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Foreword

Innovation is the lifeblood of medical device manufacturers. What constitutes in-
novation? This is what this book is all about — developing a system engineer-
ing methodology for the research and development of medical devices. The book
concerns the modeling, design, testing, and development of medical (and particu-
larly biomechanical) devices, namely prosthetic heart valves, endovascular stents,
biomedical micro electromechanical systems (Bio-MEMS) micropump, and nasal
drug delivery spray devices.

The modeling, design, and testing constitute the most important elements of pro-
totyping a medical device. After design, prototyping, and testing, the device goes
into the manufacturing and validation process, which is even more demanding. The
major components of the product development cycle include concept, development,
testing, regulatory approval, production, and ultimately, marketing. However, before
the device enters the manufacturing stage, it is important that the end users (namely
the physicians and particularly the surgeons) are intrinsically involved in the research
and development process.

The physician and surgeon define how the device is going to be deployed in order
to carry out its function. Their involvement is hence critical in helping to refine the
final design features of the device, the instrumentation for deploying the device, the
surgical technique for the implantable device, and the delivery method. For instance,
in the case of prosthetic valve design and stent design, the implantation methodology
needs to be part and parcel of the device design and development.

Consequently, the engineering research and development team needs to take the
responsibility for incorporating the vision of the physician and surgeon champions
to create a device that is cost-effective, easy to use, easy to manufacture, safe, and
effective, while employing cutting-edge technologies. After the design is complete,
a comprehensive assessment including failure modes and effects analysis, needs to
be performed. This process will provide understanding of the potential risks and
liabilities to a company in employing the medical device.

Before the start of the design process, it is necessary to know the anatomical and
physiological environment in which the implant device (such as the prosthetic aortic
valve and the coronary stent) and the drug delivery device are to be working. Medical
imaging such as magnetic resonance imaging (MRI) and computed tomography (CT)
can produce the requisite images of anatomical or functional features in vivo. These
images can be processed and reconstructed by using computer modeling tools, to
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vi Methods in Research and Development of Biomedical Devices

provide the requisite visualization of the anatomical scenario of the medical device’s
operational environment.

This is followed by device design by using computational modeling. For instance,
in the case of the prosthetic aortic leaflet valve, there is a need to first prepare the
structural model of the valve. Both finite element design of the valve and the com-
putational fluid dynamics (CFD) of blood flow into and out of it need to be analyzed
in an iterative fashion until the design effectively demonstrates how the blood moves
into and is forced out of the leaflet pockets. After the computational modeling pro-
cess, the device is tested in vitro and in vivo. The in vitro measurements are based on
a mechanically confined environment with the help of measurement sensors. Herein,
flow visualization technology packages are employed for the analysis of flows in the
space within and distal to the heart valve. Thereafter, in vivo measurements of flows
through and distal to the valve provide a more realistic perspective of how the valve
device will serve its anatomical and physiological functions.

Coronary endovascular stenting was introduced into clinical practice for myocar-
dial revascularization to treat blocked coronary vessels, as a less invasive technique
relative to coronary arterial bypass grafting (CABG). While stent and stent grafts are
increasingly used in clinical practice as an effective alternative to open surgery, the
long-term outcomes are yet not comparable to CABG. One of the main concerns of
implanting such devices into the blood vessels is thromboembolism or restenosis, due
to the interference of regional blood flow by the implanted devices. Hence, further
studies are needed to enhance the safety of these coronary stents, by using a combi-
nation of three-dimensional (3D) visualization and CFD. CT imaging with the aid of
virtual intravascular endoscopy (VIE) can generate the 3D anatomical reconstruction
of coronary vessels and inserted stents, to evaluate how the stent grafts situate within
the occluded coronary vessel. The stent design then requires fluid–structure interac-
tion (FSI) analysis to determine the flow within the stent as well as between the stent
and the coronary vessel wall.

With regards to nasal drug delivery device design, the nasal airway is dominated
by the nasal turbinates that are lined with highly vascularized mucosa that contain
openings to the paranasal sinuses. Due to these characteristics, drug delivery to com-
bat lung diseases, cancers, diabetes, sinus infections, etc. can be made viable by
having the drug deposited in the turbinate region (instead of in the anterior regions
of the nasal vestibule). Hence, CFD studies into nasal drug delivery can be carried
out by constructing a 3D computational model of the nasal cavity from CT scans,
with the sprayed drug particles delivered from the nasal spray device. After the re-
construction of the respiratory airways via medical imaging, CFD techniques can
simulate the airflow patterns, particle trajectories, and the drug–particle interactions
with the inhaled air that leads to particle deposition and location. Such results can
provide a deeper insight into nasal drug delivery for the optimization of the spray
device design. Now, recent advances in nanotechnology have enabled the manufac-
ture of engineered nanoparticles leading to greater biologic activity desirable for drug



Foreword vii

delivery. It has been found that deposition patterns of 1-nm particles under a flow
rate of 10 L/min in a human nasal cavity display an even distribution throughout the
geometry, compared to deposition patterns for micron-sized particles being concen-
trated in the anterior third of the cavity.

Finally, we address the Bio-MEMS micropump device for micro-drug delivery
applications. The number of patients suffering from life-threatening cardiovascular
diseases (hypertension, heart attack, or stroke), septicemia, cancer, diabetes, melan-
cholia, and malignant lymphoma has increased tremendously. Conventional drug
delivery methods such as oral tablets or injections have various limitations. Further-
more, conventional controlled release formulations are designed to deliver drugs at
a predetermined and preferably constant rate. Some clinical situations necessitate
either an external control of the drug delivery rate or a certain volume of drug that is
beyond the capabilities of existing controlled release formulations. Therefore, con-
ventional methods are not effective in delivering a drug within their therapeutic range.
A new alternative transcutaneous energy transmission system is required for micro-
devices targeted at in vivo applications. For these devices, effective techniques are
required for accurate automated dosing capabilities, so that the patients are prevented
from sudden death or the incorrect intake of the drug. Therefore, the implementation
of targeted micro-drug delivery methods is reckoned to be a critical solution in life-
saving health advances.

In this context, a typical Bio-MEMS-based micropump constitutes an im-
plantable drug delivery system, which provides the actuation source to effectively
dispense drugs or therapeutic agents to a targeted area in the body with precision,
accuracy, and reliability. It depends on the operation of a microdiaphragm that moves
up and down to push biofluids through a channel. A radiofrequency (RF)-controllable
microvalve or a micropump is deemed to be the next generation of intelligent im-
plantable devices. Micropumps built on the concept of wireless transcutaneous RF
communication in biomedical applications can generate a remotely controlled device
for the regulation of drug fluid delivery.

The authors Dr. Kelvin K.L. Wong, Profs. Jiyuan Tu and Zhonghua Sun, and
Dr. Don W. Dissanayake are to be congratulated for preparing this outstanding
and insightful book, which presents a chart for research, design realization, test-
ing and design analysis, marketing and production, as well as future development
of advanced biomedical devices. Its contents include methodologies for design and
product engineering, medical imaging, CFD, finite element analysis, computer-aided
design, and rapid prototyping. This book can be a reference for a course on biomed-
ical devices and can serve as a useful manual guide to engineers, medical doctors,
radiologists, physicians, and surgeons that are involved in the research of medical
technologies.

Dhanjoo N. Ghista
Professor: Engineering and Medical Sciences
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Preface

In the twenty-first century, the public perception that health care has received in-
ternational attention and a significant amount of financial support from the govern-
ment is on the rise everyday. A main contributor of this phenomenon is believed
to be the unrestrained utilisation of state-of-the-art technology that appears to lead
to a potential remedy for a medical problem. However, such technologies are often
overly expensive due to the high costs involved in research and development of such
biomedical devices. Fortunately, with the recent advances in computing technology
and manufacturing, the level of expenses for biomedical device development can be
significantly reduced.

The development of a biomedical device or a medical-assisting mechanism in-
volves the system integration of various modelling, evaluation or testing components
that lead to the successful examination of a product that meets the medical appli-
cation safety threshold. The nature of a device application can be diverse; it can
be classified as a surgical correction mechanism, an introduction of a mechanical
structure to rectify a defective function or to replace a failed part in the anatomy, a
mechanism to deliver processes or drugs into the body or a computational device to
aid a specific medical operation. The management of evaluating a medical applica-
tion is fundamentally the execution of product modelling, prototyping, testing and
remodelling procedures. Some of these procedures have evolved into current state-
of-the-art system engineering processes that often involve other various instruments
leading to a specific purpose or are deliverable. Research and development of medical
technologies takes the form of modelling and evaluation of heart valve implants,
stents, drug delivery mechanism, etc. It develops the instruments used in testing
these cardiac or respiratory flow related biomedical applications, which enhance the
human quality of life and increase the human lifespan. The system of analysing the
testing and development of biomedical devices exists to facilitate a smooth flow of
implementation that evaluates medical implants and mechanism in order to meet a
desired level of reliability and clinical/surgical safety.

This book presents a roadmap for applying the stages in conceptualisation, eval-
uation and testing of new medical technologies in a systematic order of approach,
leading to solutions for medical problems with a well-deserved safety limit. The con-
tents we have prepared will pave the way for understanding the preliminary concepts
used in modern biomedical device engineering, which includes medical imaging,
computational fluid dynamics, finite element analysis, computer-aided design and

ix
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rapid prototyping. They have been designed to give you information on the advances
in biomedical technologies, and enable you to capitalise on the research and devel-
opment methods present in this book for designing effective biomedical devices. We
hope that this book can be of use to biomedical engineers, medical doctors, radiolo-
gists and any other professionals related to the research and development of medical
devices for health care. It is also an ideal postgraduate teaching material and may
also be promoted by lecturers as a textbook and manual guide.

Our material is thoroughly strategised and organised. We believe that its entrance
into the scientific community will be highly beneficial and educational. We also ex-
pect interests by the medical defence and health industries. The book also contributes
the framework behind the implementation of biomedical device and application in
the systematic format, and describes the key instruments used in its development.
Experimental and clinical verification will usually complement the existing compu-
tational results based on the device performance and vice versa. The understanding
and analysis of flow properties during the device operation are necessary to eval-
uate its performance and safety. These concepts are presented by our book during
the outline of the management in engineering and production for specific medical
technologies. We consolidate the experimental and developmental works for a few
biomedical flow devices, and organise them into concepts and case studies that de-
scribe the fundamentals of prototyping and evaluation. We examine the utilisation of
these device evaluation methods on specific biomedical devices as exemplifications.

This book is organised as follows. In Chapter 1, the overall integration of ap-
proaches is reflected in a system diagram for developing and evaluating biomedical
devices, and we shall provide the key descriptions of supporting instruments that as-
sist in achieving the final product. Chapter 2 reviews the existing biomedical device
and gives a preliminary background of the testing or evaluation methods used to
enable the meeting of a safety threshold after implantation. Chapter 3 gives a detailed
description of the computational modelling methods for the biomedical device, and
outlines the related tools that can be utilised after the device is modelled. Implica-
tions of modern medical imaging, mechanical and computational methods influence
biomedical device product research and development. For example, in the later part
of the book, we will examine how these medical image-based computational mod-
els can be utilised in simulation packages, applications and testing. We will also
integrate the medical imaging methods discussed in Chapter 4. Chapter 5 examines
the aneurysmal treatment based on stenting techniques, and further elaboration on
endovascular stent grafts are provided in Chapter 6. Chapter 7 and Chapter 8 give an
overview of the nasal drug delivery and biomedical MEMS micropump technology,
respectively. Finally, the description of the generic biomedical device production
organisation based on scientific management, industrial and strategic organisation
concepts, as well as product development system implementation are concluded in
Chapter 9.
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Introduction
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1.1 Overview of Research and Development Processes

Medical research is the iterative search for the understanding of the human body
based on a scientific process. Such pure research seeks for the truth without a pre-
defined utility at the start, whereas applied research that pertains to the development
of biomedical devices seeks to solve medical related problems with the motivation
of addressing the patient (or consumer) needs. Devices arising from applied research
can be used to support pure research. For instance, the developed biomedical devices
such as medical image scanners can be used to examine the human body physiologi-
cally and conduct medical research. This book focuses on the science of research and
development of biomedical devices. In recent decades, the advancement of medical
imaging, computer technology and manufacturing processes have added value the
conceptualisation and development of new biomedical applications, and significantly
improved health and living standards as well as contributing to medical science and
technology.

An example of a biomedical device may be a surgical assisting application, or
a mechanism of delivering drug into the human body. The purpose of using such a
device is to provide specific medical assistance and long-term safety while minimis-
ing the device-related complications. The presentation of a systematic framework
addresses the development of a biomedical device to meet health standards or safety
limits by showing the integration of the required processes and instruments used in
its design, evaluation, prototyping and delivery. In this book, we introduce the outline
of devising and testing some selected biomedical devices as well as to highlight the
nature of their applications and impact to the medical industry.

There has been a rapid introduction of computational modelling tools, medical
imaging, optical-based flow measurements, sensor technology and manufacturing
processes into the development of a biomedical device. This has resulted in the

1
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implementation of the device from the start of its conceptualisation to prototyping
and testing to become an engineering challenge and requires detailed management
and analysis at every stage of its development.

The first stage of biomedical device development is design realisation and in-
novation. Design rules based on certain specifications defined along the process of
realising the product can be achieved with reference to a set of product operation
and safety guidelines. Two types of design innovation exists: autonomous – design
realisation independent from its other existing innovations, whereby a new design
rule to increase the effectiveness of the device or its level of safety can be developed
without redesign of the entire product; and systemic – design realisation in con-
junction with its related complementary innovations, whereby new design updates
requires the need to reformulate the old design rules and redefine the design of the
product. Coordinating an autonomous or systemic design product innovation is par-
ticularly difficult when dealing with many design options. Therefore, computational
modelling and design based on computer-aided design packages can help to lower
product development cost significantly. Alternatively or as a complement platform,
rapid prototyping based on stereolithography1 can also assist biomedical engineer in
visualising their products or to be utilised during experimental testing.

The next stage is the visualisation of the product performance, which can be
computational or mechanical simulation, and in some cases, based on clinical imag-
ing. Computational tools such as computer-aided design (CAD) software, numerical
solvers for computational fluid dynamics (CFD) and flow visualisation packages are
mainly used in simulation, visualisation and verification stages of the development.
Medical imaging such as magnetic resonance imaging (MRI) and computed tomog-
raphy (CT) can produce images of anatomical or functional features in vivo. These
images can be processed and reconstructed to provide useful information for visuali-
sation using computer modelling tools. Medical imaging is well known for its ability
to present the anatomical scenario within the human body so that identification of
locations for device implants, drug delivery or rectification of anatomical defects
may be examined.

As mentioned, the evaluation of the device performance may be experimen-
tal, computational and clinical. Figure 1.1 depicts the different computational and
mechanical instruments in the development cycle of a biomedical device that play
specific roles. Experimental simulations using particle image velocimetry (PIV) and
laser Doppler measurements have been able to derive fluid mechanical properties
of flow through mechanical devices, such as the prosthetic heart valves and stents,
before actual implantation into the human body. Such experimental information may
often be complemented by CFD simulation for cross-checking. In some cases, it
may be possible to retrieve in-vivo functional measurements for clinical verification.
For example, phase contrast MRI may be used to present flow maps of the cardiac
circulation in the heart and compare against those that are simulated.
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FIGURE 1.1
Stages for developing a biomedical device. The success of a biomedical device involves various stages in its design evaluation
and testing from the structural and flow perspective. The anatomical and functional characteristics of the pathology prior and
post surgical implantation of a biomechanical structure can be examined for its effectiveness. The simulation of drug delivery
process based on various mechanical parameters can assist in improving the device design. These testing and remodelling
processes involve the system integration of various technical developmental procedures, which can be computational or experi-
mental.
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We examine the design and measurement, prototyping, testing, evaluation and
proposal for delivery of a biomedical device from the system engineering perspec-
tive. Some of these processes may be performed on the mechanical or computation
platform. In the generic sense, the terminology measurement refers to the physical
scanning of parameters in the system evaluation of the device. The term computa-
tional means numerical calculations with the aid of a computerised system while
mechanical relates to the physical extraction of data or modelling of a hard-copy
prototype in terms of biomedical product development.

Ideally, in-vivo medical imaging and in-vitro measurement devices may be used
for modelling of the actual device performance before and after its implantation de-
pending on the availability and permission for experimentation of the test subject.
However, this may sometimes be limited by the ability to measure the device in
operation due to technological constraint. For example, nuclear signals from metal-
lic device show up as void in MRIs.2 In-vivo measurements give a perspective of
the realistic impact that the biomedical device can have on the anatomical func-
tions whereas in-vitro measurements, often used in experimental verification of the
device, are based on a mechanically confined environment where the parameters
of the anatomical events may be simulated or the introduction of the measure-
ment sensors may affect the performance of the device in situ. Computational mod-
elling may sometimes supplement the measured data as a form of cross-check. As
such, measurements together with the computational modelling can provide a strong
examination of the biomedical operations with the relevant anatomical functional
behaviour.

Visualisation is important after the measurement process. Collected data needs to
be processed and presented in useful formats to the user. For example, the geomet-
rical determination of cardiovascular or respiratory structures by medical imaging
or scanning in two dimensions (2D) needs to be reconstructed in a computational
platform for three-dimensional (3D) visualisation. This can assist in the evaluation
of design and also facilitate the simulation of device performance computationally
once the anatomical environment is known more clearly. With the rapid development
of medical imaging techniques and visualisation tools, 3D reconstructions offer ad-
ditional information when compared to planar axial images. For example, in pre- and
post-endovascular stent grafting, it has become a routine clinical tool in both surgical
planning and post-operative follow up.3, 4 This is especially demonstrated by virtual
intravascular endoscopy (VIE) visualisation that can allow an accurate assessment
of the treatment outcomes of endovascular aortic stents in terms of the intraluminal
appearances and stent position or protrusion.

Experimental flow mapping may be broadly classified with the following main
characteristics and nature: optical, magnetic resonance or ultrasonic-based velocime-
try systems.5 PIV is an example of an experimental optical velocimetry system
used to verify design performance. The design of a device or structure can be investi-
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gated experimentally using a physical model which is interrogated using techniques
such as PIV performance.6, 7

Velocity-encoded medical imaging such as phase contrast MRI can be used to
generate 2D flow maps. Of recent advancement is the phase contrast MRI that is
able to map flow fields of up to 3D in vivo.8–10 Two-dimensional ultrasonic flow
field mapping has been able to enable useful results in cardiac diagnosis,11 and can
potentially be developed into an experimental flow imaging system for biomedical
device evaluation.

Finite element analysis (FEA) is another category of computational simulation
that is able to evaluate structural performance of the device. Considering the ability
to model more advanced geometries, FEA has become a popular computational nu-
merical method, oppose to theoretical or analytical modelling. Various researchers
have utilised advanced FEA techniques for modelling and analysis of implantable
devices for applications such as drug delivery systems,12, 13 artificial organs14–17 and
endovascular stents.4

CFD is a numerical method that can be used to provide detailed flow information
in the human that cannot easily be provided by experiment.18–22 Furthermore, CFD
and FEA techniques complement results to experiments. Once validated, the model
can be used to investigate the effects of changing parameters or geometry with greater
certainty, and at substantially less cost than building a new experimental prototype.
In addition, the simulation of design performance can be achieved to evaluate the
safety of the device implant or the effect of introducing drugs into a system without
endangering human lives. It may serve to provide expert opinion to surgeons in the
event of strategising the device implant through better understanding of its operating
mechanism.

During design evaluation, existing biomedical device products are compared and
calibrated against the proposed design in terms of performance. In this analysis,
statistical studies based on device testing on a population of human subjects are
an important criterion in commissioning the product. The flow performance of the
device is also another consideration as improved operation of the product will enable
better marketability. Products often need to be designed and re-designed again based
on the vigorous testing and evaluation procedures.

In summary, in order to sufficiently evaluate the design of a biomedical device
such that we are to achieve efficient, effective and safe operation during surgical
implant or clinical usage, the implementation of measurement, verification, design
evaluation and modification should be the standard operating procedures during
its product development. The use of both physical “measurement” and simulated
“computational” information are equally important, and should be used to comple-
ment the verification of the testing and modelling techniques sufficiently. These may
be supported with various techniques in the system of design and testing. For in-
stance, the use of PIV has been widely used to verify CFD results in device testing
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and also in drug delivery performance.6, 7 There have also been cases of medical
imaging measurement methods such as phase contrast MRI that is used to verify
CFD results in various physiological studies.23 Then, for production of the medical
technologies, the engineering and manufacturing of the biomedical products require
a set of good scientific management principles in an organisation that undertakes its
mass production and commercialisation. Our book covers all aspects of the afore-
mentioned methods used for research and development as well as the production of
biomedical products.

1.2 Questions

1) What are the stages leading to the research and development of biomedical
devices?

2) What is/are the difference(s) between pure research and applied research?

3) What are the two categories of design innovations?

4) Name two methods that are used during the verification stage of biomedical
device development and list example technologies for each method.

5) Name the broad categories of experimental flow velocimetries.
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2.1 Classification of Biomedical Devices

As depicted in Fig. 2.1, a biomedical device can be classified into five categories
that serve both diagnostic and therapeutic purposes. Various types of drug delivery
mechanisms such as nasal, gastrointestinal and intravascular drug delivery systems
are available for a variety of applications. Surgical restoration device such as the
stent is mainly used to restore normal blood circulation through implantation of
biomedical device into the affected tissues or organs. The stent can serve to prevent
cardiovascular-related complications such as re-stenosis or occlusion in arteries.

Medical-assisting devices are applied to correct pathological conditions and
applications include cochlear implants, corrective lenses and heart–lung machines.
Diagnostic devices refer to both procedures such as blood pressure and glucose
monitoring to provide measurement and diagnosis of clinical situations. Mechanical
part replacement indicates the use of artificial components to substitute the diseased
anatomical structures or organs which cannot be treated medically.

2.2 Description of Biomedical Devices

In this section, we present the properties or characteristics of the device, which in-
cludes the mechanism of operation and evaluation techniques. Each of the following
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FIGURE 2.1
Characterisation of medical technologies. A biomedical device can be classi-
fied into five categories which serve both diagnostic and therapeutic purposes:
(1) drug delivery mechanisms aim to optimise the transport of medicine into the
body; (2) surgical restoration devices are mainly used to restore normal a normal
body function through implantation of biomedical device into the affected tissues
or organs; (3) medical-assisting devices are applied to correct pathological condi-
tions; (4) diagnostic devices refer to both medical imaging and non-medical imaging
procedures to provide measurement and diagnosis of clinical situations; and (5) me-
chanical part replacement indicates the use of artificial components to substitute the
diseased anatomical structures or organs which cannot be treated medically and need
to be amputated.
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subsection highlights of the nature of a biomedical flow device and the considerations
related to its testing and evaluation.

2.2.1 Aneurysmal Stents

Aneurysm is defined as the focal dilatation in the arterial wall and is commonly
caused by atherosclerotic disease of blood vessels. With aging, aneurysms increase
in size, which results in the rupture and initiation of bleeding within the body re-
gions, such as the brain. This is responsible for high mortality such as haemorrhagic
stroke. The affected arteries are generally treated with stents through angioplasty
procedures. Medical imaging techniques such as CT and conventional angiography
play an important role in the detection of aneurysms and preoperative planning. To
achieve effective treatment, the type of stents deployed has to be of sufficient porosity
to minimise aneurysmal rupture,24 and yet has to prevent platelet aggregation. A
computational model can be simulated to show stenting inside the diseased artery at
the entrance of the aneurysm, and demonstrate that the interference with blood flow
is different from the situation before stent treatment. Figure 2.2 shows the various
stent porosities that can be configured for an aneurysm.

Non-Stented 
Aneurysm

Stented Aneurysm
(2 Stent Struts)

Stented Aneurysm
(3 Stent Struts)

Stented Aneurysm
(4 Stent Struts)

FIGURE 2.2
Configuration of stent porosities. The reason to insert stents inside the aneurysm
is to embolise it or exclude it from systemic blood circulation, so that the aneurysm
will shrink gradually (due to reduced pressure) and eventually become smaller. It is
true that this may induce stagnation and possible thrombosis formation after stenting;
however, as long as the aneurysm does not grow, the chance of being ruptured is low,
so the goal of preventing it from rupture is achieved.
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However, no haemodynamic information is available with these image visualisa-
tion tools. The CFD technique is increasingly used to quantify blood flow through
pre- and post-stented aneurysms defined from medical imaging techniques. Based on
numerical simulation, intra-aneurysmal flow before and after stenting can be stud-
ied, and vorticity mapping can be performed to enable analysis of the large-scale
vortex in the aneurysm sac. Superior haemodynamics by a reduced inflow and intra-
aneurysmal velocities can be assessed using a stereo PIV platform in order to provide
a concise experimental insight into the aneurysmal haemodynamics.25 This assists
clinicians in developing stents that match the patient-specific vessels and improve
the treatment outcomes.

2.2.2 Endovascular Stents

Endovascular stent grafting was first introduced into the clinical practice to treat ab-
dominal aortic aneurysms (AAAs) as a less invasive technique in the early 1990s.26

Since then, the research and development of stent grafting is propagated by medi-
cal interests and its clinical utilities.27–29 The suprarenal and fenestrated endografts
have been engineered to treat patients presented with short and angulated aneurysms
necks, which cannot be resolved with conventional infrarenal stent grafts.30–32

Pre- stent grafting

Post- stent grafting

Suprarenal and fenestrated endografts

FIGURE 2.3
Virtual endoscopy (VE) views of pre- and post-stent graft implantation. VE
views are generated to visualise the ostia of bilateral renal arteries (arrows). VE pro-
vides superior information about the intraluminal appearance of coronary wall when
compared to conventional external views regarding the surface and configuration of
the renal artery ostium. Also, the aneurysm neck can be accurately measured intra-
luminally for planning of the stent graft implantation. Thereafter, post-stent grafting
results can be visualised by the same technique.
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While stents and stent grafts are increasingly used in clinical practice as an
effective alternative to open surgery, the long-term outcomes are yet to be deter-
mined. One of the main concerns of implanting such devices into the blood vessels is
thromboembolism or re-stenosis. Another potential risk is the interference of regional
blood flow by the implanted devices. Research in this area is being performed, and
it has been reported that the placement of stents alters the haemodynamics and this
coupled with wall movement may lead to the dispersion of late multiple emboli.33

The complex structures that are introduced into the blood flow (renal blood flow in
the fenestrated stent grafts) may enhance the biochemical thrombosis cascade34 as
well as directly affect the local haemodynamics. Further studies are still needed to
verify the safety of these biomedical devices using a combination of 3D visualisation
and CFD. An in-depth investigation of the effectiveness of these biomedical devices
is valuable to improve the design of the devices, treatment outcomes and reduce
the potential risk of developing procedure-related complications, such as ischaemic
changes or re-stenosis or occlusion. Figure 2.3 is a 3D virtual endoscopy (VE) image
showing the intraluminal view of renal artery ostium in a patient before and after
endovascular stent grafting.

2.2.3 Biomedical MEMS Micropump

The number of patients suffering from life-threatening global health problems and
chronic diseases such as cardiovascular deceases (hypertension, heart attack, stroke),
septicaemia, cancer, diabetes, melancholia and malignant lymphoma have become
greater than ever before.35 Medical and biological experts view that early recognition
and treatment are the key to eliminate and/or control such risky disorders.36, 37

Conventional drug delivery methods such as oral tablets or injections have var-
ious limitations. Among them, the problems of variable absorption profiles and the
need for frequent dosing are yet to be addressed.35 Furthermore, conventional con-
trolled release formulations are designed to deliver drugs at a predetermined, prefer-
ably constant, rate. Some clinical situations, however, necessitate either an external
control of the drug delivery rate, or a volume of drug that is beyond the capabilities of
existing controlled release formulations.35 Therefore, conventional methods are not
effective in delivering a drug within their therapeutic range.38, 39 Moreover, most of
the currently existing biomedical implants extract energy from an implanted battery,
which inherently limits its operating lifetime due to their fixed energy density and
the strict volume and mass constraints imposed by implantable devices. Hence, a
new alternative transcutaneous energy transmission system is also highly regarded
for microdevices that are targeted at in-vivo applications. It is evident that effective
techniques are required for accurate and effective early diagnostics and/or targeted
treatments. Such techniques should incorporate automatic dosing capabilities, so
that the patients are prevented from sudden death or irregular/incorrect intake of
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medicine/drug. Therefore, the implementation of targeted micro-drug delivery
methods is recognized as one of the critical solutions in the life-saving health
advances.

A bio-micro electromechanical systems (Bio-MEMS)-based typical micropump
is a fundamental part of an implantable drug delivery system, which provides the
actuation source to effectively dispense drugs or therapeutic agents to a targeted area
in the body with precision, accuracy and reliability. It is dependent on the operation
of a microdiaphragm that moves up and down to push biofluids through a channel
(Fig. 2.4).

RF Controllable Drug Delivery System

Drug Reservoir Micropump Flow sensor

Signal detection and processing unitRF Signal

Biofluid flow
Signal flow

Drug infusion &
dispensingDrug deliver 

(Insulin pump)

Bladder 
control device
Contraception 
control device

Pain control

FIGURE 2.4
Biomedical MEMS Micropump. A radiofrequency (RF)-controllable microvalve or
a micropump is the next generation of intelligent implantable devices in the human
body. This concept exploits the principle of a surface acoustic wave (SAW) device
on a piezoelectric substrate, and possesses high potential in complimenting or re-
placing biological functions from the micro-level perspective. Such a biocompatible
micropump could be implanted for applications such as drug infusion and dispens-
ing/delivery and non-hormonal contraception. Such a device comprises a drug reser-
voir, micropump, micro-flow sensors, micro-channels with valves and RFID-type
secure mechanisms that wirelessly interrrogate biofluid flow control.

Micropumps are also an essential component in fluid transport systems such as
micrototal analysis systems, point-of-care testing systems and lab-on-a-chip (LoC).
These devices are used as a part of an integrated LoC consisting of microreservoirs,
microchannels, microfilters and detectors for the precise movement of chemical and
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biological fluids on a micro-scale. The point-of-care testing system is a micrototal
analysis system to conduct diagnostic testing on site close to patients to provide
better health care and quality of life. In such diagnostic systems, MEMS micro-
pumps are integrated with biosensors on a single chip to realise smart devices. Such
micropumps typically relies on various actuation mechanisms such as electrostatic,
piezoelectric, electromagnetic, thermo-pneumatic, shape memory alloy (SMA) and
bimetallic.

Micropumps or microvalves that are built on the concept of wireless transcuta-
neous radiofrequency (RF) communication in biomedical applications can generate a
remotely controlled device for control of fluid transport.12 Commercial software such
as finite element modelling (FEM)-based CFD tools (ANSYS, CFX and Coventor)
and mechanical event simulation (ALGOR) can be utilised to simulate micropump
motion and flow rectification in its design optimisation.

2.2.4 Drug Delivery Devices

The human respiratory system generally comprises the lungs, conducting airways,
pulmonary vasculature, respiratory muscles and surrounding tissues and structures.
Each of these plays an important role in influencing respiratory responses. The nasal
airway is dominated by nasal turbinates that are lined with highly vascularised mu-
cosa that contain openings to the paranasal sinuses. Due to these characteristics, it
is hypothesised that drug delivery to combat health problems such as lung diseases,
cancers, diabetes, sinus infections, etc. may be viable if the drug formulation can
be deposited in the turbinate region.40 However, current nasal delivery devices have
major disadvantages, one of which is the large proportion of the drug particles de-
posited in the anterior regions of the nasal vestibule — attributed to the sprayed
particles existing in a high inertial regime.1, 7, 41 Figure 2.5 shows how a nasal drug
delivery spray looks like.

Experimental evaluation of the nasal spray device for delivery of drugs can be
performed with human volunteers through the use of gamma scintigraphy42 or cast
models of the nasal cavity itself.43 In the case of human volunteers, the option of
having the user actuate the spray themselves can introduce inter-individual variances.
For instance, an elderly person or young child may not be as physically strong as an
adult, which leads to different actuation strengths and speeds, which eventually lead
to variations in spray atomisation. This is highlighted in Refs. 44 and 45.

Other research and development in this field have been aimed at understanding
some of the parameters (formulation viscosity46 and spray actuation by the user47, 48)
that affect the ability of the spray device in order to deliver high drug efficacy. Evalua-
tion of the spray device in these studies is measured by external spray characteristics
such as the droplet size, plume geometry and spray pattern. These tests were per-
haps chosen based on the U.S. Food and Drug Administration (FDA) draft guidance,
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which propose that the bioavailability and bioequivalence of nasally administered,
locally acting drug solutions may be determined solely using in-vitro methodology.
However, Suman et al.42 showed that the spray pattern test did not provide any con-
clusive evidence towards actual deposition patterns. In light of this, the evaluation
of nasal spray devices cannot be solely relied on one method, but rather a synergis-
tic approach is most effective by combining in-vitro and in-vivo experimental and
computational methods.

FIGURE 2.5
Nasal drug delivery spray device and therapy testing. Inhalation of drug particles
deposited directly to the lung periphery results in rapid absorption across bronchopul-
monary mucosal membranes and the reduction of adverse reactions in the therapy of
asthma and other respiratory disorders. As such, it is desirable to design nasal sprays
that deliver the particles such that they are not deposited in the upper airways before
reaching the lung periphery. This is because excessive deposition of drug particles in
the upper airways will cause diminished therapeutic effects in the lung or local side
effects in the upper conducting airways.
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2.3 Summary

In this chapter, we selected some of the devices that pertain to the drug delivery
mechanism, surgical restoration device, and mechanical part replacement categories
to demonstrate the development philosophy and key conceptual processes that relate
to its generation. In particular, we have described these computational and mechani-
cal techniques applied onto the various stages of developing three categories of flow-
related biomedical devices. The (1) prosthetic cardiac devices, (2) cardiac restoration
devices and (3) drug delivery mechanism are investigated as an illustration of the
development and evaluation processes involved.

2.4 Questions

1) Name the categories of biomedical devices.

2) What is an aneurysm? Name one type of treatment for this disorder.

3) Name three applications of the biomedical MEMS micropump.

4) Name five different actuation mechanisms of the biomedical MEMS micropump.

5) Name one major disadvantage of the existing nasal delivery device.

6) Explain why it is desirable avoid drug deposits in the upper airways before reach-
ing the lung periphery.
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3.1 CAD Modelling and Design Realisation

This section is more specific on the modelling of the biomedical device and its related
physiological environment. We illustrate the prosthetic heart valve, endovascular
stent and biomedical MEMS micropump as case examples for device conceptuali-
sation and modelling. Later on, we will also explore the medical imaging techniques
used to examine the anatomy that presents the environment for the device.

3.1.1 Prosthetic Heart Valve

Mechanical heart valves are relatively durable but are strongly associated with throm-
boembolisms, which often result in ischaemic attacks and strokes. Bio-prosthetic
heart valves come with a low incidence of thromboembolism; however, there is
stiffening of the tissue due to the build up of calcium. Flow visualisation of these
two types of heart valves can provide useful information on the mechanical and

17
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operational characteristics of these devices. Computational and experimental flow
visualisation of heart valves can be performed; however, there is a need to prepare the
structural model on the drawing board before prototyping. The experimental setup
using PIV or LDA will enable us to construct useful flow maps of the space surround-
ing the heart valve, and engineers typically prototype a scale-up physical model to
be used in the mechanical test environment. Advances in CFD have assisted greatly
in evaluating the hydrodynamic performance and structure function correlations in
heart valves49, 50 by modifying various parameters of the device computationally
with minimal material resources. The measured data can be used to verify numerical
simulations of the flow for a typical mechanical or bio-prosthetic heart valve. We
briefly identify some of the technologies used in heart valve modelling.

The flow characteristics of the blood distal to the aortic heart valve are mea-
sured from clinical experimentations and medical images. The mechanism of flow
is separated into rotational and translational components and the magnitude of each
is determined. The same flow mechanism is duplicated upstream of the valve in a
simulation platform, and the flow that results from this setup will be compared with
those of the experimental and existing clinical data.

Mechanical heart valves are typically easier to model unlike non-deformable tis-
sue valves. However, their designs can be particularly challenging. For instance, a
bad design may simulate thrombosis resulting in ineffective operation of the tilt discs,
and jeopardise the opening and closing of the valve. Therefore, there are certain
design principles to follow when developing an effective heart valve. An example of
a bileaflet tilt disc mechanical and tissue heart valve is shown in Fig. 3.1.

Computational modelling of tissue heart valves can be produced using CAD
software packages that range from 2D vector-based design platforms to 3D solid
or surface modelling systems (Fig. 3.2). Special materials are used to construct the
tissue heart valves. Based on the different structural nature of the leaflets, the design
of the device requires intensive testing using computational as well as experimental
techniques. The models may assist engineers in the design and evaluation of the
mechanical structures that pertain to the heart valve.

3.1.2 Endovascular Stent Grafts

CT imaging with the aid of VIE can generate the 3D reconstruction of aortic branches
and anchoring stents to evaluate how the stent grafts situate within the aorta after
placement of stent grafts.3, 51 Figures 3.3 and 3.4 illustrate the stent placement in the
aorta in a simulated environment.

The use of computational tools such as a 3D meshing software allows the mod-
elling of an anatomy based on the surface reconstruction using connected points on
coronal-sectioned scans. A volume mesh or grid can be generated and improved by
cell adaptation techniques to refine the large volume cells that pertain to high velocity
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FIGURE 3.1
Bileaflet tilt disc heart valve mechanical design. Computer-aided design (CAD)
was used to develop a heart valve that comes with a tapered leaflet, a bell-mouth
orifice for minimum pressure drop across the valve and a protruded ellipsoidal hinge.
The purpose of the tapered leaflet is for minimal impact on the orifice, and the pro-
truded orifice is for the positive washing of hinges to enhance the performance of the
heart valve as shown by their design configurations. (Courtesy of Prof. Joon Hock
Yeo, Nanyang Technological University, Singapore.)

gradients. Near-wall grid refinements are also performed to improve the convergence
of solutions for the conservation equations of mass and momentum.

In computational-based modelling, various features and capabilities are avail-
able to appropriately mesh a design. The accuracy of computational analysis in the
computational platform depends on factors such as the node density of the mesh,
appropriate element type, and accurate application of boundary conditions. However,
these factors form a trade-off between accuracy and simulation time. Therefore, extra
precaution is needed in meshing the geometry, especially during the analysis of the
effect of special computational techniques such as fluid–structure interaction (FSI).

3.1.3 Biomedical MEMS Micropump

The conceptualisation, development and realisation of MEMS-based micropumps
are intensely supported by modelling and simulation platforms that are based on
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FIGURE 3.2
Computational design analysis of a tissue heart valve and valve mould design.
Computational analysis can be used to complement physical prototyping and design
analysis of the heart valve mould and the tissue valve. The use of CAD and CFD soft-
ware can assist in realising the design configurations of the heart valve implant and
mould based on reliable scientific principles. This can reduce cost and time in manu-
facturing the real prototype used in clinical testing. Computational design analysis is
a useful approach for this type of biomedical product development as demonstrated
by the CAD models of the heart valves and mould. (Courtesy of Prof. Joon Hock
Yeo, Nanyang Technological University, Singapore.)

CAD and computer-aided engineering (CAE) tools, which are combined with nu-
merical simulation tools. Such tools substitute the traditional approaches that were
based on experimental investigations with several design and fabrication cycles until
the optimal specifications are satisfied. Numerical simulation tools have become an
essential key for designing and manufacturing complex micropumps and microvalves
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FIGURE 3.3
Simulation of suprarenal stents. Inside the abdominal aorta with stent wires cross-
ing the renal artery ostia. Normal flow velocity is applied to both main abdominal
aorta and side branches (renal arteries and common iliac arteries) to demonstrate the
interference of stent wires with renal blood flow.

with higher performance and reliability, reduced costs, shorter development cycles
and time-saving approaches, compared to traditional approaches.

A major technical barrier in the development of micropumps for biomedical ap-
plications lies in the lack of understanding of physical phenomena. Adding to the
complexity, the functionality of most of the MEMS-based micropumps made of inter-
actions between multiple physical fields, and relies on thermal, mechanical, electri-
cal, magnetic and/or fluidic field interactions in performing their intended functions.
Therefore, further understanding in multi-field microsystems is highly regarded in
developing micropumps for critical biomedical applications.

Furthermore, to support the successful implementation of MEMS-based drug
delivery systems, a spectrum of numerical simulation tools are needed, such that
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FIGURE 3.4
Simulation of intraluminal appearance of fenestrated renal stents. The appear-
ance of the simulated stent inside the renal arteries is simulated with a protruding
length of 5–7 mm into the abdominal aorta. The circular appearance of the simulated
renal stent is based on the actual intraluminal appearance of the metal wires after
being implanted inside the abdominal aorta. This represents the realistic patient situ-
ation following implantation of fenestrated renal stents. (Reprinted with permission
from Ref. 52.)

the coupled effects of different physical fields could be analysed simultaneously.
In recent times, an increasing trend is identified in the use of FEM and FEA tools
for Bio-MEMS design and simulations. Similarly, FEA-based CFD is becoming a
prominent numerical method in microfluidic flow analysis problems.

Here in this book, an approach is presented on developing advanced mod-
elling and analysis capabilities for low-powered micropumps, especially for an im-
plantable, battery-less, fully passive device that is targeted at micro-drug delivery
applications. The new 3D modelling and simulation methodology is a combination
of 3D multi-field analysis, and multiple code coupling capabilities in commercially
available modelling and simulation tools ANSYS and CFX. The generalised sim-
ulation approach is such that the ANSYS-based FEA code and CFX-based CFD
code are simultaneously executed during the proposed multi-field analysis in order
to successfully simulate the flow characteristics of the valveless micropump.

Such micropumps can be designed to be interrogated using conventional RFID
technology, where low-power circuits can obtain their power from an electromag-
netic field.53, 54 As depicted in Fig. 3.5, the micropump structure is mounted on
top of a output inter-digital transducer (IDT) of a SAW device. A SAW device is
a passive component that consists of a piezoelectric substrate, input IDT and output
IDT. The input IDT is connected to a micro-antenna for wireless communication.
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The micropump structure consists of a thin conductive microdiaphragm, a pumping
chamber and an inlet and outlet made of flat-walled diffusers.

In this chapter, the advanced modelling and analysis of a full 3D model of the
micropump is presented as an effective methodology to be utilised at the design
stage. Furthermore, FEA-based CFD modelling and simulation results are presented
in order to estimate the micropump performance under a low actuation signal and
also to investigate the low-powered operation of the device.
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FIGURE 3.5
A conceptual view of a SAW-based interrogation of a 3D micropump (or micro-
actuator). The micropump consists of inlet and outlet diffuser elements for flow
rectification, the pumping chamber and the microdiaphragm. The pumping cham-
ber with the microdiaphragm is placed on top of the output inter-digital transducer
(IDT) of the SAW device separated by a thin air gap. The SAW device consists of a
piezoelectric substrate, input IDT and output IDT. The input IDT is connected to a
micro-antenna for wireless communication. A SAW correlator can be used for secure
actuation.

3.2 Medical Imaging and Reconstruction

Various medical imaging modalities exist. The creation of medical images using
X-rays or CT, ultrasound MRI, positron emission tomography (PET) or single
photon emission CT (SPECT) can be used to reconstruct 3D models of the patholo-
gies.55 Different scanning modalities have different sensitivities to the patholog-
ical properties. For example, MRI is suitable for imaging cardiac structures as
it provides good contrast of the tissue and blood, whereas CT is excellent for
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providing the geometrical data of bone structures such as the skull.56 PET or SPECT
are able to detect the tumours within the brain, but provides poor registration of the
skull.57 Very often, the rendering software is able to perform spatial and temporal
visualisation of these models effectively.

Due to the relatively immense diversification of the medical imaging scanning
modalities and protocols, we shall limit our scope to present only MRI and CT, which
are widely used for anatomical reconstruction and medical image visualisation. The
medical imaging techniques of MRI and CT are used in reconstruction of organs and
tissue layout. In addition to anatomical structures, it is worthwhile noting that VIE
is a technique that is based on CT and is able to extract geometrical information of
biomedical devices such as stent grafts. Therefore, based on these medical imaging
and computational visualisation techniques, MRI and CT are typically used to obtain
cardiac chamber construction, heart valves, stent structures and nasal cavity geome-
tries. Here, we examine the role of medical imaging in measuring the performance
of the biomedical device in its anatomical environment. We explore the geometri-
cal information and also the functional flow measurements provided by the image
scanners.

3.2.1 Computed Tomography

CT is one of the most popular medical imaging modalities for 3D anatomical mod-
elling. This can be achieved by the measurement of the myocardial geometry fol-
lowed by medical image reconstruction.58 The rendering and visualisation of anatom-
ical heart structures can be approached using video or graphics interface standards to
enable an effective functional performance. An appropriate graphics controller must
be compatible with such graphical interfaces in order to allow quality display of the
rendered view.

The reconstruction of the anatomy based on segmented scan slices produces the
computational mesh that can be rendered and patched with colours. The display of
a 3D model is rendered onto a 2D screen for viewing. There is a need to design
good user interface that is linked with hardware manipulation as well as presentation
capabilities that will improve the visualisation processes and information display of
the rendered objects.

The utilisation of medical image visualisation software assists in surgical plan-
ning. In this section, we describe our developed system that can offer detailed and
informative access to anatomical details for the pathology. Current practice requires
the use of rapid prototyping tools to create physical models of the pathology, but this
is sometimes fundamentally limited by the physical nature of the models and lack of
flexibility in disassembling the model components. For example, obtaining multiple
slices of an anatomy will require various sections and putting them together again
at the ease of the user. In contrast, a software-based modelling system is capable of
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combining virtual reconstructions on the computer with physical display panels to
offer unprecedented flexibility in the visualisation of sections of the pathology.

A graphical rendering framework may employ CT scans of a human part to obtain
geometric data, which are then used for the visualisation, with specific application
in the present study of the structures in the part.59 For example, computational mod-
elling of the cardiac chamber can be accomplished using time-resolved anatomical
slices of the chamber geometry. The structure evolution and physiologically relevant
characteristics are examined. The 3D reconstruction of cardiac structures based on
CT scans allows us to achieve a higher physiological accuracy of modelling due
to excellent tissue and blood intensity contrast. The measurement tool effectively
extracts the wall profile of the cardiac structures in vivo. Then, we can present the
structural characteristics on the computer monitor using video or graphics interface
standards. A database of the anatomical structures of the heart that are derived from
the CT images of healthy subjects can be utilised for reconstruction of the left ventric-
ular chamber and the aortic heart valve to carry out visualisation and flow analysis.

One other example of the applications of CT reconstruction in cardiology is the
examination of exact characteristics of the blood flow prior to entry into the aorta that
can be constructed in a simulation platform. Modelling of valve closure and opening
will be more realistic by taking into account all the effects of the non-uniformity
of the flow. This study is vital because of the importance in establishing a standard
for more accurate heart valve testing. The CT reconstruction and the generation of
3D heart valve mesh in the transient modes open up many new opportunities for
flow analysis and examination of valve leaflet behaviour. It will be of interest to
cardiologists and physiologists to use information on the structural changes of the
cardiac chambers to explain flow phenomena in the heart.

In practice, the construction of CT images in a 3D space for specific time frames,
and measurement of flow within the structure in the computational model and its
representation of the velocity profile using a vector plot can be achieved. The flow
visualisation within a heart will serve as a standard to establish computational and
experimental test models that are constructed for the testing of heart valves or ob-
servation of their operation. The components of rotation and translation of blood, as
well as its velocity variation can be reconstructed for the aortic flow in those models.
It may also be worthwhile noting that the MRI technique is also capable of extracting
the geometrical information of anatomical structure for reconstruction;60 however, it
is less popular than using CT due to poorer tissue–blood intensity contrast.

3.2.2 Virtual Intravascular Endoscopy

Understanding the 3D relationship of aortic branches and intraluminal stents follow-
ing endovascular repair of AAAs will aid vascular surgeons to evaluate how the stent
grafts situate within the aorta after placement. Conventional 2D and 3D CT images
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lack the intraluminal views required for the assessment of the endovascular stent
grafts relative to the aortic artery branches. However, this is easily overcome with
VIE as it allows direct visualisation of the aortic artery ostia and endovascular stents.
Our previous studies have demonstrated the usefulness of VIE in the follow-up of
both suprarenal fixation and fenestrated repair of aortic aneurysms.3, 52 Figure 3.6
is an example showing the VIE visualisation of suprarenal stents crossing the renal
artery ostium, while Fig. 3.7 demonstrates the VIE visualisation of the intraluminal
appearances of fenestrated renal stents.

3.2.3 CT Reconstruction of the Nasal Cavity, Pharynx and Larynx

In this example, the nasal cavity, pharynx and larynx are presented. Sets of CT scans
that included from the top of the nasal cavity down to the larynx were obtained. The
images are in DICOM format and therefore need to be viewed with a DICOM reader.
Figure 3.8 shows two slices taken from the directory set of images. In the corners of
the images are specific details regarding the scan protocol. In the example, a 37-year-
old non-smoking, Asian male was scanned using a helical 64-slice multidetector row
CT scanner. In DICOM images, data is embedded into the file directory and this
is displayed in the slice images. The data reveals details of the scan, such as the
image resolution 512 × 512 pixels, the field of view (FOV) 320 mm, the power rating
120 kV peak and 200 mA and the gantry tilt, which is −8.00 mm.

The segmentation of the scanned images is performed through the freeware ITK-
SNAP. The CT images are coloured by tissue density represented as grey scale
values. In this example, the airway filled with air is identified by selecting an appro-
priate intensity range. This ensures that a boundary surrounding the air region can
be identified. Screenshots showing the segmentation of a nasal cavity are given in
Fig. 3.9, which uses the active contour segmentation algorithm. To initiate the active
contour segmentation, the region needs to be seeded by manual selection. Successive
iterations are performed which grow or “snake” through the geometry, automatically
filling up the airway. The segmentation process takes less than 10 min on a desktop
computer with 4 Gb RAM, 3 GHz processor and 256 Mb Video RAM. Because the
external air surrounding the face is contiguous with the nasal cavity via the nostrils, it
will also be selected during the automated region growing segmentation. This region
can be included if the simulation is to explore the effects of the external nose and
the outside airflow on the inhalation/exhalation flow profiles. On the other hand,
it would be deleted out of the geometry if the nasal cavity is the only region re-
quired. Recent studies have begun incorporating the external nose and the external
airflow to investigate their influence.61, 62 The final exported model was in stere-
olithography (STL) format which is readable in most CAD software and CFD mesh
programs.
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FIGURE 3.6
VIE images of suprarenal stent wires. Stent wires crossing the renal artery pe-
ripherally (left) and centrally (right). Short arrows point to the renal artery ostia,
while long arrows refer to the stent wires that cross the renal artery ostia. VIE clearly
demonstrates the intraluminal relationship between suprarenal stent wires and renal
artery ostia.

FIGURE 3.7
VIE views showing the appearance of fenestrated renal stent. Showing the cir-
cular appearance of fenestrated renal stent (left) and circular appearance with flaring
effect at the lower part of the stent (arrows at right image). The accurate evaluation of
intraluminal appearance of the fenestrated renal stents can be clearly obtained with
VIE images, while traditional external visualisations fail to provide these details.
(Reprinted with permission from Ref. 3.)
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FIGURE 3.8
CT scans viewed in 2D using the free DICOM viewer “MicroDicom”. In the
images specific details on the scan protocol are displayed and labelled as 1, 2 and 3
in the figure. Data in these section are: 1 — hospital, scanner details and scan image
number; 2 — patient details and image resolution in pixels (512 × 512); and 3 —
type of CT scan (helical in the example) and scan protocol.

3.2.4 Magnetic Resonance Imaging

While medical imaging is typically used to visualise the geometrical structure of
the tissue or organ, functional medical imaging can obtain specific quantities of the
organ functions. MRI using the phase contrast protocol has been applied to measure
flow in the cardiovascular system.5 Other examples include diffusion MRI which is
another imaging protocol that measures the local micro-structural characteristics of
water diffusion within tissues.64

The harnessing of MRI for the quantification of flow in the cardiovascular system
has been studied.65 Velocity-encoded cine MRI (VEC-MRI) is a new method for
characterising flow patterns in the heart.66 An improved technique of determining
the nature of flow in the left ventricle as well as the transient flow variation of blood
through an aortic heart valve based on CT/MRI images is proposed. Using the mea-
sured data, we aim to develop a “gold standard” for heart valve testing in particular
to the quantification of the (1) variation of velocity with respect to time for blood
upstream of the aortic heart valve, (2) cross-sectional flow profile of blood across the
aorta and (3) rotational characteristics of blood as it flows out of the ventricle and
through the aorta.

The determination of the flow characteristics based on the in-vitro retrieval of in-
formation from the human body through CT and MRI, and the in-vivo measurements
of flow based on imaging of the heart reinforce the reliability of determining the pul-
sating flow waveform using velocity as the quantification of the flow. This waveform
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FIGURE 3.9
The 3D active contour (snake) segmentation of a human nasal cavity using the
open source application “ITK-SNAP”.63 (a) Unprocessed DICOM image. (b) In-
tensity thresholding creates the outlined blue region, and the active contour segmen-
tation (maroon colour) after 100 iterations shows the selection “snaking” through the
region. (c) Active contour segmentation after 400 iterations. (d) Final output model
as an .stl file.

is further verified by testing it on an artificial circulatory system and comparing the
simulated pressure waveform given by the mechanical test rig with the physiological
pressure waveform of the real heart. The research comprises the experimental and
verification techniques that will be described in greater detail.

For the in-vitro retrieval of flow characteristics, the change in the volume of the
ventricle at each time frame determines the volumetric flow rate through the heart
valve over a period of time. Reconstruction of the image slices and segmentation of
the ventricle in the 3D rendered volume enables the calculation of the capacity of the
chamber at each time step. The variation of capacity causes the change in the volume
of blood inside the ventricle and in effect, determines the volumetric flow rate of the
blood through the aortic valve. The dilation of the elastic aorta causes a change in the
area of the flow through the valve. The division of the volumetric flow rate and the
area change with respect to time gives a good estimation of the velocity of the flow
through the valve.

3.3 Mechanical Prototyping

Experimental results are a necessity for verification of any CFD framework. The
physical model of the human anatomical part is first manufactured by rapid proto-
typing techniques. Velocity profiles and particles analysis are then evaluated through
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in-vitro laser imaging such as PIV and PDPA in the mechanical prototype. A brief
discussion on each process is discussed herein.

During surgical planning, the fabrication of pathology for medical experts to
reference various points of intervention has been widely used. The pathology may
not be limited to cardiac structures but also any organ or bone structure in the body.
Usually, computational reconstruction can be achieved after effective segmentation
for the region of interest. The model can be passed to rapid prototyping software
to develop physical models that can be handled manually. However, the cost of
such manufacturing is often costly and environmentally unsustainable as the physical
model cannot be recycled. In the computer environment, modelling is versatile and
display entities can be created or deleted efficiently and effectively.

3.3.1 Rapid Prototyping by Stereolithography

Physical modelling of human anatomical parts is made possible through biomedical
imaging (CT and MRI scans), anatomical reconstruction and computational mod-
elling (CAD models), and then mechanical construction by a technique known as
rapid prototyping. Rapid prototyping is also known as solid freeform fabrication.
It is a process whereby creation of models take place physically via an additive or
subtraction process based on a part file in the database. By definition, an additive
process creates a model by layering materials, while the subtraction process sub-
tracts material from a physical block to create the same model. This manufacturing
technology has been applied in medicine and biomedical engineering since 1990.67 It
is being reported that at present, rapid prototyping technology has been widely used
in neurosurgery, oral and maxillofacial surgery, orthopaedics and tissue engineer-
ing.68, 69 Application in vascular reconstruction has also already been reported.70,71

With the advancements in medical imaging and image processing, the axial images
of arterial vessels and heart structures can be reconstructed and exported in a digital
format. Consequently, rapid prototyping technology can change this digital format
into a physical replicate for flow experimentation and analysis.

STL belongs to a class of rapid prototyping where a design is created from a CAD
model and converted into a compatible STL format. For the STL format, the sur-
faces of the solid part is formed by triangulation. A physical model can be produced
through stereolithography based on construction of a 3D stereo printer lithograph.1

This technique is based on the additive process. The stereo printer uses an ultraviolet
laser beam to build 2D layers by curing the photopolymeric resin (in the form of
liquid or powder) that is deposited onto the prototyping platform (Fig. 3.10). This
technology is known as laser additive manufacturing (LAM). Its advantages include
unrestricted geometrical and material fabrication.

In LAM, an ultraviolet laser traces out a 2D cross-section slice of a vat of a
photosensitive polymer resin. Polymerisation occurs as the laser traces the 2D slice
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FIGURE 3.10
Rapid prototyping by STL. The laser beam moves according to the input data and
traces out a 2D slice. The laser polymerises the resin and creates a solid. In this case,
resin in the form of powder is illustrated. Once the layer is complete, the platform is
lowered and the process repeats until the whole object has been reconstructed.

while the excess areas are left as liquid or powder (depending on the raw material
used). Upon completion, the solid cross-section is lowered by a distance equal to
the layer thickness known as the “build layer thickness” that is typically at 0.075
to 0.05 mm. This continues until the entire replicate is created. Manipulating the
laser to sweep across the polymer resin requires dedicated control to ensure that the
resin can cure while the laser beam spot is traversing at a sufficiently high speed, so
as to minimise the time for the model formation process. In general, a higher laser
traversing speed may lead to a lower power consumption, which relates to a lower
manufacturing cost. However, a high layering rate also leads to lower accuracy and
durability of the formed part. The prototyping envelope piston then elevates the solid
formed part out of the liquid resin to be cleansed with a solvent. The final stage is to
complete the cure of the photopolymer part in an ultraviolet oven.

Up to today, advances in the rapid prototyping technology have given rise to
new processes that deal with plastic, nylon, polycarbonate or even metal powders
such as aluminium or steel. For instance, the selective laser sintering process fuses
such powders using heat from a precise guided laser beam. In particular, selective
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laser melting (SLM) and laser metal deposition (LMD) pertains to the LAM process,
where the key challenge is in the efficient transfer of heat from the laser into the
material powders. A higher laser traversing speed (e.g., 500 m/min) and deposition
rate corresponds to a faster build up rate. This is also dependent on the laser power
that can go up to 1 kW. In most cases, their “build layer thickness” ranges from 10 µm
to 0.3 mm.

Another innovation is the fused deposition modelling (FDM), where the part is
developed by layering materials ejected from a hot-glue gun. Other processes include
laminated object manufacturing (LOM), which creates the part from layering papers
and fusing them together. The last two processes are generally cheaper and safer to
use as they do not involve metallic powders and high laser power.

Figure 3.11 depicts a human aorta model manufactured with LAM. It models
the physiological environment where the medical device resides, which serves the
propose of producing a visual aid, and device testing. It can be noted that from the
3D surface shaded image shown in Fig. 3.11, the aortic branches such as renal arteries
are clearly demonstrated. Then, utilising advanced image processing techniques, the
computer-modelled prototype can be developed. It should be noted that the external
surface of the phantom is rough and irregular as we only require the internal surface
to be as smooth as possible. Figure 3.11 also shows a human aorta phantom that
is built with rapid medical prototyping and clearly indicating the fusion line in the
middle of the phantom.

In general, rapid prototyping by the aforementioned techniques can give rise
to the effective communication of complex or constantly modified design parts. It
can also be used as a functional design prototype for marketing and as a form of
preliminary design evaluation, or even as patterns for prototype tooling. They are
becoming increasing popular among organisations dealing with product development
and manufacturing.

3.3.2 Technical Limitations

While STL offers an exciting and quick process to manufacture simple and complex
parts that may never have been achievable in the past, the process still requires some
care and preparation. Firstly, the fidelity of the final product is highly dependent on
the computational STL file that is fed into the STL machine. The STL data is often
converted from CAD software which in turn may have come from rebuilding the
computational model from MRI or CT scanned data. For example, in the manufacture
of a complex geometry such as the nasal cavity or lung bifurcations, the initial data is
obtained from CT or MRI scans that take 2D contiguous “slices”. From these scans,
the point clouds and then interpolation of surfaces across the 2D slices are performed.
Thus, the final STL file becomes dependent on the initial 2D slice spacing because
of the interpolation process.
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FIGURE 3.11
Human aorta model produced by rapid prototyping. (a) A 3D surface shaded
image of an AAA selected for phantom design and construction. The aortic branches
such as renal arteries are demonstrated clearly. (b) The computer model prototype
after image processing and editing. It is observed that the external surface of the
phantom is rough and irregular as we only require the internal surface to be as smooth
as possible. (c) A human aorta phantom built with rapid medical prototyping. Normal
aortic branches and cephalad of the aneurysm can be clearly seen on the image. A
commercially available aortic stent graft (d) is placed inside the phantom to simulate
the normal endovascular repair of aortic aneurysm. With the stent graft in place, the
phantom can be used for experiments to optimise CT scanning protocols and evaluate
image quality.
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Another problem is that the object surfaces are typically not smooth since STL
processes approximate curved surfaces as stair-stepped layers of discrete thick-
ness.72–74 Thicker build layers generally result in greater airway surface roughness
in the build direction.1 These surface discontinuities need to be accounted for. One
method is to consider which 3D projection of the object that the slices should be built
upon (coronal, axial or saggital; see Fig. 3.12 for orientations).

Saggital Axial Coronal

FIGURE 3.12
Orientation planes used in anatomical visualisation. Three-dimensional presenta-
tions of cross-sectional slices from a volumetric object can be selected. Axial slice
is shown by the horizontal slice plane, while the two vertical slices are the coronal
(perpendicular to anterior–posterior axis) and saggital slices that are orthogonal to
each other.

Other considerations include the time it takes to complete the manufacture. A
typical run might take 6–12 h, while building large objects (up to 25 cm in the x−,
y−, and z− directions) may take several days. Although this contradicts the term
“rapid prototyping”, the complex parts may not be achievable in any other way. In
addition, STL is an expensive process. Machines and the polymer resin typically cost
a lot. High levels of ventilation are also needed to extract the fumes created during
the polymerisation step.

3.4 Summary

In general, the design of a biomedical device is based on a set of integrated prelim-
inary concepts structured on its intent, its functionality and its safety or aesthetics.
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The conceptual modelling of the biomedical device can be achieved by CAD, and the
physiological surroundings can be constructed by medical imaging, all within a com-
putational environment. Mechanically, rapid prototyping can be used to construct
preliminary versions of the biomedical device or its anatomical environment. The
designs can be imported into a computational modelling platform for the simulation
of its haemodynamics properties. Physical prototypes can be tested for their design
effectiveness by mechanical simulation in a test rig.

In the next few chapters, we will provide the fundamental concepts related to
biomechanics, medical imaging, computational modelling, biofluid analysis and also
the integrated techniques of producing a concise biomedical device. Based on generic
road maps that pertains to its development, we synthesise the scientific concepts and
present biomedical device research in a systematic and generic manner.

3.5 Questions

1) Name two different types of additive rapid prototyping techniques.

2) Name the different types of medical imaging reconstruction techniques.

3) Give two examples of using MRI to obtain specific quantities of the organ func-
tions.

4) In the STL format, how do surfaces of solid parts form into the STL format?

5) What are some of the technical limitations of the STL process?
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4.1 Computed Tomography

CT is a digital imaging technique that produces sectional or axial slices of the body
without any intersection interference or blurring. The method was first developed
in a commercial X-ray machine by Godfrey Hounsfield from the UK in 1973. It
was immediately recognised as a useful diagnostic imaging technique as it could
enhance smaller contrast difference. Thus, it is able to differentiate between normal
and abnormal structures. Since then, CT has revolutionised not only the diagnostic
radiology, but also the entire field of medicine.75

The introduction of spiral CT in the late 1980s represented a fundamental evo-
lutionary step in the development and continuing refinement of CT imaging tech-
niques.75, 76 Until then, the examination volume had to be covered by sequential axial
scans in a “step-and-shoot” mode. Axial scanning requires long examination times
because of the interscan delays necessary to move the table incrementally from one
scan position to the next and unwind the cable, thus it is prone to misregistration or
loss of anatomical details due to potential movement of the relevant anatomical struc-
tures between two scans (by patient breathing, motion or swallowing). Besides, only
a few slices are scanned during maximum contrast enhancement when the contrast

37
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medium is used. These problems may be overcome if the scan speed is increased and
interscan delay is eliminated. The development of spiral CT possesses these features
which help to overcome the above problems.

In 1989, spiral CT became available as a mode for continuous volume scanning.75

With spiral CT, the patient table is continuously moved and translated through the
gantry while scan data are acquired simultaneously. A prerequisite for spiral CT
scanning is the introduction of slip-ring technology, which eliminates the need to
rewind the cable after each rotation and enables continuous data acquisition during
multiple rotations.

The purpose of the slip-ring is to allow the X-ray tube and detectors to rotate
continuously so that a volume data of the region of interest, rather than a single slice,
can be acquired very quickly in a single breath hold. Spiral CT scanning does not
suffer from the danger of misregistration or loss of anatomic details. Images could
be reconstructed at any position along the patient longitudinal axis, and overlap-
ping image reconstruction could be generated (normally 50% overlap) to improve
longitudinal resolution. Acquisition of volume data has become the very basis for
applications such as CT angiography.

A significant advantage and development of spiral CT data acquisition is its ap-
plication in 3D imaging of the vascular structures with an intravenous injection of the
contrast medium. This application is referred to as CT angiography (CTA). CTA is
achieved with two essential requirements: volumetric data must be acquired with spi-
ral CT scanning, while in the meantime, contrast medium is delivered intravenously.
CTA images can be captured when vessels are fully opacified to demonstrate either
arterial or venous phase enhancement through the acquisition of both datasets (ar-
terial or venous phase depending on the scan delay). CTA has been widely applied
to a number of examinations investigating vascular anatomy and diseases, and it has
been regarded as one of the most valuable applications in CT imaging. CTA produces
angiography-like images non-invasively in a 3D format, thus it has replaced conven-
tional angiography in many applications, such as imaging thoracic and abdominal
aorta, pulmonary and renal arteries (Fig. 4.1(a)). Also, CTA provides valuable infor-
mation about aortic stent grafts in relation to the artery branches (Fig. 4.1(b)).

4.2 Virtual Intravascular Endoscopy

VE or computed endoscopy is a new method of image data visualisation using com-
puter processing of 3D image datasets (such as CT or magnetic resonance scans). It
can provide visualisations of specific organs similar or equivalent to those produced
by standard endoscopic procedures. Conventional CT and magnetic resonance scans
acquire cross-sectional “slices” of the body that are viewed sequentially by radiolo-
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(a) (b)

FIGURE 4.1
CTA of an aortic aneurysm. CTA-generated 3D visualisation of an infrarenal aor-
tic aneurysm (arrows in (a)) is clearly displayed. A high-density stent graft is also
visualised on the 3D CTA image together with the abdominal aorta and its artery
branches (b).

gists who must imagine or extrapolate from these views what the actual 3D anatomy
should be. By using sophisticated algorithms and high performance computing, these
cross-sections may be rendered as direct 3D representations of the human anatomy.

Thousands of endoscopic procedures are performed each year. They are invasive
and often uncomfortable for patients. They sometimes have serious side effects such
as perforation, infection and haemorrhage. VE visualisation avoids the risks associ-
ated with real endoscopy and when used prior to performing an actual endoscopic
exam, it can minimise procedural difficulties and decrease the rate of morbidity,
especially for endoscopists in training. Additionally, there are many body regions
not accessible or incompatible with real endoscopy that can be explored with VE.
Eventually, when refined, VE may replace many forms of real endoscopy.

Several important body systems may need an endoscopic procedure with invasive
probes including the heart, spinal canal, inner ear (cochlea, semicircular canals, etc.),
biliary and pancreatic ducts and large blood vessels. These are important anatomi-
cal structures ideally suited for VE. VE in the evaluation of colonic polyps (virtual
colonoscopy) and bronchial disease (virtual bronchoscopy) has been widely studied
in the literature;77, 78 however, the application of VE in blood vessels, namely VIE, is
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an emerging area and will play a potential role in the assessment of vascular disease
as well as surgical treatment follow-up.

VIE is a technique that has the ability to visualise anatomy and potentially patho-
logical changes directly within vessels as if a catheter containing a camera were
placed inside the patient’s vessel (Fig. 4.2). An intravascular pathologic process such
as a thrombus, a tumor or a pulmonary embolus or a plaque, will be visible in the final
image (Fig. 4.3). This is different from traditional extraluminal views as VIE allows
the evaluation of the structures or pathological changes inside the blood vessels, thus
additional information can be acquired to assist further analysis or diagnosis.

Early studies of VIE in aortic stent grafting have confirmed the technique to be a
promising one as it can provide intraluminal information about the aortic aneurysm
and stent graft which cannot be obtained by conventional methods.79, 80 The ability
to obtain objective 3D reconstructions of an internal view of the vessel, its walls and
the stent would facilitate both qualitative and quantitative analysis and potentially
enhance diagnostic capabilities. Plaques and stenoses are easily identified and can be
quantified exactly using the cross-sectional area. The stent structures are clearly visi-
ble and the stent position within the vessel and relative to the lesion can be assessed.80

CT-based VE represents an alternative or addition to conventional angiography.

(a) (b)

FIGURE 4.2
VIE visualisation of coronary artery ostium. Three-dimensional CTA demon-
strates the right (long arrow in (a)) and left (short arrow in (b)) coronary arteries.
Corresponding VIE shows clearly the intraluminal view of the left coronary ostia.
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(a) (b)

FIGURE 4.3
VIE visualisation of a coronary plaque. Two-dimensional axial CT image shows a
calcified plaque (arrow in (a)) at left coronary artery. Corresponding VIE demon-
strates the intraluminal protruding sign of the plaque at the coronary artery wall
(arrows in (b)).

4.2.1 Generation and Presentation of VIE

Spiral CT has dramatically improved the performance of CT by converting a 2D
modality into true 3D imaging, thus enabling the development of new applications
involving volumetric imaging, such as CTA.81 In turn, CTA has been complemented
by a parallel development of postprocessing methods to create a 3D representation
of anatomical structures.80, 82 Among these methods, VE is the most recent and is
currently under clinical investigation, primarily in the fields of colonoscopy and
bronchoscopy.83,84 A few studies have applied this technique to vascular diseases.

VIE can be generated using data obtained with CTA, magnetic resonance an-
giography (MRA) or digital subtraction angiography (DSA).85–89 Although 3D DSA
was reported to be useful in creating intraluminal views of blood vessels and stent
images, it is an invasive technique and associated with procedure-related complica-
tions. Moreover, stent-induced artefacts and safety concerns have prevented MRA
from being widely used.89 Thus, this makes 3D CTA a routine technique in the
preoperative evaluation of candidates for endovascular AAA repair and for the post-
operative follow-up of stent grafts.
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4.2.2 Generation of VIE Images

Virtual bronchoscopy or colonoscopy uses the natural difference between the intra-
luminal gas and soft tissue and makes rendering of 3D endoscopic images relatively
easy.83, 84 In VIE, since blood vessels (arteries) are opacified with the administration
of contrast medium, therefore, the contrast enhanced blood needs to be removed from
the artery before performing intraluminal visualisation and virtual fly-through. The
CT data was prepared for VIE by removing the contrast-enhanced blood from the
aorta using a CT number thresholding technique. A CT number range was identified
using region of interest (ROI) measurements. Figure 4.4 shows the three locations
chosen to be representative of the CT number range of contrast enhanced blood, i.e.,
the renal artery, aneurysm body and common iliac artery locations. Figure 4.5(a) is
a graph of the average CT number at the three ROI locations as shown in Fig. 4.1.
These three measurements were averaged to produce the applied threshold value.
Figure 4.5(b) shows a caudal surface shaded view of the CT dataset with the CT
number threshold applied. Note that the contrast-enhanced blood has been removed
from the major arteries. Also, because of the threshold value chosen, high-density
bone information has also been removed.

FIGURE 4.4
Measurement of CT attenuation at different anatomic regions. Three anatomic
regions of interest are selected at the renal artery, aortic aneurysm and common iliac
artery to measure CT attenuation for the generation of intraluminal views.

4.2.3 Threshold Range Along the Abdominal Aorta

An important issue to be considered is variation in the attenuation of contrast-
enhanced blood at different levels in the abdominal aorta. This stresses the impor-
tance of choosing the appropriate threshold range in different levels of the aorta to
obtain optimal VIE images. This is especially apparent in the common iliac arteries,
as CT attenuation is sometimes lower in this region than that of the renal artery
or aneurysm body during helical CTA. This is usually encountered with early type
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FIGURE 4.5
Identification of CT attenuation for VIE generation. CT attenuations measured
at the above three regions (a) were averaged to allow an endoluminal view of the
abdominal aorta. Arrow indicates that contrast-enhanced blood was removed from
the aorta after applying the threshold of 180 HU (b).

of CT scanners, such as single-slice CT or four-slice CT scanners. With the cur-
rent advanced CT models which include 16-, 64- and dual source CT, homogeneous
contrast enhancement can be acquired from the coeliac axis to the peripheral artery
system down to the distal lower extremity due to a fast scanning speed, ensuring
the acquisition of high quality VIE images of the abdominal aorta and its branches.
Figure 4.6 demonstrates homogeneous contrast enhancement in a patient with an
infrarenal aortic aneurysm with CTA being performed on a 64-slice CT. The CT
attenuation in the levels of renal artery, aneurysm body and aortic bifurcation were
276, 290 and 272 HU (Hounsfield unit), respectively. Correspondingly, a threshold
of 250 HU was applied to generate intraluminal VIE views of the renal ostium, aortic
aneurysm and common iliac arteries, as shown in Fig. 4.7.

4.2.4 Optimal Threshold Selection

The selection of the optimal threshold is important in producing VE images that
are free from artefacts. The lower threshold is always set at −1,200 HU to include
all soft tissue and vessel lumen. This means that only the upper threshold level has
to be changed to remove contrast-enhanced blood. Once an averaged threshold is
determined, the upper threshold is progressively changed, in steps of 10 HU to de-
tect alterations in the aortic internal surface. This ensures that floating shape and
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FIGURE 4.6
Homogeneous contrast enhancement in CTA. Consistent contrast enhancement
was achieved a patient with abdominal aortic aneurysm undergoing helical CTA on
a 64-slice CT scanner. CT attenuation was measured from the level of renal arteries
to common iliac arteries with attenuation difference less than 20 HU.

apparent hole artefacts are avoided in the final VIE images. Figure 4.8 shows that the
generation of VIE views of right renal ostium is determined by the selection of an
appropriate threshold value, as the intraluminal appearance of the renal ostium could
be irregular or distorted due to presence of artefacts if an inappropriate threshold is
selected, thus affecting visualisation and clinical assessment.

4.2.5 Generation of VIE Images with Aortic Stent and Artery Lumen
Together

The purpose of threshold selection is to demonstrate the lumen surface which in
effect removes the stent from the image. A procedure is required to visualise both
the lumen and stent together to study the stent/ostia relationship. Endovascular aortic
stents are composed of stainless steel wires, thus presenting with high-density struc-
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(a) (b)

(c)

FIGURE 4.7
VIE views of aortic ostia and aneurysm. After applying the measured threshold
in Fig. 3(a), which is 270 HU, intraluminal VIE images were generated to look at
the aortic ostia (SMA: superior mesenteric artery) (a), close view of the right renal
ostium (b), inside the aortic aneurysm (c) looking towards the common iliac arteries.

tures on the cross-sectional views. The CT attenuation of the metal wire is much
higher than that of contrast-enhanced blood. Therefore, different threshold ranges
are required to generate VIE images of aortic stents and luminal structures separately.
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(a) (b)

(c) (d)

FIGURE 4.8
Effect of threshold selection on aortic ostium visualisation. (a) VIE view of the
right renal ostium was clearly displayed when CT threshold of 250 HU was applied.
Floating artefacts started to appear when the threshold was increased from 250 HU
to 270 HU (arrow indicates the artefacts in (b)), 290 HU (c) and 300 HU (d). Renal
ostium becomes irregular or distorted with a threshold more than 290 HU.

Initially, a lower threshold range, e.g., −1,200 to 120 HU, is applied to remove the
contrast-enhanced blood and the stents from the aorta leaving only aortic luminal
structures such as the arterial ostia and aortic wall intact and unaffected. This VIE
image is rendered and saved. Then, a higher threshold range, e.g., 400 to 2,000 HU, is
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applied to visualise the stent wire only without any luminal or soft tissue structures.
This second image is also saved. These two images are created with exactly the same
camera and eye coordinates. With the aid of a computer software, the two individual
images are added together, which allow the stent wire and lumen to be visualised in
a single combined VIE image (Fig. 4.9). Figure 4.9(a) shows the left renal ostium
generated with the lower threshold of −1,200 HU and upper threshold of 120 HU
to include all the soft tissue and lumen structures and exclude high-density struc-
tures such as contrast-enhanced blood and aortic stent. Figure 4.9(b) illustrates the
VE image of the aortic stent generated by applying the lower threshold of 500 HU
and upper threshold of 2,890 HU to include only the high-density stent metal. Fig-
ure 4.9(c) shows the combined VIE image demonstrating the 3D relationship of the
stent wire to the renal ostium by adding Figs. 4.9(a) and 4.9(b). In this image, it is
clearly apparent that the left renal ostium is covered by two metal wires.

4.2.6 Aortic Stent Wire Thickness on VIE Images

An important aspect to be mentioned in generating VIE images of an aortic stent
graft is the appropriate selection of a threshold for displaying the metal wires. If
the threshold selected is too low, the stent wire appears to be very thick, leading
to an overestimation of the wire thickness. If the threshold selected is too high, the
wire appears to be very thin or even disrupted in its structure, thus affecting the
visualisation of stent wire appearance and evaluation of its encroachment to the aortic
ostium. Figure 4.10 shows examples of the effect of changing the threshold value and
wire visualisation. The wire thickness is altered depending on the threshold chosen.
An appropriate threshold range is determined by generating VIE images of aortic
stents with the wire thickness appearing similar to that seen on axial CT images.
From the figure, an example of a stent wire covering a renal ostium can be seen. The
left renal ostium appears covered to 50% by the wire. However, we know that the
actual wire diameter is 0.4 mm and therefore does not cover the ostium as much as
shown in the image. Stent wire thickness is measured on axial CT and VIE and ranges
from 1.0 to 2.0 mm. Furthermore, the threshold range is variable at different anatomic
locations such as the superior mesenteric artery, renal artery and aortic bifurcation.
These threshold ranges are also determined by comparing the wire thicknesses with
those on axial CT images.

4.2.7 Image Display and Interpretation

To navigate through a vessel, a series of endoscopic views are generated at intervals
along the vessel. Endoscopic views can be presented by using either the fly-through
or step-by-step mode (Fig. 4.11). With the former, a number of camera positions
are established along a fly path of the aorta and/or its branches and the computer
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(a) (b)

(c)

FIGURE 4.9
VIE view of aortic stent wires related to the ostium. VIE images of the renal
ostium (a) and aortic stent (b) were first generated separately in the same anatomic
location. Adding these two images allow the viewer to view the aortic stent wires
crossing the renal ostium (c). Arrow refers to the renal ostium, while arrowhead
points to the stent wire.
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FIGURE 4.10
Effect of threshold selection on stent wire thickness and visualisation. A series
of threshold ranges was applied to produce a set of VIE images of aortic stents with
different thickness in diameter. The threshold ranges from 250 to 600 HU in steps of
50 HU. The corresponding diameters of stent wire ranged from 3.43 to 2.52 mm with
a corresponding threshold range of 250 to 400 HU in the top row; 2.52 to 1.16 mm
with a corresponding range of 450 to 600 HU in the bottom row of images. Note that
the stent wire starts to become irregular or break when the threshold reaches 600 HU.
The wire thickness measured on axial CT ranges from 1.64 to 1.96 mm. Therefore,
the threshold range from 500 to 550 HU is the choice applied in this patient.

generates an endoscopic view at regular intervals. To cover the length of the aorta,
a number of camera positions (10–15 virtual cameras) are used, depending on the
anatomic regions to be covered, whilst up to 50 images are interpolated between each
position. When played as cine viewing, the impression of a dynamic fly-through is
obtained. With the latter step-by-step mode, each endoscopic view is set manually
by the user to allow the visualisation of the particular anatomic structure of the ab-
dominal aorta and its branches.90

On the initial viewing of intraluminal endoscopic images, there is little anatomy
to orient oneself which initially makes the data difficult to interpret. The interpreta-
tion of VIE images should be viewed together with multiplanar reformatted images.
A beginner may find it hard to explain what these endoscopic images represent, for
example, a renal ostium is displayed as a hole in the aortic wall (Fig. 4.11) — is it a
normal structure or an artefact? The simultaneous display of endoscopic and orthog-
onal images helps to confirm the anatomical location. Thus, for efficient analysis, the
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FIGURE 4.11
Interactive display of VIE images. The viewer’s eye is looking inside the abdomi-
nal aorta towards the superior mesenteric artery (box in the top left image) with the
top right image showing the VIE visualisation of the aortic ostium and intraluminal
artery appearance. Axial, coronal and sagittal images help to adjust the viewing po-
sition and confirm the anatomical structure. Top row images: upper box indicates the
virtual camera, while the lower box refers to the virtual eye. Bottom row images:
upper box indicates the virtual eye position, while the lower box refers to the virtual
camera.

computer screen simultaneously displays the endoluminal view with the correspond-
ing orthogonal reformats to allow for the orientation, navigation and correlation of
findings. With experience, familiarity with VIE images is increased and the process-
ing speed enhanced and time shortened. With current fast-speed workstations, it may
take about 10–15 min to produce VIE images from the coeliac axis to the common
iliac arteries.
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4.3 Optimal CT Scanning Protocols for VIE Visualisation

VIE has been reported to provide additional information when compared to conven-
tional 2D and 3D visualisations in earlier studies,90–93 and it was considered to be a
valuable visualisation tool that assisted vascular surgeons to accurately evaluate the
treatment outcomes of endovascular repair. Specifically, VIE was found to play a role
in the following two aspects: providing unique information about the configuration
and number of suprarenal stent wires crossing the renal artery ostia and assessing
the morphological change of the renal artery ostia following suprarenal stent graft
placement.91, 92

As CT has become a routine technique in clinical practice, its application in
endovascular repair of aortic aneurysm is being increased due to improved spatial
and temporal resolution. Various examination parameters have been suggested by
different groups for single slice and multi-slice CT VIE in aortic stent grafting,4, 92–96

as an optimal protocol that allows for the acquistion of acceptable diagnostic images
with a minimal radiation dose to the patients.

In single-slice CT, with a given volume coverage rate, narrow collimation, high
pitch helical scans provide better longitudinal resolution than wide collimation, low
pitch scans.4, 94–96 For multislice CTA, similar results have been reported. Ideally,
the minimum section thickness that allows for the visualisation of the aortic ostium
as well as the aortic stent wire with fewer artefacts should be preferred. The most
apparent of the artefacts is the stair-step artefact associated with surfaces or object
borders inclined relative to the table translation direction. Stair-step artefacts charac-
teristically deteriorate the appearance of 2D reformation and 3D render objects and
may affect the accuracy of volume or diameter measurements of structures within the
scanned volume.

With four-slice CT, for the purpose of visualising the aortic branch origin and
stent wires with acceptable image quality observed on VIE, a scanning protocol of
section thickness 2 mm, pitch 1.0 and reconstruction interval of 1 mm was rec-
ommended based on one of our early experiments.95 With 64-slice CT, isotropic
volume data can be acquired due to improved spatial and temporation resolution,
thus a thinner slice thickness is most commonly used in clinical practice. This has
been confirmed by our previous study showing that that a scanning protocol of sec-
tion thickness 1.0 mm, pitch 1.4 and reconstruction interval of 0.5 mm is recom-
mended as the optimal 64-slice CT VIE scanning protocol in post-aortic stent graft-
ing.4 Figure 4.12 demonstrates that the VIE image quality is independent of pitch
values, while Fig. 4.13 shows the relationship between VIE image quality and slice
thickness.

With the latest CT model, such as a dual-source CT scanner, a similar scan-
ning protocol of slice thickness 1.5 mm, pitch 1.5 with 0.75 mm reconstruction was
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(a) (b)

(c)

FIGURE 4.12
Relationship between pitch and VIE visualisation of renal ostium. VIE images of
the right renal ostium were acquired with a section thickness of 1.3 mm, pitch values
of 0.875, 1.25 and 1.75 and reconstruction interval of 0.6 mm ((a) to (c)). The renal
ostium remains the same configuration on these three images and image quality is
independent of pitch values. Arrows show the right renal ostium as observed on VIE
images.
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(a) (b)

(c)

FIGURE 4.13
Relationship between slice thickness and VIE visualisation of renal ostium. VIE
images of the superior mesenteric and renal ostia were acquired with a section thick-
nesses of 1.3 mm, 3.2 mm and 6.5 mm, pitch 1.25 and 50% of overlap ((a) to (c)).
VIE image quality depends on the section thickness, as superior mesenteric and renal
ostia become distorted when the section thickness reached 6.5 mm (c). Black arrows
point to the superior mesenteric ostium, while the white arrows refer to the stair-step
artefacts present in renal and superior mesenteric ostia.



54 Methods in Research and Development of Biomedical Devices

reported, while the radiation dose could be reduced by 26.5% when the tube voltage
was reduced to 100 kVp with acceptable images being generated.97 Since patients
with aortic aneurysms treated with endovascular stent grafts are normally followed
up with a series of CT scans, which include three months, six months and yearly
thereafter, it is necessary to optimise CT scanning protocols so that radiation risk to
patients could be minimised to a greater extent.

4.4 Summary

Helical CTA allows real-time processing and visualisation of the 3D data. CT-
generated VIE is a new postprocessing method which can be used as an adjunctive
method to conventional imaging techniques in patients with aortic vascular disease
such as the most common pathology, aortic aneurysm for preoperative planning of
endovascular repair or postoperative follow up for the display of 3D relationship of
aortic stents and the renal ostia.88–93

In this chapter, we have presented a methodology to generate VIE images of
aortic aneurysms and aortic stents. In addition, we also indicated the importance of
optimising CT protocols for the generation of VIE images of aortic aneurysms, aortic
ostia and intraluminal stents. This mainly serves the purpose of reducing the radia-
tion dose to patients while acquiring diagnostic images. The method developed here
will help clinical investigators to understand the generation of VIE images in aortic
stent grafting and to apply this technique to the assessment of endovascular repair
of aortic aneurysms. The diagnostic value of VIE in aortic stent grafting has been
investigated clinically, and it has been shown that VIE offers additional information
to conventional visualisations for the accurate assessment of the treatment outcomes
of endovascular repair.86, 89–93, 98

4.5 Questions

1) What is VE?

2) What are the different ways to obtain data to generate VIE images?

3) Name two aspects in which VIE has become more useful for vascular surgeons.

4) Why is it important to select an optimal threshold in VIE?

5) Give one reason to explain the increased application of CT in the endovascular
repair of aortic aneurysms.
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5.1 Introduction

Most people with AAAs do not have aneurysm-related symptoms and the diagnosis
therefore mainly depends on incidental findings. As most AAAs are asymptomatic,
it is difficult to estimate their prevalence, but screening studies in the UK reported an
estimation of a prevalence of 1.3–12.7% depending on the age group studied.99 The
incidence of symptomatic AAAs in men is approximately 25 per 100,000 at age 50,
increasing to 78 per 100,000 in those older than 70 years.99 The implementation of
a national screening program for AAAs is recommended with aim of reducing the
mortality.

Once an aneurysm has been detected by routine physical examination and radio-
graphic studies, the risk of rupture is weighed against the risk of surgical repair for
each patient. The major determinant for the risk of rupture is the aneurysmal diame-
ter. In the absence of natural history data concerning patients with aortic aneurysms,
the risk of rupture is estimated from the respective diameters of the abdominal aorta.
The risk of operative complications is determined not only by age, cardiac and pul-
monary function, but also by the extent of the aorta involved.

Several studies indicate that without surgery, the five-year survival rate for pa-
tients with aneurysms larger than 5 cm is about 20%.99 Elective surgery is recom-
mended in current clinical practice for patients with aneurysms larger than 5.5 cm
in diameter and with aneurysms larger than 4.5 cm in diameter that have increased
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by more than 0.5 cm in the past six months.100 Current guidelines from the Vas-
cular Society and the National Screening Committee recommend that patients with
asymptomatic aneurysms of less than 4.5 cm in diameter should be followed up with
ultrasonography every six months, and aneurysms of 4.5–5.5 cm in diameter should
be followed up every three to six months.100

5.2 Open Surgery

Definitive therapy for aortic aneurysms is to prevent aneurysm rupture, for exam-
ple, by the placement of the dilated segment of the aorta with a prosthetic graft. To
determine whether an individual patient is a candidate for graft replacement, many
factors need to be considered, including the risk of aneurysm rupture, life expectancy,
anticipated quality of life after the operation and the risk of surgical treatment.101

For more than half a century, open surgical repair has been used as the gold
standard to treat AAAs with a high degree of success, and it is still widely performed
in many clinical centres. The basic goal of surgical repair is the exclusion of the
aortic aneurysm from the arterial pressure with the preservation of blood flow to
the pelvis and legs via an implanted vascular conduit (usually a synthetic fabric or
expanded polytetrafluoroethylene). This is usually achieved by an incision of the
aneurysm sac, removal of mural thrombus, ligation of patent branch vessels (such as
the superior mesenteric or inferior mesenteric artery) arising from the aneurysm sac,
selection of a graft of appropriate size and shape, suturing anastomosis of the graft
to the artery at proximal and distal segments to the aneurysm and finally, the closure
of the decompressed aneurysm sac over the synthetic graft material.

This is a major and invasive operation by any criteria and the overall operative
mortality for elective surgical repair is 4% or less, but can be as high as 8.4% de-
pending on the experience of operating centres and patient’s cardiovascular condi-
tion.102, 103 The major causes of peri-operative morbidity are cardiovascular, haem-
orrhagic and septic complications.104 The risk of peri-operative death is more than
5% and may be as high as 65% in patients with co-morbid diseases such as coronary
artery disease and renal failure.105 Five-year survival after surgery is approximately
65–70%, with the major cause of long-term morbidity and mortality attributable to
cardiac disease.104, 106 The long-term (i.e., 10-year) complications related to the sur-
gical repair of aortic aneurysms are aneurysm formation at the surgical anastomoses
(4%), recurrent true aneurysms (5%), graft occlusion (3%) and graft infection, aor-
toenteric fistula or both (combined incidence 5%).107, 108 In addition, recovery rates
are in the region of several months, resulting in a reduction in quality of life for the
patients for up to three months post-operatively.109
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5.3 Minimally Invasive Techniques

In an attempt to reduce the surgical risk in patients with accompanied medical con-
ditions, less invasive methods of repair have been considered. Minimally invasive
techniques emerged about two decades ago for the repair of aneurysms and technical
developments allowed them not only limited to the infrarenal aorta, but also extended
to the suprarenal aorta.110–112 Instead of graft replacement via an abdominal or flank
incision, a thin-walled prosthesis is compressed into a catheter, introduced into the
femoral artery via a limited groin incision and advanced into the aorta to exclude the
aneurysm from the systemic circulation.

Endovascular repair of AAAs, as evaluated by the endovascular aneurysm re-
pair (EVAR 1) and DREAM trials, has a lower 30-day mortality than conventional
open repair.113, 114 The EVAR 1 trial recruited 1,082 patients, representing one of the
largest planned trials of endovascular versus open surgery repair of AAAs.113 It has
been reported that there is a clear short-term benefit of EVAR, with 1.7% of patients
dying within 30 days compared with 4.7% of those allocated open surgery. In addi-
tion, the 30-day and in-hospital mortality of EVAR was at least two-thirds lower than
that of open repair. Similarly, the DREAM trial comparing open and endovascular
repair of AAAs concluded that endovascular repair is preferable to open repair over
the first 30 days after the procedure.114 These randomised controlled trials indicated
that in patients who are candidates for both open surgery and EVAR, endovascular
repair leads to lower rates of operative mortality and complications and the signifi-
cant reduction in the rate of systemic complications, thus it is a preferable approach
in these patients.

The procedure of endovascular repair is performed less invasively when com-
pared to the extensively invasive approach of open surgical repair. The prosthesis
is anchored in place by means of balloon or self-expandable metallic stents. Peri-
operative imaging by means of 3D reconstructed CT scans and angiography are
essential to guarantee the successful implantation of the prosthesis. The operation
may be performed under regional or local anaesthesia. Theoretically, indications for
endovascular grafting techniques could be extended to repair of aortoiliac, juxta-
suprarenal and even thoracoabdominal aneurysms using this technique. Initially, only
a limited number of patients could benefit from this method as a result of strict
anatomic exclusion criteria. At both ends of the aneurysm, a “neck” of non-dilated
vessel with a minimal length of 15 mm is essential for the secure fixation of the graft.
Furthermore, aneurysms containing arterial branches that are indispensable for organ
perfusion, such as juxtarenal and suprarenal used to be excluded from consideration
for endovascular repair. Later, technical improvements in stent grafts have enabled
it to be available to more patients, especially for those with short or complicated
aneurysm necks.115–117
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5.4 Medical Image Visualisation

Unlike conventional graft procedures, the success of endovascular stent graft repair
cannot be ascertained by direct examination and thus relies on imaging assessment.
While conventional angiography has been losing its dominant role for arterial imag-
ing, spiral CT has been confirmed as the best single imaging technique for both
preoperative patient assessment and aortic stent graft surveillance.118, 119

Spiral CT has dramatically improved the performance of CT by converting a 2D
modality into true 3D imaging, thus enabling the development of new applications
involving volumetric imaging, such as CTA. In turn, CTA has been complemented
by a parallel development of postprocessing methods to create a 3D representation
of anatomical structures.120, 121 Among these reconstructions, VE is a unique visual-
isation tool which provides intraluminal views of the hollow organs, and is primarily
used in the fields of colonoscopy and bronchoscopy.122,123 A few studies have ap-
plied this technique to evaluate vascular diseases with VIE (Section 3.2.2).

Preliminary reports of VIE have shown the promising role of this technique in en-
dovascular aneurysm repair.120, 121 Later studies with the use of VIE in the evaluation
of patients treated with stent grafts have demonstrated that VIE provides advantages
over traditional 2D visualisation methods.124–127

The primary clinical application of VIE in aortic stent grafting with the
suprarenal component was found to be in the 3D visualisation of stent wire–renal
ostia relationships, according to our previous experience124–126 (Fig. 5.1). VIE is re-
garded as a valuable technique in this regard and superior to other imaging techniques
because it offers a clear 3D intraluminal view of the stent wires and their position
relative to the renal ostia. The long-term effect of suprarenal stent grafting is not
well known, and we believe that the ability of VIE to characterise the stent wire–
ostia relationship will prove a useful research and diagnostic tool that will enable the
identification of any detrimental effect that suprarenal stent struts may have on the
renal artery ostium and hence on renal function.

Another potential application of VIE in aortic stent grafting is to evaluate the
treatment outcomes of fenestrated stent grafting, which represents technical devel-
opments over conventional endovascular repair with the aim of treating infrarenal
aneurysms that have short aneurysm necks. The fenestration involves creating an
opening in the graft fabric to accommodate the orifice of the vessel targeted for
preservation. The initial animal feasibility study of fenestrated endovascular grafting
was reported in 1999,128 which led to the successful implantation in human sub-
jects.129, 130 The fixation of the fenestration to the renal and other visceral arteries
can be provided by the implantation of bare or covered stents across the graft–
artery ostia interfaces so that a portion of the stents protrudes into the aortic lumen.
Therefore, there are concerns about the loss of the target vessel resulting from the
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(a)

(b)

FIGURE 5.1
VIE of aortic ostia and stent wires. The right renal ostium (arrowhead in (a)) is
crossed by two suprarenal stent wires (arrows), while the superior mesenteric artery
(arrow in (b)) is encroached by a single stent wire (arrowheads).
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fenestrated technique. Our results showed that VIE visualisation provides insights
into the treatment outcomes of fenestrated endovascular grafts by demonstrating the
intraluminal appearances of fenestrated stents in terms of unique information on the
final configuration of the stent wires following a fenestration procedure (Fig. 5.2) and
detecting any post-procedural complications such as distortion or deformity of the
stent wires (Fig. 5.3). Thus, VIE could be a valuable and complementary technique
to conventional 2D visualisations to identify any suspected abnormalities associated
with fenestrated endovascular grafts.127

5.5 Technical Limitations

Conventional angiography, CTA or MRA provide excellent views of anatomical
structures of the aorta as well as stent grafts, thus enabling the assessment of the
diameter of aneurysms and stent grafts in relation to the aortic branches. CTA not
only identifies artery wall changes, but also detects the presence of plaques and
measures aneurysm diameters for surgical planning and follow-up of patients after
endovascular stent graft repair119, 124–127 (Fig. 5.4). Despite satisfactory results having
been achieved, CT is limited to visualising anatomical or structural changes of the
aorta or stent grafts, and is lacking in the ability to provide information about the
haemodynamic impact of the stent grafts on aortic branches after the implantation
of the stent grafts. Although the exact mechanisms are not known, it has been re-
ported that the placement of stents alters the haemodynamics and this coupled with
wall movement may lead to the dispersion of late multiple emboli.131 The complex
structures that are introduced into the blood flow (renal blood flow in the fenestrated
repair) may enhance the biochemical thrombosis cascade,132, 133 as well as directly
affect the local haemodynamics. Thus, CFD enables the analysis of haemodynamic
changes of the blood vessel, even before the morphological changes such as stenosis
or occlusion to the renal or other visceral arteries are actually formed. Therefore,
compared to conventional image visualisation methods, CFD allows for an early
detection of abnormal changes and improves the understanding of the treatment out-
comes of endovascular repair, so that the prevention of potential complications and
better patient management can be achieved.

5.6 Medical Imaging and Geometrical Reconstruction

Computational methodology for cardiovascular systems begins with the construction
of a computer model based on human imaging studies using contrast-enhanced CT or
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(a)

(b)

FIGURE 5.2
VIE of fenestrated stents. A circular appearance of the left renal stent is noticed on
VE image (a). Slightly distorted appearance (arrows in (b)) is observed on VE image
at the inferior end of the right renal stent due to the balloon flaring effect after a VE
operation. Arrowheads indicate artefacts caused by metallic stents.
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FIGURE 5.3
VIE of fenestrated stents with deformity. A deformed fenestrated left renal stent
(arrows) is observed using VE.

MRI.134, 135 The relevant vascular anatomy such as abdominal or thoracoabdominal
aorta is imaged, and a computer model of the anatomy is constructed (Fig. 5.5).
Using the anatomical 3D geometric model, FEA is performed to model interactions
between the device and the circulatory system.136

Computer simulation of stents and stent grafts in anatomically and physiologi-
cally accurate patient models involves three steps: (1) the blood flow in the circula-
tory system, (2) the mechanical behaviour of the vessel wall and surrounding tissues
under pulsatile and non-pulsatile loading and (3) the mechanical behaviour of the
device. In order to avoid the mechanical failure of the devices and to guarantee their
long-term efficacy and durability, the interactions of endovascular stent grafts with
the arterial wall must be studied in detail. Model-based computer simulations can
supply the necessary tools to improve stent grafts design and test the performance of
endovascular stent grafts in a 3D patient-specific basis.

The CFD analysis of the flow patterns before and after endovascular repair and
the calculation of the resulting shear stress enable the understanding of the stent
graft performance. Early studies focused on the models of the interactions between
the solid mechanics of the bloodstream lacked full volumetric analysis and were lim-
ited to idealised planar configurations.137,138 Later reports showed the development
of several important technologies including patient-specific cardiovascular mod-
elling,134 new methods for direct 3D geometric modelling135 and 3D finite element
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(a) (b)

(c) (d)

FIGURE 5.4
CTA follow-up of endovascular aneurysm repair. An aortic aneurysm was treated
with a suprarenal stent graft (a) and evaluated at 36 months. Stent migration of
10.2 mm was noted in the most recent CT image (b). VE at one week (c) post-
implantation showed a stent wire crossing the superior mesenteric artery ostium
(arrow), but at 36 months (d), the stent wires (arrowheads) had shifted.
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FIGURE 5.5
Computer modelling of aortic aneurysm. A computer model based on CTA shows
the aortic aneurysm and normal artery branches.

methods for simulating blood flow,139 as well as a novel method for large-scale
FSI.140 These improvements allow for the realistic computational modelling of blood
flow in the human aorta. Thus, the computational solution produces realistic 3D im-
ages of the pulsatile blood flow patterns with variations in flow velocity and flow
patterns under normal physiological conditions (Fig. 5.6).

Shear stress or wall shear stress exerted on the aneurysm sac can be calculated
(Fig. 5.7). Displacement forces acting on endovascular stent grafts placed to treat the
aneurysm can be calculated for both abdominal and thoracic stent grafts.

Given the availability of these computational methodologies, future endovascular
devices can be tested in 3D computational models that accurately reflect the in-vivo
flow conditions, thus long-term durability will be tested in simulated models prior to
the implantation of the devices in patients. This allows for improved endovascular
device designs with enhanced long-term safety and effectiveness of the devices.
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(a) (b)

FIGURE 5.6
Flow velocity measured at pre- and post-stent grafting. Turbulent flow is noticed
inside the aneurysm before stent graft implantation (a), and flow becomes laminar
following stent graft placement (b).

5.7 Conformance with Preliminary Concept

The presence of a non-biocompatible device inside an artery leads to inevitable in-
flammation and influences the fluid dynamic behaviour in the regions next to the
arterial wall. Parts of the stent struts protruding into the lumen may induce the
formation of vortices and stagnation zones which affect wall shear stress.141 Stents
grafts that are poorly matched to patient-specific vessels may pose vascular compli-
cations.142, 143 In cases of serious conditions, subacute thrombosis due to inappro-
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(a) (b)

FIGURE 5.7
Wall shear stress calculated at pre- and post-stent grafting. Low shear stress is
noticed at the location of aneurysm before stent grafting (a), but the shear stress
increased significantly following stent graft placement (b).

priate use of stent grafts may result. Based on a patient-specific vascular circulatory
system, simulated blood flow in an abnormal artery has been successfully performed
to study complex fluid dynamics.144, 145 CFD enhances our understanding of the in-
teraction between stent grafts, flow analysis and the arterial wall; thus, better surgical
intervention procedures can be developed, and optimal stent grafts can be achieved
based on patient-specific conditions.

5.8 Summary

Endovascular aneurysm repair of AAAs has been confirmed as an effective alter-
native to open surgical repair due to its reduced invasiveness and lower mortality.
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CTA is the preferred imaging modality for the pre-operative planning and post-
operative follow-up of endovascular repair. Despite the high performance of CTA
in aneurysm size measurements, the assessment of aneurysm extent and the detec-
tion of procedure-related complications such as endoleaks, CT lacks in providing
information about the haemodynamic effect of stent grafts on aortic branches. This
is complemented by computer modelling, which provides insights into the biome-
chanical behaviour of the stent grafts. A combination of medical image visualisation
and computational simulation and modelling has the potential to improve stent graft
design, thus successful treatment outcomes and better patient management can be
achieved. Further studies are needed to develop a platform by combining 3D image
visualisation with computer modelling to improve stent grafts design with the aim of
achieving the long-term safety of endovascular repair of aortic aneurysms.

5.9 Questions

1) Describe one limitation in CT in image visualisation applications.

2) What is the advantage of using CFD over conventional image visualisation meth-
ods in endovascular treatments?

3) Explain how spiral CT has contributed towards the improved performance of CT.

4) List the three scopes of analysis that are involved in the computer stimulation
of stents (and stent grafts) in anatomically and physiologically accurate patient
models.

5) Explain why VIE is regarded as a valuable technique and superior to other imag-
ing techniques for developing endovascular repair mechanisms.
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6.1 Review of Device

The use of stent grafts for treatment of AAAs in humans was first described by Parodi
et al.26 in 1991, who constructed devices from Palmaz stents (Cordis Endovascular,
Miami, FL) and a standard woven polyethylene terephthalate surgical graft material.
However, this series was limited to patients with AAAs that did not involve aortic
bifurcation and iliac arteries. In 1994, Scott and Chutter146 successfully placed a
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bifurcated stent graft designed by Chutter et al.147 in six patients with AAAs. Parodi’s
work established the feasibility of the technique and stimulated worldwide interest.
Endovascular stent grafts entered clinical trials in 1994.

6.1.1 What Is a Stent Graft?

A stent graft is an intraluminal device that consists of a supporting framework (made
of metal such as stainless steel or nitinol) and a synthetic graft material (Fig. 6.1).
Stent grafts can be either self-expanding or balloon-expanding, depending on the
type of metal used in the stent. The stent may be located inside, outside or within
the graft material, and it may be along the entire length of the graft or restricted to
the ends. To deliver the stent graft through a small vascular access (most commonly
via the femoral artery), the device is compacted into a catheter or compressed into a
sheath. With the use of image guidance, the device is advanced into an appropriate
location in the aorta from a remote access site and deployed.

(a) (b)

FIGURE 6.1
Example of a stent graft. A commercially available Zenith stent graft (by William
A. Cook Australia Pty. Ltd.) consists of polyester graft with a sewed-on, self-
expanding stainless steel wire frame. Beneath the main body of the stent graft, a
separate “leg” is seen (a), which is inserted into the main body. Small hooks (arrows
in (a)) welded into the wireframe make it possible to anchor the stent graft. Once
deployed inside the aorta, the suprarenal component is placed above the renal artery
to allow perfusion to the kidneys (arrows in (b)). Arrowhead indicates the superior
mesenteric artery.
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6.1.2 Why Endovascular Repair?

The ultimate goal in the treatment of an aortic aneurysm is to exclude the aneurysm
from the aortic bloodstream without interfering with limb and organ perfusion. The
risk of rupture of the aneurysms has to be weighed against the inherent risk of sur-
gical repair. The larger the aneurysm, the greater the risk of rupture it may carry.
Generally, the repair of AAAs with a diameter exceeding 5.0 cm is considered suit-
able. Cronenwett et al.148 demonstrated that AAAs as small as 4.0 cm in diameter
may rupture at a rate of 20% per year if hypertension is present. Thus, when the
morbidity and mortality of surgical repair of aortic aneurysm can be further reduced,
surgical intervention may be considered for the mere presence, and not the size, of
an AAA.

The current technique of placing a prosthetic graft into the opened aneurysm and
suturing it to “normal” aorta above and below requires extensive intra-abdominal or
retro-peritoneal dissection, as well as the interference of blood flow during the com-
pletion of the anatomoses. Cardiac and respiratory impairment, renal failure, liver,
intestinal and spinal cord ischaemia, ilieus, bleeding and coagulation disorders are
all complications that can be attributed directly to the surgical procedure. The major-
ity of these problems may be avoided when major surgical dissection and prolonged
cross clamping are avoided by transfemoral intraluminal placement of the stent graft.
The presence of the so-called hostile abdomen, with multiple peritoneal adhesions,
prior vascular reconstructive procedures, malignancy or abdominal wall stomas, can
greatly increase the difficulty of conventional aneurysm repair, but does not interfere
with endovascular techniques. Furthermore, the incidence of post-operative impo-
tence will be eliminated by avoidance of periaortic dissection, and the feared com-
plication of aorto-enteric fistula should be prevented as the prosthetic material is
never exposed to retro- or intraperitoneal structures. As is true for other minimally
invasive techniques, hospitalisation time and convalescent period after discharge can
be expected to be greatly reduced (from 7–10 days to 2–3 days), implying a decrease
in overall cost as compared with open techniques.149, 150

6.2 Technical Developments

The past decade has seen the development of a number of devices and tech-
niques whose purpose has been a less invasive approach to the treatment of aortic
aneurysms. These devices differ from one another with respect to the design features
including modularity, the metallic composition and structure of the stent (Nitinol,
stainless steel), the thickness, porosity and chemical composition of the graft material
(synthetic/biological), the method of attaching the fabric to the stent (endo-stent con-
figuration and exo-stent configuration) and the presence and absence of a penetrating



72 Methods in Research and Development of Biomedical Devices

method of fixing the device to the aortic wall with barbs and hooks.151–154 However,
the use of endovascular AAA repair remains limited in terms of the suitability of
proximal and distal sealing and fixation. Estimates suggest that only 50% of patients
with AAAs are candidates for endovascular repair with standard stent grafts on the
basis of anatomic exclusion criteria.155 A suboptimal neck makes stent graft fixation
difficult and jeopardises the durability of a successful repair. The placement of an
uncovered top stent over the renal artery ostia has been proposed to improve the
fixation of stent grafts in patients with short and difficult aneurysm necks.152–154

Another technical development of endovascular repair is the recently introduced
fenestrated stent grafts, which involves the creation of an opening in the graft ma-
terial.30, 32, 156 These technical developments make the application of endovascular
stent graft repair available to more patients, especially for those with unsuitable
aneurysm necks.

6.2.1 Suprarenal Stent Grafts

Suprarenal or transrenal fixation of aortic stent grafts, a modification of the com-
monly used infrarenal fixation, evolved to establish a more secure proximal fix-
ation in patients with unfavorable proximal neck anatomy, thereby expanding the
applicability of endovascular repair to a wider group of patients. Aneurysm neck

FIGURE 6.2
Short aneurysm neck. Three-dimensional coronal CT image shows an infrarenal
aortic aneurysm with an aneurysm neck 9 mm in length (arrow). Extensive calcifica-
tions are observed in the aortic wall.
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morphology is often the decisive factor for the feasibility of endovascular repair in
infrarenal aortic aneurysms. Aneurysm neck length is particularly crucial because
one third of patients subjected to endovascular repair have necks shorter than 15 to
20 mm.157, 158 A neck length shorter than 15 mm is usually considered insufficient for
infrarenal endovascular fixation (Fig. 6.2). The migration of the proximal end of the
stent graft has occurred in patients with short necks, but also may occur in patients
with adequate neck morphology.159

Neck diameter is equally important. The mean diameter of the aneurysm neck
in patients undergoing aneurysm repair is 24 mm.160, 161 Necks wider than approxi-
mately 28 mm are considered unsuitable for stent graft fixation because of the poor
quality of the vessel wall (Fig. 6.3). Sever angulation (Fig. 6.4(a)), mural throm-
bus or atheromatous plaque (Fig. 6.4(b)) within the neck provides poor mechanical
support for the stent and may increase the risk of an endoleak.161, 162 Calcification
and exophytic plaques prevent the stent graft from anchoring tightly to the whole
circumference of the neck and often cause proximal endoleaks.161

The combined factors mentioned above make current methods of treating in-
frarenal AAAs difficult. This means 30–40% of patients cannot be treated because of
the risk of dislodgement of the stent or a proximal leak.163 These complications often
require the conversion to an open operation which carries a high mortality incidence
of 50%.164, 165 Methods capable of dealing with these difficulties are needed, and a
more proximal placement of the graft-anchoring stent may be a solution. The non-
covered part of the stent graft can be positioned above the renal arteries to allow
perfusion to kidneys, while the covered segment is placed below the renal arteries to
avoid obstruction of renal perfusion (Fig. 6.5).

6.2.2 Fenestrated Stent Grafts

The principles of fenestration are to preserve blood flow to renal or visceral vessels
and enhance stability by inserting stents into side branches to produce a durable
relationship between the stent graft fenestration and the branch ostium (Fig. 6.6).
It also requires the control and accuracy of deployment, especially rotational
manoeuvrability to allow the exact positioning of the fenestration over the intended
orifice. Fenestrated stent graft technology was developed in order to increase the
morphological applicability of endovascular repair and offer an alternative to open
surgery. The initial animal feasibility study of a fenestrated endovascular graft
was reported in 1999,30 which led to the successful implantation in human sub-
jects.30, 32, 156 Currently, the primary use of a fenestrated stent graft is to treat in-
frarenal aneurysms that have infrarenal necks <10 mm long.

The fenestration can be secured to the renal and other visceral arteries by the
implantation of bare or covered stents across the graft–ostium interface so that a
portion of the stent protrudes into the aortic lumen (Fig. 6.7).
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(a) (b)

FIGURE 6.3
Wide aneurysm neck diameter. An infrarenal AAA with a neck length of 30 mm,
but the neck diameter is 28 mm in width (arrow) (a). The patient underwent
suprarenal endovascular stent placement (arrows in (b)) for the treatment of AAA
due to the widened aneurysm neck (b).

(a) (b)

FIGURE 6.4
Complicated aneurysm necks. Coronal CT reconstructed images show extensive
calcification present in the aneurysm neck (arrows in (a)) and severe angulation of
the aneurysm neck (line measurement of angle in (b)) which prevent the patients
from being candidates for conventional infrarenal endovascular repair.
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Aneurysm

FIGURE 6.5
Principles of suprarenal fixation of stent grafts. An uncovered portion of the prox-
imal stent protrudes over the renal arteries. Hooks and barbs engage the aortic wall
(short arrows).

FIGURE 6.6
Planning diagrams for fenestrated repair of aortic aneurysm. An open view of
upper portion of the stent graft shows showing a standard fenestration (arrow) and
small fenestrations (arrowheads) that will be implanted in the superior mesenteric
artery and renal arteries, respectively.
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Accurate planning and construction requires high quality 3D CT imaging and
good angiography. Since CT has experienced rapid technical developments over the
last decade, especially with the advent of multislice CT166 (Fig. 6.8), it has replaced
conventional angiography in both pre-operative planning and post-procedure follow-
up.

6.3 Technical Success

The 30-day mortality rate in large stent graft series ranges from 0.7% in low risk
populations to 15.7% in high risk patients.151, 167 These statistics compare favourably
with those associated with the surgical repair of AAAs.168 Death during a stent graft
procedure is rare. Randomised controlled trials reported that endovascular repair is
preferable to open repair.114, 169 The 30-day mortality rate of endovascular repair is
significantly lower than that observed in the open repair of patients who have an
abdominal aortic aneurysm more than 5 cm in diameter. However, long-term follow-
up is needed to determine the safety of this technique.

6.4 Long-term Outcomes

The physiologic effects of transrenal fixation on long-term renal function remain
unknown. Investigators in several reports have described short to mid-term results
for transrenal repair of AAAs.170–172 These reports provide evidence which shows
the safety of placing uncovered suprarenal stents over the renal arteries as assessed
by the biochemical examination of renal function and imaging follow-up. However,
there are still concerns about the safety of transrenal fixation as the long-term effect of
this technique is still not fully understood.173–175 The consequences of the suprarenal
stent coverage of the renal arteries can manifest in various ways, e.g., interference
with renal blood flow or renal function, decreased cross-sectional area of the renal
ostium or a biological response of the aorta to the aortic stents. It has been shown
that the renal artery ostium demonstrated morphological changes to variable degrees
following suprarenal fixation; however, most of the changes did not represent a sig-
nificant difference, and no renal dysfunction was observed. In patients with calcifi-
cation in the renal artery ostium, a significant reduction of ostial diameters was seen
in the right renal artery, indicating a potential atherosclerotic effect.176

Short- to mid-term outcomes of fenestrated stent grafting are satisfactory;177, 178

however, there are concerns about the patency of fenestrated vessels and interference
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(a) (b)

FIGURE 6.7
Fenestrated vessel stents. Two-dimensional axial CT images show that the small
fenestrated stents (arrows in (a)) were inserted into the bilateral renal arteries and
large fenestrated stent (arrow in (b)) in the superior mesenteric artery.

(a) (b)

FIGURE 6.8
Fenestrated stent graft. A fenestrated stent graft was used to treat a patient with a
short aneurysm neck. Renal stents were inserted into bilateral renal arteries (arrows
in (a)) to provide support and allow renal perfusion. Intraluminal protrusion of the
renal stent is clearly visualised on a VIE image (arrows in (b)).
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of fenestrated stents with haemodynamics, as normally about one-third of the fenes-
trated stents protrudes into the aorta after implantation (Fig. 6.7).179–181 Although the
exact mechanisms are not known, it has been reported that the placement of stents
alters the haemodynamics and this coupled with wall movement may lead to the
dispersion of late multiple emboli.33 The complex structures that are introduced into
the blood flow (renal blood flow in the fenestrated repair) may enhance biochemical
thrombosis cascades,34, 182 as well as directly affect the local haemodynamics.

6.5 Computational Modelling

The design and use of an endovascular stent graft requires an understanding of the
expected forces which the stent graft will encounter once it is placed within an AAA.
The deployment of a complex multicomponent endovascular device in the abdominal
aorta is likely to alter the local haemodynamics and adversely affects the long-term
performance of the device. Studies have been performed to investigate the effect
of stent grafts in flow structures, and results are promising.183–186 The influence of
specific stent graft geometry on the flow pattern has been addressed using CFD with
regard to the overall velocity profiles, wall pressure and wall shear stress. This in-
volves the modelling the flow of blood in the stent graft by solving the equations
of fluid flow via numerical methods. The increasing processing speed of computers
makes CFD a relatively practical and inexpensive option.

The haemodynamics and biomechanics of an AAA following infrarenal endovas-
cular repair has been systematically studied by researchers based on experimental
or computational modelling studies.187–190 The effect of suprarenal and fenestrated
stents on renal blood flow has not been studied in depth, and this will be addressed
in the following sections.

6.5.1 CFD of Suprarenal Stent Grafts

The representative study of investigating the effect of suprarenal stent wires on renal
blood flow was performed by Liffman et al.191 using experimental, numerical and
analytical modelling methods. Their results showed the stent wire had little effect
on renal blood flow through medium-sized vessels, and less than 1% reduction was
observed as long as there is no build up of material on the wire. Since suprarenal
stent wires cross the renal artery ostium in different configurations, depending on the
individual patient situation, haemodynamic analysis based on realistic aorta models
generated from the patient’s data will reflect the real clinical situation. Consequently,
results can be translated to clinical practice.
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FIGURE 6.9
Configuration of suprarenal stent wires crossing the renal artery ostium. Top
row: single wire crossing centrally and peripherally; bottom row: V-shape wires
crossing centrally and multiple wires crossing peripherally.

6.5.1.1 Configuration of Stent Wires Crossing the Renal Artery Ostium

The generation of intraluminal images of the stent wires in relation to the renal
artery ostium is performed using a CT number thresholding technique, which has
been described.51 The suprarenal stent wires have been reported to cross the renal
artery ostium in four different configurations,51,176, 192 namely single wire crossing
centrally, single wire crossing peripherally, V-shaped wire centrally crossing and
multiple wires crossing peripherally. Figure 6.9 presents the diagrams of these four
types of configurations.

6.5.1.2 Segmentation of CT Volume Data

Patients with AAAs undergoing endovascular repair are routinely scanned with CT
imaging to determine the extent of aneurysm for surgical planning and follow-up
of the treatment outcomes (monitoring aneurysm changes, detection of complica-
tions such as stent graft migration or endoleak). In order to produce realistic aorta
models for haemodynamic analysis, the CT volume data must be postprocessed to
extract the anatomic details for further analysis. The segmentation of CT volume data
is performed with a semi-automatic segmentation technique involving CT number
thresholding, region growing and objects creation and separation. For the generation
of a 3D aorta model with the inclusion of only the main abdominal aorta and its
branches, the lowest and highest CT thresholds are normally defined as 200 and
400 HU, respectively to remove all of the soft tissues, bone structures and stent
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wires, while keeping the contrast-enhanced artery branches; for the generation of a
3D aorta model with the inclusion of endovascular stent grafts, the lowest threshold
is set at 500 HU to remove all of the soft tissues and contrast-enhanced vessels, while
keeping the high-density stent wires. Figure 6.10 shows the 3D aorta models from
the CT data of a selected patient pre- and post-suprarenal stent grafting.

(a) (b)

FIGURE 6.10
Realistic aorta models pre- (a) and post-stent graft placement (b) based on a
sample CT data.

6.5.1.3 Generation of Aorta Mesh Models

After segmentation, 3D surface objects are created with the aid of computer soft-
ware, and the 3D surface objects are saved in STL format, a common standard for
computed-aided design and rapid prototyping. The “STL” file is then converted into
CAD model files for the generation of aorta mesh models.

The aorta mesh model consists of three parts in each patient: part 1 refers to the
blood flow model of pre- and post-stent grating, while part 2 indicates the artery
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(a) (b)

FIGURE 6.11
Aorta wall (a) and blood flow mesh (b) models.

wall model of pre- and post-stent grafting, and part 3 is the blood flow model of
post stent grafting with the placement of the simulated suprarenal stent wires. For
advanced mesh modelling, the blood flow model (part 1) is generated by hexahedral
volume meshes, while the blood wall model (part 2) is generated by tetrahedral vol-
ume meshes. The blood flow model with the insertion of the suprarenal stent graft
(part 3) is generated by tetrahedral volume meshes. The structure and fluid mesh
models of a sample patient are shown in Fig. 6.11. The maximum elements of the
blood wall model and flow model are composed of 17,247 and 82,650 elements,
respectively.52

6.5.1.4 Simulation of Suprarenal Stent Wires Crossing the Renal Artery
Ostium

Although the segmented AAA models are generated with CT number threshold-
ing which focuses on the high-density stent wires, the detailed configuration of
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suprarenal stent wires crossing the renal artery ostium could not be displayed in
the final mesh models. In order to simulate the intraluminal configuration of stent
wires crossing the renal artery ostium, a few models with a simulated wire thickness
of 0.4, 1.0 and 2.0 mm are generated respectively to reflect the actual situation of
endovascular repair. Figure 6.12 shows meshing models of the suprarenal stent struts.
The stent strut model is defined by tetrahedral volume mesh and mesh elements of
stent strut model are between 9,790 and 23,471 elements.52

The stent strut model reflects the realistic clinical situation after the implantation
of suprarenal stent grafts in patients with AAAs. The actual wire thickness of the
suprarenal stent component is 0.4 mm, thus the simulated wire thickness is chosen
to be 0.4 mm in diameter. As there is a potential opportunity for blood materials to
build up on the stent surface over a certain period of time leading to the thickening
of stent wires,191 wire thickness of 1.0 and 2.0 mm are simulated, respectively, to
demonstrate different wire thicknesses as shown in Fig. 6.12. Before simulating the
stent struts crossing the renal ostium, the non-strut crossing models are first generated

(a) (b)

(c)

FIGURE 6.12
Mesh models of suprarenal stents. A stent wire thickness of 0.4 mm (a), 1.0 mm
(b) and 2.0 mm (c) was simulated to cross the renal artery ostium in these models.
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(a) (b)

FIGURE 6.13
Flow pulsatile (a) and time-dependent pressure (b) in different cardiac cycles.

as a reference for comparison with these models with the strut crossing the renal
ostium at different configurations.

6.5.1.5 Computational Two-Way Fluid Solid Dynamics

To simulate the realistic situation in patients with AAAs treated with suprarenal stent
grafts, the blood flow is started at the level of celiac axis, then inside the aortic
aneurysm, and flows out to the renal arteries and common iliac arteries. The bound-
ary conditions are time-dependent.193 The velocity inlet (abdominal aorta at the level
of coeliac axis) boundary conditions are taken from the referenced value showing
measurement of the aortic blood velocity (Fig. 6.13(a)). A time-dependent pressure
is also imposed at the outlets (Fig. 6.13(b)).

The fluid (blood) is assumed to behave as a Newtonian fluid, as this is known
for the larger vessels of the human body. The fluid density is set to 1,060 kg/m3

and a viscosity of 0.0027 Pa·s, corresponding to the standard values cited in the
literature.193 The flow is assumed to be incompressible and laminar. Given these
assumptions, the fluid dynamics of the system is fully governed by the Navier–Stokes
equations, which are shown as follows:

Continuity: ∇ · �v = 0 and (6.1)

Momentum: ρ
∂�v
∂t
+ ρ�v · ∇�v = −∇p + μ∇2�v + f inFΩ(t) , (6.2)

where �v is the blood velocity vector, p is the blood pressure, ρ is the blood density, μ
is the blood viscosity, f is the body force at time t acting on the fluid per unit mass,
∇ is the gradient operator and FΩ(t) is the fluid domain at time t.
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6.5.1.6 CFD Analysis

Haemodynamic analysis is performed in these realistic aorta models and results
showed that the flow velocity to the renal artery is mainly determined by the thickness
of stent wires and type of stent wires crossing in relation to the renal artery ostium.
Flow velocity is slightly decreased by up to 5% with a wire thickness of 0.4 mm
in all types of configurations except the type of single wire centrally crossing. For
the single wire crossing centrally, the flow velocity to the renal artery is decreased
by 21.1–28.9%, independent of the thickness of stent wires. When the stent wire
thickness increases to 1.0 and 2.0 mm, flow velocity is decreased by more than 10%
and as high as nearly 30% in most of the situations, indicating that the wire thickness
is the determinant factor in the flow analysis52 (Fig. 6.14).
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FIGURE 6.14
Haemodynamic effect of suprarenal stent wires on renal blood flow. Flow analy-
sis in a patient without and with a single stent wire crossing the renal artery ostium
peripherally. It is observed that when the stent wire thickness was increased to more
than 1.0 mm, the flow velocity was decreased when compared to that observed with-
out wire crossing and wire thickness of 0.4 mm.

6.5.2 CFD of Fenestrated Stent Grafts

Fenestrated stent grafts have been confirmed to be an effective alternative to conven-
tional endovascular repair of AAAs (both infrarenal and suprarenal fixation), espe-
cially in patients with short or complicated aneurysm necks.178 Early reports of fen-
estrated stent grafting are promising as the technique of endovascular repair has been
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further advanced and made available to more patients, especially for those with very
short or hostile aneurysm necks.177, 178 However, there are concerns about the patency
of fenestrated vessels and interference of fenestrated stents with haemodynamics, as
a certain length of (approximately one-third, which ranges from 5–8 mm) of the
fenestrated stents protrudes into the aorta after implantation.180, 181, 194, 195 Therefore,
the investigation of the effect of fenestrated vessel stents on subsequent blood flow,
particularly the renal artery flow or perfusion, is of paramount importance for im-
proving the understanding of the long-term outcomes of the procedure.

(a) (b)

(c)

FIGURE 6.15
Simulation of intraluminal appearance of fenestrated renal stents. Appearance
of an intra-aortic portion of the fenestrated renal stent (arrows in (a)) is displayed
on a 3D VE image. The surface model of the fenestrated renal stent is simulated (b)
and inserted inside the renal arteries with a protruding length of 5–7 mm into the
abdominal aorta (c).
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6.5.2.1 Simulation of Fenestrated Renal Stents

Although the segmented post-stent grafting AAA models are generated with CT
number thresholding and other postprocessing methods focusing on the high-density
stent wires, a detailed configuration of fenestrated renal stents inside the renal arteries
could not be displayed in the final mesh models. To achieve this goal, fenestrated
stent structures are simulated, which are later inserted into the aorta models to reflect
the actual patient treatment. The models of the fenestrated stent wires are created
by taking a reference from the intraluminal appearance of a fenestrated stent inside
the renal artery visualised with 3D VE (Fig. 6.15(a)).180, 181 First, the renal artery
diameter is measured and used it as the baseline for the construction of the scaffold-
ing of the stent wires. Then, the structure profile of the stent wires is generated to
produce the surface and solid models (Fig. 6.15(b)). Finally, the simulated model is
inserted into the renal artery with an intro-aortic protrusion of 5–7 mm, as shown
in Fig. 6.15(c). As the thickness of stent wires is about 0.4 mm in diameter, and
the fenestrated renal stents consist of six to eight V-shaped metal wires protruding
into the abdominal aorta with a length of less than 7 mm, according to our previous
experience,180,181 thus the simulated renal stents are created by reflecting the realistic
patient’s treatment.

6.5.2.2 Numerical Verification

In order to satisfy the criteria for mesh convergence, meshes for both fluid and
solid domains have to be refined until mesh-density independence of the results is
achieved. The maximum number of nodes per element is 18,020 and 71,921 for the
artery wall mesh model and the blood flow mesh model, respectively.196 A coupled
fluid–structure simulation is performed at a variable time step with different cardiac
cycles so that fluid forces and velocities across the fluid–solid interface could be
demonstrated and calculated in our analysis.

6.5.2.3 Computational Two-Way Fluid Solid Dynamics and Analysis

Similar to what has been described above in the haemodynamic analysis of
suprarenal stent wires, normal physiological haemodynamics should be considered
for the 3D numerical simulations. This allows the study of the aneurysmal fluid
mechanics by taking into account the instantaneous fluid forces acting on the wall
and the effect of the wall motion on the fluid dynamic field. Fluid density and other
characteristics are exactly the same as those described in the Section 6.5.1.5. The
simulation of blood flow (fluid) is performed at different cardiac cycles.

Flow velocities to the renal arteries pre- and post-fenestration are calculated and
compared in both pre- and post-fenestration, and our analysis shows that no sig-
nificant interference with renal haemodynamic analysis is observed in the presence
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FIGURE 6.16
Flow velocity in a patient with simulation of fenestrated renal stents. Flow veloc-
ity is calculated after the placement of fenestrated stents at bilateral renal arteries in
the realistic aorta models. Flow velocity is slightly decreased in the presence of stent
protrusion (7 mm), although this does not result in the significant difference when
compared to non-stent protrusion situation.

of fenestrated stent protrusion. With simulated fenestrated stents protruding into the
abdominal aorta, flow recirculation patterns are observed in the proximal part of
the renal arteries when compared to that seen in pre-operative graft implantation,
although this does not result in any significant change of flow velocity (Fig. 6.16).196

6.6 Summary

Endovascular stent graft repair of AAAs has been regarded as an effective alterna-
tive to open surgery and this has been confirmed by many clinical trials. With the
technical developments of stent graft devices, endovascular repair has been made
available to more patients with aortic aneurysms, with satisfactory results having
been achieved. Despite promising short- to mid-term results, long-term outcomes are
still unknown, especially for suprarenal and fenestrated stent grafts. While clinical
studies are required to conduct follow-up studies of patients from a long-term point
of view with the inclusion of clinical assessment and imaging evaluation, the analysis
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of the haemodynamic effect of stent wires on renal blood flow is also important as it
offers additional information when compared to traditional imaging evaluation.

In this chapter, we reviewed the device and technical evolution of stent grafts in-
cluding suprarenal and fenestrated stent grafts with the aim of providing good under-
standing of the technical details associated with endovascular stent grafts. Medical
imaging assessment of the successful implantation of stent grafts has been widely
addressed in the literature and CT has been recognised as the preferred method for
pre- and post-stent grafting evaluation. In order to improve our understanding of
the long-term outcomes of endovascular repair, we have demonstrated the haemody-
namic effect of stent wires on renal blood flow based on FSI analysis with the use of
realistic aorta models. Although the analysis is limited to preliminary studies, it pro-
vides a basis for the testing of the effect of placing a suprarenal or fenestrated stent in
front of/into the renal artery, and research findings provide insight into the treatment
outcomes of these two modified stent grafting techniques. Further studies with the
simulation of procedure-related complications such as endoleaks and measurements
of the aneurysm sac pressure197–201 are necessary to determine the long-term safety
of suprarenal and fenestrated stent graft repair of AAAs.

6.7 Questions

1) List two recent technical developments proposed in endovascular repair mecha-
nisms.

2) Explain the relationship between suprarenal and transrenal fixation of aortic stent
grafts.

3) Explain the principles of fenestrated stent grafts.

4) Name three ways that can reveal the consequences of the suprarenal stent cover-
age of the renal arteries.

5) Name the equation used for computational modelling of blood flow.
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7.1 Review of Device

There are many fluid flow applications in which two or more fluids exist with
separate flow fields. All these types of flow are generically called multiphase, and
they all can be simulated using the multiphase models in commonly available CFD
tools using two approaches. Flow fields in some biomedical applications are com-
plex and sometimes involve multi-phase flows. Multiphase flows are broadly clas-
sified into continuous–dispersed flow and continuous–continuous flow. Continuous–
dispersed flow, as its name implies, is a model of a primary continuous fluid that
has the secondary discontinuous phase dispersed within. A continuous–continuous
flow model is one in which the inter-mixing fluids are continuous and with a
free surface between the fluids. Typical CFD models for multiphase flows202, 203

are (1) algebraic slip, (2) drift flux, (3) Eulerian–Lagrangian and (4) Eulerian–
Eulerian. A judicious choice of multiphase models is the critical factor for an accurate
CFD result.

Examining drug delivery performance within the anatomical environment is a
good case of using multiphase flow simulation for analysis. The particle transport
model is used to model flows with individual behaviour, and the Eulerian multiphase
model is used for flows with overall information about a certain phase. It should be

89
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noted that the equations of multiphase flows are essentially those of single-phase flow
applied to each fluid in the calculation, with two extensions. First, additional equa-
tions are included for the volume fraction of each fluid. Then, additional terms are
included in the transport equations of each phase, to model the inter-phase transfers
such as drag, heat transfer and mass transfer.

We present the CFD studies on nasal drug delivery that can be used to evalu-
ate the performance of the spray devices. For this study, a computational model of
the nasal cavity is reconstructed from CT scans, while the sprayed drug particles
delivered from the nasal spray device can be simulated as a single release point or
can include the spray device. After the reconstruction of the respiratory airways via
medical imaging or optical scanning, computational techniques such as CFD can
simulate critical information that are difficult to measure empirically, such as the air
velocity profile,204 particle trajectories and localised deposition sites.205, 206

The model is prepared with a computational mesh and a commercial CFD soft-
ware is used to run the numerical simulations. The numerical results provide details
regarding airflow patterns, particle trajectories and the drug particle interactions with
the inhaled air that leads to particle deposition and location. Such results offer a
deeper insight into nasal drug delivery and are useful during product development
cycles for the optimisation of the spray device.

While the CFD simulations provide critically important results, the accuracy and
reliability of the results are highly dependent on setting good initial boundary con-
ditions, among other prerequisites (e.g., numerical techniques, mesh quality, geom-
etry reconstruction). The introduction of the sprayed particles into the nasal cavity
airway requires the input of initial particle conditions. These may include the par-
ticle location, initial velocity and particle size. For this information, experimental
measurements are needed to quantify the values. Some experimental work has been
performed,43,46, 207 which provides some quantitative values for the initial particle
conditions. In addition, experimental setups are also needed for the validation of the
numerical setup. In these instances, the nasal cavity geometry and sprayed particles
with or without the spray device need to be constructed physically and measurements
can be made using PIV techniques, gamma scintigraphy imaging or scintillation
counting.

The function of the nasal spray delivery device is to atomise the liquid formula-
tion into a fine spray made up of small micron-sized particles. A number of deposi-
tion studies in the nasal cavity are dedicated to the inhalation of particles suspended
in the airflow,205, 208–211 which is quite different to the inhalation of sprayed par-
ticles.7, 207 Figure 7.1 shows the different computational and experimental particle
tracking techniques that have been used to examine drug inhalation characteristics.

In a step towards a more accurate representation of the nasal spray device, the
inclusion of the nasal spray device as an object in the nasal cavity has been imple-
mented and is demonstrated in this book. Figure 7.2 shows the effects of the inclusion
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FIGURE 7.1
Nasal spray examination techniques. (a) Streamline tracing of inhalated suspended
particles in air. (b) Particle tracking in the nasal cavity and externally to determine
the origin of inhaled drug and its transport as delineated by the particle clouds. (c)
Sprayed particle tracking showing particle release from a point source with the initial
velocity and spray angle.

of the spray device on the airflow field, which is pertinent to the transport of the
sprayed drug particles.

More recent advances in nanotechnology have seen the manufacture of engi-
neered nanoparticles for many commercial and medical applications. Engineered
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(a) (b)

FIGURE 7.2
Simulated nasal spray performance. Path streamlines traced by massless particles
and coloured by velocity magnitudes found in the anterior region of the nasal cavity,
(a) without the nasal spray device and (b) with the nasal spray device. Greater dis-
turbance is found when the nasal spray device is included in the geometry. The nasal
valve region is displayed as it exhibits the smallest cross-section in the nasal cavity
and hence, accelerates the streamlines.

nanoparticles can exhibit large surface area-to-size ratio leading to greater biologic
activity, which can be desirable for drug delivery. This requires different modelling
techniques compared with micron-sized particles, to account for Brownian motion
of such small scales of particles being delivered through the nasal cavity.205, 212, 213

The results in Fig. 7.3 shows the Brownian motion dispersion of the particles that
diffuse through the nasal cavity, leading to a deposition pattern that is spread out in
comparison to micron-sized particles.

The deposition pattern shown in Fig. 7.3 has interesting applications for drug
delivery since traditional nasal sprays produce micron-sized droplets that are prone
to inertial deposition. This deposition mechanism leads to high inertial impaction
(up to 100% for the mean atomised particle droplet of 50 µm) in the anterior region
of the nasal cavity.7, 207 However, for high drug efficacy, the delivery of the drug
droplets needs to be deposited in the middle regions of the nasal cavity, where the
highly vascularised walls exist. Smaller particles such as 1 µm were found to be
less affected by inertial properties, which allowed it to bypass the anterior region
of the nasal cavity. However, because of the particles’ ability to follow the airflow
streamlines more readily, the particles are less likely to deposit in any region of the
nasal cavity at all and would bypass it completely, leading to the undesired effects
of deep lung deposition. Therefore, the delivery of nanoparticles, especially 1-nm
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Side View Top View

FIGURE 7.3
Deposition pattern of the drug by the nasal spray. Deposition patterns of 1-nm
particles under a flow rate of 10 L/min in a human nasal cavity. The deposition
efficiency is 81%, while the deposition pattern displays an even distribution through-
out the geometry. This differs greatly from the deposition patterns for micron-sized
particles which are usually concentrated to the anterior third of the cavity.

particles (81% deposition efficiency), can provide improved deposition in the middle
regions whilst minimising deep lung deposition.

7.2 Computational Modelling

7.2.1 Geometrical Meshing

After extracting the nasal cavity airway by segmentation, the computational file
should be saved as IGES, STL or STEP in order to be cross-compatible with a
range of 3D modelling and meshing programs. Typically, the meshing procedure is
begun by applying a simple unstructured tetrahedral mesh all over, which produces
a single contiguous mesh. However, for easier postprocessing of local flow variables
and particle deposition fractions, the computational model may be split into smaller
sub regions during the CAD surface and volume generation stage, prior to meshing.
While the process of sub-dividing the computational model into smaller regions can
be performed within some CFD packages, it is not always an easy task and therefore,
it is recommended to be performed in CAD packages that have NURBS functionality.
Figure 7.4 shows a nasal cavity sub-divided into 10 sections.

Surfaces were then created and stitched up to create a computational mesh. An
initial model with 82,000 cells was created and used to solve the airflow field at a
flow rate of 10 L/min. The original model was refined by cell adaptation techniques
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FIGURE 7.4
Nasal geometrical configuration. Nasal geometry subdivided into ten sections and
labelled with S and a number representing the section. S1 to S3 represents the an-
terior, S4 to S7 the middle and S8 to S10 the posterior nasal cavity. An artificial
extension is added after S10 to assist in the simulation.

(a) (b)���� ���

FIGURE 7.5
Nasal mesh configuration. Surface mesh of the first two sections S1 and S2 (anterior
nose entrance region) from Fig. 4.19 of the nasal cavity. (a) An initial coarse mesh.
(b) After mesh refinement, the mesh count is increased.
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that included refining large volume cells, cells that displayed high velocity/pressure
gradients and near-wall refinements. This process was repeated twice, with each re-
peat producing a model with a higher cell count than the previous model. A model
containing 82,000 and 2.5 million cells are shown in Fig. 7.5.

Prism meshes are often used to resolve the thin boundary layers that are present in
wall-bounded flows. The first mesh element, adjacent to the wall, is a very thin layer
and subsequent mesh elements above the first mesh element become progressively
thicker until the layers cover the distance of the boundary layer. As discussed ear-
lier, the mesh should change slowly and smoothly away from the domain boundary
(Fig. 7.6).
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FIGURE 7.6
Near-wall mesh that has an eight-prism layer for a nasal cavity model. Applica-
tion of a hybrid mesh that contains tetrahedral elements inside the domain and prism
layers along the surface or domain boundaries.

7.2.2 Physiological Boundary Conditions

The reconstruction of anatomy and physiology of the nasal cavity by CAD has been
discussed in Chapter 3. This is referred to again in Fig. 7.7. The nose can be divided
axially into four regions — the vestibule, the nasal valve, the turbinate and the na-
sopharynx regions. The first three-quarters of the nasal cavity are divided into the left
and right cavity separated by the nasal septum wall. Air enters each cavity through
the oval-shaped external nostrils into the vestibule. The flow changes direction, 90◦

towards the horizontal, before entering the nasal valve region. The flow increases in
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FIGURE 7.7
Side view of the left nasal cavity which is sectioned into 10 regions used for local
deposition analysis. The +x coordinate is from the anterior tip of the nostril inlet
running posterior to the back of the nose at the nasopharynx, which is referred to as
the axial direction.

this region where the cross-sectional area is smallest, causing an acceleration of the
air. At the end of the nasal valve region, the cross-sectional area of the nasal cavity
suddenly increases. This expansion is the beginning of the turbinate region where the
profile is complicated and asymmetrical. Finally, at the nasopharyngeal region, the
left and right cavities merge, causing the flow in this region to mix intensely.

The main factors that contribute to the airflow patterns are the nasal cavity ge-
ometry and the flow rate. For a realistic human nasal cavity, geometric variations
between the left- and right-sided nasal cavities exist at any one time as a result of
a combination of its natural geometry due to the nasal cycle and any other physio-
logical reactions at the time. Inhalation is caused by the negative pressure induced
by the diaphragm flattening out to increase the volume of the pleural cavity. Flow
rates for adults can range between 5–12 L/min for light breathing and 12–40 L/min
for non-normal conditions such as during exertion and physical exercise. Usually,
breathing switches from pure nasal flow to oral–nasal flow at this higher range. Ad-
ditionally, flow rates for extreme forced inhalation conditions have been found to
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reach 150 L/min.214 Issues pertaining to the geometry and physiologic features also
need to be kept in mind when setting up the numerical model and interpreting the
results.

Laminar flows are normally characterised by a smooth motion where the fluid’s
viscosity dominates, allowing high molecular diffusion and dampening out any fluc-
tuations in the flow. This leads to adjacent layers of fluid sliding past each other in
an orderly fashion (like layers of lamina). However, for a nasal cavity which has a
complex geometry that is highly convoluted, flow separation and recirculation can
exist especially in the region from the nasal valve to the main nasal passage, where a
rapid increase in the cross-sectional area is observed,215 enhancing flow instabilities.
It must be mentioned that although flow separation and recirculation are typical char-
acteristics of turbulent flow, the presence of these characteristics does not necessarily
assume that the flow is turbulent, since its existence can be found in laminar flows
with geometries that exhibit separation (e.g., flow over a backward-facing step or a
cylinder).

Boundary conditions for the computational surfaces need to be defined. While
the surface walls are easily understood in terms of its definition as a rigid wall
boundary, the nostril inlets and the nasopharynx outlet provide the user with more
options for definition. In this case study, a uniform flow perpendicular to the nostril
inlet was specified. This assumption was based on the data of Keyhani et al.,216 who
demonstrated that a velocity profile at the nostrils for a given flow rate did not show
significant differences on the downstream flow field when compared with experi-
mental data. In addition, the flow rates of left and right nostrils are assumed to be
the same. This does not simulate real breathing perfectly since the flow is triggered
from the lungs, drawing the air from the nostrils, which are affected by geometrical
differences, leading to varied flow rates between the cavities. The breathing cycle is
caused by the pressure difference induced by the diaphragm flattening/contracting to
increase/decrease the volume of the pleural cavity. Therefore, it is natural to assign
the nostril inlets and the nasopharynx outlet as pressure conditions.

7.2.3 Simulating Flow in the Nasal Cavity

Putting all these steps together, we see that the CFD solution process culminates
in the processing and analysis of the numerical data that is produced. In its raw
form, this data is simply a collection of numbers stored at coordinates based on the
mesh design. The conversion of raw data into meaningful results is called the post-
processing stage. CFD has the capability to produce colourful graphics and precise
detailed data. In this section, we present some essential postprocessing techniques
frequently encountered in the presentation of CFD data.

Streamlines are used for examining the nature of a flow either in two or three di-
mensions (e.g., Fig. 7.8). By definition, streamlines are parallel to the mean velocity
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FIGURE 7.8
Streamline traces of airflow within a nasal cavity model. Airflow streamlines
passing through velocity contours taken at different coronal sections in the right nasal
cavity. Velocity vectors on each coronal section shaped by cones are also presented.

vector, where they trace the flow pattern using massless particles. They can generally
be obtained by integrating the spatial three velocity components expressed in a 3D
Cartesian frame: dx/dt = u, dy/dt = v and dz/dt = w. Streamlines are also called
streamtraces, streaklines or path lines.

The effects of swirl can be investigated by setting the swirl fraction. For this
demonstration, a flow rate of 10 L/min laminar flow is used. The swirl fraction sets
the fraction of the velocity magnitude to go into the swirling component of the flow,
thus a higher fraction will produce a greater tangential velocity component. This
increases the time taken to travel a given axial distance as the particle is swirling
more and its residence time becomes longer. Additionally, the induced drag from the
cross-flow of air helps to reduce the initial high momentum of the particle and the
chance of particles travelling through the frontal regions of the nasal cavity increases.
Figure 7.9 shows the high deposition of particles occurring in the frontal regions
(Sections 1–3).
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FIGURE 7.9
Particle deposition within different sections of the nasal cavity. Sections 1–3 are
the frontal region, Sections 4–7 are the middle region and Sections 8–10 are the
posterior region.

The amount of swirl has a different effect for the two different particle sizes. For
10-µm particles with λ = 0.9, deposition in the frontal zones increases, while for
λ = 0.5, a higher percentage of particles escape. Conversely for 20-µm particles,
an increase in the swirl fraction decreases the deposition in the frontal zones. Some
deposition in the middle zones occurs and 2.2% escape when λ = 0.9. The reason
for these local deposition patterns can be better understood by observing the particle
trajectories (Fig. 7.10). It is known that larger particles that possess high inertia (i.e.,
Stokes number characteristics) need to be aligned with the flow streamlines to avoid
impaction. This implies that the particles need to be projected at a clear unobstructed
path in the nasal airway rather than be projected at walls.

When λ → 0, the velocity magnitude is entirely composed of axial velocity,
which projects the particles vertically. High inertia particles are directed at the roof
of the nasal vestibule and do not have enough time to slow down and adapt to
the gas phase streamlines. However, smaller inertia particles can adapt to the flow
streamlines more readily. One idea to overcome this is to insert the nasal spray at
an angle (insertion angle) that would provide such alignments with the flow stream-
lines.7 However, this technique is dependent on the user upon the application of the
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10μm, 4mm diameter at break-up, 0.1 swirl 20μm, 4mm diameter at break-up, 0.1 swirl 

 
10μm, 4mm diameter at break-up, 0.5 swirl 20μm, 4mm diameter at break-up, 0.5 swirl 

 
10μm, 4mm diameter at break-up, 0.9 swirl 

 
20μm, 4mm diameter at break-up, 0.9 swirl 

FIGURE 7.10
Particle trajectories within the nasal cavity for different swirls. Particle trajecto-
ries for 10- and 20-µm particles at different swirl fractions are presented for 0.1 to
0.9 swirls.
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nasal spray device as well as the precise location of the nozzle. When λ → 1, the
velocity magnitude is entirely composed of a tangential velocity and the particles are
projected at a tangential direction to the nasal spray insertion angle. For 10-µm par-
ticles, deposition increases in the frontal zones as more particles are pushed towards
the wall. For 20-µm particles, this is also the case; however, instead of impaction into
the upper roof when λ = 0.1, impaction is on the side walls. The horizontal projection
of a small proportion of particles is then enhanced by the gas phase velocity, which
carries the particles along the floor of the nasal cavity.

Without any obstructions to the flow, the particles are transported through to the
nasopharynx area. A small increase in deposition within the middle and anterior
regions are observed. At the nasopharynx, the flow changes direction at 90◦ which
acts as another filter to capture high inertia particles that impact at the back. Although
a swirl fraction of 1 is extreme and indeed unrealistic to achieve practically within the
atomiser design, its use in the present investigation provides a better understanding of
the effects of the swirl fraction. The particle trajectories demonstrate that the swirling
motion decreases the particles’ initially high inertia due to the difference in the air
and particle velocities.

7.3 Assessment of Modelling and Optimisation

7.3.1 Insertion Angle

The insertion angle, α, is the angle between the nasal spray device from the hori-
zontal position, (0◦ in the x–y plane), when looking into the side of a person’s face
(Fig. 7.11). Particle sizes of 10 µm to 20 µm were used at an initial velocity of 10 m/s.
A uniform surface injection released from the inlet was used to eliminate variables
such as location of the nozzle tip, nozzle diameter and spray cone angle.

Higher deposition occurred at 100◦ for most particles (Fig. 7.12). This concen-
tration of particles can be seen in Fig. 7.13 for 15-µm particles. Minimum deposition
for smaller-sized particles, 10 µm and 15 µm, was found when α = 70◦. The 70◦

direction of particles enhances the ability of turning, as more particles assume the
streamlines on the inside of the curvature. Further decreases in α, where the direc-
tion of discharge approaches the horizontal, increases the deposition of particles as
a higher proportion of particles is now directed at the adjoining wall of the nostril,
albeit at a small margin.

The 20-µm particles behave similarly, but at lower α. Minimum deposition in the
two frontal zones was found at α = 45◦. Although more particles are directed into the
adjoining wall, this is offset by more particles penetrating into the curvature instead
of impacting straight into the roof of the vestibule as is the case when α = 90◦. These
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0 degree 
insertion angle 

90 degree 
insertion angle 

FIGURE 7.11
Side view of the nasal vestibule showing the insertion angle. This diagram illus-
trates the insertion angle α, of the nasal spray device from the side view of a face of
a human subject.
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FIGURE 7.12
Deposition in Zone1 and Zone2 for monodispersed particles released uniformly
from the inlet surface at different insertion angles. As the gas phase velocity can-
not overcome the initial injected velocity of 10 m/s, the particles discharged directly
into the anterior-most walls of the nasal cavity.



Nasal Drug Delivery 103

larger particles require a sharper angle of insertion to avoid impacting with the roof
of the vestibule, thus aiding the alignment of the particles with the 90◦ bend and
reducing the amount of deviation required in turning. The larger the particle (20 µm
and 50 µm), the more effective the decrease of α becomes. Another insertion angle
that can be considered is the orientation when looking into a person’s face, front-on,
in the y–z plane. This was not investigated as the same ideas regarding the particle
size with its dependency on initial flow conditions exist.

7.3.2 Full Spray Cone Angle

The full spray cone angle β, is the dispersion of particles exiting from the nozzle tip
(Fig. 7.14). Particles were released from a small diameter compared with previous
particle release methods, which used a uniform surface inlet at the nostril openings.
This allows observation of the physical differences when changing β. Particles were
released at 10 m/s from an internally fixed location with a diameter of 0.8 mm and a
range of β between 20◦ to 80◦.

The deposition of 10-µm particles in the two frontal zones are unaffected by
the change in β (Fig. 7.15). Again, the significance of β is realised as particle size in-
creases. The smaller ranged particles, that follow the gas phase velocity more readily,
are optimised when released with a narrow β. A wider β gives rise to a larger range
of dispersion due to the nature of a 360◦ spray cone.

There is a low ratio of favourably dispersed particles (those pointing with the
flow) to those being dispersed away from the curvature of the gas flow. Figure 7.16(a)
shows the flow for 15 µm being centralised when β = 20◦ and the increase in devi-
ation from the centre when β = 80◦. Deposition for β = 20◦ remains along the roof
of the nasal cavity and near the septum walls with 33% depositing in the first two
zones. At β = 80◦, a higher proportion of deposition is observed in the frontal zones.

The internal location of injection is closer to the roof of the vestibule than from
the nostril inlet. This reduces the allowable distance for particles to relax their initial
injected conditions to the gas phase conditions, thus enhancing impaction on the
roof of the vestibule. This effect is more pronounced for larger particles, i.e., 20–
50 µm. As seen earlier, these particles have near 100% deposition in the front two
zones. Consequently, any deviation that is favourable will project the particles into
the already curved streamlines, allowing particles to travel further, albeit a small
proportion. Figure 7.16(b) compares the two deposition patterns for 20-µm particles
at β = 20◦ and β = 80◦. At β = 20◦, impaction occurs directly above the injection
release point in a concentrated area. When β = 80◦, a wider area of deposition is
observed in the frontal zones, whilst those particles projected favourably towards the
nasal valve are able to travel beyond the 90◦ bend. However, their deposition is immi-
nent and this occurs within the middle sections of the nasal cavities. Particles in the
15–20 µm range will exhibit an optimum β, which is based on the ratio of the change
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15μm at insertion angle α =100 o, u=10m/s 

 

 

 

 

 

 

 15μm at insertion angle α =90 o, u=10m/s 

(a)

FIGURE 7.13
Deposition based on different particle sizes and insertion angles. (a) Deposition
patterns for 15-µm particles released uniformly from the inlet surface uniformly from
the inlet surface at insertion angles 100◦ and 90◦. (b) Deposition patterns for 15-µm
particles released uniformly from the inlet surface uniformly from the inlet surface
at insertion angles 70◦ and 30◦.
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15μm at insertion angle α =70 o, u=10m/s 

 

 

 

 

15μm at insertion angle α =30 o, u=10m/s 

(b)

FIGURE 7.13
(Continued).
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θ

β=2θ

FIGURE 7.14
Full spray cone angle (β) in comparison with half cone spray angle (θ). The full
spray cone angle is twice that of the half spray cone angle.
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FIGURE 7.15
Variation of particle deposition patterns based on spray cone angles. Deposition
in Zone1 and Zone2 for monodispersed particles released at 10 m/s from a small
internal diameter at different spray cone angles.
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in favourably dispersed particles to the number of particles that are predestined to
impact on the roof of the vestibule because of their particle size.

7.3.3 Implications for Nasal Drug Delivery

The results from the case study were aimed at gaining a greater insight into which
parameters are important in the design of nasal drug delivery devices. The results
revealed high deposition occurring in the frontal regions of the nasal cavity. It is well
recognised that one of the functions of the nose is to filter out foreign particles during
inhalation, which was mainly thought to be attributed to cilia (nasal hairs) movement
within the nose. However, the filtering function also extends to the airway geometry
at multiple locations in the nasal cavity. In the frontal sections (Regions 1 and 2),
the flow experiences a curvature in the streamlines which acts similarly to inertial
impactors that filter out high inertial, large particles. Another filter is the contraction
of the nasal airway into the smallest cross-sectional area, the nasal valve region where
particles are accelerated increasing their inertial property. Finally, another right angle
bend at the nasopharynx serves as a final filter prior to the particles entering the lower
airways. This may be one explanation for the undesirable “taste” patients experience
after taking drugs via the nasal cavity.

The filtering curvature in the frontal sections along with the constricting nasal
valve region is most significant for therapeutic drug delivery as it prohibits larger
particles from penetrating into the middle cavity region for deposition onto the highly
vascularised mucosal walls. One possible solution is to instruct users to insert the
spray deeper or to develop spray devices that will naturally be inserted deeper with
particles being released beyond the frontal curvature.

7.4 Summary

The case study presented here investigated the application of nasal drug delivery.
While the nasal cavity’s natural function is to filter out toxic particles, there is an
opportunity to exploit the highly vascularised walls for drug delivery. Nasal sprays
deliver atomised particles into the nasal cavity at high velocities. The structure of the
atomised spray from a nasal spray was presented in order to identify the parameters
that would affect the setting up of the initial particle boundary conditions for the CFD
simulations. Parameters that were important, among others, included swirl effects,
the spray cone angle, initial particle velocity and the insertion angle, which were
evaluated for deposition efficiency under high and low inertial particles.

For a flow rate of 20 L/min, the 10–20-µm particles were sensitive to initial in-
jection velocity, insertion angle and spray cone angle as their size increased. Larger
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15μm at cone angel β =20 o, u=10m/s 15μm at cone angle β =80 o, u=10m/s 

(a)

FIGURE 7.16
Particle deposition patterns based on particle sizes and spray cone angles.
(a) Deposition patterns for 15-µm particles released at 10 m/s from a small internal
diameter at the centre of the nostril inlet surface. The spray cone angles ranged from
20◦ and 80◦. (b) Deposition patterns for 20-µm particles released at 10 m/s from a
small internal diameter at the centre of the nostril inlet surface. The spray cone angles
ranged from 20◦ and 80◦.
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20μm at cone angel β =20 o, u=10m/s 

 

 

 

 
20μm at cone angel β =80 o, u=10m/s 

(b)

FIGURE 7.16
(Continued).
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particles exhibited very high Stokes numbers (inertial parameter) causing it to be
insensitive to these parameters. Current commercially available nasal sprays pro-
duce mean size particles of 45–60 µm. This presents a problem as larger particles
(≥ 20 µm) are relatively insensitive towards initial injection conditions and are likely
to deposit in the anterior portion of the nose, decreasing the drug delivery’s efficiency.
Producing smaller particles (≥ 20 µm) during atomisation is an option for designers;
however, smaller particles are more inclined to follow the airflow and can lead to
deposition beyond the nasal pharynx.

The ideas formulated can be used as a basis for improving the design of nasal
spray devices to achieve better drug delivery such as (1) redirecting the release point
of the spray (i.e., the insertion angle) to align with flow streamlines, (2) controlling
the particle size distribution and (3) controlling the particle’s initial velocity. In the
attempt to replicate actual nasal spray applications while isolating the investigated
parameters, idealised injected conditions for the particles were used. Further stud-
ies have been performed,40,217 which also tested some of the spray characteristics.
Interestingly, this field of research can be extended to compare results with other
nasal cavities to include the permeability effects of nasal hairs and to establish more
accurate initial particle conditions such as the instantaneous velocity at injection that
can include swirl effects.

7.5 Questions

1) Name four modelling factors that define accurate and reliable CFD simulations.

2) What are the main factors that contribute towards airflow patterns in the nasal
cavity?

3) What is the function of a nasal spray delivery device?

4) Describe the relationship between monodispersed particle deposition and the
particle size for a given insertion angle.

5) Describe three ways that can used to improve nasal spray devices in order to
achieve better drug delivery.
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8.1 Review of Device

Due to the rapid growth in MEMS technology, the design, development and real-
isation of miniature devices for biomedical implants can form a unique develop-
ment philosophy. In particular, Bio-MEMS–based implantable micro-drug delivery
systems have shown the potential to offer new paradigms in biomedicine and bi-
ology. These systems consist of various types of MEMS devices such as micro-
pumps, microsensors, microvalves, microneedles, microfluidic channels and drug
reservoirs.38, 218, 219

A typical micropump is a fundamental and a critical part of a drug delivery
system, providing an actuation source to effectively transfer an accurate amount
of fluid or drug to the targeted location. Among the large number of microfluidic
components realised up to now, micropumps have clearly represented a critical role
in science.38, 220, 221 Such a system is mainly aimed at abrupt life threats such as heart
attack, stroke, septicaemia or serious chronic diseases such as diabetes, melancholia
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and malignant lymphoma. With an automatic dosing system being active, sudden
death could be prevented, in addition to reducing the risk of irregular or incor-
rect intake of medicine and drugs. In recent decades, the advancement of medical
imaging, computer technology and manufacturing processes have added value to the
conceptualisation and development of new biomedical applications, and significantly
improved health and living standards, as well as contributing to medical science and
technology.

Furthermore, in the design and development of such microfluidic devices, there
has been a rapid introduction and utilisation of computational modelling tools for
design level parameter optimisation and optimal performance analysis. Computa-
tional tools such as CAD software and numerical solvers for FEA and CFD pack-
ages are mainly used in modelling, simulation, analysis and verification stages of the
development.

FEA is classified under computational simulation techniques that is able to eval-
uate structural performance of the device. Considering the ability to model more
advanced geometries, FEA has become a popular computational numerical method,
as opposed to theoretical or analytical modelling. Various researchers have utilised
advanced FEA techniques for the modelling and analysis of implantable devices for
applications such as drug delivery systems.222

CFD is a numerical method that can be successfully utilised to perform detailed
flow analysis in microfluidic devices.21, 22 Furthermore, CFD and FEA techniques to-
gether facilitate the validation of results against experiments and are highly regarded
in modern device design. Once validated, the model can be used to investigate the
effects of changing parameters or geometry with greater certainty, and at substantially
less cost than building a new experimental prototype. In addition, the simulation of
design performance can be achieved to evaluate the safety of the device implant or the
effect of introducing drugs into a system without endangering human lives. It may
serve to provide expert opinion to surgeons in the event of strategising the device
implant through better understanding of its operating mechanism.

More importantly, the targeted applications of the device also need to be consid-
ered during the design stage, in order to improve the suitability of such devices for
desired applications. The next section in this chapter briefly illustrates some of the
potential biomedical applications of MEMS micropumps.

8.2 Biomedical Applications of MEMS Micropumps

8.2.1 Potential Drug Delivery Applications

Biomedical micropumps can be utilised for the site-specific drug dosing for various
applications such as hyptertension control, cancer treatments and diabetes control.
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TABLE 8.1
Commonly used anti-hypertensive drugs. These medications mainly block specific
type of hormone receptors to control hypertension, hence a range of other disorders.37

Anti-hypertensive medication Effect

Beta-blockers Block the effects of adrenaline and ease
the heart’s pumping action.

Angiotensin-converting enzyme (ACE) Reduce the production of angiotensin,
which is a inhibitors chemical that
causes arteries to narrow.

Angiotensin receptor blockers (ARBs) Block angiotensin, which is another
chemical that causes arteries to narrow.

Calcium channel blockers (CCBs) Decrease the contractions of
the heart and widen blood vessels.

Here, a brief analysis is presented, highlighting the potential use of micropumps in
controlling hypertension.

Drug Delivery for Hypertension: High blood pressure, also called hyperten-
sion, is elevated blood pressure in the arteries. Hypertension results from two major
factors, which can be presented independently or combined: (1) the heart pumps
blood with excessive force and (2) the body’s smaller blood vessels (arterioles) be-
come narrow, so that blood flow exerts more pressure against the vessel walls.

It has been reported that hypertension places stress on several organs (target
organs), including the kidneys, eyes and heart, by causing them to deteriorate in func-
tionality over time. Furthermore, it has been demonstrated that high blood pressure
contributes to 75% of all strokes and heart attacks.37

In addition to lifestyle and dietary changes, various types of drugs are available
as a major treatment for hypertension. Some of the commonly used anti-hypertensive
medications are listed in Table 8.1. In some situations, the targeted quick delivery of
the correct amount of drug would make a difference between life and death for a
patient.

Therefore, based on the various novel technologies and features associated with
modern mechanical micropumps, such devices could be implemented to facilitate the
targeted and effective delivery of commonly used anti-hypertensive drugs, especially
those that block specific types of hormone receptors.

8.2.2 Other Potential Applications

In addition to drug delivery, MEMS micropumps complemented with wireless and
secure communication technology could be implemented in a range of other appli-
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cations including contraception for men, ultrafast DNA sequencing, flow cytometry,
LoC applications, micromixing, as well as non-biomedical applications such as fuel
cell design, structural health monitoring and ink jet printer head modelling. Here, a
brief illustration is presented, highlighting the implementation of a wirelessly con-
trolled SAW-based secure microactuation principle in relation to contraception for
men.

A wirelessly controlled and securely operated biomedical micropump can be
extended to introduce a novel and innovative approach to prevent unintended preg-
nancy, by implementing a non-hormonal contraceptive method for men, by means of
implanting a SAW device-based, secure microvalve through the vas deferens, which
interferes and prevents sperm delivery. Such a microvalve would incorporate highly
relevant features such as wireless control, battery-less operation, small size and mass,
biocompatibility with no active electronics, low cost fabrication and increased relia-
bility.

One of the key novelties of such a contraceptive device is that coded RF energy
is transduced directly to perform mechanical actuation, only when the implanted
code matches the code in the interrogation signal. Therefore, this innovation can
successfully eliminate the requirement of a battery and active electronics to go with
the micropump. Hence, the micropump can be substantially miniaturised to implant
through the vas deferens, without any requirement of subsequent surgery to replace
power sources.

Moreover, because of the ability to design such micropumps in an easily and
safely reversible manner, the methodology is immune to common side effects such
as the generation of enhanced antibodies that destroy sperms and the reduction of
fertility due to back pressure caused by permanent blocking that exist in current
methods.223

Once an exposure to a potential application domain is achieved, the numerical
modelling of such micropumps can be performed with the utilisation of various tools
and techniques as discussed.

8.3 Numerical Modelling of Micropumps

Advanced numerical modelling and FSI analysis between multiple physical fields of
micropumps is of great advantage especially in optimising critical device parameters
prior to fabrication. Many researchers have investigated the numerical modelling of
electromechanical fluid coupling in micropumps.224, 225 However, most of these mod-
elling has been on piezoelectric micropumps and the analyses have been conducted
on simplified 2D models of micropumps. Furthermore, Ha et al. and Nisar et al.
have presented analyses of piezoelectric micropumps using multiple code coupling
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(MFX) capabilities in ANSYS and CFX simulation tools,222, 226 which require only
one interface between the physical fields (fluid–solid). However, in electrostatically
actuated micropump analysis for example, the design is more advanced as there are
two interfaces between fluid–solid and solid–air fields.

Numerical modelling is a critical tool in the development of novel MEMS
micropump models complemented with SAW-based wireless and secure interroga-
tion and electrostatic actuation, targeting implantable drug delivery applications and
host of other applications such as LoC, remote sensing, DNA sequencing and flow
cytometry.223, 227, 228

For ease of understanding, a brief illustration of the operating concept of an ex-
ample micropump is provided in Section 8.4. To the best of the authors’ knowledge,
for the first time, they have carried out a 3D multifield analysis of an electrostati-
cally actuated valveless micropump using multi-field (MFX) capabilities in ANSYS,
simultaneously combined with CFD capabilities in ANSYS–CFX for microfluidic
analysis. This chapter therefore presents a detailed FEA-based CFD analysis, as well
as a successful methodology to perform complex FSI analysis of MEMS micro-
pumps.

8.4 Operating Principle of an Example Micropump

The implantable micropump is designed to achieve secure and wireless interrogation
by eliminating any active electronic circuitry in the micropump. Figure 8.1 shows a
concept drawing of a SAW device-based passive micropump. The valveless micro-
pump structure is mounted on top of the the SAW device. In general, such a micro-
pump structure consists of a thin conductive microdiaphragm, a fluid chamber and
inlet and outlet diffusers. The gap between the conductive diaphragm and the SAW
device is a few micrometers for effective low-power actuation.

The micropump operation is as follows. Based on the control signal, an electro-
static force is generated on the conductive microdiaphragm, which in turn creates a
compulsive and repulsive force on the microdiaphragm. Since the conductive plate is
a thin flexural plate, it vibrates as a function of the applied electrostatic field, enabling
its use as an actuator for flow modulation.

8.5 Theoretical Analysis

In most of the microdiaphragm-based micropump mechanisms, the deflection of the
microdiaphragm is very small compared to the typical length of the microdiaphragm.
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FIGURE 8.1
2D views of an example micropump structure. Top: Top view of the micropump;
consisting of inlet and outlet diffuser elements for flow rectification, pumping cham-
ber and microdiaphragm with a conductive coating. Bottom: Side view of the micro-
pump; pumping chamber with the microdiaphragm is placed on top of the output
IDT of the SAW device.

Therefore, the bending theory of plates is applicable and the transverse deflection for
the microdiaphragm can be expressed as:224, 229

D∇4WD + ρDtD
∂2WD

∂t2
= F − P, (8.1)

where the bending stiffness D = EtD3

[12(1−ν2)] , E is the modulus of elasticity, tD is the

microdiaphragm thickness and ν is the Poisson ratio of the microdiaphragm material.
WD is the instantaneous deflection of the pump diaphragm, ρD is the density of the
microdiaphragm material and ∇4 is the two dimensional double Laplacian operator.
Additionally, F is the actuating force acting on the microdiaphragm as shown later



Biomedical MEMS Micropump 117

in Eq. (8.2), while P is the dynamic pressure imposed on the microdiaphragm by the
fluid as shown in Eq. (8.3). The existence of F and P in this micropump structure is
considered in detail in following sections.

8.5.1 Actuation Force

For a micropump mechanism based on, for example, electrostatic actuation, the elec-
trostatic force applied on electrostatic plates can be described using the parallel plate
capacitor effect,

F =
1
2
εAΦ2

(h −WD)2
, (8.2)

where ε is the dielectric coefficient of the medium between the plates, A is the
effective plate area, WD is the instantaneous deflection of the microdiaphragm, h
is the initial plate spacing and Φ is the applied electric potential between the plates.

However, in a SAW device-based electrostatic actuation, electrostatic force is
generated due to the time-varying electric potential between the SAW device and
the conductive microdiaphragm. This results in a more complex force than the force
shown in Eq. (8.2).

8.5.2 Microfluidic Pressure Variation

The mass transport in microfluidic devices is generally dominated by viscous dissi-
pation, while inertial effects are generally considered to be negligible.221 In an initial
concept model of a micropump, the fluid flow can be considered to be incompress-
ible. Furthermore, non-slip boundary conditions (non-turbulent flow) can be assumed
to exist at micropump walls. The governing equations for viscus, incompressible fluid
flow can be written using Navier–Stokes equations and mass continuity equation as

ρL
dV
dt
= ρLg + μ∇2V − ∇P and (8.3)

∂ρL

∂t
+ (∇·V)ρL = 0, (8.4)

where V is the fluid velocity vector, μ is the viscosity, g is the gravitational accelera-
tion is the density and P is the dynamic pressure of the fluid.

In a MEMS micropump model, these governing equations show that the actua-
tion force, the deflection of the microdiaphragm and the flow of the working fluid
are always coupled during the pumping process. In order to analytically determine
the deflection of the microdiaphragm due to excitation force, Eqs. (8.1)–(8.4) are
required to be solved simultaneously.
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In general, the analytical modelling of full 3D fluid flow requires complex al-
gorithms and extensive computational effort. Nevertheless, various researchers have
successfully analysed such scenarios through numerical analysis and mathematical
methods such as FEA-based CFD.222, 230 As a novel contribution to the microfluidic
device analysis, a multiple code coupling-based simulation methodology is deployed
to analyse the complex coupling between multiple physics fields. Therefore, the
actuation force field, structural and fluid field couplings are simulated and the FSI
analysis of an example micropump is developed and presented in this chapter.

8.6 Model Development of an Example Micropump

A 3D model of an example micropump based on SAW actuation is presented in
Fig. 8.2. Two interface boundaries are identified in the micropump model: (1) air–
structure interface (ASI), which is between the microdiaphragm and the air gap,
and (2) FSI, which is between the microdiaphragm and the fluidic chamber. Half
symmetry is exploited to reduce the simulation time and CPU usage, without any
compromise in accuracy.
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FIGURE 8.2
CAD model of the 3D valveless SAW based micropump example. The pumping
structure is placed on top of the SAW device for multifield analysis, consisting of
two interface boundaries. (1) ASI: between the microdiaphragm and the air gap and
(2) FSI: between the microdiaphragm and the fluidic chamber.
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8.7 Modelling and Simulation

Based on the example micropump structure, a full 3D analysis of the device is
presented, without compromising any model feature. The CFD analysis was car-
ried out in two stages — the initial design stage and the final performance analysis
stage. During the initial design stage, firstly, the aforementioned simplified 3D model
was developed and analysed. Thereafter, a full 3D model is developed and CFD

FIGURE 8.3
Design and performance analysis stages of FEA-based CFD analysis of MEMS-
based 3D micropumps. The CFD analyses consist of two stages — the initial design
stage and the final performance analysis stage. At the initial design stage, the per-
formance of the micropump is investigated for various material properties, control
parameters and environment parameters. For a specified set of such parameters, a
repetitive analysis is carried out by varying design parameters until the performance
is optimised. Once the design is optimised for its performance, various analyses are
carried out to specify the final performance characteristics of the micropump.
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analysis is carried out. During this analysis, the performance of the micropump can
be investigated for various material properties, control parameters and environment
parameters. Then, for a specified set of such parameters, as depicted in Fig. 8.3,
repetitive analysis was carried out only by varying design parameters until the per-
formance is optimised. Once the design is optimised for its performance, various
analyses are then carried out to specify the final performance characteristics of the
micropump.

In conducting FEA-based CFD analysis, it is important to set accurate conver-
gence criteria and relaxation factors in the FSI analysis of microdevices.36, 231 There-
fore, care is taken during the initial iterative analysis to fine tune such parameters for
smoother simulations.

To solve the FSI problem, which consists of multiple interfaces, the multiple code
coupling-based solution procedure of ANSYS and ANSYS–CFX can be utilised.
A multifield solver with multiple code coupling is best suited for 3D FSI analysis
due to its capability to carry out more physically complex and larger simulations
with distributed physics fields. Figure 8.4 depicts the implementation of the ANSYS
and ANSYS–CFX-based multifield coupling solver process for MEMS micropump
modelling. The ANSYS code acts as the master and reads all MFX commands, does
the mapping and serves the time step and stagger loop controls to the CFX, which
acts as the slave.

FIGURE 8.4
Multifield solution process for the CFD analysis. This demonstrates the interaction
between various solvers during the FEA-based CFD analysis.
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FIGURE 8.5
CAD models related to the structural and fluid region modelling. (a) ANSYS
model of the example micropump consisting of the microdiaphragm and the air
gap. Direct coupled field analysis is used to model the solid model consisting of the
microdiaphragm and air gap, to determine the effect of forces in the electrostatically
coupled microdiaphragm. The top and the bottom surfaces of the microdiaphragm
interact with the fluid region and the air gap, respectively. (b) CFX model of the
example micropump. Half symmetry is exploited, and the inlet and outlet pressure
are set to 0 Pa to investigate the flow rectification effect.

In multifield analysis, the interaction at the ASI was simulated in ANSYS master
code, using direct coupling analysis. The interaction at the FSI was simulated in both
ANSYS master and ANSYS–CFX slave codes. During this FSI, forces get trans-
ferred from the fluid region to the solid structure and displacements get transferred
from solid structure to the fluid region. The detailed setups of the 3D solid and fluid
models are provided in Fig. 8.5. The air gap-coupled microdiaphragm is completely
modelled in the ANSYS master code using a suitable element type for the micro-
diaphragm for the air gap. Similarly, a suitable element type was used to model the
fluid domain, considering usability features of the element for the calculation of 2D
and 3D velocity and pressure distributions in a single phase, Newtonian fluid.232

During the CFD analysis, properties of water can be used to simulate the fluid flow
for preliminary model development.

8.8 FEA-based CFD Simulations

Based on the design approach elaborated in the previous section, FEA-based CFD
analysis is carried out for an example micropump structure. As the multifield problem
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is nonlinear in nature, the convergence is not guaranteed without a careful selection
of multifield solution control parameters such as various convergence and relaxation
parameters, multifield time controls and the coupling frequency between the fields.
In such an analysis, instabilities could result from a number of factors; the solution
matrices may have poor condition numbers because of the finite element mesh, or
very large gradients in the actual solution. Moreover, the fluid phenomena being ob-
served could be unstable in nature. Therefore, special care has to be taken to achieve
the convergence of results during the flow analysis.

Therefore, multifield solver parameters were carefully set to achieve a smooth
convergence of results. In FEA, factors such as the selection of incorrect element
types, coarse mesh density and force convergence criteria are known to affect the
stability of FEA results.232 During the initial modelling of the micropump, element
types were carefully selected to match with the solid and fluid fields, and the model
was finely meshed using small element sizes. Thus, the remaining constraint, the con-
vergence criteria was left for investigation. Especially, the force convergence criteria
in the solid model (related to the direct coupled solver parameters), was found to be a
critical parameter that has a direct influence on smooth and stable results. In order to
demonstrate the influence of such parameters, results obtained through various force
convergence settings are shown in Fig. 8.6. Based on the results, it is evident that

FIGURE 8.6
Force convergence analysis of the micropump. Variations in the dynamic be-
haviour of the example micropump for various force convergence parameters for
a steady state analysis of the model.
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the careful selection of convergence values during the preprocessing stage produced
stable results.

Following a similar iterative method, CFD results were optimised for the remain-
ing multifield parameters during 3D analysis. Then, the displacement and fluid flow
characteristics and the damping effects were investigated. The results are presented
in Fig. 8.7, where the damping effect caused by the fluid is clearly observed.

FIGURE 8.7
FEA-based deformation results of the microdiaphragm. Microdiaphragm defor-
mation at the peak input signal, along half cross-section of the microdiaphragm, for
simulations with and without FSI.

8.8.1 Inlet and Outlet Flow Characteristics

Once the initial setup parameters are decided based on preliminary analysis, a full
3D CFD analysis can then be performed. During the simulation, it can be noted that
as the amplitude of the control signal is increased, the displacement of the micro-
diaphragm also increases and a higher chamber volume is created. Hence, the pres-
sure inside the chamber is decreased compared to the pressure at the inlet and outlet.
Further, as the amplitude of the control signal is decreased, the microdiaphragm
displacement also decreases, and the relative chamber pressure is increased. This
periodic variations in pressure difference cause the supply and pumping actions in
the valveless micropump.
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FIGURE 8.8
Inlet and outlet velocity distribution during supply mode and pumping mode
of the example micropump. For any given step number, maximum flow velocity
is observed at the center of the inlet and zero velocity is observed at diffuser walls,
inline with the laminar flow behaviour.

Multifield analysis-based inlet and outlet flow patterns during the supply and
pumping modes are presented in Fig. 8.8. Generic to all the plots, the laminar flow
profile is observed across the inlet and outlet diffusers. Here, discretised flow veloci-
ties at diffuser walls are zero, and the velocity gradually increases towards the centre
of the diffusers.

8.8.2 Flow Rate Estimation

In such flow analysis that is centred on FEA-based CFD simulations, the volume-
averaged flow velocity at the inlet and the outlet can be computed and compared to
evaluate the overall flow rate of the micropump, during the postprocessing stage of
the model. The volume-averaged velocity υ is defined as:233

υ =
1
A

∫
A

ua dA, (8.5)

where ua is the axial velocity across a cross-section of the diffuser and A is the cross-
sectional area of the inlet and outlet diffuser necks. Volume-averaged flow velocities
for inlet and outlet are plotted against simulated time steps in Fig. 8.9. During the
supply mode, the volume-averaged flow rates at the inlet are always higher than that
at the outlet. In contrast, during the pumping mode, the volume-averaged flow rates
at the outlet are higher than the inlet. A positive rate indicates that fluid is flowing in
the chamber, and a negative rate indicates an outward fluid flow from the chamber.
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These results clearly demonstrate the pumping effect of the SAW device-based
valveless MEMS micropump. The simulation-based average flow rate (Qavg), of the
micropump can be calculated as

Qavg =
2
T

∫ T/4

0
Q(t) dt, (8.6)

where T is the time period of the control signal and Q(t) is the instantaneous volume
averaged flow rate, which can be computed as Q(t) = Aυ.

Based on Eqs. (8.5) and (8.6), and CFD results of the micropump, the average
flow rate of the designed micropump can be calculated. For the example micropump
presented, the flow rate is calculated to be 43 µL/min. Such flow rates under low-
powered actuation indicates competitive performance characteristics, compared to
the other reported analysis on valveless micropumps.36,234 In addition to this point,
the computational modelling of such micropumps and the performance estimation
techniques can be utilised to evaluate the power requirement for these devices, and
compared with the other reported valveless micropump models in the literature for
improvements of the device at the design stage as a low cost methodology over fab-
rication.36, 38, 220, 221, 234
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Averaged flow velocities at inlet and outlet. During the supply mode, the volume-
averaged flow rates at the inlet are always higher than that at the outlet. During the
pumping mode, the volume-averaged flow rates at the outlet are higher than the inlet.
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8.9 Summary

In this chapter, the advanced computational modelling and analysis of MEMS micro-
pumps for biomedical applications were discussed. A novel 3D modelling and sim-
ulation methodology was presented, which is a combination of 3D multifield anal-
ysis and multiple code coupling capabilities in commercially available modelling
and simulation tools. More importantly, the FSIs between multiple physics fields
have been effectively modelled and investigated for detailed 3D models of MEMS
micropumps. A combination of FEA and CFD numerical methods are utilised for
the complex interaction analysis of mircofluidic devices with multiple physics field
interactions such as fluid, solid and electric.

The utilisation of advanced modelling and simulation procedures for the accurate
evaluation of microfluidic devices, as well as the capability of the system to identify
and quantify flow behaviour can result in clinically safe designs and provide medical
experts with a leading edge in saving patients. Importantly, this interaction analysis
methodology can be successfully utilised as a platform for computational modelling,
analysis, optimisation and verification of a range of microfluidic devices and systems.
For example, acoustically driven micromixers and passive sensors, LoC devices and
implantable total micro-drug delivery systems are some of the systems that can be
simulated and analysed by extending the method followed in this work.

8.10 Questions

1) List the two main causes for hypertension.

2) Name three commonly used anti-hypertensive drugs.

3) What are the factors that affect an electrostatic force between two charged plates?

4) What are the three main components of a SAW device?

5) What is the advantage of using a SAW device combined with a microdiaphragm
when designing a micropump?
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9.1 Overview of Product Development Strategy

This section focuses on the scientific management of design, engineering and pro-
duction that pertains to the biomedical device. The strategising of organisation struc-
ture, procedures of projects implementation, as well as quality assurance is crucial to
the entire development of a biomedical device product. A scientific management of
projects within a biomedical device manufacturing company is the sine qua non of
success in efficient and effective product development. The value of well-established
scientific management is determined by this effectiveness and efficiency that it can
bring to its research and development facility, manufacturing plant and all other de-
partments integrated within the organisation.
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For scientific management, the general decision making procedures are: (1) in-
formation retrieval and data sorting, (2) analysis of the situation and potential obsta-
cles, (3) generation of approaches and (4) strategisation of solutions and contingency
plans. Once an organisation becomes successful and self-substainable, it presents an
opportunity to expand manufacturing facilities to increase its competitive edge. In
traditional manufacturing, the most successful business model is to have products
that can be released in sufficient quantities into the market in order to sustain expan-
sion and counteract competition. However, during highly specialised product devel-
opment such as biomedical devices, the shift from quantity to quality is important as,
in some cases, a patient-specific design will be more medically viable as compared
to various standard design products ready on the shelf. Therefore, such highly spe-
cialised products impact on the reputation of the organisation and the market share
that it can potentially capture, which is linked to profits and company expansion.
Biomedical products used for medical applications generally involve specialised
technical knowledge that is not widely available among merchandising agencies and
distributors.

From the organisational point of view, the biomedical device manufacturer needs
to have the basic research, product engineering, manufacturing facilities and a com-
mercialisation unit. The research and development department designs the biomedi-
cal device based on the required specifications and clinical needs. The industrial de-
partment is responsible for procedures that improve the efficiency of device procure-
ment. The procurement department retrieves the blueprint from the product design
department, together with specifications of the product route during manufacturing,
as well as the design tools, rigs and fixtures used during the production. The manufac-
turing department mass produces the biomedical device. Each of these departments
plays an important role in the organisation and are often integrated together in an
essential framework, which propels the need for a good management strategy.

A biomedical device production system arises when procedures have crystallised
into standards to coordinate and integrate the product research and development with
manufacturing. In this chapter, we examine the principles adopted in manufacturing
biomedical devices. In particular, flow charts and diagrams depicting the structure
for strategising for developing and manufacturing management such a product are
prepared.

Based on Chapter 1, the first step in biomedical device development is the con-
ceptualisation and research in the feasibility of the operation. Obtaining a full grasp
of the design concept and an understanding of its feasibility requires an analysis of
its functional needs and requirements. Having a good prediction of patient suitabil-
ity involves an extensive market survey. Knowing if the device has attained safety
standards requires testing and commissioning. Other procedures that ensure the sus-
tainability of product development and manufacturing as well as the survivability
of the organisation that deals with this product, such as patent application, medical
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insurance, marketing and sales, are required. In addition, an efficient material flow
leading to high production and well-maintained quality assurance should be imple-
mented. We will look at each of these important development procedures or opera-
tions. The duration for product conceptualisation leading to its eventual production
and marketing depends on the complexity of the medical product and the extent of
invasiveness to humans.

9.1.1 Product Conceptualisation

Conceptualisation of a product design enables the achievement of novel or effective
product engineering. Design conceptualisation examines the following questions: the
type of product that the patients most require, the market potential for this product,
the ease of clinical usage or surgical implantation, as well as future technological
advancements that would enhance this product. In general, the conceptualisation
process is usually supported by functional needs and requirement analysis, techno-
logical survey and market analysis. The functional needs of a device will determine
the operation mechanism as well as the research methodologies used in developing
it. The product research and development leading to its manufacture is a long process
requiring scientific and robust standard operation procedures and guidelines for engi-
neering production. The visualisation of a design gives rise to the conceptualisation
of the future product usually with the aid of CAD, or a modelling platform of the
variant products, enabling the implementation of their operation simulation. Product
visualisation can guide designers to improve design concepts and achieve realisation
of the optimal design. It becomes a tool for strategic design generation, and can be
utilised at the marketing stage as well.

9.1.2 Market Survey and Strategic Alliances

The key purpose of a market survey is to determine the type of product that best suits
the patients. This may be conducted in a hospital, whereby opinions from medical
workers and patients may be of value to the survey. Financial exhausion is high when
it comes to the development of new products and pentration of new markets. In this
case, the engineering capability, the type of skills and technologies that are available
or off-limits to the organisation should be informed. Competitive benchmarking can
systematically calibrate performance against external targets, which can be a com-
petitor or a partner, and determine the advantage of competitive collaboration.235 If it
is advantageous to collaborate, an alliance of engineering organisations and manufac-
turers can enable the improvement of design effectiveness, production efficiency and
quality, which is why a thorough survey is sometimes needed to assess the feasibility
of such an approach. In addition, such an action constitutes low cost strategies to
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building new process capabilities. A thorough market analysis will inject confidence
to the organisation in its strategic plans and operations.

On the product development front, as engineers explore new research advances
in the market and obtain feedback from the potential users of the biomedical device,
product designs and technologies can be improved over time. To commercialise a
new product into the market, the immense quantity of information from the industry,
users and researchers should be properly managed and analysed. Failure to meet cost
targets due to an overestimation of sales or investments can lead to a substantial loss
of profits for the organisation.

9.1.3 Design, Prototyping and Product Development

As explained in Chapter 3, the design and prototyping of the researched biomedical
device is crucial in determining the success of its mechanism and its safety operation
range. A new biomedical device may involve a large-scale development program.
Based on the many components of the development, tasks are assigned to each en-
gineering department and these departments may comprise several sub-divisions. To
ensure the satisfactory performance of the biomedical device, mechanical working
parts should be standardised, and standard operating procedures should be given flex-
ibility for minor improvements that would reduce costs and improve efficiency. The
components of the product can be put together into a blueprint to provide a general
product drawing. A CAD allows changes to be made such that it meets the safety
threshold or achieves consistency with the approved design. The protoype enables
the engineers to evaluate their designs. Typically, multiple re-designs are required
prior to its finalisation.

As a technological product slowly progresses into the more advanced stages of its
development with the incorporation of new technological components, an increase in
its level of engineering quality, clinical/surgical safety and operational reliability can
be achieved as demonstrated by Fig. 9.1.

The use of progressively improving research and engineering knowledge to de-
vise medical-based solutions results in the design and development of biomedical
devices in stages. The advances in its design are heavily pegged to technology devel-
opments and may take place over decades. This comes with the incremental incorpo-
ration of the formulated scientific principles into their devices. Let us briefly review
the development of the artificial cardiac pacemaker, which is an electrical device that
keeps the heart pumping in its normal and regular beating mode. The initial model
was developed as an external support device that transmits pulses of electricity to the
heart muscles via electrodes leads on the chest. The electrodes are delivered through
the chest directly and contacting the heart. This enables the stimulation pulses to pass
through the body and to the electrodes attached to the myocardium. However, the
recipients of the device suffered infection at the entrance of the electrodes through
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FIGURE 9.1
Technological advances in a biomedical device product. The improvement in the
biomedical product quality, safety and reliability is influenced by the technological
advances number i = 1 to N, and reflects the symbiosis between the technological
evolution of the product and these individual advances over time. (Figure adapted
with permission from Lienhard JH. How Invention Begins: Echoes of Old Voices in
the Rise of New Machines. Oxford University Press, New York, 2008.)

the chest into the heart. Subsequently, researchers clinically trialled the use of the
world’s first fully implantable internal pacemaker that has its electrodes attached to
the myocardium by thoracotomy. Unfortunately, solving one problem leads to an-
other. Due to its infancy in implementation, the fine wires of the device experienced
a high rate of failure, which might have led to the replacement of the entire device.
Eventually, the most successful pacemaker emerged with the invention of a novel
wire comprising an inter-wound helical coil of wire alloys that are in turn wound
into a spring. Future technological developments led to the invention of the isotope-
powered pacemaker, also known as the nuclear pacemaker, which gives rise to a
power source that can last for the entire lifespan of the patient. This pacemaker is, by
far, the most reliable and safe working product.

In the face of global competition, the research and development of new products
are a necessity. Sometimes, the realisation of new design may require changes in pro-
cesses related to its manufacturing. Due to a shorter product lifetime and dedicated
development and production at its initial phase of research, costs are usually high. As
such, a strong research and development capability that is paired with flexible assem-
bly lines and manufacturing processes can give a competitive edge to organisations
in churning out innovative products.
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9.1.4 Testing and Commissioning

The frequency of biomedical device failure has increased due to the tremendous
growth in medical technologies and a large number of biomedical devices entering
the market in recent decades. Therefore, a thorough examination of the product prior
to its entrance into the market is necessary. Testing to meet the required standards is
carried out during the final stage of development, and is necessary for mechanism
reliability and safety. Let us use the case of the heart valve as an illustration of
the testing of biomedical device. The shortcomings in the existing modelling and
testing of prosthetic heart valves are highlighted by the recently reported cases of
post-market failure consisting of thromboembolism, in leaflet escape due to strut
fracture.236 Strict regulatory in-vitro evaluation must be performed on prosthetic
heart valves, prior to passing the clinical standards before release to the market.
This work has significant benefits as it puts together useful information for designing
procedures and instruments used for the accurate and effective determination of the
physiological flow behaviour of blood through the aortic valve, and such information
will be utilised for reliable heart valve design, prototyping and testing.

High clinical standards and standardised testing procedures are important for
heart valve testing as ineffective valves can endanger lives in the event of failure after
a period of time. The Medtronic Parallel valve is a classic example of post-market
failure due to thromboembolism, which resulted in patient fatalities.236 Therefore,
before the implantation of heart valves, the mechanism of the valve must be checked
for operational safety, based on international standards such as the ISO 5840, CEN
and FDA guidances. The European Community (CE) medical use approval, defined
in the CE medical devices directive developed in 1993, is certified by conformity CE
marking or the “CE mark”. The FDA guidance document for the submission of med-
ical use approval requests was issued in 1993, and revised in 1994 by the Division
of Cardiovascular, Respiratory and Neurological Devices.237 Particular requirements
for cardiac and vascular implants, outlined by the British Standard BS EN 12006-
1:1999, exist for the pulsatile flow testing of heart valve substitutes. The testing
process should be able to assess the inherent risks in the product and the difficulty in
rectifying it, and may even recommend the termination of its production if no remedy
can be offered. The biomedical device may pass all tests, but manufacturers will
normally ensure insurance protection of the device by applying medical indemnity
for collateral damages.

9.1.5 Technology Protection

The product and process designs that consitute inventiveness sometimes result in
patents based on a collaboration of work among the research and development team
members in an enterprise. Due to the immense cost of performing research and de-
velopment, organisations developing the state-of-the-art biomedical products view



Engineering and Production Management for Biomedical Devices 133

patent protection as a way of securing their research and development brainchild
and prevent industrial competitors from entering the market. This is because their
competitors can exercise the cheap option of dismantling the technology to discover
the novel ideas associated with the product and then reverse-engineer them to gen-
erate the same, or if not, an even better technological product. As such, patents are
usually an appropriate method to allow control over the inventive technology with
a limited-time exclusive right, and to enhance the organisation’s competitiveness in
the biomedical device market. In that sense, a patent can be viewed as a monopoly
right for the invention. Some of the large-scale organisations have their own patent
specialists that are specifically responsible for patenting the research outputs by their
engineers.

While patents are designed to enhance inventions and innovations, other schools
of thought state that they form barriers to perform innovation.238,239 This is because
patents are cumulative, owing to the fact that a particular technological product may
be subsequently evolved to an upgraded version and embody a further collection
of inventions, resulting in parallel technological innovations to meet the changing
market needs. However, patents restrict the exclusive rights to develop the technology
for the other parties and starve off a chain of inventions that can potentially arise from
their research.

A trade secret protection forms another alternative for securing the technological
innovation or inventiveness, and can also ensure that the product is secure enough
to be commercialised by the biomedical device manufacturer. The appropriation
of trade secrets can be prevented by security measures such as imposing physical
security and enforcement. This can be further achieved by stricter regulations on
checking employees for possessing sensitive information such as product blueprints
in hardcopies and in data storage devices, raw materials, by-products, customised
equipment or experimental prototypes when leaving the organisation. Other mea-
sures include screening contacts in the form of electronic mails or telephone calls
made to suspicious or foreign competitors in similar industries. In contrast to patents,
trade secrets restrict the disclosure of an organisations technological innovations and
inventions to the general public. In this aspect, some companies may demand that
their employees maintain strict confidentiality of the secrets even after they are no
longer contracted with them. For the more extreme cases, legal agreements may also
be enforced such that the ex-employees are not allowed to engage any work contracts
from their direct competitors. However, some organisations may relax this restriction
by lifting that constraint until a specific waiting period is over.

9.1.6 Marketing and Sales

In general, the quality and performance of a company product determine its competi-
tiveness in the market. In addition, by understanding the patient condition and selling
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the right product at the right time, higher sales can be achieved. Having a thorough
understanding of the market enables the organisation to effectively strengthen its
brand of biomedical device and the company itself. The use of marketing and sales
skills is important here in this regard. New startups or partially mature companies
trying to enter the market tend to ride on the wave of existing technologies, and
adapt readily to the biomedical device market demand. The proximity of organisa-
tions in the global scale context increases with the advancement of technology and
globalisation. The linkage of various companies in their supply chains may put a
spread of its sales over a larger region of distribution. To meet competition from
existing products, the organisation must identify the high-sales products. Research
engineers constantly analyse their competitors’ products and propose a flow of new
products into the market. The technical data used by the sales department may be
interpreted and supported by the research department at best, so that the sales effort
can be improved.

9.2 Product Development Management System

9.2.1 Systematic Management

In a systematic design, engineering and manufacturing environment, the execution
of procedures and orders undertaken throughout the development of a biomedical
product by an effective system are desirable. Systematic manufacturing reflects the
full development of a product within an organisation without the corresponding de-
velopment of time-wasting processes. Such scientific management render executives
or engineers to be more methodical. During the product design phase, the engi-
neer at every stage of the process should receive condensed and summarised design
blueprints or procedures that should have been carefully assessed at every stage of the
analysis. In terms of production, manufacturing should be properly managed by a set
of standard operation procedures and effective material resource planning, which we
will introduce subsequently. Foresight and systematic planning can reduce risks and
improve efficiency. Poor management, on the other hand, increases the complexity
of design and production, which can (negatively) affect the quality of the product.

9.2.2 Standard Operation Procedures

Standard operation procedures define the scope of engineering and production. This
information describes the methodologies for design, engineering and manufacturing,
which affect the whole production operation. The establishment of rules facilitates
the delegation of authority and responsibility to the relevant teams or departments.



Engineering and Production Management for Biomedical Devices 135

Written design regulations can be as general as possible or detailed to the extent
that they provide the exact operations of every engineering or manufacturing task in
the system. These operation procedures should be flexible and versatile enough so
that they are able to be evolved quickly as design constraints are modified based on
different case conditions.

9.2.3 Material Resource Planning

Effective material flow pertaining to the manufacturing process is crucial. The man-
agerial of the material resource planning system is the crux of the success of man-
ufacturing. For example, the purchase of raw material and a material resource en-
terprise system requires effective management in order to allow the flow of raw
materials and manufacturing into the production system. The logistics of production
and equipment maintenance is required to ensure a smooth manufacturing hierarchy.

9.3 Organisation Charts

An organisation chart is a graphical representation of the relationships between var-
ious departments within an enterprise with a well-defined structure (Fig. 9.2). An
organisation structure may be complex, often complicated by the problems of co-
ordinating various departments. Although the growth of an organisation over time
may result in the addition of new departments with more branches, it results in a
more intricate hierachical structure, and often comes at the expense of efficiency in
coordinating operations and difficulty in management.

The chief executive officer (CEO) is the head of the company and usually over-
sees the operations of the engineering, finance, sales, manufacturing and procurement
departments. Under each department is a departmental chief who reports directly
to the CEO. Let us limit our scope of interest by examining only the departments
that relates to the design/engineering/production of the biomedical device. The en-
gineering department is often closely related to the manufacturing department. The
chief engineer is typically a crucial member of the manufacturing division and usu-
ally controls the product design and manufacture. The chief manufacturing officer’s
responsibility is to ease the flow of production. The chief inspector oversees and
maintains the product quality. The superintendent of every department deals with
particular functions of the manufacturing. The production manager deals with op-
erations that assist the other production departments. The operations manager con-
trols all operations related to planning and strategising of product development. The
standards and methods department investigates and give orders for work plan tasks
and the directing of the engineers, and outlines check details of the manufacturing.
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FIGURE 9.2
Organisation chart of a
medium-sized engineer-
ing organisation. In some
medium-sized organisa-
tions, the marketing and
sales department can be
grouped under the finan-
cial division, and in very
small enterprises, the pro-
curement may also come
under this division. It may
be worthwhile noting that
manufacturing and design
may also come under the
engineering division. The
merging of some depart-
ments sometimes helps
to cut down manpower
and save costs for the or-
ganisation. In large-scale
enterprises, having di-
versified divisions and a
well-structured organisa-
tion chart can improve the
operation efficiency. The
effective organisation also
means a better reputation
and company image.
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The design team (comprising the CAD analyst and CAD technician) maintains the
upgrading and innovation of designs based on feedback from the engineering depart-
ments in the organisation. In a larger organisation with a research team, the research
and development department is responsible for the product innovation and generation
and delivery of new product concepts.

The coordination by the design/engineering/production department facilitates
and synchronises the planning, organisation and operation of stages from product
conceptualisation right down to manufacturing and production, and insure that the
time cycle for production is minimised. The issues and demands during production
that are handled by the coordination process vary with the type of organisational
structure implemented for the aforementioned departments, the operating procedures
and policies established within the department, the capabilities of the engineers and
the complexity of the biomedical devices.

Furthermore, in most cases, there exists a need to launch new products to meet
the existing market round the clock to maintain competitiveness. As such, sometimes
to form a committee that serves a specific purpose such as the development of a
biomedical device product, a group of dedicated specialists are employed and called
the new product development advisory board committee. The development of novel
products and their systematic innovations require information sharing, generation of
new ideas and coordinated upgrades throughout the entire design realisation process.
Let us examine some of the key components in this committee that constitute the
organisation’s internal management.

A new product development advisory board committee consists of the board of
directors, who are the chiefs in their respective departments (engineering, manufac-
turing and sales) heading this committee and presiding over the committee’s deci-
sions and actions. A level down, the engineering/production team (product manager,
production manager and plant manager), the manufacturing team (tooling manager
and maintenance officer) and the cost analysis team (sales manager, procurement
manager and cost manager), as shown in Fig. 9.3, work under the directors’ in-
structions. The production manager is involved in the planning and organisation of
production schedules for new designs. The product manager and the plant manager
take charge of production line updates for preliminary product design manufactur-
ing. Important decisions such as the plans of changing products or product designs,
as well as new items for marketing and the involvement of sales and production
related to the product are evaluated by the sales manager, the cost manager and the
procurement manager that form the cost analysis team. The budgeting of research
and development costs is implemented to control expenses within a certain amount
and in a balanced relationship among the various divisions. This would be the key
responsibility of the cost analysis team. Budgeting that exceeds a pre-defined limit
typically needs to be approved by the board of directors. The sales manager need
not sit in on the committee meetings unless sales matters are involved. The tool-
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ing manager from the tool department upgrades the manufacturing tools to suit new
products and maintain their working conditions. Working with this department, the
maintenance officer looks after the new machinery and manufacturing equipment,
and together, they form the manufacturing team. The chief inspector from the quality
assurance department ascertains the quality of product outcomes within a desired
safety threshold, and ensures the safety of usage by patients. The committee also con-
venes to discuss technological progresses and evaluate changes in existing designs,
or any new ideas that may be implemented due to technological advancements or
breakthroughs.

The reduction of costs in a manufacturing system is also a key concern faced
by any organisation. That is why for most organisations, in conjuction with the new
product development advisory board committee, a quality assurance team may be
implemented to streamline manufacturing processes and reduce redundant costs.
This team can also operate independent of the new product development advisory
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FIGURE 9.3
Structure of the new product development advisory board committee. In an
effective organisation, an advisory board committee is required to oversee the re-
search and production of specific biomedical devices such that their configurations
are properly maintained, and that the processes from product design and develop-
ment, right down to manufacturing are all up-to-date. An appropriate structure of the
committee comprises a few key individuals (usually formed from other departments)
playing relevant roles in the biomedical device development.
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board committee during normal production. Typically and finally, a coordination of
routine operation, status of orders, causes of excess stocks and progress of man-
ufacturing programs is needed as well. The quality assurance manager, cost man-
ager, the operations manager and the managers in the engineering/production team,
the manufacturing team, as well as the cost analysis team in this committee work
together effectively to enable the delivery of the biomedical device product at the
lowest cost and highest quality. Lean manufacturing is a concept that can enhance
the organisation operational standards and its efficency, which can be the product
design, supplier management, information analysis, etc. It develops mechanisms in
improving all structures, processes and skills within the organisation. Related to the
quality assurance perspective is the Six Sigma methodological process that delivers
products and services with quality up to a 3.4 defects per million parts. This phi-
losophy, which was initiated by Motorola in 1986, has widely been implemented in
organisations manufacturing a large quantity of products. It constitutes a statistical
term that measures the quality of a process or manufactured product. The main task
of the quality assurance department in a manufacturing organisation is the systematic
reduction of defective products up to the Six Sigma level.

In summary, the product development advisory board committee and Six Sigma
quality assurance team pertain to cross-functional teams (CFTs). Such CFTs can be
useful for getting the managers to see beyond their functional or regional scope of
responsibilities. The CFT is such that it typically comprises the company’s middle
management and is limited in size. It usually has a low level of hierachy to enable
effective communication and to address the scope of the problem efficiently.

9.4 Project Management

Project management, which came to recognition as a scientific concept in the 1950s,
is a useful tool that is implemented in organisations that pertain to a variety of
disciplines such as product engineering, research and development, manufacturing,
building construction, etc. Standards in PM have been proposed, and one example
would be A Guide to the Project Management Body of Knowledge, which is ab-
breviated as the PMBOK Guide, is first published by Project Management Institute
(PMI) in 1983 as the American National Standard. It describes the generally accepted
and typical project management style, guidelines and practices that are common to
“most projects most of the time”. Project management is an integrated process or
methodology for portfolio, program and process management leading to deliverables
such as a biomedical device. Effective project management can speed up a company’s
operational efficiency.
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9.4.1 Fundamentals of Project Management

In general, a project comprises at least four stages as shown in Fig. 9.4. Initiating
a biomedical device research and development (R&D) project is implemented as
the first stage of the project management (Stage 1). Prior to executing any con-
crete action, adequate planning should be carried out to obtain the approval of the
board of directors for project initiation (Stage 2). This does not pertain to a simple
announcement or launching action. It requires an enormous amount of preliminary
work that mainly consists of idea generation, the review of present operations and the
analysis of scope, time, budget, risk, resources, etc. to achieve the required quality
goal. Quality is one of the major components of product scope whereas time, cost and
product quality are the three main determinants for the overall quality of this project
performance. Executing, which mainly involves project controlling and monitoring,
ensures the success of the project and puts the blueprint of the biomedical device and
its R&D plan into practice (Stage 3). Not all projects pertaining to different biomed-
ical devices should involve all the four stages. In fact, some projects may go through
planning and executing repeatedly in a loop (Stage 3.1). Monitoring and controlling
of the project are performed by the project manager, and sometimes taken over by its
team leaders (Stage 3.2). This involves ensuring that the project is on schedule and
within its financial budget. Finally, closing and evaluation comes when the product is
fully engineered (Stage 4). It is sent for in-house mechanical testing or clinical testing
in the laboratories. Upon successful evaluation of its effectiveness and efficiency, it
will be ready for commissioning.

Initiating PlanningPlanning Executing

Monitoring 
& 

Controlling

Closing
&

Evaluation

FIGURE 9.4
The four phases of a typical project management. An effective project manage-
ment flow is made up of four stages, namely, the Initiating, Planning, Executing
stages that are concurrent with the Monitoring and Controlling, and finally Closing
and Evaluation stages.

The six major constraints of a project management form a close relationship with
each other (Fig. 9.5). Any change in one factor will have a certain amount of im-
pact on the others. To generate a creative idea, communication with main users, i.e.,
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patients and medical practitioners, are needed to record ergonometric and clinical
requirements. The next stage is to collect and evaluate engineering solutions and
concepts, and the final decision making lies with the biomedical device R&D project
manager.

Quality

Budget

Risks

Resources

Scope Schedule

Constraints 
of project 

management

FIGURE 9.5
Six major constraints faced during project management. Projects are constrained
by the following aspects: Quality, Schedule, Budget, Scope, Resources and Risks.
Each of these constraints has a role in influencing the success of the project and
should be well examined prior to and during the running of the project.

For project management in the field of biomedical device R&D, the terminology
scope involves requirements in two aspects — the project scope and the biomedical
product scope. The former pertains to the work that is required in order to deliver
the biomedical device that meets the specified features and functions. In contrast, the
latter is concerned with the features and functions that characterise the biomedical
product. Scope management needs to be in place in order to keep the project from
entering into a scope creep. This usually occurs when extra requirements are not in-
cluded in the original plan. For example, the modification of an engineering aspect of
the biomedical device that conflicts with safety in clinical usage may suddenly arise
and be pushed forward, resulting in project failure to adjust the schedule and budget
in time. These constitute risk to the project. Detailed documents stating contingency
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plans should be prepared during the planning stage, which can be used to monitor
and control what is within and beyond the initial plan in its execution stage. It is also
worthwhile noting that the scope analysis should cover the market and competition
analysis, which are indispensible for positioning the biomedical device as a reliable
product in the medical industry.

Project schedule planning is important in order to estimate the duration that will
be required to complete and deliver the product, as failure to meet the strict deadlines
may result in overruns of cost. As such, it is critical to outline each stage of the
schedule based on milestones. Cost analysis influences the finances of the project
and in particular, the budget for the biomedical device development and the profits it
can bring in to self-sustain the organisation that manufactures this product.

A formal and detailed plan should be then drafted on the basis of the information
collected and analysed during the first stage. Although plan building is a complex
and painstaking process, it is worthy of attention and efforts as it establishes the
foundation for the success of the R&D as well as the production of the device. To
achieve a concrete plan, it is required to state the (1) technical goal: what does the
biomedical device achieve?, (2) work breakdown structure: how to achieve a suc-
cessful R&D of the product and commission it?, (3) personnel arrangement: to which
group of engineers, i.e., from which disciplines, to assign to the specific engineering
tasks?, (4) schedule: when to kick off and terminate each development phase? and
(5) budget: how much would each phase of the whole project cost? As mentioned
earlier, risks are likely to arise due to unforeseen circumstances and contingencies
should also be included in the initial plan. In summary, during the planning stage,
the aforementioned questions should be considered.

9.4.2 Project Life Cycle

The typical project life cycle is given in Fig. 9.6. The whole process includes the pro-
duction stage, R&D and the commissioning of product. In this case, the customer is
likely to be in a hospital or a specific patient. The market target is the medical device
industry. The planning stage encompasses many aspects: work breakdown structure,
personnel, schedule, cost, risks, etc. Then, the product can be developed and prod-
uct design can be commissioned, followed by manufacturing/production. Note that
meeting health/clinical regulatory requirements is also important. Training aims to
educate the customer on how to use the machine and after-sales means to maintain
the machine in the case of future problems. Some electrical-based components of
biomedical devices need improvising such as software upgrading. Evaluation here
indicates the assessment of the whole project to conclude and derive valuable lessons,
instead of testing the device which should be completed in the execution stage.
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FIGURE 9.6
Project life cycle. A logical sequence of activities is implemented to accomplish the
production of a successful biomedical device by meeting specific goals or objectives
for its design, production, marketing, etc. Regardless of the biomedical product’s
scope or complexity, its implementation goes through a series of stages in a project.

9.4.3 Project Management Team

As can be observed in the previous section, a group of specialists or dedicated per-
sonnel can be recruited from different departments to form a CFT or committee that
serves a specific purpose. Figure 9.7 depicts some of the functions in an organisation
that project teams can be formed to look into or to formulate useful projects around it.
Likewise, a project management team is usually constructed from members of vari-
ous departments. An example of a project management organisation structure will be
described here in the scope of the engineering at the R&D department. In this project
management framework, all design and in-house R&D project or work packages
are developed in a streamlined and organised style to generate the final deliverables,
which in this aspect, is the biomedical device. The project team is usually kept simple
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in a hierachical structure and with few members for reasons of enabling efficient
communication. Report statuses are escalated to the project leader/manager who can
be the R&D head. The project leader is responsible for the delivery of the project
or work package, to meet the project key performance indicator (KPI) targets and
to build a sustainable and competent team. Support program managers and product
managers, who are generally from the engineering or design departments, assume the
position of team leader. They lend support to the project leader in terms of managing
a group of auxiliary team members to produce components of the deliverables.

Relationships enter into a better shape when the team members know themselves
and their roles clearly. For example, a system validation team headed by a team
leader typically provides technical quality support in the form of specification/design
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System 
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Cost  
ManagementCosting  

Financial Risk 

Quality 
Assurance 

New Product 
DevelopmentCommunications Production

time 
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FIGURE 9.7
Project scopes managed by a cross-functional team (CFT) on a product devel-
opment platform. Project management teams can be formed to look after projects
pertaining to specific functions of an organisation’s operations that relate to techno-
logical product development. Although each of the departments is structured within
an organisation to take care of its designated core function, certain projects relating to
their specific functions require CFTs. Such teams can be formed from various other
departments due to the broad spectrum of expertise required to handle them.
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review and traceability support. Test equipment and network build up, as well as the
maintenance of production facilities are their responsibility. In the case of automated
manufacturing, automation platform and test script development are maintained by
this team. It also helps if the project manager is experienced and is capable of effec-
tively evaluating his team members. The importance of good personal rapport among
the team members will be emphasised when it develops into a well of goodwill to
draw from in case of tension. Let us examine the project management structure with
the more elaborate terminologies in Fig. 9.8. The job scopes and responsibilities of
the key personnels and members in a project management team are detailed in the
following paragraphs.

Project Manager

Auxiliary Team Members

Functional 
Team Leaders

Technical Leaders

Project Manager

Auxiliary Team Members

Functional 
Team Leaders

Technical Leaders

Operational Level

Strategic

Level

Tactical Level

FIGURE 9.8
Organisation chart of a project management team. A project management team
can be implemented in every department of the organisation. It comprises the project
manager (PM), functional team leaders (FTLs), technical leaders (TLs) and auxiliary
team members (ATMs). These personnels form an effective and efficient group of
members that work together in a streamlined manner at the Strategic, Tactical and
Operational levels to achieve the project deliverables and meet KPI targets.

Project Manager (PM): During project and resource management, coordination
by the PM, who is usually the departmental head includes resource assignment pri-
ority management, capacity planning, the organisation of monthly/weekly program
and weekly project review, as well as the administration of project management
tools, e.g., administration of portfolio resources project management (PRPM). In
the context of project management, PRPM is a term used to define the framework
for analysis and management of projects. The PRPM objective is the optimisation
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of project implementations to achieve successful product research and development
while being constrained by temporal and financial factors. Project leaders need to
consider each of the project’s costs, the inputs required, expected date of completion,
expected outcomes or benefits and the inter-dependencies with the various other
projects in the portfolio. The PM is also responsible for ensuring goal alignment,
and forming a group of team leaders and technical leaders that pertains to a relatively
simple organisational framework. Emphasising an excessive formal structure can re-
duce the effectiveness of communication. The selection of a PM stresses on someone
having stronger interpersonal skills than technical skills.

Functional team leader (FTL): Under the leadership of the PM, the FTL is
responsible for leading the competence team in a functional group from a technical
perspective. The function can be in design, engineering, testing and evaluation, or
marketing and sales. He/she is also in charge of developing the competencies of the
team, provide necessary training and help support the deliveries to the projects in
terms of quality, time and cost. In addition, the FTL must support the team members
(or ATMs) need help. From other technical and non-technical perspectives, he/she
can support the other FTLs by reporting statuses or escalating issues. Any important
updates are relayed to the PM for decision making.

Technical leader (TL): In project management, the TL guides the internal tech-
nical team in the project, support their respective FTL from the technical perspective
and provide technical support, taking into account the quality, timescale and cost
involved. He/she also reports and escalates the key technical issue/change whenever
necessary, and monitor the synchronisation of the specifications, design, implemen-
tation and testing. Some examples are given as follows: from the quality perspective,
lead implementation and product design and visualisation, support re-design and lead
technical discussion; from the time perspective, support schedule estimation; and
from the cost perspective, support effort estimation.

Auxiliary team members (ATMs): The lowest echelon of the hierachical struc-
ture is made up of ATMs, which is formed by junior executives from various de-
partments such as engineering, marketing and sales, procurement and manufacturing
within the organisation. ATMs are selected to join the project team based on their
technical expertise and will be guided by the TL to complete sub-tasks of the entire
project.

9.5 Summary

In the health care industry, new problems consistently emerge which require new
research and changes in medical technologies to meet the needs of their consumers.
Typically, in relation to biomedical devices, the approach is to solve these problems
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arising from current clinical/surgical needs to improve the present product design, to
devise new products and finally, to discover new utilities for the present or new prod-
ucts. The fundamental objective boils down to financial sustainability. In an organisa-
tion manufacturing biomedical devices, the other objectives may be to sell personnel
relations, manufacturing processes or product design in addition to the product it-
self. The decision of the organisation to focus on pure research in the backend of its
engineering depends on company costs. The factors influencing pure research by a
plant are mainly due to economic implications. For example, investment in new ma-
chineries is often weighed against the possibility of developing new processes from a
dedicated research to modify the equipment or extend the usability of the equipment.

While the production department strives towards design standardisation, the re-
search engineer or biomedical device expert devises diversified designs with refer-
ence to the standard product objectives. The goal is to meet the improved health care
and patient-specific needs of consumers and enhance product competence. This also
corresponds to increased cost of manufacturing. Additionally, there is also a chal-
lenge of competing against existing products that pertains to variable designs under
the constraint of process or design patents by the competitor manufacturer. Minimal
modification to the product design to reduce costs is a necessity in order to meet
the steep price competition. To achieve this, the continued research of manufacturing
processes and designs is the crux of new product development. In some cases, the
organisation can choose to develop in-house research capabilities or to leverage on
the research facility of an ally organisation, which may be a university. A systematic
approach of diffusing new knowledge arising from this research throughout the or-
ganisation is helpful for keeping all departments updated on new processes related
to product engineering and manufacturing. This can be enabled by modern scientific
management of the organisation. The end benefit of a good management strategy
is the rapid research and development of new products and speedy modification of
manufacturing processes in order to meet market competition.

9.6 Questions

1) How are advances in a product design heavily pegged to technology develop-
ments?

2) What is the difference between a patent and a trade secret?
3) Name the six constraints of project management.
4) What are the entities of a new product development advisory board?
5) What are the entities of a project management team?
6) List the typical key departments in an engineering organisation.
7) What are the four phases of a typical project management?
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Answers to Chapter Questions

Chapter 1

1) They are (a) measurement, (b) verification, (c) evaluation, (d) modification and
(e) optimisation.

2) Pure research seeks for the truth without a predefined utility at the start, whereas
applied research pertains to the development of applications to solve problems
with the motivation of addressing needs.

3) (a) Autonomous: design realisation independent from its other existing innova-
tions, whereby a new design rule to increase the effectiveness of the device or
its level of safety can be developed without redesign of the entire product and
(b) systematic: design realisation in conjunction with its related complementary
innovations, whereby new design updates requires the need to reformulate the
old design rules and redefine the design of the product.

4) They are (a) experimental modelling (particle image velocimetry, phase Doppler
particle analyser, laser Doppler anemometry, hot-film anemometry) and (b) ana-
lytical modelling (analytical geometry, biofluid mechanics).

5) Experimental flow velocimetry can be based on (a) optical, (b) magnetic reso-
nance and (c) ultrasonic imaging systems.

Chapter 2

1) They are (a) drug delivery mechanism, (b) surgical restoration, (c) medical-
assisting device (external support device, surgically implanted device) and (d)
diagnostic device.

2) Aneurysm is defined as the focal dilatation in the arterial wall and is com-
monly caused by atherosclerotic disease of blood vessels. Treatment: insert an
aneurysm stent to embolise it or exclude it from systemic blood circulation, so
that the aneurysm will gradually shrink (due to reduced pressure) and eventually
become smaller.

3) They are (a) drug delivery, drug infusion and dispensing, (b) controlled contra-
ception for males and (c) bladder control.
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4) They are (a) electrostatic, (b) piezoelectric, (c) electromagnetic, (d) thermo-
pneumatic and (e) shape memory alloy.

5) A large proportion of the drug particles deposited in the anterior regions of the
nasal vestibule, and attributed to the sprayed particles existing in a high inertial
regime.

6) Excessive deposition of drug particles in the upper airways will cause dimin-
ished therapeutic effects in the lung or local side effects in the upper conducting
airways.

Chapter 3

1) They are (a) laser additive manufacturing (LAM), (b) selective laser melting
(SLM), (c) laser metal deposition (LMD), (d) fused deposition modelling (FDM)
and (e) laminated object manufacturing (LOM).

2) They are (a) computed tomography (CT), (b) ultrasound magnetic resonance
imaging (MRI), (c) positron emission tomography and (d) single photon emis-
sion CT (SPECT).

3) Some specific quantitative functions are the (a) measurement of flow in cardio-
vascular system using the phase contrast MRI and (b) measurement of local
micro-structural characteristics using diffusion MRI.

4) The triangulation is used.

5) Some technical limitations are (a) fidelity of the product depends on the STL
file, which in turn dependents on the initial 2D slice spacing and (b) non-smooth
object surfaces.

Chapter 4

1) This is a new method of image data visualisation using computer processing of
3D image datasets (such as CT or magnetic resonance scans).

2) They are (a) CT angiography (CTA), (b) magnetic resonance angiography
(MRA) and (c) digital subtraction angiography (DSA).

3) The two aspects are (a) providing unique information about the configuration and
number of suprarenal stent wires crossing the renal artery ostia and (b) assessing
the morphological change of the renal artery ostia following suprarenal stent
graft placement.

4) An optimal threshold is important to produce VIE that are free of artefacts.

5) It is due to the improved spatial and temporal resolution of the technique.
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Chapter 5

1) CT is limited to visualising anatomical or structural changes, and is lacking in
the ability to provide information about the haemodynamic impact of the stent
grafts on aortic branches after the implantation of the stent grafts.

2) CFD allows for an early detection of abnormal changes and improves the under-
standing of the treatment outcomes of endovascular repair, so that the prevention
of potential complications and better patient management can be achieved.

3) Spiral CT has improved the performance of CT by converting a 2D modality
into true 3D imaging, and hence enabling the development of new applications
involving volumetric imaging, such as CT angiography (CTA).

4) They are (a) the blood flow in the circulatory system, (b) the mechanical be-
haviour of the vessel wall and surrounding tissues under pulsatile and non-
pulsatile loading and (c) the mechanical behaviour of the device.

5) VIE can offer a clear 3D intraluminal view of the stent wires and their position
relative to the renal ostia.

Chapter 6

1) They are the (a) placement of an uncovered top stent over the rental artery ostia
and (b) use of fenestrated stent grafts.

2) Suprarenal fixation is a modification of the commonly used infrarenal fixation,
which is evolved to establish a more secure proximal fixation in patients with
unfavorable proximal neck anatomy.

3) The principles of fenestration are to preserve blood flow to renal or visceral
vessels and enhance stability by inserting stents into side branches to produce a
durable relationship between the stent graft fenestration and the branch ostium.

4) They are (a) interference with renal blood flow or renal function, (b) decreased
cross-sectional area of the renal ostium and (c) a biological response of the aorta
to the aortic stents.

5) The Navier–Stokes equation.

Chapter 7

1) They are (a) initial boundary conditions, (b) numerical technique to be used, (c)
mesh quality and (d) geometry reconstruction.

2) They are (a) nasal cavity geometry and (b) flow rate.
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3) The function of a nasal spray delivery device is to atomise the liquid formulation
into a fine spray that is made up of small micron-sized particles.

4) The monodispersed particle deposition percentage increases with particle size
for a given insertion angle.

5) They are (a) redirecting the release point of the spray (the insertion angle) to
align with flow streamlines, (b) controlling the particle size distribution and (c)
controlling the particle’s initial velocity.

Chapter 8

1) Hypertension is due to (a) the heart pumping blood with excessive force or (b) the
body’s smaller blood vessels (arterioles) becoming more narrow. Both conditions
cause the blood flow to exert more pressure against the vessel walls.

2) They are (a) beta-blockers, (b) angiotensin-converting enzyme (ACE) and (c)
angiotensin receptor blockers (ARBs).

3) They are (a) electric potential difference between the plates, (b) gab between the
plates, (c) dielectric coefficient of the medium between plates and (d) effective
plate area.

4) They are (a) input IDT, (b) output IDT and (c) piezoelectric substrate.

5) The SAW device provides a low-powered RFID type, passive wireless interro-
gation capability for a micropump.

Chapter 9

1) A technological product slowly progresses into the more advanced stages of
its development by the incorporation of new technological components, which
results in the incremental incorporation of new scientific principles into their
design.

2) Patents release the product blueprints to the public, but restrict the exclusive
rights to develop the technology for the other parties. In contrast to patents, trade
secrets restrict the disclosure of an organisation’s technological innovations and
inventions to the general public.

3) They are (a) quality, (b) schedule, (c) budget, (d) scope, (e) resources and (f)
risks.

4) They are (a) engineering/production team, (b) manufacturing team (c) cost anal-
ysis team and (d) quality assurance team.

5) They are (a) project manager (PM), (b) functional team leaders (FTLs) (c) tech-
nical leaders (TLs), and (d) auxiliary team members (ATMs).
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6) The typical departments are (a) engineering, (b) manufacturing, (c) procurement,
(d) sales and (e) finance.

7) The four phases are (a) initiate, (b) plan, (c) execute and (d) closing and evalua-
tion.
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abdominal aortic aneurysm (AAA), 55,
69, 79

aneurysm, 9
aorta, 43, 56, 71
aortoiliac, 57
endovascular repair, 57
juxta-suprarenal, 57
neck, 57, 72
neck diameter, 73
thoracoabdominal, 57

angiography, 38

bending stiffness, 116
Bio-MEMS, 12, 19, 111

contraception, 114
electrostatic field, 115
flow modulation, 115
lab-on-a-chip, 115
microdiaphragm, 116

biomedical device, 1, 7
biocompatibility, 65
categorisation, 7
development, 2
diagnosis, 8
drug delivery, 8
mechanical part replacement, 8
medical-assisting, 8
microfluidic, 117
pacemaker, 130
production, 128
prosthetic heart valves, 17

mechanical heart valve, 18
tissue heart valve, 18

R&D, 141

surgical restoration, 8
boundary condition, 97

common iliac arteries, 43, 50
computational fluid dynamics (CFD), 2,

5, 62, 86, 89, 112, 119
computed tomography (CT), 18, 26, 37,

58
attenuation, 43
scanner, 51
spiral CT, 37, 41

computer tomography, 24
computer-aided design (CAD), 20, 80

CAD software, 18
conceptualisation, 2, 129

deposition pattern, 92, 98, 101
design innovation, 2

autonomous, 2
systemic, 2

electrostatic force, 117
endovascular aneurysm repair, 66
endovascular stent graft, 10
experimental flow, 4

fenestrated stent graft, 26, 58, 72, 73, 84
wire thickness, 86

finite element analysis, 5, 112
flow rate, 96
fluid–structure interaction (FSI), 19, 64,

114, 120
fused deposition modelling, 32

gamma scintigraphy imaging, 90
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Hounsfield unit (HU), 43, 46, 49, 79
hypertension, 113

laminar flow, 97
laminated object manufacturing, 32
laser additive manufacturing, 30

build layer thickness, 31
laser metal deposition, 32

magnetic resonance angiography, 41
magnetic resonance imaging (MRI), 28

velocity-encoded, 5
manufacturer, 128
manufacturing

new product, 137
Six Sigma, 139
systematic, 134

market survey, 129
mass continuity, 117
material resource planning, 135
medical image segmentation, 26
medical imaging, 4
medical research, 1
mesh, 18, 93

convergence, 86
prism, 95
tetrahedral, 82

microdiaphragm, 121
micron-sized particle, 92
minimally invasive surgery, 57
multi-phase flow, 89
multifield analysis, 124

nasal cavity, 26, 92, 95, 107
nasal vestibule, 99
nasopharynx, 101
nasopharynx outlet, 97
nostril inlet, 97

nasal drug delivery, 13, 90
atomisation, 90
insertion angle, 101
lung deposition, 93

nanoparticle, 92
nozzle diameter, 101
nozzle tip, 101
spray cone angle, 101, 103

Navier–Stokes, 83, 117
Newtonian fluid, 83

organisation chart, 135

particle image velocimetry (PIV), 4, 90
particle size distribution, 110
particle trajectories, 99
particle velocity, 99
patent, 133
polymerisation, 30, 34

photopolymer, 31
project life cycle, 142
project management

auxiliary team members, 146
constraints, 140
functional team leader, 146
key performance indicator (KPI),

145
organisation structure, 143
PMBOK Guide, 139
project manager, 145
technical leader, 146

project schedule planning, 142

radiofrequency, 13
rapid prototyping, 30

phantom, 32
region of interest, 42
renal artery ostia, 43, 47, 58, 72, 76, 82,

84
respiratory

pleural cavity, 97

scientific management, 127
scintillation counting, 90
segmentation, 79, 93
selective laser melting, 32
shear stress, 64
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standard operation procedure, 134
stent graft, 11, 40, 70

abdominal, 64
aorta, 47, 72
balloon-expanding, 70
self-expanding, 70
thoracic, 64

stereolithography (STL), 26, 30, 80, 93
suprarenal stent graft, 58, 78
surface reconstruction, 18, 25, 93
swirl fraction, 98, 101

trade secret, 133

ultraviolet laser, 30

virtual bronchoscopy, 42
virtual intravascular endoscopy (VIE),

26, 40, 41, 58
threshold, 43

visualisation, 4, 17
volume-averaged flow velocity, 124
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Reviews for “Methods of Development and
Research of Biomedical Devices”

“Clinicians, surgeons, researchers and entrepreneurs in the medical industry will find
this book as a practical guide to developing new biomedical devices. This work is
based on a more practical approach for describing the process of device develop-
ment, and offers a blueprint on how to implement prototyping, testing, evaluation
and delivery of a successful medical product. Congratulations to the authors for this
timely contribution.”

– Prof. Derek Abbott, University of Adelaide

“Medical devices play an increasingly important role in contemporary health care.
This publication will contribute significantly to the advancement of innovation of
medical devices through multidisciplinary collaboration and effective application of
technologies for effective and efficient health care delivery.”

– Prof. Charlie Xue, RMIT University

“This monograph is a statement on the current state of the art integration of multi-
disciplinary technologies in medical imaging and visualisation, high fidelity compu-
tational engineering simulations (which can also serve as a platform for enhancing a
rational assessment for disease diagnosis), product design and manufacturing for the
design and manufacture of biomedical devices.”

– Prof. Murali Damodaran, IIT Gandhinagar
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