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Featured Application: The aim of this article is to describe the design and development of a
light-weight computed tomography (CT) scanner for use in an air-mobile stroke unit (Air-MSU)
in Australia. Weight reduction without compromised performance for CT scanners is currently a
key issue for Air-MSU. In recent years, the increasing model-based systems engineering (MBSE)
across many industries have enabled them to support the requirements of design, analysis, verifi-
cation, production, and maintenance on a single digital platform, and thus, to accelerate the time
to market of their product. In this review, we present an innovative systems approach that inte-
grates a range of stakeholders, such as companies, manufacturers, universities, and governments,
through MBSE to support the development and dissemination of new, fully compliant medical
devices as quickly as possible.

Abstract: Stroke is the second most common cause of death and remains a persistent health challenge
globally. Due to its highly time-sensitive nature, earlier stroke treatments should be enforced for
improved patient outcome. The mobile stroke unit (MSU) was conceptualized and implemented to
deliver the diagnosis and treatment to a stroke patient in the ultra-early time window (<1 h) in the
pre-hospital setting and has shown to be clinically effective. However, due to geographical challenges,
most rural communities are still unable to receive timely stroke intervention, as access to specialized
stroke facilities for optimal stroke treatment poses a challenge. Therefore, the aircraft counterpart
(Air-MSU) of the conventional road MSU offers a plausible solution to this shortcoming by expanding
the catchment area for regional locations in Australia. The implementation of Air-MSU is currently
hindered by several technical limitations, where current commercially available CT scanners are
still oversized and too heavy to be integrated into a conventional helicopter emergency medical
service (HEMS). In collaboration with the Australian Stroke Alliance and Melbourne Brain Centre,
this article aims to explore the possibilities and methodologies in reducing the weight and, effectively,
the size of an existing CT scanner, such that it can be retrofitted into the proposed search and rescue
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helicopter—Agusta Westland AW189. The result will be Australia’s first-ever customized CT scanner
structure designed to fit in a search-and-rescue helicopter used for Air-MSU.

Keywords: stroke; mobile stroke unit; air mobile stroke unit

1. Introduction

In the event of an acute ischemic stroke, the blood supply is occluded in the cerebral
blood vessels, thus causing cerebral infarction which may lead to severe neurological
impairment and even death [1]. Studies have shown that thrombolytic treatment is feasible
and effective in treating patients with acute ischemic stroke using tissue plasminogen
activator (tPA), which is the only thrombolytic drug approved by the Food and Drug
Administration (FDA) and, correspondingly, therapeutic goods administration (TGA) [2].
However, the administration of tPA requires a prior brain scan via a CT scanner to determine
the suitability of such medication, and its usage is generally constrained to a time window
of up to 4.5 h (or up to 9 h with CT-perfusion selection to detect potentially reversible
ischemia) after the onset of stroke, where its effectiveness decreases as time progresses [3].
Due to its highly time-sensitive nature, earlier stroke treatments should be enforced to
improve the likely patient outcome, where ideally treatment should be administered within
the first hour after the onset of stroke symptoms—the ‘golden hour” for the best recovery
result [4,5]. In order to treat such disorders in large countries where the community is
sparsely located away from hospital services, alternative avenues are being assessed. One
such avenue is a mobile stroke unit.

2. Mobile Stroke Unit

To approach the time-sensitive stroke treatment procedure, the concept of MSU was
first realized in 2003, with the idea of bringing the “hospital to the patient [6], and was
integrated in clinical reality in Homburg, Germany in 2008 [7]. However, in 2016, the
PRE-hospital Stroke Treatment Organization (PRESTO) was formed, which consisted of an
international consortium of medical practitioners from Europe, the U.S.A., Canada, and
Australia to support research and advocacy for pre-hospital stroke treatment in MSUs. The
pre-hospital treatment and diagnosis provided by the MSU must adhere to current stroke
guidelines and emergency medical services (EMS) legislations [8]. The MSU essentially
works by delivering prehospital diagnosis and treatment to stroke patients for immediate
medical evaluation and triage, and the administration of appropriate treatment (e.g., tPA)
while on site. The BEST-MSU randomized trial recently provided proof of concept for
significant disability reduction for tPA-eligible patients treated using an MSU care deliv-
ery paradigm [9]. A customized ‘stroke ambulance” used for MSU (Figure 1), which is
integrated with multiple working systems, typically includes: (i) a modified mobile CT
scanner and an operation console for screening procedures, (ii) a telemedicine system for
transferring digital images and clinical data of the patient to the hospital’s database to be
evaluated by a vascular neurologist and a neuroradiologist, (iii) a point-of-care laboratory
for determining the suitability of administering tPA, and (iv) a lightweight stretcher for the
patient to lie on and align their head to the CT scanner. There are usually three to four seats
installed for the on-board medical staff, which typically consists of but is not limited to a
paramedic, a CT technologist, and a nurse with specialized stroke training [10-13].
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Figure 1. Exterior of Melbourne MSU (left); interior of Melbourne MSU (right) [11,14]. The image has
been reproduced under a creative commons licence (Creative Commons Attribution 4.0 International
Licence) from [14].

However, most customized MSUs are commonly set up in the heart of metropolitan
areas where the majority of patients are situated. As such, rural and remote communities
do not have access to the same diagnostic tools [15]. A study shows promising results in
expanding the catchment area of MSU by implementing a rendezvous system, where an
MSU dispatched from the metropolitan area will coordinate and meet with an EMS outside
of the MSU'’s catchment area, and the EMS unit will evaluate the patient in parallel with
the MSU team before sending to the nearest stroke center [16]. However, such a system
requires extensive planning and coordination between the MSU and all the EMS units
involved within the catchment area and would require a robust and unified communication
system to ensure an efficient collaboration.

3. Helicopter Emergency Medical Services and Air-MSU
3.1. HEMS Applications and Potential

Helicopter emergency medical services (HEMS) were traditionally used for trauma
transfers and have increased popularity for use in providing triage and transportation for
stroke patients to the nearest medical facilities or interfacility transportations since the
approval of perfusion treatment for stroke by the FDA [17,18].

HEMS have been proven to improve the accessibility of stroke care for a wide range of
communities from highly rural to urban areas by providing timely transportations within
the treatment window. A study aggregated the data of HEMS dispatch between 2004 to
2011 in the United States of America and reported that the majority of the transported
patients arrived at a primary stroke center in less than 2 h after dispatch [19]. However,
a recent study on aeromedical retrievals for stroke patients residing in rural Australia
revealed that the transfer times are still largely outside of the recommended time window
for reperfusion treatments; this is due to the scarcity of relevant stroke centers in rural and
remote areas, where the establishment of additional stroke centers remains unfeasible due
to the sparsely distributed population across vast areas [20].

Thus, the invention of MSU has opened opportunities to evolve the technology into
an air version of the MSU (hereafter named the Air-MSU). Air-MSU can potentially deliver
diagnosis and administer tPA where applicable to stabilize the stroke patient’s condition on
site before transporting to a specialized stroke center for more sophisticated medical evalua-
tion and treatment. It is worth noting that the CT scanning procedure for diagnosing is only
carried out once the helicopter has landed onto a suitable terrain with a minimal slope.

3.2. Air-MSU Concept

To date, most MSUs have been developed for urban and metropolitan areas. Stroke
physicians have seen the limitations and potential applications for patients living in rural
and remote areas. The concept of Air-MSU for delivering acute stoke treatment to rural
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patients has been proposed [21]. Although the concepts of both road and Air-MSU are
fundamentally the same, they have different technical challenges and limitations [22]. For
example, to align with the rotorcraft flight manual (RFM) as approved by the European
Union Aviation Safety Agency (EASA) under the Airworthiness Directive (AD), the optimal
weight limit and balance must be achieved within a defined center-of-gravity range, as they
affect the flight performance of the corresponding aircraft [23], and the materials used for
the interior of an aircraft must comply with the applicable flammability requirements for
that aircraft type [24]. In order to maintain the performance of the medical devices (and
in this specific case, the CT scanner) installed in an aircraft, they must show resilience to
mechanical vibrations, sudden pressure changes, and any electromagnetic interferences.
Depending on the catchment of rural and remote areas, the Air-MSU needs to demonstrate
resilience to extreme temperature changes as well as dust that might affect the performance
of the CT scanner. Current commercially available CT scanners are traditionally designed
for hospitals; thus, to be operated in an aircraft or rotorcraft that may be subjected to
vibration, dust, and temperature variations, modification is required. Therefore, fixations
between the CT scanner and the interior of the aircraft must be designed with a much higher
safety factor than its road MSU counterpart to account for the events of an emergency
landing [21]; this will undoubtedly influence the structural design and material selection
process of the CT scanner. The current literature and application regarding Air-MSU is
still very limited, where the Norwegian Air Ambulance Foundation has announced their
collaboration with Semcon to work on developing a lightweight and small pre-hospital
CT scanner which can be fitted into a helicopter, and similar work was proposed from the
collaboration between Micro-X and Royal Flying Doctor Service.

3.3. Aircraft Selection

When selecting an appropriate aircraft for Air-MSU, the choices are between a fixed
wing and a rotor wing. The former is capable of covering a larger distance with greater
speed, although it requires a runway; the latter generally has a smaller coverage distance
and a lower speed but does not require a runway, allowing for more flexible landing options.
Walter et al. [22] presented a table of existing helicopters for technical comparison, where
it can be seen that the cabin size for helicopters used for HEMS tend to be smaller than
those for search-and-rescue missions and military operations. Aeromedical rotorcrafts
come in different sizes, each designed for different purposes and operating in different
locations. When designing for Air-MSU, selecting a larger rotorcraft not only allows for a
higher payload carriage but also a larger cabin room, easing the process of integrating a CT
scanner and any additional equipment required into the nominated aircraft. Furthermore,
having a larger cabin room also means more working space for both the medical staff
during operation and personnel performing maintenance work for the CT scanner.

In collaboration with the Australian Stroke Alliance, Agusta Westland 189 (Figure 2)
was selected as the rotorcraft model for retrofitting a proposed CT scanner as it has a
relatively large cabin size.

Figure 2. AgustaWestland AW189. Reproduced under a Creative Commons Licence from [25].
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4. Mobile Head CT Scanner and Rotorcraft Retrofitting
4.1. Types of Portable Head CT Scanners

There are several types of commercially available CT scanners depending on the
diagnostic purposes, body organs to be examined, and sensitivity and specificity. As the
MSU and Air-MSU are designed to diagnose and distinguish between ischemic stroke
(stroke where blood flow to the brain is blocked by a clot) and hemorrhagic stroke (stroke
where a blood vessel bursts) from a suspected stroke patient, a CT scanner that can perform
brain scans via non-contrast CT is sufficient. Therefore, full-body scanners are neglected
since they generally have a larger build than head CT scanners and are unnecessary for head
scans. Portable head CT scanners are designed to deliver head CT scans to stroke patients
by the bedside; thus, they are designed to be as lightweight and compact as possible to
maximize portability. While the image quality is lower than that of a conventional hospital
floor-fixed CT scanners, portable CT scanners are shown to have sufficient diagnostic
quality [26]. Table 1 shows four commercial mobile head CT scanners with their respective
technical specifications (Table 1).

Table 1. Technical specifications of mobile head CT scanners.

CT Scanner . Dimensions (cm)
Model Manufacturer Weight Height Width Depth
CereTom [26] Tse:rﬁgﬁg)a 438 kg 153 134 73
OmniTom [27] Tg;;f;lsg;a 726 kg 152.4 137.7 739
Xoran
xCAT [26] Technologies 236 kg 170 119 81
SOMATOM Siemens 998 kg 155 160 74

On.site [28]

Although the technology of each machine varies between one and another, they are
all capable of performing head CT scans with sufficient diagnostic quality; hence, the
imaging-quality aspect will not be compared and analyzed between each model. All four
mobile head CT scanner models share the similarity of having a built-in trolley system
which allows the scanner to be easily maneuvered. They also have a computer unit built-in
which is used for controlling various functions of the mobile head CT scanners. As each
mobile head CT scanner has a unique mechanical and structural design, the retrofitting
process will vary between each model. Therefore, it is important to generalize and identify
the key design constraints and criteria. An example of the CereTom and xCAT models are
shown in Figure 3.
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Figure 3. Portable head CT scanners: CereTom (left) and XCAT (right). Figure has been reprinted
with permission from Springer Nature, Int ] CARS, “Evaluation of portable CT scanners for otologic
image-guided surgery”, Balachandran et al, copyright 2012 [29].

4.2. Design Considerations for Retrofitting Head CT Scanners into Rotorcraft

When retrofitting a mobile head CT scanner into a rotorcraft, several technical proper-
ties must be taken into account before modifying for retrofitting, which include:

1. Major components of the mobile head CT scanner;
2. Weight and size of the mobile head CT scanner;
3. Actuation mechanism of the mobile head CT scanner.

4.2.1. Major Components of the Mobile Head CT Scanner

The total weight of a CT scanner is from the accumulation of different components
assembled within the structure. It is therefore important to identify the components and
determine if they can be, replaced, removed, or modified to reduce the size and/or weight
where possible. Unlike the conventional hospital floor-fixed CT scanners, the portable
CT scanners are the smaller counterparts, and they are designed to allow hospital staff
to transport the scanner to the patient. Therefore, they have lesser components and are
drastically lighter in exchange for lower imaging quality and are more suitable for fitting
into an aircraft. The typical parts that can be found in a portable head CT scanner are
labeled in Figure 4.

Lead curtains LCD control panel

Gantry | Outer frame

Hidden components:

e Xray tube Lower compartment

|
| ]
'__:___Re_l_eit_o_r ________ i Hidden components: |
: . Battery i
Caterpillar tracks |«  Computers !
_____________________ )
Caster wheels Fender

Figure 4. Components of CereTom by Neurologica.

Table 2 describes the role of each component, determining whether to keep, remove,
or modify, and justification for each decision. When modifying the CT scanner to be
retrofitted, it is important to first identify the major functioning components and their roles,
and, correspondingly, determine whether modification will interfere with the primary
function of the CT scanner. In order to simplify the design process, certain components
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will be kept at default to avoid disrupting the primary function of the CT scanner to avoid
complicating the modification process.

Table 2. CT scanner components and descriptions.

CT Scanner Components

Role Keep/Remove/Modify Justification

X-ray tube

Detector

Rotating drum

Support frame

Gantry Cover

Caster wheel

Battery

Processor

Caterpillar tracks

Motor

Emits X-ray, which goes through
the patient’s head and is received Keep

Receives the X-ray emitted from
the X-ray tube, which will be used Keep

Supports the structural weight of

Primary functional component of

by the detectors. CT scanner.

Primary functional component of

. CT scanner.
to process X-ray images.
A rotating support where both the Limited modifiability as it may
X-ray tube and detector are Keep severely affect the function of the
attached diametrically opposite. CT scanner.

The size and correspondingly
weight can be further reduced to
Modify fit into nominated aircraft,
however not compromising on
structural integrity.
Conceals all the internal Modify Will be modified according to the
components of the CT scanner. shape of the support frame.

the CT scanner.

Aids hospital staff in Not required as the CT scanner
maneuvering the CT scanner Remove will not be mobile once attached
with ease. to the aircraft interior.
Must be retained to serve as
Power source for the CT scanner. Keep backup power source for the CT
scanner.

Computes and processes Primary functional component of

transmitted data from the Keep
. : CT scanner.
detectors into a greyscale image.
Drives the movement for the Remove No longer used as the driving
entire CT scanner. mechanism for the CT scanner.
. . terpillar track 1
Drives the caterpillar tracks. Remove Caterpillar Eralcusseare nofonger

4.2.2. Weight and Size of the Mobile Head CT Scanner

With the major components identified and determined for modification, removal,
or keeping (Table 2), the CT scanner can then proceed to be modified accordingly. As
CereTom is 13 c¢m taller than the cabin height of an AW189, lower compartment, fender,
and caster wheels were proposed to be removed from the main structure of the CT scanner.
Therefore, a new support structure is needed to attach the gantry of the CT scanner to the
helicopter floor.

The weight and geometry of the CT scanner are the two most important factors to
consider when designing a suitable support structure to attach the CT scanner onto the
helicopter floor. Firstly, the support structure should demonstrate sufficient strength to
resist both the static weight of the CT scanner gantry and the components concealed within
and the vibrations induced from both the rotation of the CT scanner during operation
and the helicopter floorboard during flight and landing. Therefore, it is ideal to select the
lightest mobile head CT scanner model where possible as it simplifies the design process
by lowering the amount of weight reduction required, and the proposed support structure
will have a lighter weight and smaller size as it has a lower load-bearing requirement. For
the geometry of the CT scanner gantry, it is ideal to design a support structure that can
attach to it while keeping the overall dimensions of the CT scanner as small as possible
to allow for more working space for the onboard staff within the small enclosure of the
aircraft interior.
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4.2.3. Actuation Mechanism of the Mobile Head CT Scanner

Different CT scanners utilize different mechanical actuations for translation during
the scanning process; therefore, it is important to first identify the mechanism as it directly
influences the complexity and design of the support structure. For example, the translation
of the entire body of CereTom is accumulator-driven. For SOMATOM Onsite, the CT
scanner consists of a telescopic gantry, where the inner section elongates while the rest of
the structure remains stationary during the scanning process [28]. For xCAT, there is no
translation involved since it uses cone beam technology which performs a volumetric scan
through a single gantry rotation [30]. To ensure the CT scanner’s travel is unidirectional
and precise, multiple MSU programs were seen installing linear guides to assist the CT
scanner during translation [14,31]. Therefore, for CT scanners where the entire structure
is designed to travel during scanning, additional mechanical guides must be designed in
addition to the support structure, while for CT scanners where only part of the gantry
translates, a simple fixed support structure is adequate.

4.2.4. CereTom and AgustaWestland AW189

Currently, CereTom by Neurologica is one of the most popular commercial off-the-
shelf portable CT scanners and is reported to be used in multiple road MSU programs
across the world [11,15,31,32]. This has been attributed to its small and lightweight nature.
However, the CereTom still poses a relatively heavy (438 kg) single piece of equipment for
an air ambulance, and its weight needs to be further reduced for improved aircraft weight
distribution and flight performance. Bil et al. illustrated the cabin layout of a fixed-wing
(Pilatus PC-24) and rotor-wing (NH90) aircraft attached with a CT scanner; however, the
illustrations served as a preliminary concept and lacked details on how the CT scanner is
attached to the aircraft’s interior [22].

In this case study, CereTom by NeuroLogica along with the search and rescue heli-
copter AgustaWestland 189 are selected according to the project requirements provided
by our collaborating partners and manufacturers for the retrofitting and design process.
In collaboration with Australian Stroke Alliance and Melbourne Brain Centre, the current
CereTom model used in Australia’s first-ever road MSU will be acquired and will form the
basis to initiate the design process, subsequently extending the applicable principles onto
the Air-MSU concept. The aim of this research is to explore a methodology in designing a
lightweight CT scanner structure that can be retrofitted into the proposed search-and-rescue
helicopter model—the AW189 model.

5. So, How Can We Take It to the Skies?

A central challenge in the long-term expansion of MSU to the skies is a systematic
design and development approach for a lightweight CT scanner and the integration into a
selected helicopter.

5.1. A Model-Based System Engineering Design (MBSE) Approach

The design and development process for medical devices has traditionally followed
a linear waterfall approach (Figure 5) [32]. It is a basic logical sequential design process,
usually starting with capturing the requirements (users, products, regulatory, etc.), and
each phase must be reviewed, verified, and completed before the next phase can begin. The
waterfall linear approach has limitations such as the fact that each phase of development
proceeds in a strict order, which makes it hard to accommodate change requirements
throughout the product lifecycle management (PLM) phases, and it is not suitable for
complex designs.
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Design Input

Q/eﬁﬁcation

Review /

Design Output

Medical Device

Figure 5. The traditional linear waterfall approach for the design and development process.

In recent years, collaborative and concurrent design together with realistic engineering
and manufacturability considerations have attracted the interest of many researchers. To
ensure that the medical devices can be tested faster and more reliably, and to accelerate
their time from concept to market, efforts must be directed towards fulfilling regulatory
requirements and pushing innovation in a sustainable way.

Furthermore, the design, development, and dissemination of medical devices are reg-
ulated by regulatory bodies around the world such as the FDA in the USA, the Therapeutic
Goods Administration (TGA) in Australia, and the European Medicines Agency in the
European Union to ensure the safety and efficacy of the products. Through a complex
system of legislation, the time from concept to market for medical devices, which includes
the review and approval processes that meet requirements for conformity, can be lengthy
and costly [33].

Hence, to realize such a vision to transform ideas from industry—academia collabora-
tion, we proposed a new approach that complements the ‘V’ model (Figure 6). It is a direct
approach of integrating collaborative and concurrent product design on a single virtual
design platform with model-based system engineering (MBSE).

Digital Twins

]
¢/ Digital |2

Support &
') Services s

Requirements Solutions

Physical systems

Figure 6. Proposed MBSE “Diamond” modified from Boeing: approved for public release (RROI
19-00155-BDS).



Appl. Sci. 2022, 12,1560

10 of 17

In reducing the weight and size of a complex CT scanner to retrofit into a search
and rescue helicopter, an appropriate framework is required to assist in designing and
testing medical devices virtually before introducing them into the physical world. As the
project involved multiple stakeholders, the effectiveness and efficiency of the proposed
design required input and effort from people of multiple disciplines including engineering,
medicine, legal, technical, etc.

Through the proposed MBSE diamond approach, we would develop a digital twin
of CT scanner and aircraft. Digital twin is commonly known as a digital or virtual repre-
sentation of a physical entity, and a bidirectional connection of data between them for the
purpose of improving the performance of the physical part using computational modelling
and simulations [34]. The key feature of the MBSE diamond approach is the creation of
digital models to design and optimize systems before the first physical item is built. It
also allowed continuous improvement and enabled scope flexibility, team input, and the
delivery of a quality product that emphasized verification and validation with the use of
test cases to ensure adherence to which the product should be built as-designed data and
vice versa [33].

The design process for modifying and retrofitting a CT scanner can be classified into
three steps: (1) default structure reduction, (2) support structure design, and (3) integration
onto mobile interior (Agusta Westland AW189). CATIA (Dassault Systemes, Vélizy-
Villacoublay, France), three-dimensional computer-aided design software, was used to
model both the CT scanner model and the cabin interior of AW189.

5.2. Reducing a Default CereTom Structure and Geometry

The first step to decrease the weight of the CT scanner is to look at structural modifica-
tion. Referring to the common CT scanner found in MSUs, the CereTom, it is possible to
remove the entire lower compartment, fender, trackwheels, and caster wheels to reduce
a CereTom to just the gantry. As such, structural modification can occur to decrease the
default geometry of a CereTom without impeding its main functions. Furthermore, the
outer frame was proposed to be removed, where the LCD control panel and lead curtains
which were previously attached were modified and/or repositioned away from the CT
scanner structure. Furthermore, battery units and processors which are concealed in the
lower compartment were repositioned away from the main structure of the CT scanner
so that the entire lower compartment is removed. Along with the removal of the fender
and caster wheels, the default height and width of CereTom were effectively reduced from
153 cm and 134 cm down to just the diameter of the gantry at approximately 49 cm, and
the depth of the gantry at approximately 44 cm (Figure 7).

Lead curtains

Dovetail joint

Figure 7. Modified gantry of CereTom with lead curtain and dovetail joint design.
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5.3. Designing a Support Structure for Reduced CereIom Gantry

In order to house the modified gantry of CereTom within the AW189, the default
caterpillar tracks along with an individual stepper motor attached on each side may be
replaced with a ball screw mechanism to reduce the bulkiness of the structure while
maintaining a high-precision translation, where a support structure was implemented with
its geometrical features designed according to a ball-screw-driven linear guide system. To
size the support structure for the modified gantry of CereTom, the maximum allowable
design space was confined to the default width and depth of CereTom, which are 134 cm
and 73 cm, respectively, and the cabin height of the AW189, which is 140 cm. A conceptual
CAD model of the support structure has been suggested in Figure 8 for the modified gantry,
where it has adopted a shell-like geometry to minimize material use and weight.

Linear guide slider

Gearbox mount ¥ mounting location

Figure 8. Support structure for the modified gantry.

5.4. Designing a Base Plate for Proposed Support Structure and Full Assembly

A Dbase plate is designed for two linear guides to be attached, where the plate will
be bolted to the helicopter floor accordingly for different helicopter models. A support
block will be bolted onto the base plate for mounting the ball screw shaft, and two locking
brackets are installed to the sides of the base plate for locking the entire CT scanner in a
stowed position (Figure 9).

Linear guide

Support block for
ball screw shaft

Figure 9. CAD model of base plate design.

The ball nut is fixed to the support block, then the ball screw shaft is inserted into
the support structure, through the ball nut and support block. A motor is then attached
to a gearbox, where the gearbox is mounted onto the support structure and attached to
the ball screw shaft. The other end of the ball screw shaft will be supported with a ball
bearing which is inserted into a hole located inside the support structure. A gearbox with
a worm gear and worm wheel is selected to increase the output torque and redirect the
transmitted torque perpendicularly; this is to reduce the overall length of the entire CT
scanner model. Finally, the modified gantry is mounted onto the support structure via a
dovetail joint, where the support structure is secured onto the sliders, which are mounted
onto the linear guides (Figure 10).
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Figure 10. Assembly of concept CT scanner model.

By comparing with the original CereTom model (Figure 4) and the newly modified
CT scanner model (Figure 11), it can be seen that the lower compartment was removed
in the CAD model, where the default caster wheel and caterpillar track mechanism were
removed altogether. The battery units as well as the computers which were concealed
within the lower compartment are repositioned away from the main structure. Furthermore,
the circular outer frame along with the LCD control unit were removed and repositioned,
respectively, while the lead curtains were modified to attach directly to the gantry.

Figure 11. Fully assembled concept CT scanner model.

As the interior of air MSU will be exposed to dusty and harsh environments of
regional Australia during operation, dust build-up from use over time may cause the
default caterpillar tracks to slip during actuation and impede the performance of the CT
scanner. Therefore, it was replaced with a highly dust-resistant ball screw design to tackle
on this issue. Additionally, the support structure was designed to conceal the entire ball
screw mechanism for additional dust protection. By comparing with the original CereTom
model with the newly modified CT scanner model, the total height, width, and depth
have been decreased by approximately 33 cm, 34 cm, and 29.4 cm, respectively. The
current design allows the CT scanner to travel for up to 40 cm in the longitudinal direction
(Figure 12).
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12m

0.4m

113 m S 0825m 112m

Figure 12. Major dimensions (A): front view (fully retracted); (B): side view (fully retracted),
(©): (fully extended).

5.5. How Do We Integrate into a AW189 Helicopter?

In order to integrate the modified CT scanner structure into the AW189, it is important
to first identify the overall dimensions of the interior of AW189, which can be seen in
Figure 10. The entire CT scanner geometry was designed such that it does not impede the
cabin entrance and exit any point.

The shape of the AW189 interior consists of two sections—the main cabin and rear
storage—and a proposed layout of the racks and CT scanner is as illustrated in Figure 13.
The battery units and computers are repositioned from the default CereTom structure to
the vacant spaces on the adjacent racks, where the LCD control panel is repositioned to the
racks as well since the device is connected wirelessly. The default battery used in CereTom
operates between 90 to 264 volts in an alternating current and at 1300 watts during the
peak, where typical operations range between 110 to 120 volts. It can operate for up to 2 h
when fully charged for typical operations [35]. For the application of Air-MSU, the battery’s
reserve power serves as a backup and is strictly for use during emergency events only and
can be charged via the helicopter’s auxiliary power unit (APU) during flight. Therefore,
during normal operations, the CT scanner draws power directly from the APU.

—
Cargo compartment

Entrance/Exit

Patient stretcher

65.5 cm

Entrance

and exit

Figure 13. Conceptual layout of AW189 interior with proposed CT scanner design.
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With the current design and layout, there is a head space of up to 23 cm between
the CT scanner and the interior roof of AW189, providing additional room for further
modifications where required, and the CT scanner is clear from the doorway of AW189.
Furthermore, the central axis of the CT scanner bore is spaced at 67.5 cm above the rotorcraft
floor, where this dimension will be crucial in selecting a stretcher that provides sufficient
elevation. The stretcher will be attached to the helicopter floorboard via a fastening system,
which also helps guide the movement of the stretcher and docking in a fixed position,
similar to the Royal Melbourne Hospital road MSU setting.

5.6. During Flight and Maintenance

During flight, a helicopter may undergo different flight settings such as yawing and
rolling and experience different flight conditions such as turbulence, which may tilt and
vibrate the helicopter. Hence, it is crucial to restraint any moving objects within the
helicopter to avoid inflicting any damage to the equipment or injuries to the medical
staff onboard. One method of restraining the CT scanner is proposed, where two locking
brackets are installed on both sides of the base plate, which aligns with the flanges on
the sides of the support structure when the CT scanner is fully extended; a heavy-duty
spring-loaded locking pin is then used on each bracket to lock the CT scanner in a stowed
position (Figure 14). The geometry of the locking bracket was designed resembling a hook
to prevent the CT scanner from displacing upwards, where the pins are there to prevent
the CT scanner from sliding back and forth along the linear guides. Locking mechanisms
are especially important when restraining a ball-screw-driven linear guide system installed
within a mobile environment, as it helps relieve the stresses concentrated towards the
sliders and ball bearings situated within the ball nut during stowing.

Figure 14. Locking mechanism for stowing.

During maintenance, the CT scanner can be controlled to displace forward and fully
retract; this creates a space of up to 35 cm between the CT scanner and the adjacent racks
for the technician to access the back of the CT scanner and provides a working space of up
to 72 cm between the CT scanner and the wall of AW189 (Figure 15).

Figure 15. Maintenance configuration.
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6. Challenges and Perspectives

Even though numerous studies in the MSU have shown promising results in terms
of bringing prehospital diagnosis and treatment to stroke patients within the golden
hour, a number of challenges remain that need to be addressed in order to facilitate the
development of the MSU, in particular within the Air-MSU, where the need is greatest for
regional and remote locations in Australia.

The major challenge persists in finding an optimal balance between minimizing the
weight while maximizing the structural integrity of the support structure. The support
structure must be designed to withstand the static weight of the CT scanner, the rotational
force induced by the rotating drum when it is spinning during scanning, and the vibrations
induced by the helicopter floor during flight. One such property that is important to ensure
is that there are no severe stress concentrations located on the profile of the support structure
and that it demonstrates sufficient structural strength. Hence, topology optimization, which
is a mathematical method that optimizes material distribution within a given design space,
would allow us to optimize the support structure by maximizing its stiffness-to-weight ratio
and removing underutilized material where possible to reduce the weight of the structure.

In addressing the impact of vibration, an initial component of a successful impact
assessment procedure is to start by reviewing the 3D design early in the design process, then
conducting the virtual realization, which consists of computer modelling and simulation
to identify the sources of vibration, which may be of concern for the integration of the
proposed CT scanner into an aircraft. The level of vibration in terms of the fundamental
resonant frequency, damping, amplitude, and mode shape will be determined with the
spaces and layouts of a given aircraft design. The simulated data will then be shared
and reviewed with the equipment suppliers or manufacturers to check the specification
criteria and vibration responses for their specific lines of CT scanners. This will assist the
design team to devise some typical base strategies that can be implemented or considered
in working to mitigate the vibration impact on the proposed CT scanner. A mitigation
solution may involve reinforcing the aircraft floor and incorporating vibration suppression
and stabilization for the CT scanner system.

Medical device manufacturers face countless challenges that require them to be flexible
to make a decision on ‘go” or ‘no-go’ and modify the project plan to meet the required
quality, safety, and performance standards while ensuring the traceability of information
and intellectual property throughout the development process. To address such challenges,
we need to look beyond the constraints of the existing norms and practices, as well as the
biomedical domain of expertise. Thus, the proposed ‘V’ model of the system engineer-
ing approach, which allows for virtual analysis, testing, and validation, and in parallel
connecting to the physical assets, is considered as the most promising choice.

Any modification to the existing CT scanner may lead to manufacturers and users to
question the overall safety while maintaining good-quality images of the newly modified
lightweight CT scanner. This question could be addressed systematically by following
standardized protocols to equip the modified lightweight CT scanner with safeguards and
shielding. This certainly requires the collaboration and development in partnership with
the medical device manufacturers, where validation and verification will be carried out in
collaboration with aircraft solutions companies and CT scanner manufacturers in accor-
dance with the specifications and quality attributes listed in TGA and CASA guidelines.

7. Conclusions

It is important to ensure that any CT scanner proposed for Air-MSU applications can
function accurately and freely. Considerable work has been undertaken to develop road-
based MSUs around the world; however, limitations in Air-MSU remain. While the majority
of current research focuses on designing a brand-new concept CT scanner model suitable
for fitting into a helicopter, this research focuses on a more feasible albeit less ambitious
approach at bringing Air-MSU closer into realization sooner through the retrofitting of an
existing portable head CT scanner into an SAR helicopter. This will eliminate the pending
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process for approval from regulatory bodies for a brand-new CT scanner model to be
commercialized, that is, assuming the new model has been successfully tested and is fully
operational. Here, we have proposed a new method to take the most common mobile CT
scanner, the CereTom, and modify it for use within an AW189 footprint. Further efforts will
be directed towards assessing the structural integrity of the proposed CT scanner structure
and reducing its weight.
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