an issue
since both the valve and the control unit — as mentioned in chapter three — must share
this space. The valve also needs to be designed in a way that all components can be
contained in a single housing.

Component’s suitability: This relates to the materials' bio-compatibility since most
materials can cause infections when implanted in the body. Materials such as silicon,
titanium, and magnesium must be used to reduce the chances of these infections.
Suitability also relates to materials that can cause magnetic interference with MRI
machines, such as magnetic elements.

Power consumption: as the valve must be a long-term implanted management system,
it is essential to keep power draw at a minimum. This is mainly a concern regarding the

actuator to be used to operate the valve.

These three factors are the main guidelines to follow during the conceptualisation process of

the layout and design of the hybrid valve. In addition, the valve must possess the hybrid

operation feature, where it has both the constant activeness of a passive valve and the

controllability of an automated one.
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4.3.1 Valve Components

The first component of the hybrid valve is the fluid diversion mechanism, which represents the
replacement for the current ball-in-cone valve used in programmable and fixed passive valves.
The two main options considered for this mechanism are the membrane and classic methods.
The membrane method utilises silicon membranes — also known as pneumatic — or elastomers
to obstruct and control the flow. They are ideal for controlling flow in small channels. They
are usually used as passive fixed valves where the membrane elasticity and preloaded pressure
define the characteristics of the system [121]. Due to the nature of the silicon membranes, they
can only be actuated through directly harnessing magnetic energy or harnessing stress from
piezoelectric materials. The use of magnetic energy for this purpose is not a viable option as it
can cause magnetic interference with MRI machines. Also, directly harnessing stress from
piezoelectric materials requires a voltage of about 60 V [121,122], which is considered high
for an implanted system. A new actuation method for silicon membranes that is being
researched is the use of electrostatic energy by means of dielectric charging. However, it is also

considered a non-viable option as it also requires a high voltage of 60 to 200 V [123].

The second option for the fluid diversion mechanism is the use of classical methods such as
ball valves, gate valves, needle valves, and butterfly valves. Each one of these valves has
different features, such as operation torque, self-locking abilities, rapid operation abilities,
manufacturability, and their general stand on the three selection factors mentioned above.
Friction is considered both an advantage as it provides locking and a disadvantage as it

increases the operational torque, thus increasing the required power.

The second component of the hybrid valve is the actuation method, which depends on the type
of fluid diversion mechanism used. The two main options considered are motorised magnetic

actuation and motorised piezoelectric actuation. The piezoelectric effect refers to the ability of
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certain materials to generate an electric charge when they are subjected to mechanical stresses.
The most important feature of this effect is that it is reversible, meaning those materials can
generate mechanical stress when electricity is applied. The two piezoelectric motor types that
operate utilising this phenomenon are the ultrasonic motor and the walker motor. The ultrasonic
motor operates by electrically inducing ultrasonic vibration in the piezoelectric component
(stator) that is attached and preloaded against a rotor. The friction between the stator and the
rotor, combined with the excitation of the stator, delivers physical movement to the rotor
[122,124,125]. The walker piezoelectric motor operates by harnessing the piezoelectric
phenomena directly. This is achieved by using two types of stacks that are polarised differently.
The first stack produces vertical elongation when electrically charged, while the second stack
produces horizontal elongation when charged. By arranging stacks in a specific way, actuator

movement can be achieved.

The second actuation option is the use of basic magnetic motors such as stepper motors.
However, the piezoelectric motors have a much more accurate step definition than the magnetic
motors. Features of each motor type include power requirement, MRI compatibility, reliability,
safety, and self-locking features. A more detailed description of these different options for

valve actuation is presented in Table 4.2 below.
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Table 4.2: Options available for shunt valve actuation

Actuator advantages disadvantages notes
- Can be magnetically
interfered with. .
- Canbe designed tokeep - Only self-locking in the ~ Tlifair;lomlr calm W;thsiar;d a
voltage requirements to energized state. ¢! evel 0 orque
2 . without being energized
a minimum. - Extended operation can (holdin torque) This
- Very reliable with a produce heat. Jdepen ds% on the(iiesi' 1 of the
Stepper long life span. - Requires a motor driver P . cesie
- Simple wirin ¢ trol (H-brid motor (mainly size).
motor P & o control (H-bri ge).. - The H-bridge is required as
procedures. - Components (coils, the same wire in a stepper
- Overload safe as it stator, rotor) affect the . X PP
. motor is required to change
cannot be damaged. size of the motor. larity duri .
- Requires a position- polarity during operation.
sensing device.
- Very high step
definition.
- Self-locking in the off-
state. Depending on the design and
. . - Due to the self-locking D di the desi the orientation of the system,
Piezoelectric off state, a position . cpencing on the Aes1gh, o number of piezo elements
. . . it might require a board to
Ultrasonic sensor is not required. be mounted on can be kept to the bare
motors - Low voltage ) minimum (possibly down to
requirement. two elements).
- Extremely compact.
- No magnetic
interference.
- Very high step
definition
- Self-locking in the off- - High voltage
. . state. requirement.
Piezoelectric - Due to the self-locking - Requires extra Only appropriate for linear
Walker off state, a position components compared  actuation.
actuator sensor is not required. with  the ultrasonic
- No magnetic motor (springs).
interference.
- High holding torque.

Collection of information obtained from [34,122,124-126]
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From Table 4.2, it is clear that a piezoelectric motor system is more appropriate to use. The
fact is that having a stepper motor implanted with all of its components is not a feasible option.
More importantly, the stepper motor's magnetic nature could cause magnetic interference with
MRI machines or other magnetic devices. Hence, the stepper motor fails to adhere to the
compactness and component suitability factors put in place for this conceptualisation process.
Piezoelectric motors are small in design and have minimal moving parts. The walker actuator
has a higher voltage requirement than the ultrasonic system, posing a challenge to implanted
batteries' capabilities. Both piezoelectric motors have the extremely important advantage of

being self-locking in the off position, which is necessary to keep the power draw at a minimum.

4.3.2 Valve Layout

The valve layout that was found to possess the utmost advantages based on the available
options is shown in Figure 4.3 below, as it utilises an ultrasonic element to move a stator that
is linked to a spring. The ball and spring system acts as a conventional mechanical valve
requiring no external power to actively manage ICP. The opening pressure of the valve is
altered by controlling the stator, which acts upon the spring length. This causes a variation in
the spring tension and stiffness, changing the level of force required to push the spring. This
causes the valve opening pressure to change. The valve is the core part of the active shunting
system and is where all decisions made by the system are translated into output. As the
physician decides on the appropriate pressure setting based on the requirement of the patient,
this is translated to the valve as a specific number of voltage cycles required to have the
ultrasonic motor move the spring to a length that corresponds with the selected pressure setting.
As the patient changes position from supine to standing, the accelerometer senses the change.
Then, a new higher pressure setting that takes into consideration hydrostatic pressure and

corresponds with the original pressure setting is applied. The exact same process is reversed
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when the patient switches from a standing position to a supine one. When events of coughing
and sneezing are detected through sudden ICP spikes and the accelerometer feedback, the valve
can briefly shut drainage by locking the spring into its minimum length. This allows for no

CSF drainage regardless of pressure to prevent any unnecessary drainage.

Rotor Ultrasonic element
Ball in cone

Figure 4.3: Proposed electromechanical valve design layout. It consists of an ultrasonic element

supplying movement to the preloaded stator that controls the ball in the cone mechanism

This combination makes use of the advantages of both passive and fully automated valves. An
important feature of this system design and layout is that it can continue to function safely and
smoothly in case the valve's electronics fail. Thus, in case such failure occurs, the system starts
behaving as a mechanical fixed valve with an opening pressure set by the last working point of
the ultrasonic element. Most importantly, the proposed layout meets all three selection factors
that were put in place earlier. The main issue of the design is that it does not address the
blockage issue, as it requires a flushing motion. This can only be achieved — in a controllable
method — by using a miniature pump. However, the size and power limitations do not allow for

such a component to be part of the design. This, coupled with the fact that the majority of
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blockage occurs — as mentioned in section 2.2.2 — in the proximal catheter, where a flushing
motion cannot be induced as it can interfere with the brain hydrodynamics, proves that the
addition of a miniature pump is disadvantageous. The pump addition adds extra moving parts,
such as rotors and gearing components. The current design has only one moving part — the rotor
— since the ultrasonic element provides motion while it is stationary. The valve is also feasible
from an engineering perspective since its manufacturing processes do not require a significant
change in the manufacturing process of the current shunts. The major difference is the
ultrasonic element, which is produced through precision machining. It must be mentioned that
one of the earliest promising design concepts — Figure 4.4 — involved the use of an ultrasonic
motor combined with a butterfly gate. The mechanism is smaller than the currently proposed
valve and provides a possibility for throttling the drainage process. This means that the earlier
concept could have provided an alternative to opened/closed valves and instead used a valved
opening percentage, which could have provided continuous CSF flow. However, no exact
advantages were identified for such a feature. In addition, this valve requires a steady supply

of power as it needs to be very active during operation, which is the main reason it was

~
(l\

Butterfly
Valve

discarded.

Ultrasonic
Eement

Figure 4.4: Butterfly and ultrasonic element valve concept. The butterfly valve can open

partially, allowing for a controllable throttling of CSF flow
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4.4 Conclusion

The design of the valve shunt must be compatible with the active shunt discussed in chapter
three. In order to achieve this, the effects of different valve types on ICP must be understood.
This is achieved by using a mathematical model that considers CSF production, absorption,
circulation, and storage. Based on this model, a dynamic simulation was conducted where an
ICP signal was generated. The focus was to observe how the ICP signal is impacted by the use
of both a fully automated shunt valve and a classical passive mechanical valve. Results showed
that while automated valves can combat hydrostatic pressure, passive valves can be up to 3
times more operationally active than automated valves, resulting in a smoother pressure profile

output.

Based on those results, it was determined that a hybrid valve system is more appropriate for
harnessing the advantages of both valves. This is required in order to achieve both the constant
rapid operation of a passive valve and the controllability of an automated one. This hybrid
valve components, layouts, and design were selected based on three factors. They are size and
compactness, components suitability, and power consumption. The layout of the proposed
valve consists of a ball in a cone spring system controlled by an ultrasonic motor, as shown in
Figure 4.3. This adds an extremely important safety feature to the valve mechanism as it can
simply operate as a normal passive valve in case of failure with the electronics side of the
components. Furthermore, it can be seen that this layout covers all the selection factors
mentioned. This design is considered feasible from an engineering perspective as it consists of

a single moving part.
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Chapter 5

ELECTROMECHANICAL VALVE DESIGN

5.1 Introduction

This chapter presents a detailed design of the electromechanical hybrid valve layout showcased
in the previous chapter. The valve consists of a fluid compartment, a passive spring in a cone
structure, and an ultrasonic motor controlling a beam (rotor) that is attached to the spring. The
ultrasonic motor controls the length of the spring, thus changing its stiffness, which in turn

changes the opening pressure of the valve.

The methodology followed is divided into three sections, starting with a computational fluid
dynamic (CFD) analysis to confirm the fluid compartment's flow properties. The second
section is the design of the compression spring system using finite element analysis (FEA)
techniques, where the spring design depends on the results of the CFD analysis. The last section
is the design of the ultrasonic motor/element, which also utilises FEA design techniques and
relies on the results of both the CFD analysis and the spring design results. The design process
for all three sections relies highly on computer simulation. The end result is a detailed design
and dimensioning of the electromechanical valve in question. This includes the three

components mentioned and their different operating conditions.
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5.2 Computational Fluid Dynamics (CFD) Analysis

Several numerical methods and techniques are used to approach CFD modelling. These
methods are used to approximate a solution of the flow describing equations. These equations
are termed “Navier-Stokes" equations and are used to describe the motion and behaviour of
viscous fluids. Newton’s second law is employed in these equations and is applied to fluid
behaviour. It considers the sum of viscous terms, fluid stress, and a pressure term [127]. The
simulation aims to find an appropriate valve geometry that results in adequate flow properties

for CSF drainage.

dp Opu,
—+ =0 eq 5.1
ot | ox; q
ou,
apu—;+ap7@_ 6P+a(u6_xj)+5 eq 5.2
ot ax;  Ox; ox M

Equations 5.1 and 5.2 are known as the “Continuity” and the “Momentum” equations,
respectively. Where u is the dynamic viscosity (Pa.s), p is the fluid density (Kg/m?), P is fluid

pressure (Pa), u is the velocty vector (m/s), and Sy, is a term that represent external effects

(sources).

Three discretisation methods — the techniques by which the “Navier-Stokes” differential
equation can be approached as a set of algebraic equations — are used. This includes the finite
volume method (FV), the finite element method (FE), and the finite difference method (FD).
While the finite difference method is only used on simple geometries, the finite volume and
element methods are similar in principle. However, as most CFD modelling packages use the
finite volume method, it is used for this simulation. The FV method operates by portioning the
flow domain into a number of cells and then integrating the governing differential equation

over those cells [128].
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5.2.1 CFD Model Setup

CSF can be considered alkaline and is about 99% water, making its properties extremely similar

to water. Hence, water properties showcased in Table 5.1 below are used.

Table 5.1: CSF properties used for the simulation [129]

Parameter Value Unit

Density (p) 994.03 Kg/m?3

Specific gravity (SG) 0.998 —

Dynamic viscosity (1) 7.9 E-04  N.s/m?

The specific gravity — also termed relative density — is the density ratio between the fluid in
question and water at 4 °C. Dynamic viscosity represents the force required to move a fluid
from a standstill point on a horizontal plane, overcoming internal friction between the fluid

layers [129]. First, Reynold’s number is calculated from:

pV D
RezT eqs.3

Where V is the fluid velocity (mm/s) and D is the pipe diameter (mm). Normal CSF volume
production in hydrocephalus patients is usually around 2000 ml/day [130]. The model used has
a 1 mm pipe inside diameter for the inlet and outlet, as that is the average inside diameter of

proximal and distal catheters [44].
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Velocity can be calculated using V = Q / 4- Where Q is the flow rate (ml/s), and A is the cross-

sectional area (mm?). The resulting Reynold’s number is 36.7, which clearly indicates a laminar
flow. However, it is not low enough for the flow to be considered a creeping flow, as it usually
occurs at Re>1. The valve is to be designed for 11 pressure points ranging from 10 to 20 mmHg
with 1 mmHg intervals. It is extremely important to take into consideration the effects of
hydrostatic pressure. As a result, simulations are run for those 11 points under both normal

conditions and those where the hydrostatic pressure is in effect.

The simulation uses pressure at the inlet of the valve. However, as the range specified above is
the pressure at the cranial cavity, pressure losses due to friction in the proximal catheter need
to be taken into consideration. Friction on the distal end is not considered as outlet pressure is

taken as is at the drainage site. This is achieved using the following equations [131]:

128 uL Q

Priy: = — eq5.4
friction 1 D4 q

P, = pgh sin(¥) eq5.5

Pinter = ICP — Pfriction eq 5.6

Pr_intet = 1CP — Prriction + Pn eq 5.7

Where Prriction 1 pressure loss due to friction (Pa), Py is the hydrostatic pressure (Pa), Piper
is the pressure at the valve inlet (Pa), and Pj,_;,.; 1S the pressure at the valve inlet in the
standing position (Pa). L is the proximal catheter length, which is taken at 180 mm [44], g is
gravity acceleration (m/s?), h is the column of fluid elevation (mm), and W is the angle of that

column. Those parameters are shown in Figure 5.1.



Chapter 5: ELECTROMECHANICAL VALVE DESIGN

L s
"
.Y
p it .-,
”
¥. i
_____________ .;El';.. P N
f-\,.'__:'_ y {
3 W
h RS

Figure 5.1: Parameters used for pressure calculation [132]
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The chosen drainage site for this shunt is the heart. This location is selected to minimise the

hydrostatic pressure effects as the distance between the heart and the brain is significantly less

than that between the abdomen and the brain, thus resulting in a shorter fluid column. The

length between the brain and the heart (h) is approximated to be 300 mm.

The hydrostatic pressure is at its highest at the upright position, which is why ¥ is taken as 90

degrees. This results in a P, of 2.9 KPa and a Prictjon 0f 135 Pa. The design pressure points

are shown in Table 5.2 below, as the range selected is between 10 and 20 mmHg with 1 mmHg

intervals.
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Table 5.2: Electromechanical valve pressure points

ICP (mmHg) Pintet (E+3Pa) Ph-intet (E+3Pa) Poutet (mmHg)/(Pa)
20 2.5 54
19 24 53
18 2.2 5.1
17 2.1 5.0
16 2 4.9
15 1.8 4.7 6/800!
14 1.7 4.6
13 1.6 4.5
12 1.4 43
11 1.3 4.2
10 1.2 4.1

"Poutlet is shown both in mmHg and in Pa units (6/800).

The total pressure design points are 22 when considering pressure points for normal and
hydrostatic pressure conditions. The modelling package used to conduct the flow simulation is
STAR-CCM+, a fluid modelling software. It is used to discretise and integrate the governing
flow equation into the cells (the mesh) to which the flow domain is sectioned. Further details
on the methodology of the flow simulation are shown in Appendix-2. The software presents a
solution in the form of contours containing output from each one of the cells. The model
boundary conditions and dimensions are shown in Figure 5.2a&b. The dimensions specified
are in line — in terms of inlet and outlet diameters — with current catheters available on the
market. All walls — including the ball — are set to no-slip boundary conditions or zero velocity

gradient. A total of 22 simulations are carried out where the inlet boundary condition — which
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is inlet pressure — is taken from Table 5.2. The outlet boundary pressure is the distal pressure.
The distal catheter drains the CSF into the heart's right atrium, where the pressure is around 2
to 6 mmHg (800 Pa) [133,134]. Minimum attention was given to refining the wall area mesh
as the flow is laminar. However, as seen in Figure 5.2¢, a fine mesh was used near the ball area
due to the small gap in that area. After conducting a mesh independence study, the ideal number
of cells to be used was determined to be 176,000. The mesh independence study is further
discussed in section 7.2. The mesh around the ball is made clear in Figure 5.2d, while the

symmetry BC used to reduce computation time is shown in Figure 5.2a.

No Slip

Inlet

1.3 mm i t 1 mm

6 mm

1 mm

No Slip

Outlet B

(2) ®)

() (d)

Figure 5.2: Fluid compartment CFD model. (a) Model boundary conditions. (b) Model
dimensions. (¢) Model mesh. (d) Mesh around the ball. The no-slip boundary condition
indicates zero velocity relative to the boundary. Since only half the model is used, a symmetry

boundary condition is used to mirror that half
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5.2.2 CFD Results

Figures 5.3 and 5.4 show the overall velocity profile — and a zoomed-in section around the ball
—in the fluid compartment for the supine 10 mmHg and the standing 20 mmHg pressure points,
respectively. High-velocity values are concentrated in the area between the ball and the valve
wall on the inlet side due to the small area in that section. Force on the ball as a result of both

fluid pressure and shear force on the ball is extracted for each simulation.

These force values are necessary for designing the spring system that controls the ball. The
valve offers outflow drainage between 42 and 300 mL/h for the pressure range specified. In
terms of forces on the ball, it ranges between 1.5 and 6 E-4 N for pressure points under supine
conditions without hydrostatic pressure effects and between 1.08 and 1.47 E-3 N for pressure
points at the standing position where hydrostatic pressure is in effect. The details for force and
outflow values for each individual pressure point are shown in Table 5.3. These details are used

for the spring design in the next section.

As the flow is purely laminar, the results from different simulations are expected to be almost
perfectly linear, as the only changing factor is inlet pressure. This is noticed in Table 5.3 as the
difference in the force on the ball and outflow values between each pressure point is almost
constant. This is ideal as this linearity can assist if smaller pressure intervals are to be
implemented, as it can be set up without the need for further simulations. The results for the

additional pressure points simulations are showcased in Appendix-3.
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Velocity: Magnitude (m/s)
0.0000 0.086176 0.17235 0.25853 0.34470 0.43088

(@

(b)

Figure 5.3: CFD simulation results at 10 mmHg in the supine position. This is considered the

minimum pressure point. (a) Velocity profile. (b) Velocity profile around the ball
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Velocity: Magnitude (m/s)
0.0000 0.63891 1.2778 1.9167 2.5556 3.1946

(@)

(b)

Figure 5.4: CFD simulation results at 20 mmHg in the standing position. This is considered the

maximum pressure point. (a) Velocity profile. (b) Velocity profile around the ball
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Table 5.3: Force and flow results for ICP pressure points

ICP Force on the Outflow Force on the Outflow
ball (E-4 N) (mL/hour) ball (E-3 N) (mL/hour)
20 6 147 1.48 300
19 5.58 138 1.44 293
18 £ 5.15 129 § 1.4 287
17 :‘g 472 119 é 1.36 281
16 = 4.29 109 2 1.32 275
15 § 3.84 99.2 'g 1.28 269
14 e 3.40 88.7 7 1.24 263
13 2.94 71.7 1.20 257
12 2.48 66.3 1.16 250
11 2.00 543 1.12 244
10 1.52 42 1.08 241

Supine positions are results without the hydrostatic pressure effect, while standing positions are for when the hydrostatic
pressure is in effect.

5.3 Spring Design

The steps for designing the spring are to produce an initial design based on chosen design
formulas [135-139]. This is achieved based on the results of force generated on the ball from
the fluid simulations in section 5.2. This initial design is used as a first iteration where a model
is constructed based on those formulas' results. An FEA analysis of the model is conducted to

verify the initial design.

5.3.1 Initial Design

The initial design step utilizes known design formulas [135-139] as a starting point for the
spring design process. These equations are based on the spring system mathematical model
showcased in Appendix-4. First, the spring rate K (N/m) required must be determined as shown

below.
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Enax — Fi
K — max min eq 58
Linin = Liax
Where F,,4, 1s the maximum force (N) the spring provides at the minimum spring operating

length L,,;,, (mm), and F,,;;, is the minimum exerted force (N) at the maximum operating length

Lmax (mm). From those parameters, the spring free length or total length is deducted as:
F. .
Li = Lygyx + % eq 5.9

Where Ly is the free length (mm). An initial Mean Diameter and wire diameter are then

specified. These values are optimised based on the maximum shear stress the spring can

withstand and the value of the spring index C, which is given as:

C= eq5.10

D
d
Where D is the mean spring diameter (mm), and d is the spring wire diameter (mm). Usually,
C is kept between 4 and 15 as springs with C values less than 4 are difficult to manufacture,
and springs with C values more than 12 might be prone to buckling (horizontal displacement
of the spring middle coils). However, as the application requires fine control of low-magnitude
forces, the spring wire diameter needed is quite small, resulting in a larger C value. A separate
check for spring stability is performed after the sprig dimensions are confirmed. As the spring
operates in a cyclic loading condition, stress due to fatigue must be modelled as [139]:

8D K,, Enax

Tmax = — eqS.11
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Where 7,,,,, 1S the maximum shear stress resulting from operating conditions (Pa). As shear
stress 1s the continuous and dominant stress against the spring, it is used as an indication of the
spring's tendency to creep over time due to constant loading under the max shear stress.
Creeping can cause spring set — the shortening of the spring’s free length — which i1s directly
proportionate to the spring material yield strength. Thus, Materials with higher yield strength
than this value must be chosen. K, is the Wahl factor and is given by:

4C — 1

K, = — — eq 5.12
W AC — 4 1

The next step is to determine the number of active coils (N,). Based on the types of ends used
on the two sides of the spring, the active number of coils might not be equal to the total number
of coils. By using the open-ended type, the total number of coils is the same as the number of
active coils, as opposed to having another type of end with inactive coils. Active coils can be
found through [138]:

Gd

N = eq5.13
@ 8KC(C3 q

Where G is the modulus of rigidity (Pa), which is a main design factor since a material with
low rigidity is required to ensure that the size of the wire diameter is appropriate. From eq 5.13,
alower G value is proportionate to a lower number of coils, which means a larger wire diameter
can be used without an extreme increase in the number of coils. The maximum loading

condition for the spring needs to be defined, which is achieved using the next set of equations:

LL=d'NT eq5.14

F,=K.(L;— L) eq5.15
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FLTmax
TL ==

eq5.16
12 min

The equations above are used to determine the locking length, locking force, and locking stress.
They are given as L; (mm), F; (N), and 7, (Pa), respectively. These are the parameters
necessary for the spring to achieve locking conditions where the coils are in full contact with

each other. N; is the spring total number of coils, including any inactive coils. The buckling
L
possibility depends on two factors, which are 6/ Ly and 7/ p seenin Figure 5.5, where & is the

deflection which is equal to Ly — L.

0.7 1

0.6 1
- Unstable

0.5

0.4 - Stable

o/L;

0.34

0.2
0.1+

LD

Figure 5.5: Buckling relation to spring ends [136]

Another factor to be aware of is the spring ball, as its weight can interfere with the force the
spring is designed to manage. A small mass ball must be used to keep that weight to a minimum

to ensure that its effect can be neglected.
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Fb =my.g eq517

my = p.sphere volume eq5.18
pp 7 Dp°

F, = B 9.81 eq 5.19

Eq 5.19 represents the force of the ball due to its mass and gravity, where Fj, is the force
resulting from the mass of the ball (N), p, is the density of the ball’s material (Kg/m?), and D,

is its diameter (mm). The equation takes the weight of the ball at the standing position where

gravity is at its maximum.

It is necessary to make sure that the spring does not reach resonance due to cyclic operation. A
phenomenon called spring surge occurs when the spring is excited to the point of its natural
frequency. It causes an uneven distribution of displacement across the coils. It must be made
certain that the cyclic operation of the spring does not exceed its natural frequency. When the
load is fast enough, the first coil is pushed against the second before the rest of the coils respond
to the displacement. This disturbance propagates to the rest of the coils, causing the remaining
coils to also be in contact. After it reaches the last coil, the disturbance is reflected, where it
propagates again in the opposite direction. It only stops when the motion gets damped. The

following equations are for the spring natural frequency [136]:

K
f,= 05 *\/% eq 5.20

ps Ny w2 d? D

eq5.21
4

mg=psxV =
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Where f,, is the natural frequency of the spring (Hz), m is the spring’s mass (Kg), ps is the
spring density (Kg/m?), and V is the spring volume (m?). Table 5.4 shows the parameters used

in these calculations, which are obtained from the fluid simulation results and the materials

used for the design.

Table 5.4: Design parameters for the spring design process.

Parameter Value Parameter Value
Frax 1.47 microN G 17 GPa
Fpin 0.15 microN Ds 1810 Kg/m?
Lnax 4 mm Yield strength 145 MPa
Lin 2 mm Spring ends Plain (open)
Spring material Magnesium AZ91E-T6 Ball material Magnesium
Elastic modulus 44.8 GPa Pp 1700 Kg/m?
Poisson’s Ratio 0.35 Dy, 0.0013 m

Frnaxs Fmin, and Dy, are obtained from the CFD analysis results. Magnesium is used for both
spring and ball material as it is biomedically safe, has low density (weight), and has one of the
lowest modulus of rigidity available in any metal. This makes it a good match for a spring of
this small size, as it is sensitive to low forces and results in a reasonable number of spring coils.
The rest of the parameters are selected on a trial-and-error basis as multiple parameters were

tested. The values above provided the best results in both the initial design step and the FEA

simulation verification step.
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The process of determining the right dimension of the spring is carried out by selecting an
initial wire diameter d and mean diameter D and then optimising these values based on the
resulting stress, coil number, and stability. Calculations for different materials with different
properties and multiple spring dimensions are conducted — some of these are shown in
Appendix-5 — before settling on the parameters in Table 5.4, as they are the most reasonable

design parameters. Table 5.5 shows the calculated dimensions and resulting spring properties.

Table 5.5: Calculated spring parameters and properties

Parameter Value Parameter Value Parameter Value

K 0.66 N/m Tmax 32 MPa ) 2.23 mm

L 42 mm N 7.12 Y 0.52
f . w . L ; )

D 1.8 mm Ny 7.12 by 23

d 0.06 mm L; 0.42 mm F, 1.917E-05 N
C 30 F 2.5E-3 N mg 2.06E-07 Kg

K, 1.04 T 546 MPa fn 898 Hz

The effect of the magnesium ball attached to the spring on the spring is neglected. This is
carried out due to the low force resulting from it (F}) on the spring. Its force is only 1.7% of
the force resulting from the smallest operating pressure (10 mmHg) on the standing position.

As the spring is linear, its spring rate must be constant at any given load.
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Fnax 1s taken at the highest operating pressure of 20 mmHg on the standing position when the
hydrostatic pressure is in effect, while F,,;, is taken at the lowest operating pressure of 10
mmHg in the supine position. The operating length of the spring L4 — Lmin 18 2 mm. The
spring length for the pressure points on the standing position ranges from 2.6 mm at 10 mmHg
to 2 mm at 20 mmHg. The range for the supine position is from 4 mm at 10 mmHg to 3.3 mm
at 20 mmHg. Forces resulting on the spring from all the pressure points were checked as the
resulting spring rate ranged between 0.64 — 0.66 N/m. As the designed spring rate is 0.66 N/m,
the difference is considered minor. Thus, the values in Table 5.5 are taken as the initial
dimensions for the spring model. Table 5.6 shows each individual pressure point and its

respective spring length.

Table 5.6: ICP pressure points and their relative spring length

ICP Spring length (mm) Spring length (mm)
20 3.33 2
19 3.39 2.05
18 g 3.45 g 2.11
7 % 3.52 H 2.17
16 § 3.58 L 2.23
15 . 3.65 '% 2.29
14 « 3.72 A 2.35
13 3.79 2.41
12 3.86 2.47
11 3.93 2.53

10 4 2.6
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5.3.2 Finite Element Analysis (FEA)

The finite element method (FEM) is a numerical technique used to solve the partial differential
equations (PDEs) used to describe a physical phenomenon. For most problems, a discretization
of these PDEs into numerical equations is required. The solution of these numerical equations
is considered an approximation to the real solution of the PDEs [140]. This is carried out by
discretizing the model domain into discrete elements (mesh). A general governing equation is
calculated for each element based on the element type. The general equation form for structural

analysis is:

—

6] = [K]I*[F] eq 5.22
Where [K] is the global stiffness matrix, m is the nodal displacement vector, and m is the
nodal forces vector. This equation is the governing equation that describes the structural status

of the spring during simulation.

The dimensions of the model were taken from the results in Table 5.5. Two models are built,
the first for maximum displacement at the maximum pressure of 20 mmHg in the standing
position, while the second for minimum displacement at 10 mmHg in the supine position. The
boundary conditions used consist of fixing the end surface of one side of the spring and
applying displacement on the other end surface. There are two ways to conduct the structural
simulation. The first is by applying a force to one end of the spring to compare the resulting
displacement with the previous hand calculations. The second is applying displacement on one
end of the spring to compare the resulting forces with previous calculations. The second
approach is used as it can generate reaction forces that are necessary for the validation process

discussed in section 7.2.
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To simulate maximum loading conditions at 20 mmHg in the standing position, a displacement
equal to free length minus the spring length corresponding with this pressure point is applied.
Hence, a displacement of 2.22 mm is applied. The same is carried out for the minimum loading
condition at 10 mmHg in the supine position, where a displacement of 0.22 mm is applied. This

represents loading at L,y,;,, of 2 mm and L,,,, of 4 mm.

A total of 167,000 elements are used in the simulation as this number of elements proved
sufficient to reach a mesh independence status, as to be discussed in section 7.2. The simulation
software used is ABAQUS, which is a Finite Element Analysis (FEA) software that models,
analyses, and visualises mechanical systems. Abaqus C3D8R elements are used as they are
solid linear elements, making them appropriate for a linear 3D analysis of this nature. Figure
5.6 showcases boundary conditions and meshing quality used. The material properties used are

those of Magnesium AZ91E-T6 in Table 5.4 above.

Displacement

Fixed

Figure 5.6: Spring FEA model
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The simulation results are showcased below, where Figure 5.7 illustrates the von-mises stress
resulting on the spring at both maximum and minimum loading conditions. At maximum
loading conditions of 2.22 mm displacement, the maximum stress is around 51 MPa, as seen
in Figure 5.7a. Compared to AZ91E-T6 tensile stress of 275 MPa, the loading is clearly well

below the material limits.

Von-mises stress results are a theoretical measure of stress and are used for yield failure
measurement in ductile materials. It usually measures more than the real and directly
measurable principal stress. This can be seen clearly by comparing Figure 5.7a to Figure 5.8.
The maximum measurable principal stress at max loading conditions is 32.5 MPa, which is
equal to the calculated 7,,,, of 32 MPa in the previous section. This further ensures that the
design parameters of the spring are correct. Additional simulation results are available in

Appendix-6.

To summarize, the max von-mises stress that occurs at max loading conditions of 2.22 mm
displacement — which correlates to a pressure of 20 mmHg in the standing position — is 51
MPa, which is below the tensile strength of AZ91E-T6 deeming the design safe from a
structural aspect. The max principal stress resulting at the max loading condition is 32 MPa,
which is equal to the earlier calculated 7,,,,. This indicates that the spring design and

parameters are accurate and that the spring will operate as designed.
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Figure 5.7: Spring von-mises stress results. (a) Maximum loading condition of 20 mmHg at the
standing position at a spring length of 2 mm. (b) Minimum loading condition of 10 mmHg at

the supine position at a spring length of 4 mm
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Figure 5.8: Spring maximum principal stresses at max loading condition. It corresponds to 2.22

mm at 20 mmHg at the standing position

5.4 Ultrasonic Motor Design

The operation of the ultrasonic motor depends on mechanical resonance. The ultrasonic
element — the rotor — is excited using a high-frequency current. As the element is excited to
undergo resonance, the resulting deformation is harvested through friction to induce
displacement to the stator. This type of ultrasonic actuator is a single-mode bidirectional motor
as it operates under one resonance mode and can be excited to run in both directions. Figure
5.9 presents the model of the motor where it is asymmetrically excited by applying a voltage
through one of its electrodes. This results in deformation that gives motion — utilising tip and
stator friction — in one direction. The design process for these motors is carried out through an
FEA analysis of the piezoelectric element. First, a modal analysis is conducted to visualise
different modes of element excitation and which one of these modes is to be used. This is
considered the vibration frequency extraction step. The other step is to simulate the partial

excitement of the element by applying a low voltage at the previously extracted frequency.
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Eectrodes

Figure 5.9: Piezoceramic element model. The two electrodes are used for the voltage input.
Voltage is applied to each one separately to get a different movement direction. On the other
side of the piezoceramic element, a single electrode covering the entire surface is used for

ground voltage

5.4.1 Piezoelectric Materials

When an electric field is applied to a solid material, dynamic change — position rearrangement
of nuclei and electrons — occurs to its molecules in order to adapt to the applied electric field.
As a result, pairs of opposite but equally electrically charged molecules (dipoles) are formed.
The process of dipole formation — or alignment of existing permanent or induced atomic or
molecular dipoles — under the influence of an external electric field with field strength (E) is

called polarisation [141].

Piezoelectric materials are dielectric materials — non-metallic — that can exhibit polarisation.
These materials can characteristically generate an electric charge when mechanical stress is
applied to them in a specific direction. This occurs in certain ceramics and single-crystal
materials [125]. At normal conditions, each molecule's positive and negative charges coincide
at the centre of the molecule, resulting in a neutral charge — as illustrated in Figure 5.10a — in

the piezoelectric material. However, as external stress is applied, deformation to the structure
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of the molecules occurs. As seen in Figure 5.10b, this causes the separation of the positive and
negative charge, resulting in a molecular level polarization and causing fixed charges to appear.
As a result, an electric field that transforms mechanical energy into electrical energy is
generated, as seen in Figure 5.10c. This process is termed the direct piezoelectric effect [142].
The produced electric polarisation by a single crystal is linearly proportionate to the applied

mechanical stress, as shown below:

ol
I
,P"

eq5.23
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Where o is the applied stress (Pa), d is the piezoelectric coefficient (C/N), and P is the electric
charge (C). These components are vectors as they depend on specified orientation or direction.

Hence i &j represent the different planes.
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Figure 5.10: Piezoelectric phenomenon on a molecular level. (a) The initial structure of the

molecule. (b) Molecule structure after applying stress. (c) Polarised material due to stress
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The most important feature of the piezoelectric effect is that it is reversible. Hence, mechanical
deformation or distortion can result from applying an electric charge to the piezoelectric

material. The applied electric field is also linearly proportionate to the strain, as showcased

below by [143]:

€ =d,.E eq5.24

Where E is the applied electric field (V/m), and € is the resulting strain. Materials that exhibit
piezoelectricity include crystalline materials such as Lithium Tantalate (LiTaO3) and Quartz.

However, the most commonly used piezoelectric material is Lead Zirconate Titanate

(PbZrTiO3) — a ceramic — which is also known as PZT.

5.4.2 Modal Analysis

Acoustic waves spread as compression waves in solid bodies. In bodies where one dimension
is larger than the other two, such as beams, these waves are observed in the larger dimension.
This indicates that the oscillation of the particles occurs in that same direction. In bodies that
are small enough, this can result in creating standing waves, which are two waves with the
same amplitude and frequency moving in opposite directions. Also, two-dimensional standing

waves are observed in bodies with two dimensions of the same order, such as metal sheets.

These wave types are termed E (k,/), where E refers to “extensional” as these modes cause
planar extension. k& and / are the numbers of half wavelengths in the X- and Y-direction,
respectively [144,145]. For a piezoceramic plate with a length L in the X-direction, height H
of 0.5 L in the Y-direction, and polarisation in the thickness t in the Z-direction, two E (3,1)

modes consisting of 2-D standing waves are observed. The one in the X-direction has 3 half
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wavelengths (L=3Ax/2), and the one in the Y-direction has one-half wavelength (H=A,/2). The

mode shape can be described as [146]:

sy, 0) = — dsin (). (cos (5 y) ~ 1) . sin (wt 525
= - —x). —y)—1). eq 5.
(X, sin L x|.|cos Hy sin (wt) q
3 s
Uy,(x,y,t) = B (1 + C cos (Tx)) sin(ﬁy).sin (wt) eq 5.26

Where U, and U,, are displacements in the X and Y directions (m), A and B are geometrical

functions, and C is the wave speed as it differs for different materials (m/s). These two
equations represent the deformation that occurs on a 2-D sheet based on the X and Y location
on the sheet and time (t).

A modal analysis is conducted to obtain the resonance frequency of the piezo element in Figure
5.11. A total of three models are built, and their dimensions are 20 x 9 X 2 mm, 13 X 6 X 2 mm,
and 7 x 3 x 1 mm. These values are chosen as dimensions closer to L x H (0.5L) x t format
tend to have a higher chance of creating E (£,/) waves. The plate is kept small due to size

restrictions as this is an implanted system.

The first 100 modes of resonance are set to be extracted. The total number of elements used is
around 140,000 elements per model. As seen in Figure 5.11, this is considered a high-density
mesh that is more than sufficient for the geometry at hand. The piezoceramic material used is
PZT-5H, as it has a better piezoelectric coefficient (strain matrix) and dielectric property
(permittivity) compared to other piezoceramics such as PZT-5A and PZT-5J. Its only
shortcoming is that it does not perform well in high temperatures and is influenced by
temperature changes. This is of no consequence under the current operating conditions for

which the device is intended. PZT-5H properties are shown in Table 5.7.
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Table 5.7: PZT-5H properties
Den51t3y 7500
(Kg/m”)
Electrical di1 a2 33
Permittivity
(orthotropic) | s1g.o3  1.51E-08  1.30E-08
(F/m)
Piezoelectric d113 d223 d311 d322 d333
strain matrix
(m/V) 741E-10  7.41B-10  -2.74BE-10  -2.74B-10  5.93E-10
Elasticity El E2 E3 Nul2 Nul3 Nu23 G12 G13 G23
(constants)
(N/m?) 6.06E+10  6.06E+10  4.83E+10 0.289 0.512 0.512  235BE+10  23E+10  2.3E+10

t=1/2/2 mm

A\

H=9/6/3mm

L=20/13/7 mm

Figure 5.11: Piezoceramic frequency analysis model
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For the 13 % 6 x 2 mm piezoelectric sheet, the E (3,1) mode occurs at 294.8 kHz. The 20 x 9 x
2 sheet model exhibits an E (3,1) mode at 178 kHz. Figure 5.12 shows the deformation
associated with those resonance frequencies. The figure showcases the symmetry in
deformation in both the X- and Y-axis. This can only be achieved by two pairs of standing
waves that are equal in frequency but opposite in direction on each of the two axes. No E (3,1)
mode is identified for the results of the 7 x 3 X 1 mm. Up to 200 resonance modes — some of
which are available in Appendix-7 — are extracted for this sheet size. This is expected since as
the plate gets smaller in size, higher frequencies are required to activate the E (3,1) resonance
modes until they reach a size where those waves cannot be created anymore. This points out
that there are size constraints when it comes to generating E (3,1) modes. Thus, no results for
the 7 X 3 x 1 model are presented. As this is a frequency analysis, the displacement values

shown in the figures are not real.

Due to its smaller size, the 13 X 6 x 2 mm model is selected to actuate the valve. This size is
expected to result in a step definition — which is the resulting displacement per voltage cycle —
that is much higher than required. Furthermore, as the sheet's size increases, the E (3,1)
resonance mode value decreases. This indicates that larger sheets are easier to control as they
demand a lower frequency voltage supply to activate their E (3,1) mode. However, in this case,
the difference between the two E (3,1) frequencies is not of a great magnitude. Hence, this

difference does not outweigh the benefits of using a smaller piezoelectric element.
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Figure 5.12: Piezoceramic sheet E (3,1) resonance mode results. (a) The 13 X 6 X 2 mm
piezoceramic sheet E (3,1) mode at a resonance frequency of 294.8 kHz. (b) The 20 x 9 x 2

mm piezoceramic sheet E (3,1) mode at a resonance frequency of 178 kHz
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5.4.3 Dynamic Analysis

After confirming the E (3,1) mode frequency, the next step is to simulate the piezoelectric
element's operation through partial excitation. As shown above in Figure 5.9, two electrodes
supply voltage to the piezoelectric element. A high-frequency current must be simulated

through the piezo element to visualise the resulting reaction.

A tip that is to be in contact with the stator —shown in Figure 5.13 —is added at the top midpoint
of'the model. It is made of aluminium oxide, a material with a high friction coefficient to ensure
good frictional contact. A sine wave voltage of 3.5 V is set as a boundary condition on half of
the model face on the front side. The sine wave frequency is the E (3,1) mode extracted earlier,
which is 294.8 kHz. The back side voltage is set to ground across the entire face. The total
number of elements used is 60,000, which is also considered sufficient due to the simple
geometry of the sheet. The properties used for PZT-5H and aluminium oxide are in Table 5.7

and Table 5.8, respectively. The time period on the dynamic simulation is 1.7E-5 s as this is

enough time for five voltage cycles (5/ f) at 294.8 kHz.

Table 5.8: Aluminium oxide properties

Parameter Value
Density (Kg/m?) 3400
Young’s Modulus (GPa) 320

Poisson’s Ratio 0.23
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wint

Sine wave voltage BC

Figure 5.13: Piezo element partial excitement model. A sine wave voltage 0f294.8 kHz is used

as a boundary condition

The dynamic simulation was carried out for a period of 1.7E-5 s, where the results of the sine
wave voltage effects on the tip are shown in Figure 5.14. As the tip is thrust away from the
piezo element, it also gains X-axis displacement. The tip goes through one cycle of movement
per voltage cycle, where the changes in tip position during that cycle are classified into four
positions. Stator movement is achieved through this cycle. First, the tip gains both Y-axis
displacement and X-axis displacement. The Y-displacement causes the tip to clamp on the
stator, while the X-displacement causes the tip to drag the stator along with it as a result of
friction. Next, negative Y-displacement and X-displacement are gained. This causes the tip to
unclamp and return to its initial position, thus completing a full cycle (step). Displacement data

is retrieved from the reference point shown in Figure 5.13. The accurate method of measuring
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the step size is through an experimental setup. However, data retrieved from the reference point
can indicate the step size. Figure 5.15 demonstrates X and Y displacement on the tip. The
dragging process occurs when the tip is on the positive side of both the X and Y axes. This

indicates that the step size is around 4 nm. Since the simulation used a 294.8 kHz voltage input,
the one-cycle time period — using t = 1/ F is 3.4 ps. Using v = displacement / t, the velocity
of the motor can be estimated to be around 1 mm/s. This means that the motor can go from one
end of the pressure points range to the other — 2 mm distance — in 2 seconds. The overall

properties of the ultrasonic motor design can be viewed in Table 5.9. The number of cycles

required for the motor to set the spring at each individual pressure point is shown in Table 5.10.
_ -
_ _

Figure 5.14: Ultrasonic motor one-cycle step. Arrows sizes indicate the direction and level of

displacement
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Figure 5.15: Ultrasonic element tip displacement. This is the X and Y displacement for the
entire 1.7 E-5's

Table 5.9: Ultrasonic motor parameters

Parameter Value Parameter Value

PZT-5H / Aluminium

Material Oxide tip Voltage input 3.5V at294.8 KHz

Step definition 4 nm per voltage cycle Velocity 1 mm/sec
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Table 5.10: Required voltage cycles for the setup of each pressure point

ICP Spring Length Required Spring Length Required
(mm) voltage cycles (mm) voltage cycles
20 3.33 4.22E+04 2 5.00E+05
19 3.39 3.83E+04 2.05 4.86E+05
18 £ 3.45 3426404 8 2.11 4.72E+05
17 F 3.52 3.02E+04 é 2.17 4.57E+05
16 5 3.58 2.61E+04 2 2.23 4.42E+05
g o p—
15 'g 3.65 2.19E+04 2 2.29 4.27E+05
. <
14 @ 3.72 1.77E+04 7 2.35 4.12E+05
13 3.79 1.34E+04 241 3.97E+05
12 3.86 9.02E+03 247 3.82E+05
11 3.93 4.56E+03 2.53 3.67E+05
10 4 initial position 2.6 3.51E+05

The lowest pressure point with the max length of spring is set as the default starting point (zero point) for these values. The
number of cycles changes for a different zero point and also when the device is alternating between different pressure points.

5.5 Conclusion

The design concept of the electromechanical valve is derived in chapter four based on a number
of factors. The concept consists of three components, which are the fluid compartment, the
spring and ball system, and the piezoelectric ultrasonic motor. This chapter is concerned with

these three components' detailed and in-depth design and sizing.

The first step was to conduct a computational fluid dynamics (CFD) analysis to understand the
types of forces and flow under which the system is going to operate. Several models were
simulated as the system is designed to handle flow at multiple pressure points. The results
showed that at the maximum pressure point of 20 mmHg in the standing position, the maximum

flow expected from the system is 300 mL/h. The flow resulting from the minimum pressure



Chapter 5: ELECTROMECHANICAL VALVE DESIGN 133

point of 10 mmHg in the supine position is 42 mL/h. The dimension of the fluid compartment

is shown in Figure 5.2b.

The second step was the design of the spring and ball mechanism that controls the system's
open/close status. Some of the design parameters — mainly the forces the system operates under
— were obtained from the previous CFD simulation. An initial design and sizing for the spring
are derived using general design equations first. This was considered a starting point for the
Finite element simulation as the model is built based on this initial design. The FEA simulation
results confirmed the spring's parameters and dimensions. The resulting spring dimensions and
properties are shown in Table 5.5. The spring has a free length of 4.22 mm, a wire diameter of

0.06 mm, and a mean diameter of 1.8 mm.

The last step was designing the piezoelectric motor that controls the spring length and tension.
The ultrasonic motor system was selected in the previous chapter. The design process depends
mainly on Finite Element Analysis (FEA). A modal analysis is carried out on three sizes of a
PZT-5H sheet model. Two of the models proved to exhibit an E (3,1) resonance mode, while
one sheet did not. This is assumed to be a result of the small size of the sheet. The 13 x 6 x 2
mm model was selected as it is smaller in size, and its E (3,1) mode is not much higher than
the other larger size sheet. The extracted E (3,1) mode for this sheet has a value of 294.8 KHz.
Next, a dynamic analysis was conducted where a high-frequency voltage was applied to the
model of the selected sheet. The resulting deformation showed how the model deforms in a
way that generates displacement through friction, which is shown in Figure 5.17. The resulting
ultrasonic motor has a step definition of 4 nm, a velocity of 1 mm/s, and can cover the entire

range of pressure points in 2 seconds.

This detailed design process makes the presented layout the first in-depth concept and layout

of an electromechanical valve that is active shunt compatible. The main point that is left
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unaddressed is the issue of preloading the piezo motor, as this can only be measured
experimentally. However, it is expected that minimum preloading is required as the motor

works under minute forces. Hence, the preloading force effects on the piezo motor

displacement are expected to be kept at a minimum.
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Chapter 6

NPH GAIT ANALYSIS

6.1 Introduction

As mentioned in section 2.2.3, normal-pressure hydrocephalus (NPH) is unique as it develops
due to the enlargement of the ventricles in the brain without an increased ICP. The main
symptom of NPH is gait disorder, which physicians currently assess visually during the
diagnosis process. The fact is that the diagnostic procedure of NPH is not always accurate and
that both the gait assessment and the use of imaging to evaluate the size of the ventricles are
fairly visual and do not rely on quantifiable data. Thus, this process is considered qualitative
and subjective. The condition is not associated with elevated ICP, meaning that an active shunt

pressure sensor is not an appropriate tool to monitor the patient’s condition.

Using gait analysis systems can provide accurate patient gait monitoring data as momentum or
angular patterns can be generated. However, their costs and space requirements are high as
they use a combination of optical analysis of motion and force platforms [70,71]. Hence, they
are impractical as a standard diagnosis practice. This is of special importance when considering
that this process needs to be incorporated under the concept of active shunting. This points out
that device mobility and the ability of the patient to conduct this process off-site and without
the supervision of a physician is crucial. The patient must be able to produce data regularly for
continuous monitoring of their condition. Hence, it is decided that a sensor-based wearable is

the optimal device for this application.
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This chapter proposes a wearable sensor to monitor the gait of NPH patients as it can indicate
any further development in their condition. The wearable sensor is to be used for both diagnosis
and monitoring purposes. The methodology followed consists of designing and manufacturing
an accelerometer-based wearable printed circuit board (PCB) unit. In addition to the selection
of necessary components, PCB design is also carried out. The PCB is coded through the use of
a microcontroller to gather gait readings and transfer them via bluetooth to the designated
computer for data collection and processing. The final version of the PCB utilises a small-size

microcontroller, a 3-axis accelerometer, a 3.7 V battery, and a bluetooth module.

6.2 Wearable Device Design

The wearable device proposed is an accelerometer-based sensor as opposed to a gyroscope.
This is a result of the fact that acceleration level output can be more useful than tilt
measurements. Furthermore, using an accelerometer gives more freedom in selecting the
location where the device is attached, as gyroscopes can only provide usable reading when
attached to a joint. Regarding the location of the wearable, three locations are used for wearable
sensors, which are the lower back, the chest, and the ankle [69]. However, for the purpose of
using a wearable for NPH diagnosis, gait analysis and comparison are very important. The
ankle is the point that can supply the most relevant data as it is the main point of motion, making
it ideal as a sensor location. Shuffling severity, step size, and speed comparison can all be

deducted from the output acceleration levels.

6.2.1 Device Components

The proposed device is an ankle-attached accelerometer-based PCB. The components of this
PCB are a microcontroller that is coded based on the device function, a bluetooth module so
data can be streamed to a nearby computer, an accelerometer that collects relevant data, and a

battery that supplies power to all system components.
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a. Attiny85 Microcontroller

The Attiny85 — Figure 6.1 — is an 8-bit AVR microcontroller that has an 8 KB programmable
flash memory (EEPROM) and a RAM space of around 512 bytes. It has an operating voltage
range from 1.5 to 5.5 V and a total of 8 pins with six programmable I/O lines [147]. As the
microcontroller is to be operated under a frequency of 10 MHz, the minimum power
requirement is between 2.7 and 5.5 V. The module has a 10-bit ADC logic converter to enable
it to interface with sensors. The version used is the through-hole mount (THM), as this makes
it simpler to disassemble the microcontroller from the PCB and reprogram it for calibration

purposes.

NI
Reset/H N 8 1€
A3 3 ~[]2 7 )2 —@&1
A2 4 —[]3 611 1~PWM
@-[ | 4 5[F0~PWM

Figure 6.1: Attiny 85 microcontroller [147]

b. HC-05 Bluetooth Module
The HC-05 module — Figure 6.2 — is a fully qualified bluetooth V2.0 serial port protocol (SPP)

module. In addition, the module supports enhanced data rate (EDR), increasing the data transfer
bit rate to 3 Mbit/s with a 2.4 GHz radio transceiver and baseband. The module package size
is a small 12.7 x 27 mm with a range of 10 meters and an operating voltage of 1.8 to 3.6 V. It

also has a UART interface with a programmable baud rate ranging from 9600 to 460800 [1438].
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Figure 6.2: HC-05 bluetooth module [148]

c. ADXL335 Accelerometer

The ADXL335 — Figure 6.3 — is a low-power and small packaged (4mm x 4mm X 1.45mm) +
3.7 g — using earth gravity acceleration of 9.81 m/s? as a reference point — 3-axis accelerometer
with signal-conditioned voltage outputs. It can measure both acceleration of gravity changes
due to static tilt and acceleration resulting from dynamic motion. This makes the sensor
appropriate for use in tilt sensing, motion, vibration, and shock applications. The sensor output
voltage changes based on the fluctuation of acceleration it undergoes. This change is then
converted to g readings based on the sensor sensitivity. The sensor can operate at frequencies
ranging from 0.5 Hz to 1600 Hz for both the X and Y-axis output and 0.5 HZ to 550 Hz for the
Z-axis output. The 1600 Hz and 550 Hz are the maximum frequencies the sensor can output —

for their respective axes — and are achievable by simply not using any external filters [149].
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These frequencies can be set by linking each output with a capacitor. The accelerometer

properties are shown in Table 6.1.

Table 6.1: ADXL335 accelerometer specifications

Property Value
Range +3.7¢g
Nonlinearity +0.3%
Cross-axis sensitivity +1%
Sensitivity at X, Y, and Z ~300 mV/g
0 g Voltage at X, Y ~ 1.5V 1.6 used due to acc. offset
0 g Voltage at Z ~ 1.5V 1.64 used due to acc. offset
Current 350 uA

It is important to note that the sensor has an operating voltage range of 1.8 V to 3.6 V. However,
the sensor sensitivity is highly affected by the input voltage as the sensor output is ratio-metric.

The values in this table are for voltage input of 3 V. Specifications were obtained from [149].

Q %] %) Q
zZ2 > > zZ
g o o o
® 16 15 14 13
NC j 1 ADXL335 12 E XOUT
ST 2 11 ] NC
+Y
coms +zi 10 O Your
NC [ 4 +X s I NC
5 6 7 8
0. n . n.n
= = = 5
O O O o
O O O N

NC = NO CONNECT

Figure 6.3: ADXL335 accelerometer layout [149]
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d. Battery

The battery used has a voltage of 3.7 V, a capacity of 150 mA, and a package size of 30mm X
12mm x 4. 9mm. Although the battery has a fairly small capacity, its size is perfect for keeping
the PCB small and compact. It must be noted that when the battery is fully charged, its output

1s increased to 4 V.

6.2.2 Circuit Description

An RC passive low pass filtering is implemented for the accelerometer output in order to avoid
the aliasing effect. This effect refers to signals being indistinguishable from each other when
sampled. The RC low pass filtering offers a start and an endpoint for each signal when sampled
from a continuous output. Since the ADXL335 accelerometer has a built-in 32 KQ on all three
outputs, it requires only a capacitor for each output to implement this filter. The capacitors are
also necessary for controlling the output frequency. The equation below is used to determine
the capacitance required for a specific frequency output [150].

1
F =
T 2mRC(X,Y,2)

eq 6.1

Where F. is the cut-off frequency (Hz), R is the circuit resistance (32 KQ), and C is the
capacitance (F) that is required on each of the accelerometer X Y Z outputs. The max sampling
rate in the studies reviewed was 100 Hz. As this device is an ankle attachment, a high sampling
is required to reflect acceleration changes during each step accurately. Thus, a 500 Hz
bandwidth with a 100 Hz sampling rate is chosen, which from eq 6.1 requires a 0.01 pF

capacitor.
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Figure 6.4: NPH gait device circuit layout. (a) Components placement within the printed circuit
board (PCB). (b) Itching layout that connects different components to each other, where the
red line showcases top-side connections and the blue line showcases backside connections. The
accelerometer was mounted at the end of the PCB so it could be closer to the ankle, which is

the main point of motion when the device is strapped to the leg

PROTEUS software is a package used to create electronic designs and schematics, which is
used to create the circuit layout showcased in Figure 6.4. A 2 KQ resistor is connected with
the input on the accelerometer chip to pull the voltage from 3.7 V to 3 V as it is more suited
for calibrating the sensor output. A 0.1 pF capacitor is also used on the input side to make sure

a stable charge is supplied. The accelerometer X, Y, and Z outputs are connected to A3, A2,
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and Al input pins on the microcontroller showcased in Figure 6.1, respectively. This is how
the voltage values are supplied from the accelerometer to the microcontroller. These voltage
values are then translated into acceleration values. Since each accelerometer output goes
through a 0.01 pF capacitor, a 500 Hz bandwidth is achieved. The equation below shows the
relation between the resistance and voltage drop.

R=(V5—Vd)

eq 6.2
] q

Where R is the resistor resistance (Q), V5 is the supply voltage (V), V; is the voltage drop (V),
and [ is the current (amp). A 3.7 V voltage regulator is added to the circuit as well due to the
issue that when the battery is fully charged, its voltage increases to 4 V. This does not pose an
issue to the electrical components but can interfere with accelerometer output as it is calibrated
for an input of 3.7 V. Output pins 5 and 6 on the microcontroller — Figure 6.1 — are connected
to the Rx/Tx pins on the HC-05 module showcased in Figure 6.2. Other components used
consist of a slide switch, LED light, push-button, and a 7.5 KQ pull-up resistor for the reset pin

of the microcontroller.

6.3 Wearable Device Assembly

The first step before assembling the device is ensuring that the design, selected components,
and circuit layout are suitable and appropriate for controlling the accelerometer. This is
achieved through a prototype version — showcased in Figure 6.5 — of the device, where a
through-hole-mounted (THM) versions of the components listed in section 6.2.1 are used. The
components were mounted on a prototyping breadboard, and necessary connections between

different components were established using soldering lines throughout the breadboard.
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HC-05 Blutooh modulue Atiny85 microcontroller ADNLs35accelonmeter

Figure 6.5: Initial prototype of the wearable sensor

The prototype was also used to test the code used on the microcontroller, as it required
calibration. Any issues or mistakes with the code were sorted during this process. The initial
calibration was conducted through a “static gravity” test, which is carried out by tilting the
prototype on each one of'its axes. The output voltage for the axis parallel to the gravity direction
was noted and correlated to a 1 g reading (acceleration due to static gravity). In contrast, the

output at the other two axes represented the voltage outputat 0 g.

After the breadboard prototype was confirmed to be in working order in terms of the
components, the connection, and the code, the PCB manufacturing step was undertaken. The
schematics of the PCB shown in Figure 6.4 were produced using PROTEUS software. The
manufacturing process is conducted using a VOLTERA — showcased in Figure 6.6 — printing
machine, where the generated schematics of the PCB are supplied to the machine. As the
machine is printing-based, copper is added to the wafer to generate the connection tracks rather
than being etched. Since the PCB is double-sided, tracks on both faces are printed. The resulting

PCB is showcased in Figure 6.7.
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Printing nozzel

Wafer mounting
surface

Figure 6.6: VOLTERA PCB printing machine. The wafer is placed on the mounting surface

while the printing nozzle supplies cooper onto it

(b)

Figure 6.7: The printed PCB. (a) The top side of the wafer. (b) the bottom side of the wafer.
The connection between the two sides was established by inserting copper rods through the

connection holes
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The different components of the PCB were then added by applying chemical liquid soldering
paste on the connection points. The components are then carefully placed on these connection
points. The PCB is then placed in a surface oven, where it is baked at 90 °C for about two
hours. The purpose of this process is to evaporate all the moisture in the PCB in order to solidify

the liquid solder.

Housing for the PCB is then designed and 3-D printed out of plastic to ensure that the device
weight is kept at a minimum. The final product is showcased in Figure 6.8 as itis 12.5 x 3.5 x
1.8 cm in terms of dimensions and has a weight of 35 g. Straps were added to the PCB housing
to keep the PCB secure when it is attached to the patient's ankle. The entire manufacturing

process was carried out in-house at LIMU laps.

Figure 6.8: Completed version of the wearable accelerometer-based sensor
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6.4 Wearable Device Programming

Although C language is normally used, the coding language used on the PCB microcontroller
is C++. The microcontroller's programming was carried out using Arduino IDE, and hence, an
Arduino was used as a programming platform. This was used as an alternative to AVRISP — a
platform that is used to program AVR microcontrollers — as it is simpler and was already used

during the prototyping of the PCB.

The microcontroller was programmed using a breadboard to establish the necessary
connections to the Arduino. This is the main reason why a THM version of the Attiny85 was
used since detaching it from the PCB is simpler compared to the surface mount type. This was
of great importance as the device went through several calibration procedures that required the

C++ code to be modified.

The accelerometer data sheet states that 0 g output is correlated to an output voltage of 1.5 V
for all three axes. However, due to accelerometer bias (offset), the device was manually
calibrated through a “static gravity” test mentioned in section 6.3. Based on the test results,
initial calibration values — shown in Table 6.1 — were noted and used to program the wearable
device instead of the default values. On the other end, python was used to connect the PC with
the PCB to extract and plot the acceleration data. Figure 6.9 showcases the flowchart of the

data-gathering process for both the PCB end and the computer end.

Codes for both the PCB and computer ends are shown in Appendices-8 and -9, respectively. It
is important to note that the codes for the PCB and the computer — where Python was used —
are written and must be initiated separately. This translates to the fact that after the wearable
device is switched on, the code on the computer needs to be started manually to receive and

plot the data.
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6.5 Conclusion

The key feature of NPH is that it is not associated with an increase in ICP pressure. As a result,
the hakim-triad group of symptoms — the main symptom being the gait disorder — is used to
diagnose and monitor the development of the patient’s condition. This proposes a challenge as
the active shunting system is unable to monitor this condition by only using the pressure sensor
input. As gait disorder is the most common symptom of the hakim-triad, a wearable device was
proposed to monitor it for both diagnosis and monitoring purposes. Currently, the physician
analyses gait visually during the gait test without the input of any quantitative data. The choice
to use a wearable ankle-attached accelerometer-based wearable device for gait analysis was
made as it is the most practical option out of the available methods. Most importantly, it offers

mobility and can be used by the patient at home to provide data on a regular basis.

The device mainly consists of a small microcontroller, a 3-axis 3.7 g accelerometer, a bluetooth
module, and a 3.7 V battery. The choice to use an accelerometer over a gyroscope was made
as the accelerometer can provide a more usable type of data and would result in fewer
restrictions regarding the placement of the wearable device. The microcontroller is
programmed using C++ to send accelerometer readings through the bluetooth module to a
nearby computer. A Python script on the computer handles oncoming real-time data and
provides a graph of measured readings. An initial prototype was assembled to ensure the
operation of the wearable components and to calibrate the code used on the microcontroller.
The device was manufactured by utilising a PCB printing machine, where copper tracks were
printed on a wafer to print the tracks needed for the PCB to function. The components were
then attached to their connection points on the wafer by using liquid solder. The resulting

wearable device is 12.5 x 3.5 x 1.8 cm and weighs around 35 g.
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Chapter 7

VALIDATION AND EVALUATION

7.1 Introduction

This chapter presents the validation and performance evaluation of the designed
electromechanical valve and the developed wearable NPH gait device. The validation of the
electromechanical valve is carried out through the verification of the data produced from the
structural and fluid dynamic simulations conducted in chapter five. In terms of performance
evaluation, comparisons between the designed valve and current systems — both currently used

shunts and systems proposed in literature — are carried out.

Validation is achieved for the wearable gait device by carrying out a vibrational analysis test.
This test showcased the functionality and accuracy of the device and was used to properly
calibrate it, as the static gravity test — mentioned in section 6.3 — used to calibrate the device
initially was not the ideal method. This functional experimental test is used to ensure that the
device is operating as designed. For the evaluation process, comparisons between the

developed device and the other devices available in the literature are also carried out.

The validation process showcases that the parameters of the different components of the
designed electromechanical valve are accurate. The developed NPH wearable sensor is proven
to produce accurate acceleration data. Performance evaluation of both devices showcases their

prospective advantages and disadvantages compared with other devices.



Chapter 7: VALIDATION AND EVALUATION 150

7.2 The Electromechanical Valve

The designed valve validation process is conducted by verifying the produced data during fluid
and structural simulations. The validation process is not for the entire valve but rather for the
individual components designed in chapter 5. The validation of the flow compartment
simulation, the spring structural analysis, and the piezoelectric element design are carried out
separately. Evaluation of the valve is conducted through comparisons between the design and
the valves available in the literature showcased in section 2.3.2. Mathematical modelling is
also carried out to assess the electromechanical shunt performance in comparison with passive

and fully automated valves.

7.2.1. Valve Validation

The first step is to verify the computational fluid dynamics results used to understand the flow
in the flow compartment. Usually, the process of validating CFD results includes comparing
them to other similar studies and simulations using absolute values. It can also be conducted
using experimental results as a reference point. However, since neither is available for the CFD
simulation conducted, the second-best option is verifying that the simulations have produced
accurate results. This is achieved by carrying out a mesh independence analysis. This is not a
full validation, but it can assist in evaluating the accuracy of the simulation conducted.

Mesh independence means that the simulation mesh (cells) has reached a point where it will
yield the same or very similar results even if a finer mesh is used. To this end, nine simulations
were conducted for the same pressure point using the same settings and only increasing the
number of cells in each iteration. The pressure point used for this validation is 20 mmHg at the
supine position. A total of nine points (simulations) are used to produce Figure 7.1. At first, the
output values (force on the ball) change significantly with the increase in mesh size. This is

because the mesh is still too coarse to yield accurate results at that point. However, at the point
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of 50,000 cells and onward, the profile starts to flatten. This indicates that the simulation is

reaching a mesh independence status.
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5.80E-04
5.60E-04
5.40E-04
5.20E-04

5.00E-04

Force against the ball (N)

4.80E-04
0 50000 100000 150000 200000

Mesh size (cell number)

Figure 7.1: CFD simulation mesh independence chart. The pressure point used is 20 mmHg at

the supine position. The minimum number of cells used is 10,000, and the maximum number

used is 176,000

The last two simulations used a cell count of 150,000 and 176,000, yielding 5.95 and 6 E-4 N
force outputs, respectively. This is an insignificant difference of 0.8% between the two outputs,
so it was concluded that mesh independence was achieved at 176,000 cells. Table 7.1

showcases the resulting forces from the first simulation with the minimum cell count and the

last two simulations conducted.
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Table 7.1: CFD mesh independence analysis force output

Simulation No. Cell count  Force output (E-4 N) Error
Ist 10,000 4.98 16%
8th 150,000 5.95 0.8%
9th 176,000 6 <0.8%

The next step is the validation of the results obtained from the structural simulation during the
spring design step. This is achieved by checking the reaction forces (RF) resulting from the
displacement applied during simulation. These RFs should be equal to the forces resulting from
the pressure points in Table 5.3 or F,,, and F,,;;, in Table 5.4. This means that the reaction
forces should be equal to the forces correlating to the displacement applied in the simulation.
The reaction forces during maximum and minimum pressure in both the supine and flat
conditions are obtained from simulations. The RFs are obtained at the fixed boundary condition
— Figure 5.6 — and are measured as shown in Table 7.2. The measured reaction forces are equal

to the previously calculated values in Table 5.3, thus validating the spring’s dimensions.

Table 7.2: FEA measured reaction forces (RFs)

=
ICP ,§ Reaction force (E-3N) .2  Reaction force (E-3 N)
2 5
20 o 0.58 E 1.46
10 A 0.13 A 1.06
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A mesh independence analysis is carried out to ensure that the number of cells and mesh used
during the structural analysis is sufficient and that the results obtained from the simulations are
accurate. A total of eight points (simulations) are used to produce Figure 7.2. These eight
simulations were run at maximum loading conditions of 20 mmHg. As can be seen at first, the
output values (von-mises stress) change significantly with the increase in mesh size as the mesh
1s too coarse to yield accurate results. However, at 70,000 cells and onward, the profile starts

to flatten, indicating that the simulation is reaching a mesh independence status.
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Figure 7.2: FEA simulation mesh independence chart. The spring condition used was at
maximum conditions of 20 mmHg, corresponding to a 2.22 mm displacement. The minimum

number of cells used was around 10,500, while the maximum was 167,000

The last two simulations used a cell count of 140,000 and 167,000. The resulting von-mises
stress for both simulations is force outputs of 51.06 and 51.09 MPa, respectively. This is a
difference of 0.05%, so it was concluded that mesh independence was achieved at 167,000

cells. Table 7.3 showcases the force output from the first and last two simulations.
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Table 7.3: FEA mesh independence analysis force output

Simulation No. Cell count Force output (MPa) Error
Ist 10,500 49.5 3%
7th 140,000 51.06 0.06%
8th 167,000 51.09 <0.06%

The last step is the validation of the ultrasonic element design and parameters. This 1s achieved
through the validation of the E (3,1) mode showcased in Figure 5.12. During the design process,
it was assumed that the piezoelectric element exhibits an E (3,1) excitation mode when
deformation is mirrored on both major axes of the piezoelectric sheet. Since the frequency
analysis produces relative displacement values that are not real, they can be compared to other
simulation displacement results. Hence, the produced results are compared with those of
Vyshnevskyy et al. [146]. This was carried out for the 13 X 6 x 2 mm and the 20 X 9 x 2 mm
sheets under 294.8 kHz and 178 kHz excitation, respectively. Figure 7.3 shows relative
displacement on the top plane of the piezoceramic element — Figure 5.11 — at t/2, where the X
and Y relative displacement (amplitude) is compared with Vyshnevskyy et al. [146] results.
Note that although the three sets of points — Figure 5.15a — are not an exact match for X
amplitude, their profiles are the same. This is the same case when it comes to the Y amplitude
seen in Figure 5.15b, where the two sets of points also do not exactly match but have the same
profile. This is most likely a result of the difference in size between the piezoceramic sheets as
Vyshnevskyy et al. [146] sheet size was 60 x 9 x 30 mm, which is much larger than the sheets
used in this study. The symmetry in both the X and Y amplitudes around the middle section of
the sheet (L/2) is very clear in all profiles. This validates that the two piezoelectric elements do

exhibit E (3,1) modes under the specified frequencies.
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Figure 7.3: Piezoceramic sheet deformation results. The data taken from Vyshnevskyy et al.
[146] is experimental and not from a simulation. (a) Relative X amplitude. (b) relative Y

amplitude
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7.2.2. Valve Evaluation

Mathematical modelling for both fully automated and passive valves was carried out in chapter
four. It showed how each of these valves has its prospective advantages and disadvantages.
Another mathematical simulation is carried out for the proposed electromechanical valve to
showcase its advantages over the fully automated and passive valves. The Simulink simulation
layout showcased in Figure 4.1 with the parameters in Table 4.1 are used again. However, the
blocks representing the controlled and passive valves are replaced with a block representing
the electromechanical valve. This block is showcased in Figure 7.4, as it takes into

consideration both the ultrasonic motor and the passive ball-in-cone systems.

CSF volume drained by the ball-in-cone system is the same as outlined by eq 4.8, where CSF
is only drained when the pressure difference at the inlet of the valve exceeds the designated
valve opening pressure (OP). This OP is not fixed in the electromechanical valve, as the
ultrasonic motor controls it. It changes with the change in hydrostatic pressure to ensure over-

drainage does not occur. The motor controls the OP, as shown by the following equation:

Psetting - Pdistal ’ Phydrostatic <0

OP(t) = { eq7.1

Psetting - Pdistal + Phydrostatic(t) rPhydrostatic =0

Where Pgetring 18 the pressure that ICP must be kept at (mmHg). In the simulation conducted,

the valve was set to keep ICP at 15 mmHg. The rest of the parameters and ICP simulation

blocks are obtained from Table 4.1 and Figure 4.1.
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Figure 7.4: The electromechanical valve simulation block. Both the passive valve status and

the ultrasonic motor status are available as outputs
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Figure 7.5: Electromechanical valve dynamic modelling results. It shows both the passive valve

status and the ultrasonic motor status

The modelling results of the electromechanical valve seen in Figure 7.5 above show the nature
of the resulting ICP signal. The smooth signal is a direct result of the continuous operation —
as discussed in section 4.2.3 — of the passive side of the valve. The electromechanical valve
goes through 427 open/close cycles, making it ten times more active than the fully automated
valves — with 41 open/close cycles — and about three times more active than the passive — with
132 open/close cycles — valves. Furthermore, ICP is minimally affected by the hydrostatic
pressure resulting from changes in the patient's head position, as ICP is still kept within the 15
mmHg limit. This is the result of the motor's interference as it changes the OP of the valve to
accommodate the increased pressure. This is achieved with minimal activation of the
ultrasonic element, keeping power draw to a minimum. To summarise, the results showcase
how the electromechanical valve makes use of the standard valve's active response and the
fully automated valve's controllability while negating the issues of hydrostatic pressure effects,

power draw, and low activeness associated with both types of valves.



Chapter 7: VALIDATION AND EVALUATION 159

Different aspects of the electromechanical valve must be considered when its evaluation is
conducted. These aspects include how the valve manages both the fundamental and operational
challenges facing the current passive valve discussed in section 2.2.2. To this end, the valve
operation must be weighed against both passive valves and new types of valves found in

literature in terms of how they manage these issues, as showcased below.

a. Malfunctions Detection

Of the valves reviewed, only the electromechanical and Webster et al. [27] shunts offer the
feature of malfunction detection. Webster et al. [27] STB shunt offers the option to detect
only blockage occurring within the valve as it does not support the detection of any other
types of faults, such as disconnections or catheter migration. Furthermore, for this detection
process to be carried out, the patient must undergo an ultrasound scan as the valve STB shell
deformation — which indicates the status of the valve — can only be seen through ultrasound
imaging. On the other hand, the electromechanical valve can keep track of fault status
without the need for external intervention or machinery. The system makes use of multiple
sensory inputs — such as ICP and accelerometer sensors — to monitor and detect malfunctions
within the shunt. In addition, the patient feedback is considered as reports of any unexpected
symptoms or issues can be made through the mobile app linked to the shunt implanted
system. The main advantage of the electromechanical shunt detection method over Webster
et al. [27] is that it can offer constant monitoring of the shunt status without the need for an

external process such as an ultrasound scan.

b. Blockage Management

Chung et al. [25] produced the only shunt design that is capable of managing or clearing
blockage. The issue with blockage management is that 60 % of it occurs in the proximal

catheter. As the proximal catheter is connected to the cranial cavity, any flushing motion in
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an attempt to clear the blockage can interfere with the brain hydrodynamics. For this exact
reason, Chung et al. [25] attempt to create this flushing motion on all parts of the shunt
except for the proximal catheter, as his design includes a silicon check valve to make sure
this motion does not reach the brain. The electromechanical valve does not offer any solution
regarding the blockage management issue, as all possible solutions reviewed were deemed

disadvantageous.

c¢. Siphoning Management

Managing hydrostatic pressure is a feature that the majority of the systems reviewed offer.
The passive shunts navigate the issue through the use of gravitational valves, which can alter
the valve OP based on the patient's position. The issue is that due to their nature, these valves
can cause under-drainage as they need to be precisely implanted since any change or rotation
in their positions can change their pressure setting. Johansson et al. [13] design offers
siphoning management through the use of a third catheter to compensate for that excess
hydrostatic pressure. In addition to the larger footprint caused by the third catheter, this
system also has reverse flow issues. Chappel's [26] solution to this issue is to ensure a
constant outflow of CSF regardless of ICP pressure or the effects of hydrostatic pressure.
The issue with this design is that it focuses on constant flow rather than ICP management.
Miniature shunts [28-30,32] do not face the hydrostatic pressure issue as these valves are
implanted directly above the brain without the need for catheters. The electromechanical
valve utilises accelerometer feedback to change the system OP based on the patient's
position. The miniature valves are more suited for combating this issue because they

circumvent it entirely.
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d. Events Recognition
The electromechanical valve is the only option equipped with the hardware needed to
identify sneezing and coughing events. When the system identifies these events, the valve
can be temporarily locked to ensure no unnecessary drainage can take place. Chappel's [26]
device does not recognize events, but it does not permit them to cause over-drainage as its

operation method provides a constant CSF flow.

e. Ranged Pressure Settings

The only two devices that offer ranged pressure settings are the electromechanical shunt and
the passive — the programable — valves. However, while the passive valves require pressure
setting revisions to be made on-site using specific magnetic tools, the electromechanical
shunt can utilise its actuator and internet connection to achieve the same results without the

need for a hospital visit.

Table 7.4 showcases those comparisons between these valves and the electromechanical valve.
It is clear that the main drawback of the electromechanical valve is its inability to manage
blockage issues. This was discussed in section 4.3.2, as introducing a micro pump to the
electromechanical system is the only method that can resolve this issue. However, it was
decided that the issues associated with the use of a pump outweigh the benefits. Of the five
main features showcased in Table 7.4, the electromechanical shunt possesses four of them.
Unexpectedly, the next best performance — in addition to the Chappel [26] valve — is for the
passive classical shunts currently in use. Another possible drawback of the electromechanical
shunt — not included in Table 7.4 — is its cost. A single passive shunt ranges between £1100
and £2300 [14-16]. The cost of a single electromechanical valve is estimated at around £1755,
as shown in Appendix-11. However, additional costs are associated with the overall system of

the electromechanical shunt, such as database setup and sensors. It is obvious that the startup
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costs of the electromechanical shunt system are higher than those of other systems. However,
the operating costs are lower because this system does not require pressure settings revisions

to be made onsite in the clinic.

It can be summarised that the electromechanical shunt has a better performance than current
passive shunts and those proposed in the literature. The proposed shunt covers five out of the
six main features associated with the challenges that face hydrocephalus shunting. The fact that
current passive shunts deliver the second-best performance further shows the stagnation in

innovation associated with HC shunts.
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Table 7.4: Performance evaluation of the electromechanical valve. The evaluation revolves around how the electromechanical valve manages

certain issues compared with other valves

Miniature
Shunts Electromechanical Passive Chung et al. Johansson Chappel Webster . c
shunts omments
shunt shunts [25] et al. [13] [26] et al. [27]
Features [28-30,32]
Webster et al. [27] shunt only
. detects blockage malfunction,
M(z;Lftlélcltcit(:gns J X X X X J X while the electromechanical shunt
can detect other types of
malfunctions.

Blockage Blockage management proposed
management X X / X X X X Ezlft uCr}elung et al. [25] is manual in
Miniature valves are the best when
Siphoning J J X J J X / it comes to the problem of the
management siphoning  effect, as  they

circumvent the issue entirely.
The electromechanical shunt can

it v X X X v X X ' ' '

o e recognize coughing and sneezing

Recognition events that lead to ICP spikes.
Revisions of passive shunts must
Ranged be conducted manually in the
pressure / / X X X X X clinic, while the revision for
settings electromechanical ~ shunts s

conducted wirelessly.
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7.3 The Wearable Device

The ideal method to test the usability of the wearable device to identify and detect gait pattern
changes related to NPH is through patient trials. The second-best option is to conduct a
functionality test on the wearable device, as this can showcase the device's ability to produce
accurate data. Performance evaluation is carried out by comparing the developed device against

other devices used in the literature.

7.3.1. Wearable Device Validation

The most crucial step is the validation of the device readings, where its ability to deliver
accurate data is tested and confirmed. Furthermore, the calibration conducted during
prototyping — section 6.3 — relied only on the static gravity test, which can be accurate to an
extent. However, the calibration during the experimental testing of the device is more accurate

as it is conducted using different levels of acceleration (g).

Accelerometers are usually tested using what is called a vibration testing and analysis system,
also termed the “shaker” test. The shaker is a device that delivers vertical measured oscillation.
The shaker used to test the wearable device is the K2004E004 miniature shaker — showcased
in Figure 7.6 — that PCB PIEZOTRONICS produces since it is an ideal shaker for testing low
g systems as the wearable device has a low range of 3.7 g. The wearable device is glued to
the platform that supplies this vertical oscillation. The g data resulting from the sensor is then
compared to the shaker’s supplied oscillation. Figure 7.7 shows the wearable device axes
orientation when it is attached to a patient's ankle. Three separate tests are conducted for each

one of the three axes.
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Shaker vertical
moving platform

Figure 7.6: K2004E004 miniature shaker. The wearable device is attached to the moving

platform

Wearable device

Figure 7.7: Wearable device axes orientation

The normal shaker test procedure consists of attaching two accelerometers to the moving
platform, the one that requires testing and a high precision already calibrated reference
accelerometer. The results of both accelerometers' outputs are compared with those of the
shaker oscillation and each other. For this to be possible, both accelerometers must be

hardwired to the shaker control module as this enables the three acceleration data sets to be in
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sync with each other, which means that they can be compared together in a single time and
acceleration graph. However, the wearable device to be tested streams data wirelessly and does
not have the hardware required to link it to the shaker control unit. That means the normal test
procedure will produce two separate profiles, which are the shaker and reference accelerometer
and the wearable device profile. Hence, the comparison between the two profiles is going to be
strictly visual, which can be problematic since the differences between them can be too small

to assess visually.

A different testing procedure was used to work around this sync issue. The shaker was set to
deliver vertical oscillation at a frequency of 5 Hz and a magnitude of 2 g. The resulting
movement profile is an almost ideal sine wave. The wearable device is placed on the moving
platform, delivering this sine wave oscillation to the sensor. After that, the output voltage data
—which correlates to the resulting acceleration — is gathered wirelessly from the wearable. The
accelerometer results are then compared to a mathematically generated sine wave of the same
magnitude and frequency as the shaker's vertical oscillation. This solves the issue of syncing
the two data sets. The test was conducted three times, where one of the three axes was

positioned parallel to the oscillation direction each time.

The voltage output of each axis is obtained during the shaker test and then post-processed for
calibration purposes. This process includes the calibration of each axis's sensitivity and each
axis's 0 g voltage. The offset values showcased in Table 6.1 are based only on the static gravity
test conducted during prototyping and are not considered very accurate. These parameters are
adjusted so that the resulting g from the gathered voltage data matches the generated sine wave.
The parameters were calibrated to the values showcased in Table 7.5 and used to produce
Figures 7.8, 7.9, and 7.10. They showcase the five cycles results obtained from the wearable

device's X, Y, and Z axes.
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The data obtained from the wearable device is filtered using a digital low pass filter of the fifth
order and a cut-off frequency of 20 Hz. The filter was implemented using MATLAB, which is
a mathematical modelling package. The resulting X-axis unfiltered g profile of the wearable
device — Figure 7.8a — seems to match the generated sine wave where the seen discrepancies
are assumed to be due to noise embedded within the signal. This is further confirmed as the
filtered g profile is an almost ideal match to the sine wave. Figure 7.8b showcases a closer look
at the unfiltered and filtered g profile to further showcase their profiles compared to the
generated sine wave. Figures 7.9 and 7.10 showcase similar results where both the unfiltered
Y- and Z-axis profiles match the generated sine wave profile. It is also noticed that the filtered

profiles are an almost ideal match to the sine wave.

It can be noticed that the unfiltered signal irregularity is more present in the X-axis results —
Figure 7.8 — compared to the other two axes. This is assumed to be a result of not only the
embedded noise but also a result of the presence of resonance during testing. The device was
attached to the shaker where its length protruded from the moving platform during the test since
the X-axis is parallel to the length — Figure 7.7 — of the wearable device. This causes the device
to exhibit minute resonance along its length, which is picked up by the device as signal noise.
The other two axes do not seem to encounter this issue as they are attached to the shaker without
having a significant part of the device protruding from the platform. This is a well-documented
issue when it comes to the vibrational analysis of accelerometers, which is why it is always

recommended that the accelerometer is attached as close as possible to the shaker’s platform

[151,152].
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Table 7.5: Calibration values for the used accelerometer

Axes Sensitivity 0 g Voltage
X-axis 300 mV/g 1.592V
Y -axis 310 mV/g 1.638 V
Z-axis 307 mV/g 1.638 V
3 .
2 SIne wave
) unfiltered
— filtered
&0 0
-1 1
-2
-3
Time (s)
sine wave
unfiltered
— filtered

0.2

Time (s)
(b)

Figure 7.8: Acceleration results of the X-axis shaker test. (a) A 5-cycle g profile. (b) A single
cycle g profile
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Figure 7.9: Acceleration results of the Y-axis shaker test. (a) A 5-cycle g profile. (b) A single
cycle g profile
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Figure 7.10: Acceleration results of the Z-axis shaker test. (a) A 5-cycle g profile. (b) A single
cycle g profile
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Based on the results discussed, it can be concluded that the wearable device output is valid as
it provides accurate acceleration data. However, an NPH patient trial is still required to validate
the diagnosis ability of this evidence as the vibrational analysis test conducted is considered a
functional validation. A gait analysis sample is obtained to assist in showcasing the PCB
functionality. The sample is provided to showcase that the device can identify a clear gait
pattern and that it is probable that it can identify any change or disorder to that pattern in the
case of NPH patients. The PCB is attached to the ankle with the same orientation shown in
Figure 7.7. The random gait sample readings in Figure 7.11 showcase the gait's obvious
periodic nature in the X- and Y-direction. A normal gait is sectioned into three phases, which
are lift motion, stomp motion, and rest phase. Although an NPH patient is not restricted to these
phases, it is important to examine how these phases translate in terms of the accelerometer
readings. This assists in identifying the start and end of each step cycle, as shown in Figure

7.11.

The rest phase g measurement in the X-direction — Figure 7.11a — is 1 (gravity) as the axis is
parallel to the gravity direction. Note how when the lift phase starts, the acceleration is in the
same direction as gravity, causing the measured g to increase. As the stomp phase starts,
negative acceleration causes the measures g to reach roughly a zero. Based on the expected X-
axis readings, the start and end of the step cycle are identified. For g in the Y-axis showcased
in Figure 7.11b, significant acceleration occurs when the front moving motion of the foot
happens. This axis is not parallel to the direction of gravity, so its rest status measurement is
zero. The three gait sections cannot be applied to the Z-axis profile. However, a clear cycle can
be identified in Figure 7.11c. This is considered the motion resulting from the side-to-side
shuffle that occurs during the gait. This is considered an important profile as the gait associated

with NPH patients is often described as a shuffle.
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Figure 7.11: Gait pattern filtered readings. (a) Accelerating readings in the X-direction. (b)

Acceleration readings in the Y-direction. (c) Acceleration readings in the Z-direction
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7.3.2. Wearable Device Evaluation

The evaluation of the wearable NPH device is related to specific specifications that can help
deliver accurate data. Comparisons between the introduced NPH wearable and the devices

available in the literature are carried out below.

a. Device Setup

Accelerometers are more suited for gait measurements as they provide a more suitable g
readings data type compared to the angular values provided by gyroscopes. Sensors with
multiple axes provide more data than those with a single one. For example, a 3-axis
gyroscope can provide data that describes the status of the gait better than a single-axis
accelerometer. The introduced NPH wearable device and Hickey et al. [76] utilise a 3-axis
accelerometer to gather data on all three planes from a single reference point. Tong and
Granat's [71] device provides the least reliable data of the wearables reviewed as a result of
its single-axis gyroscope. Gafurov et al. [73] used two 2-axis accelerometers to measure
readings on the same axes. Although this adds the benefit of having two reference points, it
still neglects measurements from the third axis. Bamberg et al. [74] and Tao et al. [77] have
a similar setup consisting of 2-axis accelerometers and single-axis gyroscopes. However,
Tao et al. [77] sensors gather readings from different locations and axes to ensure a more
comprehensive set of data is obtained. Thus, their device is considered the best performer

in terms of setup compared to the other wearables.

b. Sensitivity

In terms of sensitivity, Gafurov et al. [73] and Bamberg et al. [74] devices possess the
highest voltage-to-gravity sensitivity of 350 mv/g. The introduced NPH device has the

second-best sensitivity of 300mV/g. The least sensitive device of the wearables reviewed is
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Hickey et al. [76], a device with a sensitivity of 60 mV/g. Wearables that utilise gyroscopes

cannot be used as a comparison since different units are used to evaluate their sensitivity.

c. Range

The wearable device that offers the top g range is Hickey et al. [76], as it can measure up to
+8 g. While the developed NPH gait device has the second-highest range of +3.7 g, the
significant difference between its range and that of Hickey et al. [76] device must be noted.
The rest of the wearables reviewed — the ones that utilise an accelerometer - possess a range
of only £2 g. Devices that utilise gyroscopes also cannot be used as a comparison as a result

of measurement unit differences.

d. Location

Tao etal. [77] device consists of sensors placed on three different reference points, including
the foot, knee, and hip. This means that a more comprehensive quality of data is obtained.
The rest of the devices reviewed — including the developed NPH device — have sensors
placed in the ankle/foot except for Hickey et al. [76], as their sensor is placed on the lower
back. The ankle/foot is the area where g fluctuation is heightened in terms of gait
measurement, and that is why it is considered a better sensor placement position for a single

reference point device.

e. Sampling Rate

The max sampling rate of the devices reviewed — including the developed NPH device — is
100 Hz. Gafurov et al. [73] device has a sampling rate of 16 Hz, which is the lowest of the
reviewed devices. This is an important parameter since a high sampling rate provides gait

patterns with higher definition.
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The accelerometer used on the NPH device provides g readings on all three axes, meaning that
a single sensor is sufficient to provide inclusive data. There is a trade-off between the range
and the sensitivity of accelerometers. An accelerometer of median range and sensitivity is used
as it is ideal for the application at hand. The accelerometer is sensitive enough to provide
accurate data — as seen in Figures 7.8, 7.9, and 7.10 — and has enough range to carry out gait
analysis, as showcased in Figure 7.11. Sensor placement is very important as the ankle is
chosen since it is the area where g values are heightened. The sampling rate is important as the
higher it is, the more accurate the data obtained is. However, the capability of both the sensor

and the microcontroller means that there is a cap to that sampling rate.

A summary of the specifications of the wearable device compared to other devices used in the
literature is showcased in Table 7.6. This device's main advantage is its high V/g sensitivity,
which is apparent from the accurate readings obtained from the shaker test. This corresponds
to the device's main drawback of a median g range, as the lower the range, the higher the
obtained sensitivity. However, the device has a better sensitivity to range balance compared to
the other accelerometer-based devices. It is important to note that this device is intended to be
used by the patient off-site (outside the clinic) to monitor the progression of their NPH
condition. Hence, a simple setup is extremely important, which is why a single sensor attached
to a single location is used rather than a complex setup of multiple sensors attached to multiple

locations.
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Table 7.6: Evaluation of the wearable device. The evaluation is in terms of the specifications required for the devices to produce accurate and

usable data

VALIDATION AND VALUATION

Devices Wearable NPH Tong and Gafurov et al.
Bamberg et al. [74] Hickey et al. [76] Tao et al. [77]
device Granat [71] [73]
Features
. Two 2-axis accelerometers 2-axis accelerometer
. . Two 2-axis .
Setup 3-axis accelerometer ~ 1-axis gyroscope and 3-axis accelerometer and
accelerometers . .
two 1-axis gyroscopes two 1-axis gyroscopes
350 mV/g 312 mV/g
Sensitivity 300 mV/g 11 mV/%s 350 mV/g and 60 mV/g and
12.5mV/°/s 12.5 mV/°/s
g 2g
Range +3.7¢g 90 °/s +2g and +8 g and
150 & 300 °/s 300 °/s
Location Ankle Ankle Ankle Foot Lower back Hip, Knee, and foot
Sampling rate (Hz) 100 50 16 75 100 100
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7.4 Conclusion

The electromechanical valve validation process is conducted by validating the valve's flow
compartment, spring system, and ultrasonic element. The flow compartment CFD simulation
was validated by carrying out a mesh independence analysis, proving that the simulation
yielded accurate results at a 176,000 cell count. A similar analysis for the spring structural
simulation proved that appropriate results were obtained at a mesh of 167,000 cells. Another
validation was conducted for the spring structural simulation through a reaction forces (RFs)
check, where the RFs obtained from the simulation — shown in Table 7.1 — are found to be
equal to forces — Table 5.4 — obtained during the spring initial design. The ultrasonic element
design was validated by ensuring that the E (3,1) mode during the design step is indeed an E
(3,1) excitation mode. This was achieved by comparing the displacement results obtained from
the frequency analysis — Figure 7.3 — to those of Vyshnevskyy et al. [146], as they both showed
similar profiles. Through mathematical modelling, the shunt proved that it is capable of
combating the hydrostatic pressure associated with the use of passive systems while
maintaining an activeness level that is three times higher than those passive systems. The
electromechanical shunt's evaluation revolved around general features related to the issues that
face HC shunting. The electromechanical shunt showed that it possesses four of these five main

features, with its only main drawback being its lack of blockage management.

A vibrational analysis test was carried out to validate the wearable device. The test utilized a
shaker that supplied a 5 Hz sine wave vertical oscillation. The device output while it was
attached to the shaker was recorded and compared to a mathematically generated sine wave
similar to that of the shaker. This was carried out as the device cannot be connected to the

shaker’s controller, which means its output could not be synced to the shaker’s recorded
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oscillation. Ata 0 g voltage of 1.5923 V for the X-axis and 1.6385 V for the Y- and Z-axis, the

device proved that it could provide accurate g data, as showcased in Figures 7.8, 7.9, and 7.10.

An experiment was intended to be carried out on NPH-suspected patients at the Walton Centre
for Neurology and Neurosurgery. However, at the time this work was being conducted, the
COVID-19 virus became a global epidemic. As a result, accessibility to the patients became

complicated as they are in a high-risk category due to their age. A detailed protocol for the trial

is available in Appendix-10.
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Chapter 8

CONCLUSION

8.1 Conclusion

This study aimed to design an agile and active HC management framework that is capable of
addressing and combating the challenges, shortcomings, and failures of the currently used CSF
shunting systems and to further knowledge on hydrocephalus management. These
shortcomings are fundamental and are a direct result of the nature of the systems currently
being used. An active shunting concept — shown in Figure 3.4 — based on a closed-loop system
was proposed to address these issues. The system utilises a proximal catheter-mounted micro
piezoelectric-based pressure sensor, a piezoresistive-based 3-axis accelerometer, a 3.9 V
lithium cobalt-based oxide rechargeable battery, a control unit, and a drainage algorithm that
is also responsible for fault detection. The last component is the electromechanical controllable
valve, which is responsible for diverting CSF. A dynamic analysis was conducted to further
understand the difference between automated valves and passive valves in terms of how they
manage ICP and CSF drainage. Results showed that while automated valves can combat
hydrostatic pressure, passive valves can be up to three times more operationally active than
automated valves, causing a smoother pressure profile output. Based on these results, it was
decided that a hybrid system that utilises both the advantages of automated and passive valves

is needed. It was concluded that the combination of a piezoelectric ultrasonic element and a
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ball-in-cone spring mechanism — shown in Figure 4.3 — possessed the most advantages and was

chosen as the layout for the electromechanical valve.

The design process of the electromechanical valve consisted of a CFD analysis to assess the
level of force subjected to the ball in the ball-in-cone mechanism. The spring design was carried
out using general design formulas and FEA structural analysis, resulting in spring parameters
showcased in Table 5.5. The last step was the design of the ultrasonic element used to control
the spring. A modal analysis was conducted on three PZT-5H models of different sizes to
obtain their E (3,1) resonance modes. A dynamic FEA analysis was conducted on the selected
model, where a voltage input with a frequency equal to the model resonance mode was applied
to it. The resulting PZT-5H element provides a 4 nm step definition when supplied with 3.5 V
at 294.8 KHz frequency. The valve designed has a range of 10 — 20 mmHg and can drain CSF
up to 300 mL/h. Mesh independence analysis shows that accurate results are obtained from
both the CFD and spring structural simulations. A reaction force validation showed that the
RFs obtained during simulation — Table 7.1 — were equal to those used in the initial design step
showcased in Table 5.4. The ultrasonic element E (3,1) mode was validated by comparing the
element frequency analysis displacement results to those of Vyshnevskyy et al. [146]. The
valve evaluation showcased that the valve offers more features than current passive shunts and

those available in the literature, with its main drawback being its lack of blockage management.

An accelerometer-based wearable device was developed for the monitoring and diagnosis of
NPH patients. The device consists of an Attiny85 microcontroller, an HC-05 bluetooth module,
and an ADXL335 3-axis accelerometer. C++ was used on the device to collect g data, while
Python was used on the computer end to receive and plot the data. The assembled device has a
range of +3.7 g with a 100 Hz sampling rate. A vibrational analysis test using a miniature

shaker validated the device's ability to generate accurate acceleration readings when its
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sensitivity and 0 g voltage were calibrated on all three axes to the values showcased in Table
7.3. The device range, sensitivity, placement, and multi-axis use show that it may produce more

accurate results compared to those used in the literature.

8.2 Limitations

Regarding the electromechanical valve, one important design aspect that needs to be sorted is
related to the operation of the ultrasonic element, as it requires to be preloaded. The exact value
of the preloading force needs to be determined. However, this can only be achieved using
experimental methods. Although the level of preloading can affect the ultrasonic element
operation, it is suspected that its impact is minute as the forces the system operates against are
very low. This means that the required preloading can be kept at a minimum. It was verified
that the simulations conducted produced accurate results. However, experimental validation is
required to prove that the produced data is correct and that the valves operate as designed. Also,
the proposed valve does not provide a method to combat blockage issues, as the only way to
approach the issue is through a miniature pump that was deemed unsuitable for the design.
Another issue is related to the gait analysis device, as a trial was intended to be carried out on
NPH-suspected patients. Although a functional validation experiment was conducted on the
device, the trial is needed to confirm if the device is able to assist in the diagnosis and

monitoring of these patients.

8.3 Future Work

Further work must include experimental validation of the designed electromechanical valve, as
this is a natural second step in obtaining a concrete proof of concept. The experiment is to
assess the operation of the proposed valve in terms of whether it can manage ICP and CSF the
same way it was designed to. In addition, required preloading measurements can be carried

out, and its effects on the valve operation can be identified. The design of this experiment,
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including components and methodology, is showcased in Appendix-11. A trial on NPH-
suspected patients is still required in addition to the functional validation performed on the
wearable device. The trial can deliver a definitive answer on the usability of the device on the

diagnosis of NPH by tracking patients' gait patterns before and after CSF drainage.
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Appendix-1: Simulink ICP Model Blocks

These blocks form the general ICP-generating Simulink block in Figure 4.1. They are based
on the mathematical model showcased in section 4.2.1. The exact blocks that represent the used

equations are showcased below.

Figure A1.1: CSF production volume block. It represents the V_Production block in the general

simulation block and is based on eq 4.3

D Scope 3
A
[: Scope 1 -ﬁu

17.5%sin(2*pi*t - pif2)

16000 0.007500617

ABP

Const.
Pa to mmHg conversion
) Scope 2 ﬁ'-..-'
s 12.5*sin(4*pi*t)

Figure A1.2: ABP sine wave block. It represents the ABP block in the general simulation block
and is based on eq 4.4
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Figure A1.3: CSF reabsorbed volume block. It represents the V_Reabsorbtion block in the

general simulation block and is based on eq 4.5
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Figure Al.4: Standard valve block. It represents the Standard Valve block in the general

simulation block and is based on equations 4.8, 4.9, and 4.10
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Figure A1.5: Closed-loop valve block. It represents the Closed Loop block in the general

simulation block and is based on eq 4.11
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Figure A1.6: Blood volume block. It represents the V_Blood block in the general simulation
block and is based on equations 4.12 and 4.13
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Figure A1.7: Tissue volume block. It represents the V_Tissue block in the general simulation

block and is based on eq 4.14

V total

V blood

D,

V tissue

Figure A1.8: Total volume block. It represents the Closed Loop block in the general simulation

block and is based on eq 4.1
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Refrence pressure PO

Figure A1.9: ICP and total volume block. It represents the V_Total block in the general

simulation block and is based on eq 4.15
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Appendix-2: CFD Simulation Methodology

The CFD simulation relies on Navier-Stokes equations — equations 5.1 and 5.2 — showcased in
chapter five. These two equations describe the behaviour and motion of fluids as they make
use of Newton's second law and apply it to the fluid behaviour. These equations undergo
discretization, which refers to the method by which these differential equations can be
approached as a set of algebraic equations. The three methods by which this is achieved include
the finite difference method (FD), the finite element method (FE), and the finite volume method

(FV).

The finite difference method (FD) method is mainly used on geometries that are considered
simple. While the finite element (FE) and finite volume (FV) are similar in principle since they
break the flow domain into a number of elements (mesh), the majority of CFD simulation
packages use the FV method. This includes STAR-CCM+, which is the software used for the

flow simulation in this study.

The FV discretization method functions by separating the flow domain into a number of cells
(mesh). The governing differential equations are then integrated over those cells. The first step
of this method is to introduce the governing equation for the general transport equation — the
transport equation is how a scalar quantity is transported through the fluid - of any property or

variable, which is given as [128]:

d(p @)
dt

+A(ppou)= AT QP)+ Sy eq A2.1
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Where ¢ represents a specific scalar such as pressure or temperature, p the fluid density
(Kg/m?), u is the fluid velocity vector (m/s), I' the diffusion coefficient (m?/s), and S, is a
source term. A is the divergence, which represents the scalar flux leaving or entering the fluid
element. () is the gradient of the scalar, which points to the direction where the scalar is rapidly
increasing. This equation basically represents how a scalar rate of increase is equal to the flux
on convection minus the flux of diffusion of that scalar. This equation is then integrated over

a 3-dimension controlled volume (V) as [153]:

dv+jA(p¢17)dv=jA(FQ¢)dv+fS¢dv eq A2.2

v v v v

Eq A2.2 can take multiple forms based on the flow type, such as Steady or unsteady convection-
diffusion flow. The task of all simulation packages is to find a solution to this equation. The
difficult part of CFD analysis is the simulation of turbulence flow. However, the nature of the

flow modelled in this study was only laminar, requiring no turbulence models to be used.
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Appendix-3: Additional CFD Results

These are samples of the remaining results of the CFD simulation of the valve. Figures 5.3 and
5.4 were showcased earlier as they represent the results for the upper and lower range of the
pressures subjected to the system. As discussed in section 5.2, the total number of pressure
points simulated is 22. The figures below showcase additional samples of the velocity profile

results related to some of these pressure points.

Velocity: Magnitude (m/s) Velocity: Magnitude (m/s)
0.24737 0.37105 049473 061842 0.0000 045259 0.90518 1.3578

0.0006 0.12368 18104 2.2630

(2) (b)

Figure A3.1: CFD simulation results at 12 mmHg. (a) velocity profile at the supine position.

(b) velocity profile at the standing position
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Velocity: Magnitude (m/s)
0.36759 0.55738

0.0000 0.18379

Velocity: Magnitude (m/s)
0.97029 1.4554

0.73517 0.91897 0.0000 0.48514 1.9406 24257

(2) (b)

Figure A3.2: CFD simulation results at 15 mmHg. (a) velocity profile at the supine position.
(b) velocity profile at the standing position

Velocity: Magnitude (m/s)
0.70784

Velocity: Magnitude (mi/s)
0.0000 0.23595 0.47190 1.0319 1.5479

0.94379 1.1797  0.0000 0.51595 2.0638 2.5798

(2) (b)

Figure A3.3: CFD simulation results at 18 mmHg. (a) velocity profile at the supine position.
(b) velocity profile at the standing position
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Appendix-4: Spring Mathematical Model

The general design equations used in section 5.3.1 are based on this model. A simple second-
order mass-spring-damper-external force mechanical system is used to describe the spring.
Figure A4.1 showcases the model for this system, where B is the dampening factor (N) that
represents all dampening effects whether they are mechanical due to spring structure or
dampening as a result of fluid flow, K is the spring stiffness (N/m), m is system mass (Kg),
F (t) is the external force applied to the system, and x is the displacement of the system due

to deformation (m).

X‘ Kx d
Ty K + B b
x=0— ]K — I g
+X | S
v
m
F (1) mg

Figure A4.1: Model for the mass-spring-damper mechanical system

Starting with Newton's second law:

JF=m.a eq A4.1
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Where a is acceleration (m/s?), which is the second derivative of distance leading to the

following equation:

SF=m — eq A4.2

There are five force components affecting the mass-spring-damper mechanical system. The
first is the force created by gravity acceleration (g), which is proportionate to the mass (m).
The second is the force exerted as a result of the spring stiffness that actively works in the
direction of the spring reference point. It is proportionate to the spring stiffness (K) and spring
displacement (x). The third is the force opposing the weight of the mass in order to restore the
spring, which is proportionate to spring stiffness and initial starting point displacement

resulting from gravity (s). The fourth force component is the damping force that actively works

to prevent displacement and is proportionate to the damping factor (B) and velocity (%) of

deflection. The last component is the external force applied to the system F (t) [154,155]. An
illustration of these components can be seen in Figure A4.1. This leads to the following
equation:

dx

2 F=mg—Kx—Ks—B
g dt

+ F (0) eq A4.3

By setting the reference point as the equilibrium point, the term mg — Ks can be taken as 0.
From eq A4.2 and eq A4.3, the below equation is conceived, which is the model used for this

system.

2

d“x dx
F(t)=m—+B —+K eqA4.4
(t) mdt2+ dt+ x q
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Appendix-5: Additional Spring Designs

The spring properties calculated and selected in Table 5.5 are based on a wire diameter (d) of

0.06 mm, a mean diameter (D) of 1.8 mm, and the strength properties of Magnesium AZ91E-

T6. The tables below showcase some of the other design attempts using different wire and

mean diameters and other materials. The red cells on the tables indicate that the property

showcased has deteriorated, while a green cell indicates that the property has improved

compared to the selected design in Table 5.5.

Table AS5.1: Calculated spring parameters for a wire diameter (d) of 0.08 mm. Compared with

the selected spring, this diameter provides better stability as it lowers the value of C. However,

the spring's natural frequency has also decreased, making the spring susceptible to surge. The

number of total coils also increased significantly, which can cause difficulties during

manufacturing
Parameter Value Parameter Value Parameter Value
K 0.66 N/m Tmax 14 MPa 0 2.23 mm
L¢ 42 mm N, 225 ey 0.52
d 0.08 mm Ly, 1.8 mm Fy 1.917E-05 N
C 22.5 Fy, 1.6 E-3N m 1.16E-06 Kg
K, 1.06 TL 149 MPa ;
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Table A5.2: Calculated spring parameters for aluminium 6061-T6. Compared with the selected
spring, this material has a shear modulus of 26 GPa, which is higher than Magnesium AZ91E-
T6. The spring's natural frequency is less than the selected design, making the spring more

susceptible to surge, and the number of total coils also increased

Parameter Value Parameter Value Parameter Value
K 0.66 N/m Tmax 32 MPa 0 2.23 mm
Le 4.2 mm N, 11 %1 0.52
D 1.8 mm Lo/ 23
d 0.06 mm Ly, 0.6 mm Fy 1.917E-05 N
C 30 FL 23E-3N m 3.15E-07 Kg
K, 1.04 TL 514 MPa

The results showcased represent a sample of the multiple calculations carried out using
different materials and different parameters. The selected spring parameters in Table 5.5

proved to provide the best spring parameters.
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Appendix-6: Additional Spring FEA Results

The finite element structural analysis results that were used to verify the spring initial design
are showcased in section 5.3.2. The figures below showcase additional results for the spring

under different operational conditions.

5, Max. Principal
(Avg: 75%)
+3.338e+06

+1.071e+06
+8.446e+05
+6.179e+05

Figure A6.1: FEA principal stress results at 10 mmHg at the supine position
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5, Max. Principal

(Avg: 75%)
+1.318e+07
+1.229407
+1.139407
+1.050e+07
+9.602e+06
+8.707e+06
+7.812e+06
+6.916e+06
+6.021e+06
+5.126e+06
+4.231e+06
+3.336e+06
+2.441e+06

N

Figure A6.2: FEA principal stress at 20 mmHg at the supine position

3, Mises

(Awg: 75%)
+2.07 2e+07
+1.934e+07
+1.797e+07
+1.660e+07
+1.523e+07
+1.385e+07
+1.248e+07
+1.111e+07
+9.732e+06
+8.359¢+06
+6.986e+06
+5.613e+06
+4.240e+06

Figure A6.3: FEA von-mises stress results at 20 mmHg at the supine position
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S, Max, Principal

(Avg: 75%)
+2.380e4+07
+2.218e+07
+2.056e4+07
+1.895e407
+1.733e4+07
+1.572e407
+1.410e4+07
+1.249e+07
+1.087e4+07
+9.253e4+06
+7.637e4+06
+5.021e4+06
+4.406e4+06

Figure A6.4: FEA principal stress results at 10 mmHg at the standing position

3, Mises

(Avg: 75%)
+3.740e+07
+3.492e+07
+3.244e4+07
+2.996e+07
+2.748e4+07
+2.500e4+07
+2.253e4+07
+2.005e4+07
+1.757e+07
+1.509e407
+1.261e+07
+1.013e+07
+7.653e+06

Figure A6.5: FEA von-mises stress results at 10 mmHg at the standing position
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Appendix-7: Additional Modal Analysis Results

As mentioned in section 5.4.2, three sheets were used in the modal analysis process. The first
200 resonance frequencies were extracted for all three sheets during this process. These
resonance modes are then reviewed until frequencies that produce an E (1,3) mode are
identified for each sheet. Figure 5.12 represents the identified E (3,1) modes for the two largest
sheets, as no E (3,1) mode was identified for the smallest sheet. Below are samples of these

600 resonance modes that were obtained and reviewed.

Figure A7.1: Resonance mode of the 7 x 3 x 1 piezoelectric sheet at 318 KHz
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Figure A7.2: Resonance mode of the 13 x 6 x 2 piezoelectric sheet at §1.9 Hz

Figure A7.3: Resonance mode of the 20 x 9 x 2 piezoelectric sheet at 143 KHz
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Appendix-8: Microcontroller C++ Code

#include <SoftwareSerial.h>
#define txPin 0

#define rxPin 1

#define xpin A3

#define ypin A2

#define zpin Al
unsigned long counter=0;
int xa;

int ya;

int za;

float acc_calibx;

float acc_calibz;

float dig;

float x_g;

floaty g;

float z_g;

unsigned long tim;

SoftwareSerial BTSerial(rxPin,txPin);

void setup() {
BTSerial.begin(115200); ¥

void g_calc( {
xa = analogRead(xpin);
ya = analogRead(ypin);
za = analogRead(zpin);
dig=3.7/1024;
acc_calibx=1.5923;
acc_calibz=1.6385;
x_g=((xa*dig)-acc_calibx)/0.3;
y_g=((ya*dig)-acc_calibx)/0.31;
z_g=((za*dig)-acc_calibz)/0.307;

void disp() {
BTSerial.print("s");
BTSerial.print(counter);
BTSerial.print("b");
BTSerial.print(x_g, 7);
BTSerial.print("b");
BTSerial.print(y_g, 7);
BTSerial.print("b");
BTSerial.print(z_g, 7);
BTSerial.print("b");
BTSerial.print(millis());
BTSerial.print("e"); }

void loop() {
counter++;
g _calc();
disp(); f

/*import software serial library*/
/*assign pins specific notations*/

/*define code variables and their types*/

/*define the bluetooth serial connection pins*/

/*serial communication establishing function*/
/*communication baudrate*/

/*function to calculate acceleration®/

/*linking variables to analog readings*/

/*analog to voltage conversion factor*/
/*defining 0 g voltage output*/

/*conversion from voltage to g*/

/*data streaming protocol*/
/*start of the current data cycle*/

/*to separate streamed data*/

/*ending of the data cycle*/

/* looped function*/
/*readings counter*/

/*g calculation function*/
/*data streaming protocol*/
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import bluetooth as b #import bluetooth library for connection

import matplotlib.pyplot as plt #import matpltlib library for plotting

import numpy as np #import numpy library

import keyboard as k

import csv #reading and writing library

print("") #visual output to signal code start-up

print (‘initializing.................. "

print ("Searching for devices...") #visual output to signal bluetooth search

print (l”l)

available devices = b.discover devices() #search available bluetooth devices

num =0

print ("Available devices are:")

for i in available devices: #a loop to print a list of available bluetooth devices
num+=1
print (num ,": ", b.lookup name( i ))

print("")

selection = int(input("select number of desired device >>>>>")) — 1 #user input their device list number

print ("'You have selected", b.lookup name(available devices[selection])) #device selection based on user input

device address = available devices[selection]

print("")

port=1

sock = b.bluetoothSocket( b.RFCOMM )
sock.connect((device address, port))

file_ name = input("file to be created for data storage >>>")
file = open(file name + ".txt","w+")

stream = 0
command =
print ("device ready.....")

print("press s to start / p to pause / e to end process")

nn

def plotting():
t=[]
ti=1]
gx=1]
gy=1]
gz=]
with open(file_name + ".txt",'r') as csvfile:
plots = csv.reader(csvfile, delimiter="\t")
for row in plots:
ti.append(float(row[4]))
gx.append(float(row[1]))
gy.append(float(row[2]))
gz.append(float(row[3]))

tr = np.array(ti)

t = tr - ti[0]

plt.subplot(2, 1, 1)

plt.plot(t,gx, label="raw data')
plt.ylabel('acceleration in x direction (vertical)')
plt.title('3-axis acceleration pattern')

#address of the selected device

#defining an SPP socket

#establish socket connection to the device
#creation of a txt file name

#file creation

#visual output to signal data gathering start
#define a plotting function

#defining plots variables

#opened the created txt file
# link variable to file and identify data dividers

#specify each data type within the file

#define a time counter

#plot x-axis data
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plt.legend()

plt.subplot(2, 1,2)
plt.plot(t,gy, label="raw data')
plt.xlabel('time (milli-second)’)

plt.ylabel(‘acceleration in y direction (longitudinal)')

plt.legend()

plt.subplot(2, 1, 3)
plt.plot(t,gy, label="raw data')
plt.xlabel('time (milli-second)’)

plt.ylabel('acceleration in y direction (longitudinal)')

plt.legend()
plt.savefig(file name + ".png")
plt.show()

def data_protocol():

counter =
X g= "

y g= "

z —m
ti_n%= "

while True:
buffer = sock.recv(1)
if buffer.decode("utf-8")=="s":

while True :
buffer = sock.recv(1)
if buffer.decode("utf-8") =="b":
file.write (counter + "\t")
break
counter = counter + buffer.decode("utf-8")

while True:
buffer = sock.recv(1)
if buffer.decode("utf-8") =="b":
file.write (x_g + "\t")
break
X_g=x_g + buffer.decode("utf-8")

while True:
buffer = sock.recv(1)
if buffer.decode("utf-8") =="b":
file.write (y_g+ "\t")
break
y_g=y_ g+ buffer.decode("utf-8")

while True:
buffer = sock.recv(1)
if buffer.decode("utf-8") =="b":
file.write (z_g + "\t")
break
z_g =7z g+ buffer.decode("utf-8")

while True:
buffer = sock.recv(1)
if buffer.decode("utf-8") =="e":
file.write (tim + "\n")
break

209

#plot y-axis data

#plot z-axis data

#received data protocol
#defining variables

#data stream loop
#recieve data stream one byte at a time

[t

#if the current byte is an “s” run the next loop

# counter stream loop
#if the current byte is “b” write the counter value
#finish counter loop

#add all bytes before “b” to each other

#x acceleration loop

#y acceleration loop

#z acceleration loop

#timer loop

#if the current byte is “e” write the time value
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tim = tim + buffer.decode("utf-8")
else:

continue
break

while True:
#keyboard input
if k.is_pressed("s") :
command = "start"
elif k.is_pressed("p") :

command = "pause"
elif k.is_pressed("e") :
command = "exit"
if (command = "start" and stream = 0):
print ("operation started")
data_protocol()
stream = 1
elif (command == "start" and stream = 1):
data_protocol()
stream = 1
elif (command == "pause" and stream == 1):
print ("operation paused")
stream = 0
#terminate and exit
elif command == "exit":
break
print ("operation ended")
file.close()
sock.close()
plotting()
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#active operation loop
#if “s” is pressed on keyboard command is start
#if “p” is pressed on keyboard command is pause

#if “s” is pressed on keyboard command is exit

#if the user start operation and there is no stream

# run received data protocol

#if the user start operation and there is stream
# Continue with received data protocol

#if the user pause operation and there is stream
#pause stream

#if user ended operation exit the loop

#run the plotting function
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Appendix-10: NPH Device Trial Design

This section showcases the NPH patients' trials related to the usability of the gait analysis
wearable device discussed in chapter six. The trial design consists of three main sections,
starting with recruitment, where requirements are placed to target NPH-suspected patients and
remove patients with a history of diseases that already cause a gait disorder. The protocol
section discusses how the trial is to be conducted to ensure data accuracy and patient safety.
The third section is about general rules regarding the trial. These sections are discussed below

as follows:

a) Recruitments
The targeted participant must fulfil the below requirements:

1- Clinical or radiographic indication of Idiopathic Normal pressure.
2- Symptoms of either urinary incontinence or cognitive impairment.
3- No prior or existing shunting.

4- No diagnosis of Parkinson's or Alzheimer's disease.

5- The participant must be able to give informed consent.

b) Protocol
The experiment is conducted as follows:

I.  Pre-test
1- The device is to be mounted to the participant's right ankle as low and close to
the foot as possible. It is to be mounted and secured using a Strap.
2- The device is to be turned on, and a bluetooth connection must be established

with the data collection PC.
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II.  During test

1- The participant must walk in a straight line for 10 meters, turning 180° and then
walk back for another 10 meters. The first 10 meters are for familiarization, as
the data to be used are from the second 10-meter walk.

2- The participants must be tested using their normal shoes.

3- Participants who use assistive devices (such as canes) are tested using those
devices as well.

4- For safety, an assistant must walk by their side to provide support if the
participant is unstable.

5- Notes must be recorded regarding assistive devices, age, height, weight,
gender, and whether assistance was provided or not.

III.  After test
1- Data must be stored and plotted immediately.
2- A note of the physician's visual assessment on the gate is to be made.
¢) General rules
Additional steps include:

1- A total of 10 to 15 participants are to be recruited, and the trials are to be
conducted in the span of 6 to 8 months.

2- Data must be collected before and after drainage. If the patient is deemed to
require shunting, data must be collected after shunting as well.

3- Q@ait patterns before and after drainage are compared for each patient. This,
combined with the physician's diagnosis, can determine the device's ability to

produce an NPH diagnosis.
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Appendix-11: E. Valve Experiment Design

The experiment detailed is designed for an upscaled version of the device. This is carried out
to keep the experiment costs at a minimum while obtaining validation and proof of concept.
The experiment setup discussed below is divided into three categories. They are experiment

components, methodology, and protocol.

a) Experiment Components
These are all the components required for the experiment to be conducted, including the

electromechanical valve, data management equipment, and other hardware components. They

are listed in Table A11.1 below.

Table A11.1: Upscaled electromechanical valve experiment components

Components Cost comments

- It must be upscaled from the original design. This changes the
flow pressure values. This must be considered when selecting
Compression Spring £10 the pump.
- The ball attachment can be 3D printed as it does not have to be
metallic.

- Original dimensions can be used as they can easily be ordered.
Hence, the designed control voltage and frequency can be used.
Piezo ultrasonic element £1000 - It must be tested with preload to see if displacement is affected
manufacturing (PZT-5H) (it should have a minimal effect as the pressure values used in
the experiment are low; hence, low preloading can suffice).
- Can be acquired with electrodes installed on them.



https://www.coilspringsdirect.com/store/entex-compression-springs?gclid=CjwKCAjwgviIBhBkEiwA10D2j7aPcPMTrZWnOc-y0KCq0bLmPMcJpYChVAWYdKsNMBdNv8W1G_AArBoCW-oQAvD_BwE
https://piezodirect.com/piezo-plates-and-blocks/?gclid=CjwKCAjwgviIBhBkEiwA10D2j7F37lBGM4AE3ExTFGtPpElYM045B7inYF3w5tZqChBtTInAkdXeSxoCB5EQAvD_BwE
https://piezodirect.com/piezo-plates-and-blocks/?gclid=CjwKCAjwgviIBhBkEiwA10D2j7F37lBGM4AE3ExTFGtPpElYM045B7inYF3w5tZqChBtTInAkdXeSxoCB5EQAvD_BwE
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Housing manufacturing and

- It must be upscaled from the original design.
-The preload mechanism must be considered when

£0 . .
assembly manufacturing the housing.
- It can be printed using an LIMU 3D printer.
. . - It must be selected based on the upscaled design values, as flow
Peristaltic pump £150-400 e P g
specifications must be selected.
- It must be chosen based on the upscaled housing input and
output diameter.
Catheters/joints £70-100 -Joints are needed to mount pressure sensors and can be
manufactured using 3D printers in LIMU.
- Joint sizing must follow the pressure sensor chosen.
Pressure sensors x 3 £100 - It requires joints to be mounted on.
(24PCBFA6QG)
Micro- £ 90 - A controller with a high number of I/O pins allows for more
controller control options.
Printed

Circuit Board

- Although the experiment does not require a battery, voltage

Battery £20 levels from a battery are more appropriate since they cancel
« much extra hardware if power is drawn from the main lines.
Components
u§ed should be Programming
pin mounted platform £20 - Needed for programming the microcontroller.
to ensure the (Arduino)
PCB assembly
1S not - One for PCB input and one for input to both pressure sensors.
. Voltage . .
complicated regulator x 2 £5 - It must be chosen depending on the microcontroller and pressure
with the use of SENSor.
surface-
mounted capacitors £5 - Required for power stability.
components”.
Solder-able - It is simpler than building an actual PCB, as there is room for
£5 . . L
Bread Board prototyping without ruining components.
Total £1755



https://uk.rs-online.com/web/c/plumbing-pipeline/central-heating-process-pumps/positive-displacement-pumps/?applied-dimensions=4294408354
https://uk.rs-online.com/web/p/plastic-tubes/4084018/?cm_mmc=UK-PLA-DS3A-_-google-_-CSS_UK_EN_Engineering_Materials_%26_Industrial_Hardware_Whoop-_-Plastic+Tubes_Whoop-_-4084018&matchtype=&aud-842313741498:pla-339119995409&gclid=CjwKCAjwgviIBhBkEiwA10D2j-hQl8fYUN4mVyedU8SvnIbQ2WFuHeyqkaz6ZKdUp7gimOG-fZ8qaxoCCh8QAvD_BwE&gclsrc=aw.ds
https://uk.rs-online.com/web/p/pressure-sensors/2355807/
https://uk.rs-online.com/web/p/pressure-sensors/2355807/
https://uk.farnell.com/microchip/pic16f628a-i-p/mcu-8bit-pic16-20mhz-dip-18/dp/1523938?gclid=CjwKCAjwgviIBhBkEiwA10D2j4E4K7uAmlzqlJjFzyqmJ279IHjhEcfGb8YQJ53_t0YazTRNzzM6ShoCZhkQAvD_BwE&mckv=_dc|pcrid|504395818549|plid||kword||match||slid||product|1523938|pgrid|117317820645|ptaid|pla-363010434604|&CMP=KNC-GUK-GEN-SHOPPING-SMART-SEMICONDUCTORS-Test726&gross_price=true
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b) Experiment Methodology

The setup of the experiment utilizes two water reservoirs where water is drained from one
reservoir to the other as water is used in place of CSF since they have similar properties. The
peristaltic pump draws water from the reservoir near it to supply it to the shunt valve. The
pump is able to deliver flow to the electromechanical valve in the form of a pulsed, continuous
pressure wave with specific upper and lower limits. This is necessary to simulate the
irregularity of an ICP pressure signal. Two pressure sensors are to be used during the
experiment. The first is located after the pump (before the valve entrance), and the second is
placed after the valve. The control loop of the valve is based on the readings of these two
sensors. The first sensor replicates ICP readings and is used to control the pump, while the
second monitors the valve output. The drained water is then supplied to the other reservoir,
which replicates the drainage site. The electronic components are controlled and monitored
using a PCB that must be built specifically for this experiment. During this experiment, the
ability of the electromechanical valve to regulate the water flow to the desired limits is tested.

The setup of the experiment is showcased in Figure A11.1 below.

Peristaltic Pump

@

E. shunt
T
N

/ Pressure
Sensor

Water Reservoir Water Reservoir

Control Circuit

Figure A11.1: Electromechanical shunt valve experimental setup
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