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Abstract

In this thesis the conceptual development and prototyping of a non-invasive blood
pressure (NIBP) measurement device intended for use during cardiopulmonary exer-
cise testing (CPET) at Sahlgrenska University Hospital (SU) is presented. Reliable
blood pressure (BP) monitoring during exercise is essential for both patient safety
and clinical decision making, but existing methods are challenged by limited usability
and reliance on outdated equipment. The aim of the project was to identify clinical
and regulatory requirements, develop a conceptual design and prototype solution.
This while simultaneously initiating technical documentation in accordance with the
Medical Device Regulation (MDR). The project included literature studies, interviews
with healthcare professionals, regulatory analysis and iterative prototyping. User and
product requirements were established based on clinical needs and relevant standards.
Four prototype iterations were developed and evaluated with respect to controllability,
inflation and deflation performance, leakage and usability. The results demonstrated
that a mechanically controlled system using hospital compressed air can provide
rapid and controllable cuff inflation and deflation suitable for CPET environments.
Clinical feedback highlighted the importance of usability and compatibility with
existing workflows. The project also identified key regulatory considerations related
to in-house manufacturing under the MDR. In conclusion, the study demonstrates
the feasibility of developing an in-house NIBP device adapted for CPET and provides
a foundation for further technical development and future clinical evaluation.

Keywords: Cardiopulmonary Exercise Testing (CPET), Non-Invasive Blood Pres-
sure Monitoring, Medical Device Development, Medical Device Regulation (MDR),
Biomedical Engineering, Risk Management, Prototype Development
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1

Introduction

Cardiopulmonary exercise testing (CPET) plays an important role in the diagnosis,
evaluation and clinical decision-making of cardiopulmonary diseases [1]. These
conditions often become apparent during physical activity rather than at rest, making
exercise based assessment essential. During CPET, the cardiovascular, respiratory
and metabolic responses are similar to those observed during surgical stress, which is
why the test is also widely used in preoperative evaluation [2]|. Patients undergoing
CPET are commonly investigated due to suspected or established cardiovascular
disease but also patients with lung problems [3].

An important part of CPET is the repeated monitoring of physiological parameters
to ensure patient safety. Among these parameters, blood pressure (BP) measurement
is especially important [4]. Reliable BP monitoring during exercise are primarly
designed for resting conditions [5], [4]. Nevertheless, accurate BP assessment during
exercise is essential for patient safety and clinical evaluation, since abnormal BP
responses may indicate underlying cardiovascular pathology and help maintain a
safe testing environment [6]. A decrease in systolic blood pressure (SBP) during
exercise is considered pathological and may indicate serious cardiovascular disease [7].

Cardiovascular diseases affect up to one in three individuals and remain the leading
cause of death in Sweden [§].

Consequently, there is a growing clinical need for reliable BP monitoring systems
that can function accurately during exercise testing such as CPET.

1.1 BP physiology

BP is a vital physiological parameter used to assess the function of the cardiovas-
cular system and an individual’s overall health [4]. Elevated BP, referred to as
hypertension, is associated with an increased risk of several diseases [9], [10]. Blood
circulation supplies organs with oxygen, nutrients and other essential substances.
Therefore, it is important that blood flows at an appropriate and regulated pressure
to avoid damage to the vessel walls. If the BP increases, the heart must work harder
to maintain adequate circulation throughout the body, which puts extra strain on
the heart over time [11].

BP is not constant but varies throughout the day [12]. Tt is lowest during nighttime,
increases in the morning and during the day and decreases again in the evening.
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Physical activity also influences BP. During aerobic exercise, SBP typically increases
[13]. In individuals with hypertension, this increase occurs more rapidly and to a
greater extent compared to individuals with normal BP. When the physical activity
is over, BP decreases again [13].

1.2 Different types of BP measurements

BP can be measured using several methods, which differ in terms of accuracy,
invasiveness and suitability for different clinical settings [14]. Among these methods,
invasive BP (IBP) monitoring is considered the reference standard [15], [16]. The
method involves insertion of a catheter into an artery connected to a pressure
transducer, enabling BP measurements for every heartbeat [15], [17]. It provides
a high level of accuracy, making it the most accurate way of measuring arterial
pressure [16]. On the other hand, the method carries risks such as infection in the
arteries, making it unsuitable for CPET and exercise stress test [15], [18].

One of the most common ways of measuring BP is the auscultatory method. This is
a non-invasive blood pressure (NIBP) measurement method, involving an inflatable
cuff placed around the upper arm [10]. In a cuff-based measurement, the cuff
pressure is gradually increased until blood flow in the brachial artery is temporarily
stopped. The pressure is then slowly released while blood flow is monitored using
a stethoscope. This is done by listening for the characteristic Korotkoff sounds,
which occur when blood passes through the previously compressed artery during
cuff deflation, creating vibrations that can be detected using a stethoscope. The first
detectable Korotkoff sound appears when the cuff pressure has decreased to the level
of the SBP and blood flow begins to return. As the cuff pressure is further reduced,
the sounds eventually disappear, which indicates the diastolic blood pressure (DBP)
[10]. The auscultatory method is widely considered a reliable NIBP measurements
reference method and typically shows small mean differences, around £5 mmHg,
compared to invasive measurements, although variability in individual readings can
be considerably higher [19], [16].

Another cuff-based method is the oscillometric technique, which provides automated
NIBP measurements [20], [14]. During cuff deflation, pressure oscillations are
generated as the arterial blood flow gradually returns and causes variations in the
cuff pressure [14]. These oscillations are detected by the device and analyzed using
algorithms to estimate mean BP, SBP and DBP. This method is commonly used in
ambulatory monitoring, where BP is recorded at predefined intervals over a 24-hour
period [20], [14]. Its applications also extend to hospital environments, as well as
home-based measurements that allow individuals to monitor their own BP [21].
Compared to invasive measurements, oscillometric methods show small average
differences but can deviate by as much as 20-30 mmHg, indicating considerable
variability in individual readings [19].

In addition, several cuff-less NIBP devices are currently available, for example smart
watches [20]. Still, further development and clinical validation are required before

2
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such devices can be reliably implemented in clinical practice, mainly due to limitations
in measurement accuracy [20], [22]. This reduced reliability is even more clear during

physical activity, as motion artifacts can further decrease measurement performance
[20].

1.3 CPET

CPET is widely used in clinical practice to monitor and evaluate the responses of
the cardiovascular and respiratory systems, as well as metabolic function, during
physical activity [23], [24]. More generally, such monitoring is also relevant for
exercise stress test, where cardiovascular responses to physical stress are assessed.
Repeated and reliable monitoring of physiological parameters, including BP, is
critical for accurate interpretation of test results and for patient safety [24], [25].
SBP is commonly measured during CPET as part of cardiovascular monitoring,
since abnormal SBP responses during exercise may indicate impaired cardiovascular
function, and a drop in SBP is a criterion for terminating the test [26], [27].

CPET can be used on a variety of patient groups, such as individuals with heart
failure, lung disease, ischemic heart disease, congenital heart disease, dyspnea of
unknown cause and high-level athletes [28]. CPET is used for diagnostic evaluation,
risk stratification, therapeutic assessment and exercise prescription for both patients
and athletes. Since CPET represents a more advanced form of exercise testing,
solutions that function reliably in this setting are also expected to be applicable
during conventional exercise stress testing [18].

Despite the clinical importance of BP monitoring during CPET, current NIBP mea-
surement methods used during the CPET remain limited in terms of standardization
and clinical validation [29]. Most existing NIBP measurement methods are based on
techniques developed for resting conditions, where minimal movement is required
and their performance is therefore challenged in exercise settings due to artifacts
related to motion [30]. Improving BP measurement during CPET could enhance
patient safety and support more reliable clinical decision-making and interpretation
of test results [26], [29], [31]. Nevertheless, current evidence gaps indicate a need for
further research and technological development in this area [31].

1.4 Purpose

The purpose of this master’s thesis is to design, conceptually develop and prototype
a non-invasive BP measurement device suitable for use during CPET, according to
user requirements (URs) and regulatory constraints.
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1.5 Objectives

1. Identify the user requirements (URs) for the non-invasive BP measurement

device for CPET.

2. Determine the product requirements (PRs) of the non-invasive BP measurement
device for CPET, based on URs and regulatory constraints.

3. A conceptual design of a device that meets the user and PRs will be made.
Furthermore, the conceptual design will be prototyped and iteratively modified
to meet more of the PRs.

4. Initiate the development of the Technical Documentation in accordance with
Medical Device Regulation (MDR).

1.6 Limitations

Market analysis

This master’s thesis is in the early stage of developing a non-invasive product for
measuring BP. A comprehensive market analysis will not be conducted in the scope
of this project [18]. Instead, the work will rely on previously conducted market
analysis performed by the MT at SU.

Clinical trials

This project does not include clinical trials or patient testing. The developed
prototype will not be assessed under intended clinical conditions, instead the
validation performed within this thesis is limited to non-clinical methods. Demon-
strating sufficient clinical evidence of safety and performance is essential for
regulatory compliance. However, if a clinical trial is required to meet regulatory
constraints, it will be outside the scope of this thesis and thus considered future work.

Interviews

URs will be derived from interviews with healthcare professionals working at the
DCP at SU. Interviews with patients who undergo CPET will not be done to
get their opinions about the product. The interviews will focus on gathering the
preferences and specific needs to this clinical environment when a CPET is performed
and not gathering the patients opinion after performed test.

Target patients

The project and the solution will mainly focus on BP measurements on adults who
are doing a CPET. The possibility of also adapting the product for children will
be considered. Depending on its complexity, decisions will be made regarding any
adaptation. However, it is not the main focus of the project.

Development of doppler device
This project only focuses on the development of a BP measurement system which
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does not include the development of a doppler device for detecting Korotkoff sounds,
as this is considered outside the scope of the project.

Future implementation cite

Finally, the scope of the project is limited for developing a solution for the needs
of the DCP at SU. The work does not aim to develop a product that will be used
worldwide. Large scale manufacturing and implementation in different healthcare
systems are therefore outside the scope of this master’s thesis.
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Background

In this section the regulatory framework applicable to general medical devices are
introduced. This regulatory framework includes the MDR and the most relevant
standards applicable to a NIBP device for CPET.

2.1 NIBP device for CPET at Sahlgrenska Uni-
versity Hospital

Reliable NIBP measurement during CPET is essential for patient safety and clinical
decision making [32]. At SU, several departments conduct CPET using different
methods and devices for NIBP monitoring [33], [34], [35]. In this section, the
current practices at the Department of Clinical Physiology (DCP) units across the
hospital, including Sahlgrenska Hospital (SS), Ostra Hospital (OS) and Queen Silvia
Children’s Hospital (QSCH), are discussed. Furthermore, it examines the limitations
of existing equipment. The findings underscore the need for a robust, clinically
validated solution tailored to the workflow of the DCP.

At all DCPs, both a bicycle ergometer and a treadmill are available for performing
CPET [33], [34], [35]. The preferred method is to use the bicycle ergometer,
although a treadmill is used in cases where the patient has difficulty cycling. A
common feature across all departments is that the CPET procedure is conducted
by a Biomedical Analyst (BMA), who is responsible for measuring BP, monitoring
additional physiological parameters and guiding the patient throughout the test. A
physician is also present during the test to oversee physiological parameters and
assess the patient’s clinical status, together with the BMA.

BP measurements are obtained at multiple stages and locations within the testing
room [33], [34], [35]. Initially, measurements are taken with the patient lying on a
bed. Subsequent measurements are performed during exercise, typically on a bicycle
ergometer, and then repeated on the bed following completion of the exercise phase.
The different DCP use different measurement methods even though they all are
measuring the BP during CPET.
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2.1.1 DCP at SS

At the DCP at SS, BP during CPET is measured using an inflatable cuff in
combination with either a stethoscope or a doppler device [33]. The cuff is positioned
on the patient’s upper arm and is automatically inflated to a predefined pressure of
240 mmHg when a foot pedal is activated. If required, additional manual inflation
can be applied, and finally, the pressure in the cuff is released manually.

The cuff inflation is facilitated by an in-house developed device [36]. This system
uses compressed respiratory air supplied through the hospital’s wall outlets at an
approximate pressure of 5 bar. Both the bed, bicycle and treadmill are equipped
with manometers that are relatively large for monitoring pressure inside the cuff.

The current cuff inflation device is outdated and presents several challenges. Due
to its age and in-house design, replacement of components is difficult, as many
parts are no longer commercially available [36]. Furthermore, the lack of technical
documentation complicates maintenance and repair efforts, increasing the risk of
prolonged downtime and limiting serviceability.

2.1.2 DCP at OS

The current method used at OS is based on an automatic inflation system that is
entirely mechanical and does not require electricity [37]. The inflation system is
connected to the hospital’s compressed respiratory air through the wall outlet. The
BMA controls the applied pressure using a manual control rotary knob [34]. This
allows the BMA to regulate both the rate at which the pressure increases in the
cuff and the rate at which it decreases. This can be done both quickly and slowly,
depending on what is preferred. The wheel also controls the amount of pressure
applied to the cuff, meaning the BMA can choose whether a higher pressure is
needed or if a lower pressure is sufficient. The automatic inflation system is limited
to a maximum cuff pressure of 300 mmHg, preventing the pressure from being
increased beyond this level. The bed, bicycle and treadmill are all equipped with
relatively large manometers for monitoring cuff pressure.

In some rooms, only one device is available, while others are equipped with two.
When only one device is present, it must be moved between the bed and the bicycle
(or treadmill) depending on the type of measurement being performed. This transfer
can be difficult due to the short connecting cable [34].

To detect and assess BP the BMAs primarily use a doppler probe placed at the
wrist, although a stethoscope can also be used as an alternative [34]. A major
limitation of the current box that regulates the pressure method is that it is no longer
commercially available [37]. This creates a significant risk if the equipment fails or
becomes damaged, because then it may not be possible to replace it. In such cases,
measurements would need to be performed manually, which could have a negative
impact on the ergonomics and working conditions of healthcare staff.



2. Background

2.1.3 DCP at QSCH

The DCP at QSCH also perform CPET and workflow tests [35]. Here, ages range
from 6 to 18 years. BP measurement in children differs from adults due to variations
in arm circumference and physiological BP ranges. Patient comfort is also an
important consideration, as children may be more sensitive to discomfort caused
by cuff inflation. Currently, all BP measurements during these tests are performed
manually, where the BMA inflates the cuff by hand. This method generally functions
well. However, in cases where very high cuff pressures are required, sometimes up to
300 mmHg, the manual inflation can become physically demanding for the operator.
Even though, in most cases, the required pressure is lower and this work environment
issue is therefore relatively uncommon. The deflation of the cuff is also done manually.

The pressure is measured using a manometer attached directly to the cuff [35]. This
means that the manometer is positioned on the patient’s arm during cycling and
may therefore be affected by movement of the arm and varying levels of muscle
tension. According to the BMAs at DCP at QSCH, the needle of the manometer
can move back and forth during exercise, making the pressure more difficult to read.
However, it is unclear whether this movement is caused by actual variations in cuff
pressure, movement of the arm, muscle activity or a combination of these factors.
In addition, the small size and position of the manometer further contribute to the
difficulty of reading the pressure during the test. A potential improvement suggested
by the BMAs was to use a larger external manometer positioned separately from the
patient’s arm [35].

2.1.4 Market analysis

The Department of Biomedical Engineering (MT) at SU has conducted a market
analysis to identify potential replacements for the existing BP measurement equip-
ment used at the DCP at both SS and OS [18], [36], [37]. As part of this evaluation,
an automatic BP device intended for use during CPET and exercise stress test was
borrowed and a test setup was conducted by the DCP at SS together with MT. The
device was assessed during an exercise stress test session in which an MT employee
served as the test subject. The cuff of the new device was placed on one upper
arm, while a reference device was placed on the other arm to enable direct comparison.

The results demonstrated that the new device produced highly inaccurate measure-
ments [36]. In addition, its operation was considered impractical for CPET since
the user was required to activate a filter function once the BP exceeded a certain
threshold. Although, the expected BP prior to each measurement was uncertain, it
was difficult to determine whether activation of the filter was necessary. This made
the device unnecessarily complex to operate. As a result, the device demanded too
much attention from the operator, diverting focus away from the test subject and
the overall monitoring process.

As previously described, all three DCPs currently have the option to use a doppler
device in combination with their respective cuff inflation systems [33], [34], [35], [36],
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[37]. A limitation is that the doppler device in use relies on a flat-headed probe that
is no longer available on the market. Although pen-style probes are available as
alternatives, they are not compatible with the CPET workflow and therefore not an
appropriate replacement [33], [34], [35], [36], [37], [38].

2.2 MDR

The regulations for medical devices, known as the EU Regulation 2017/745 on
Medical Devices (MDR), were adopted in May 2017 and came into effect on May
26, 2021 [39], [40]. The purpose of introducing these updated regulations was to
establish a regulatory framework that is transparent, sustainable and robust. The
MDR aims to ensure a high level of patient safety while also supporting innovation
and the development of new medical technologies [41].

The previous regulatory framework for medical devices in the European Union (EU)
was developed in the 1990s [41]. Since then, significant advances have occurred in
both technology and scientific research. The earlier regulations contained several
weaknesses, which led to incidents that reduced the trust in the safety of medical
devices among patients, consumers and healthcare professionals. In response to
these challenges, the European Commission proposed two new regulations in 2012 to
replace the existing three directives. These proposals later formed the basis of the
MDR and the updated regulations strengthen the control and oversight of medical
devices, aiming to create a safer and more effective regulatory system. At the same
time, they are designed to continue supporting innovation in the development of new
products. Consequently, the MDR represents an important update to the regulatory
framework, reflecting technological progress while further enhancing patient safety
[41].

2.2.1 Different risk classes

There are four main risk classes for medical devices: I, ITa, IIb, and III. The
classification is determined based on the intended use of the device and the level
of its risk associated with it [42]. Class I devices can be further categorized into
sterile devices (Is), devices with a measuring function (Im) and reusable surgical
instruments (Ir). These are not separate classes but rather subcategories within
Class I, reflecting specific characteristics that may influence conformity assessment
procedures [43]. The assigned risk class determines the regulatory requirements
and procedures that the manufacturer must follow to demonstrate compliance
with applicable regulations. Classification must be carried out in accordance with
Annex VIII which contains 22 different rules and is an essential part of the technical
documentation. If a product is intended to be used in combination with other
devices, each device must be classified separately. In cases where a device may fall
under multiple classification rules, the strictest applicable rule determines the final
classification. Consequently, the device is assigned to the higher risk class [43].

10



2. Background

According to Annex VIII MDR, products within risk Class I are typically character-
ized as non invasive, intended for use during a short term and having no biological
or chemical impact on the human body [44]. Examples of Class I devices include
stethoscopes and non-invasive electrodes [42]. Class Ila devices are associated with a
moderate level of risk and may include both non invasive and invasive products [44].
In the case of invasive products, they are generally intended for use during a short
term and have a limited impact on the body. A key aspect of this class is that the
devices do not cause an immediate life threatening risk. Examples of Class Ila devices
include electronic blood pressure measuring equipment and diagnostic ultrasound [42].

In contrast, Class IIb devices represent a higher level of risk or increased functional
complexity [44]. This includes, for instance, invasive products used for longer
durations or products that changes the biological or chemical composition of the
body. Active devices may also fall into Class IIb if they deliver energy in a potentially
hazardous way or are used to monitor vital physiological functions. Due to their
intended use and level of interaction with the body, these devices may involve
increased risks. In many cases, they also incorporate more advanced technological
features. An example of a Class IIb device are ventilators [42]. Class III devices
represent the highest risk category [44]. Examples include implants used in the
heart or central nervous system, as well as products that are absorbed by the body.
Due to their high level of invasiveness and significant interaction with the body,
failure of Class I1I devices is associated with a high risk of serious injury or death [44].

Differences in regulatory requirements between the risk classes are substantial
[43]. For Class I devices, manufacturers can often perform conformity assessment
themselves through self certification and the involvement of a notified body (NB) is
not required [44]. Additionally, the need for clinical data is limited. For Class Ila
devices, a NB must be involved to review the technical documentation and the QMS.
Clinical evaluation is required, although it is not as extensive as for higher risk classes.

For Class IIb devices, the requirements become more stringent [44]. The NB per-
forms a more detailed review, and there is a greater need for clinical evidence,
risk management and detailed technical documentation. The assessment of design
and performance is also more comprehensive. Class III devices are subject to the
most demanding regulatory requirements. These devices require a full conformity
assessment by a NB and typically involve extensive clinical investigations. In addi-
tion, comprehensive risk analysis, detailed documentation and strict post-market
surveillance are required to ensure ongoing safety and performance after the product
has been placed on the market [44].

2.2.2 CE marking

A CE mark indicates that a medical device complies with the applicable regulatory
requirements and may be placed on the market [45]. It also confirms that risk
management procedures are implemented and continuously monitored throughout
the product lifecycle. For certain Class I devices (Is, Im, and Ir) and for all higher
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risk classes (ITa, IIb, and III), certification by a NB is required. The manufacturer
is responsible for selecting a NB, which then assesses the product and issues a
conformity assessment certificate. For the higher risk devices, the NB performs a
more comprehensive assessment compared for the one in Class I, which includes the
QMS and the technical documentation of the manufacturer.

As part of the QMS assessment, the NB evaluates the manufacturer’s overall
processes, including how products are designed and manufactured, how risks are
systematically identified and managed and how deviations are handled [45]. In
contrast, the technical documentation focuses on a specific device and verifies that all
relevant requirements are fulfilled, including device description, design specifications,
risk analysis, clinical evaluation and evidence of safety and performance. Although
these assessments address different levels, there is some overlap, particularly in areas
such as risk management and clinical evaluation, where both the process and its
implementation must be demonstrated.

Even though a conformity assessment certificate is issued by a NB, it does not
automatically result in CE marking [45]. The manufacturer remains fully responsible
for ensuring that the product complies with all applicable regulatory requirements
[45]. After this, the manufacturer must draw up an EU Declaration of Conformity,
confirming that the manufacturer follows all applicable requirements and that the
product has been correctly CE-marked as a medical device [44]. The product must
then be registered in EUDAMED, which is the European database for medical devices.
Finally, post-market surveillance must be carried out throughout the entire lifecycle
of the product to ensure continued safety and performance [44].

2.2.3 In-house manufactured medical devices

In-house manufacturing of medical devices allows healthcare institutions to address
specific clinical needs when suitable solutions are not available on the market [44],
[46], [47]. This enables the development of devices adapted to specific healthcare
environments while ensuring that requirements regarding safety and performance
are maintained. In-house manufactured medical devices must comply with the
MDR [47], [39], [44], [46]. The regulation says that in-house manufactured devices
are devices that are designed and manufactured to be used exclusively within the
healthcare institution where they are developed. A healthcare institution is only
permitted to manufacture a medical device in-house if no equivalent product is
available on the market that meets the same intended use. This implies that existing

market solutions do not sufficiently address the clinical need, which must be clearly
justified and documented [47], [44], [46].

In-house manufacturing also includes situations where a device is used outside
its originally intended purpose [44]. Use outside the intended purpose shift
responsibility to the user and require appropriate risk assessment. In such cases,
the device is modified or adapted through an in-house manufacturing process in
order to align the product with its modified intended use. Therefore, when a
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device is adapted for an alternative use through in-house manufacturing, whether
it is a completely new device or an existing device repurposed for a different
intended use, the healthcare institution assumes full responsibility for the safety,
performance and regulatory compliance of the device [44]. A large part of MDR is
not applicable to in-house manufacturing but the products level of safety, quality
and performance should still be at the same level as that of a CE-marked medical
device [47], [46]. From Figure 2.1, it is clear that both in-house devices and other
medical devices are regulated under the MDR. Even though, in-house devices
are not required to fulfill the exact same requirements as CE-marked products.
Despite these differences, both types of devices require risk management as an
ongoing process throughout the entire development phase and even after the
declaration. A list of requirements that needs to be followed for in-house devices
are given in Table 2.1, but overall the rules to follow is stated in Annex I in MDR [46].

MDR

\/ A4
In-house Product
medical device development
CE mark
! il
Publicity available Declaration of
declaration conformity
Risk management

Figure 2.1: Schematic overview of the differences between in-house medical devices
and CE-marked products within the MDR framework.

There are several MDR requirements that do not apply to in-house devices [48],
[44]. Since these devices are manufactured and used exclusively within the same
health institution, requirements associated with placing a medical device on the EU
market are not applicable [44], [48]. This includes obligations related to commercial
distribution, market availability, CE marking, conformity assessment procedures
involving a NB and registration in EUDAMED. Overall, these exemptions simplify
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the regulatory process for healthcare institutions developing devices for internal

clinical use while still requiring compliance with relevant safety and performance
standards [44].

Furthermore, in the documentation it needs to be justified whether the in-house
manufactured device meets the General Safety and Performance Requirements
(GSPRs) that is mentioned in Annex I of the MDR [44]. If any of the requirements
are not fulfilled, the documentation must include a justification explaining why
compliance could not be achieved.
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Table 2.1: Summary of MDR-related requirements that apply to in-house manufac-

tured devices [46].

Rules to follow for in-house devices

More detailed description

Needs to comply with relevant GSPRs in
Annex I of the MDR

Examples include risk management, design
and manufacturing processes, performance
and product-related information. These
requirements are specified in Chapters
I-1IT of Annex I.

Manufacture and use of the device are
limited to the healthcare unit where it was
developed

According to HSLF-FS 2021:32, healthcare
institutions manufacturing in-house
medical devices must report the healthcare
provider’s organisation number to the
Swedish Health and Social Care
Inspectorate (IVO) [49]. This means that
the healthcare provider is defined at
organisational level, which in this case
refers to Vistra Gotalandsregionen (VGR),
and thus that devices manufactured at SU
may only be used within VGR.

An appropriate QMS must be in place

Covers responsibilities for management,
manufacturing, risk management,
monitoring and handling deviations,
including communication with authorities.

Documentation describing manufacturing,
processes, and design/performance must
be available

Documentation shall be sufficiently
detailed to allow authorities to verify
compliance with Annex I requirements.

Device traceability and labelling must be
ensured

Ensures identification of the device
throughout its lifecycle and compliance
with labelling requirements.

Risk—benefit documentation must be
updated

Includes continuous reporting, evaluation
and implementation of necessary actions.

Risk management

Documentation describing how different
risks have been managed and how they
should be managed in the future.

Justification that the need cannot be met
by an equivalent product on the market

A comparable CE-marked product may
already be commercially available.
Therefore, it must be clearly demonstrated
that the specific need is not adequately
covered.

Documentation must be updated when
changes are made

Ensures continued compliance with all
applicable requirements after
modifications.
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2.3 Limitations of MDR and proposed regulatory
revisions

The MDR came into effect on 26 May 2021, as previously mentioned in the
section about MDR [50]. These regulations included stricter requirements for the
manufacturing of medical devices, while also introducing a more reliable system to
ensure the quality, safety and performance of the products within the EU market.
They also aimed to ensure that conformity assessments are made in a consistent way.

In 2024, the European Commission conducted an evaluation of the MDR [50], [51].
The results highlighted several challenges, particularly reduced product availability
and barriers to innovation, which may negatively affect the competitiveness of EU
companies. Consequently, this may lead to indirect negative impacts on healthcare
quality and patient safety. These limitations have also been observed in clinical
practice by staff at SU [18]. One challenge is that medical devices intended for
smaller or more specialized markets may become less economically feasible to develop,
as increased regulatory requirements can lead to higher development costs and
administrative burden in relation to the expected market size [52], [53]. Furthermore,
staff at SU report that even minor improvements to a product’s use or application
require extensive processes to implement [18]. As a result, the potential benefits
of such changes may not be fully achieved, as implementation requires significant
time and resources. The administrative requirements are important and include,
among other things, detailed risk analyses. In some cases, this leads to delays in
implementing necessary improvements, which may affect patient safety if beneficial
changes are not introduced in time. A similar challenge can be seen in the in-house
manufacturing of medical devices. The development of new products is complex
and time-consuming, which may delay access to improved solutions and thereby
negatively affect patients during the development phase [18].

2.4 Counterparts to MDR

Regulatory frameworks for medical devices vary across different regions, reflecting
differences in regulatory structures and approaches to ensuring patient safety [54].
Understanding these differences is essential when considering market access, as
regulatory requirements influence development timelines, costs and the level of
evidence required for approval.

Although Switzerland is located in Europe, it is not a member of the European
Union (EU) or the European Economic Area (EES) and is therefore not directly
subject to the MDR [55]. Instead, Switzerland has established its own regulatory
framework, the Medical Devices Ordinance (MedDO), which is largely aligned with
the MDR [56]. While conformity is demonstrated according to MedDO rather than
directly under the MDR, the regulation incorporates many MDR requirements
and can therefore be regarded as a Swiss-adapted implementation of the European
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framework [56].

A more substantial difference can be observed when comparing the European
regulatory framework (MDR and MedDO) with that of the United States of
America (U.S.). In the U.S., medical devices are regulated by the Food and Drug
Administration (FDA). More specifically it is regulated under FDA’s Title 21 of the
Code of Federal Regulations (CFR), where specific parts apply to medical devices
[57]. One fundamental difference between the frameworks lies in their classification
systems, the FDA categorizes devices into three risk classes, which from the lowest
to the highest risk class is Class I, IT and III, this can be compared to the MDR that
classifies into four risk classes [58]. In addition, the level of required clinical evidence
varies more significantly across risk classes within the FDA system, particularly less
clinical evidence is needed for devices with lower risk in this system.

Another key distinction concerns the regulatory structure and approval process [58].
In the EU, independent NBs (NB) are responsible for assessing conformity and re-
viewing technical documentation before a device can obtain CE marking. In contrast,
the FDA acts as a centralized authority that directly evaluates and clears or approves
medical devices. Differences are also evident in post-market surveillance (PMS),
where the MDR follows a proactive and continuous approach, that includes periodic
safety update reports, while the FDA system is generally more reactive and focuses
on adverse event reporting and recalls. Furthermore, compliance with the MDR is
generally associated with longer time-to-market, partly due to more extensive docu-
mentation and stricter requirements for clinical evaluation [59]. The cost of achieving
regulatory compliance is also typically higher under the MDR, particularly for
devices with lower risk, due to the broader scope of requirements [60]. In contrast, for
devices with higher risk, the costs may exceed those associated with MDR compliance.

Medical devices can enter the U.S. market through the FDA by different regulatory
pathways [61]. The pathways differ in the requirements on the medical device, more
specifically they differ in the demand for clinical evidence and level of innovation
of the device. The most common regulatory FDA pathway is 510(k), followed by
the pathways premarket approval (PMA) and De Novo [62], [63]. Medical devices
that can demonstrate substantial equivalence to a legally marketed existing devices
may qualify for the 510(k) pathway. This pathway generally enables faster market
access, as it typically requires less extensive clinical evidence compared to other
regulatory routes [59], [64]. A comparable concept, where clinical evaluation could be
supported by data from an equivalent device, was previously used under the Medical
Device Directive (MDD) [65], [44]. With the transition to the MDR, the conditions
for using equivalence became more restrictive, requiring stronger justification and
more comprehensive clinical evidence to demonstrate device safety and performance.
Devices classified as Class III, which are considered high-risk, typically require
Premarket Approval (PMA), a more rigorous process involving comprehensive
evaluation of safety and effectiveness, this often includes clinical investigations [66].
For novel medical devices without a legally marketed existing devices and where the
devices is classified as a Class I or Class II, the De Novo pathway is the route to
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access the market [67].

Overall, the MDR framework tends to require more comprehensive documentation
and a higher level of regulatory expertise [68]. Compared to the FDA system,
the MDR involves more extensive requirements related to technical documentation,
clinical evaluation and PMS.

2.5 Standards

A standard is a widely accepted solution to a recurring problem that ensures
consistency, quality, compatibility and efficient communication between stakeholders
[69]. It is a document that specifies requirements and standardized methods
of working within a specific area [70]. Standards can exist at different levels.
International standards are typically developed by organizations such as ISO or TEC,
while European standards are referred to as EN. At the national level, standards are
published with country specific prefixes and in Sweden, these are designated as SS [70].

When a standard is harmonised, it has been formally linked to a specific regulation,
such as the MDR [70]. The relationship between the standard and the regulation is
clarified in annexes, where similarities and differences are outlined. Compliance with
a harmonised standard provides a evidence of conformity with the relevant regulatory
requirements covered by that standard. Even though, harmonised standards do not
necessarily cover all applicable requirements. Therefore, it remains the responsibility
of the manufacturer to ensure full compliance with the regulation. An example of
this is the QMS standard ISO 13485. Although it is harmonised, it does not address
all requirements of the MDR in the area, meaning that additional measures may be
required to achieve full regulatory compliance [70].

In the development of new medical devices, such as BP measurement systems, relevant
standards serve as important guidance, particularly in areas such as risk management,
usability, electrical safety and quality management [71]. Some of the most relevant
standards are presented below.

2.5.1 ISO 14971:2019 — Risk management

Risk management is an essential part of medical device development since it helps
ensure that devices can be used safely [72]. Risk management for medical devices is
conducted according to the international standard ISO 14971, which describes a
systematic framework for identifying hazards, estimating and evaluating risks and
implementing appropriate risk control measures throughout the device life cycle [72].
The objective of this structured process is to ensure that medical devices achieve an
acceptable level of safety while maintaining their intended clinical performance [73].
Implementing such a systematic risk management approach is widely recognized as
an essential requirement for safe and effective medical device development [73].

18



2. Background

The risk analysis process typically begins with identifying hazards related to the
device, its intended use and possible misuse [74], [75]. These hazards may include, for
example, incorrect pressure readings, electrical faults or inaccurate use, depending
on the device design and the intended use. After hazards have been identified,
the associated risks are assessed by analysing both the likelihood that harm may
occur and the severity of potential consequences. If the estimated risk is considered
unacceptable, appropriate mitigation strategies must be implemented to reduce the
risk to an acceptable level [72]. In addition to the principles described in ISO 14971,
the MDR further emphasizes that risks should be reduced as far as possible and
that any remaining residual risks must be acceptable in relation to the expected
clinical benefits of the device [44]. In situations where a risk cannot be further
reduced without negatively affecting the performance of the device, a benefit—risk
analysis should be performed [72]. This evaluation examines whether the expected
clinical benefits of the device outweigh the remaining residual risks. Benefit-risk
assessments therefore support decisions regarding the acceptability of residual risks
and whether the device can be considered sufficiently safe for its intended use.

The risk mitigation strategies include design changes, protective mechanisms or
information provided to users about potential risks [72]. According to ISO 14971,
risk control measures should be implemented following a prioritized hierarchy. One
or several risk control measures may be necessary depending on what is applicable
to the specific hazard. First, inherently safe design solutions should be considered in
order to eliminate or reduce risks directly through the design of the device. If this
is not sufficient, protective measures such as safety mechanisms or alarms may be
implemented to further reduce the risk. As a final step, saftey information, including
warnings or Instructions for Use (IFU), may be provided to inform users about any
remaining risks [72]. The standard also emphasizes the importance of verifying and
validating that implemented risk control measures are effective. Because new hazards
may arise as the design evolves, risk management is considered an iterative process.
This process continues throughout the development and evaluation stages of medical
devices and throughout the entire lifetime of the device [74], [75]. During this
iterative risk management process it is essential to ensure continuous documentation
and traceability in order to get regulatory approval [72].

Overall, the application of ISO 14971 contributes to a systematic and proactive
approach to safety, ensuring that risks are minimized as far as possible and that the
device can be considered safe for its intended use [72]. In practice, risk management
according to ISO 14971 is closely integrated with other standards addressing different
aspects of medical device development.

2.5.2 SS-EN 62366-1:2015 - Usability engineering

This standard focuses on usability engineering to ensure that medical devices are safe,
effective and user friendly [76]. The standard is particularly important as medical
devices are increasingly used by users who are not specialists, for example patients,
which places higher demands on intuitive design and user safety. The technical
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report IEC TR 62366-2 provides guidance on how to apply usability engineering
principles in practice. This includes methods for identifying usability related hazards
and conducting formative and summative evaluations of user interfaces [77]. In total,
usability engineering is a critical aspect of medical device development, as it directly
impacts both patient safety and device effectiveness.

2.5.3 SS-EN ISO 13485:2016 - Quality management systems

This standard defines requirements for quality management systems (QMS) for
organizations that develop, manufacture or distribute medical devices [78]. It focuses
on meeting regulatory requirements and applies to the entire life cycle of the device.
This includes design, development, production and use. The standard ensures
that companies have appropriate documentation and that appropriate processes are
established.

It includes requirements for management responsibility, document control and process
validation. These help ensure that products are safe and meet regulatory standards.
The standard also requires procedures for monitoring and measuring equipment. For
example, sensors used to measure BP must be regularly calibrated to ensure accurate
readings. Test equipment used during development must also be checked and verified
to ensure reliable results, which includes calibration and validation of software. The
main goal is to create a structured QMS. This helps ensure continuous compliance
and improves patient safety.
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Methods

This section outlines the methodology used to achieve the objectives of the thesis. It
describes the processes for background research, requirement specification, concep-
tual design, prototyping and evaluation, together with the risk analysis performed
throughout the project.

3.1 Background research and requirement specifi-
cation

A literature review was conducted to establish the theoretical and clinical background
relevant to this thesis. Searches were performed in databases such as PubMed and
Google Scholar using keywords related to CPET, BP monitoring during exercise and
different NIBP measurement methods. The results of the literature review provided
an important foundation for the direction of the project and helped identify the key
steps required for further development. However, the literature review was also an
ongoing process throughout the project. As new findings related to the proposed
solution and regulatory requirements emerged, additional information and relevant
knowledge needed to be continuously identified and incorporated into the work.

To identify clinical needs and current limitations, interviews with clinicians working
with CPET at the DCP at SU were conducted. The interviews focused on current
practices for BP measurement during CPET, including strengths and shortcomings
of the existing equipment, as well as clinical expectations regarding measurement
performance and sampling frequency of SBP. The results formed the basis for the
formulation of URs.

A set of interview questions related to the current solution and potential improve-
ments was prepared. Interviews were carried out at SS, OS and QSCH with
healthcare professionals involved in CPET procedures. The authors contacted the
section managers at the three DCPs, who were responsible for selecting suitable
participants for the interviews. During the interviews, participants were encouraged
to describe current workflows during CPET, including strengths and shortcomings
of the existing equipment, as well as clinical expectations regarding measurement
performance and sampling frequency of SBP. The collected information from the
interviews was used to identify clinical needs and formulate user requirements. The
interview questions are provided in Appendix A.
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Additionally, a regulatory analysis was performed to identify the applicable regula-
tory framework for the intended device, including relevant requirements from the
MDR and applicable standards. This regulatory analysis was discussed with the
supervisors Jacob Lidman and Selena van der Horst, as they have expertise in the
field of in-house manufacturing under the MDR. Regulatory considerations were
incorporated to ensure compliance with relevant laws and guidelines. As part of
the regulatory considerations, a risk analysis was conducted, which included risk
identification, assessment and mitigation. The analysis was initially performed
by the authors and subsequently refined through discussions with supervisors and
representatives from the DCP. The reason for this was to include as many different
risks as possible in order to be able to highlight and minimize them. The risk analysis
was performed iteratively alongside other project activities and was continuously
refined in response to the evolving development of the prototype.

Based on the URs and identified regulatory constraints, PRs were derived. These
requirements will primarily be measurable, enabling verification through testing in
later stages of development.

3.2 Conceptual design, prototyping and evaluation

Based on the established PRs, a conceptual design of the device was developed to
ensure that the proposed solution aligned with the PRs. This conceptual design
included a schematic description of the system architecture and its main components,
thereby providing a clear foundation for implementation. In addition, previously
used systems as well as systems currently in operation were reviewed in order to gain
insight and inspiration for the conceptual design process. The development process
was further supported through consultations with domain experts, including the
master thesis supervisors with experience in MDR, standards and previous in-house
manufacturing and additional engineers from MT at SU.

Following this, the conceptual design was translated into a prototype in order to
demonstrate feasibility and enable practical evaluation. A significant amount of
time was devoted to compiling a comprehensive list of components required for the
intended prototype. This process was followed by discussions with the supervisors to
determine which components were already available at the department and which
needed to be purchased. Based on this, an initial prototype was assembled using
available components, allowing for early functional testing and evaluation of the
conceptual design. Subsequently, additional components, were purchased, as no
equivalent products were available within the MT. This enabled further development
and refinement of the prototype.

The prototype was then presented to the DCP at SS, where the functionality was
demonstrated by the authors and tested by a BMA. This provided valuable user
feedback regarding which features should be retained and which aspects could be
improved in future iterations. Finally, the prototype was tested and iteratively
refined, allowing its performance to be improved and its compliance with the PRs to
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be strengthened over successive development cycles.

3.2.1 Overview of prototypes

A preliminary component list indicated that no additional components were required
for prototype 1, as suitable parts were available within the department. The prototype
was therefore assembled using existing components and the iterations of the following
prototypes were made by purchase single components from the component list to
improve the previous prototypes. An overview of the developed prototypes and their
components is presented in Table 3.1.

Table 3.1: Overview of developed prototypes and their components.

Prototype No. Components Manufacturer Article no.

1 Donated pressure regulator IMI Norgren R07-100-RNAA
T-port ball valve Unknown Unknown
Cuff GE Healthcare 2752
Manometer Unknown Unknown

2 Donated pressure regulator IMI Norgren RO7-100-RNAA
L-port ball valve Syveco 77910984
Cuff GE Healthcare 2752
Manometer Unknown Unknown

3 Donated pressure regulator IMI Norgren RO7-100-RNAA
Cuft GE Healthcare 2752
Manometer Unknown Unknown

4 Self-bleeding pressure regula- IMI Norgren 11-818-999
tor
Pressure relief valve IMI Norgren V72G-2GK-NMN
Cuft GE Healthcare 2752
Manometer Unknown Unknown

3.2.2 Feasibility test on prototype no. 1

The prototype consisted of a donated pressure regulator (from another device that
did not need it anymore), a cuff, a manometer and a T-port ball valve used for
controlling airflow, the setup can be seen in Figure 3.1. The regulator output
pressure range was evaluated, and the manometer readings were compared to a
calibrated reference manometer.
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1 = Regulator
2 =T-port Ball Valve
3 = Cuff

4 = Manometer

Figure 3.1: Schematic representation of prototype no. 1. The respiratory air wall
outlet is shown on the left and is connected to the components indicated accordingly.
The bidirectional arrows indicates the rotational adjustment used to control airflow.

During testing, the cuff was inflated and deflated by manually adjusting the regulator
and the T-port ball valve. Since the valve has three ports, one port was manually
blocked to create an L-shaped flow path, ensuring that airflow occurred only between
two selected ports at a time. The regulator was set to a maximum pressure of 300
mmHg for all tests. For cuff inflation, the valve was positioned to allow airflow from
the inlet (port A) to the cuff (port B), while the outlet (port C) was blocked, shown
in Figure 3.4, where the T-port functioned as an L-port. For deflation, the valve
was rotated 90° clockwise to redirect the airflow from the cuff (port B) to the outlet
(port C), while the inlet (port A) was blocked, as demonstrated in Figure 3.2. This
allowed air to exit the cuff in a controlled manner. The different valve configurations
and flow paths are illustrated in Figures 3.1 and 3.4, where the rotational adjustment
of the valve determines the direction of airflow.
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Figure 3.2: Comparison of T-port configurations.
In cases where residual air remained in the cuff, an expansion volume was used
instead of the cuff to enable more controlled testing conditions, this applies for all

tests where a cuff was used if the same issue occurred. The performance of inflation
and deflation was evaluated in terms of response time and controllability.
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3.2.3 Feasibility test on prototype no. 2

The second prototype consisted of the same components as the first one, except
the T-port that was replaced with an L-port ball valve instead, as demonstrated in
Figure 3.3. The valve was manually operated using its handle to switch between
inflation and deflation modes, as seen schematically in Figure 3.4 and physically
in Figure 3.5. The purpose of replacing the previously used T-port valve with an
L-port valve was to improve usability by providing a larger handle and to prevent
configurations where more than two ports are open simultaneously. The system
was tested by inflating the cuff to the desired pressure using the regulator, followed
by manual adjustment of the L-port valve to initiate deflation. The performance
was evaluated in terms of inflation time, deflation behaviour and controllability of
pressure release.

1 = Regulator
2 = L-port Ball Valve
3 =Cuff

4 = Manometer
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Figure 3.3: Schematic representation of prototype no. 2. The respiratory air wall
outlet is shown on the left and is connected to the components indicated accordingly.
The bidirectional arrows indicates the rotational adjustment used to control airflow.
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Figure 3.4: Different modes and an in-between position for the L-port ball valve
used in prototype no. 2.
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(a) Inlet position.

(c) Outlet position.

Figure 3.5: L-port ball valve in different positions.
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3.2.4 Leakage test and regulator identification on prototype
no. 3

The third prototype consisted of the same components as the second prototype but
the L-port ball valve was removed and was not replaced by any other component, as
illustrated in Figure 3.6.

1 = Regulator

2 = Cuff
3 = Manometer

C_ \

Figure 3.6: Schematic representation of prototype no. 3. The respiratory air wall
outlet is shown on the left and is connected to the components indicated accordingly.
A bidirectional arrow indicates the rotational adjustment used to control airflow.

It was conducted leakage test and regulator identification on prototype no. 3 to
evaluate whether the donated pressure regulator exhibits a self-relieving function
when the outlet pressure is decreased. A leak detection spray was applied to the
regulator during operation to identify potential air leakage and to observe any air
release during pressure adjustment. The regulator was further inspected visually to
identify possible exhaust paths. In addition, leak detection spray was also applied to
all connections in the system to assess potential leakage points. To quantify system
leakage, additional testing was performed using an expansion volume, instead of a
cuff, connected to the system together with a calibrated manometer. The pressure
decay over time was measured to estimate the leakage rate.

3.2.5 Effect of tubing length on inflation and deflation time
on prototype no. 3

Two configurations with different tubing lengths between the regulator and the cuff
were evaluated in terms of inflation and deflation time. The total tubing length for
the short configuration was 57 cm, while the long configuration had a total length
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of 436 cm. For each configuration, the cuff was inflated by adjusting the regulator
as quickly as possible until a pressure of 300 mmHg was reached. Immediately
thereafter, the regulator was adjusted to release the pressure as quickly as possible.
The total time required for inflation and subsequent deflation was measured using a
stopwatch. The timing was initiated simultaneously with the regulator adjustment.
It should be noted that minor timing inaccuracies may be present due to human
reaction time.

Additional tests were conducted using a flow meter with a maximum flow rate of
15 L/min, placed in the system during deflation. The purpose of this test was to
determine the flow rate of the system in order to establish the flow requirements
before purchasing the safety relief valve.

3.2.6 Feedback from SS on prototype no. 3

A feedback session was conducted with a BMA and a physician at the DCP at SS to
evaluate the usability, ergonomics and safety of the developed prototype. Prototype
3 was presented and demonstrated, and the L-port valve was also introduced as
an alternative solution. During the session, the functionality of the prototype
was demonstrated by the authors, after this the BMA tested the device in the
demonstrated way. The evaluation was based on observations, functionality testing
and open discussion. The session focused on aspects such as control of cuff inflation
and deflation, user interaction with the control mechanism, device placement in the
clinical environment and safety considerations. The feedback obtained from this
session was used to guide further development of the prototype.

3.2.7 Feasibility test on prototype no. 4

Prototype no. 4 consisted of a new regulator, a pressure relief valve, a cuff and a
manometer, as shown in Figure 3.7. All components were integrated and tested.
Some connectors and tubing had to be replaced to ensure compatibility with the new
components. Resistance of the rotary knob attached to the regulator was evaluated,
along with the ability to inflate and deflate the cuff. The fastest inflation and
deflation times were measured. In addition, the ability to release the pressure with
varying velocity was tested. Furthermore, it was examined whether the pressure
could be maintained at a steady level or if it decreased over time. For this pur-
pose, the pressure was increased to 300 mmHg, held for 15 seconds, and then released.
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1 = Regulator
2 = Pressure Relief Valve -
3 =Cuff

4 = Manometer

Figure 3.7: Schematic representation of prototype no. 4. The respiratory air wall
outlet is shown on the left and is connected to the components indicated accordingly.
The bidirectional arrows indicates the rotational adjustment used to control airflow.
The dots on the pressure relief valve represents the airflow outlet valves.

To evaluate the function of the pressure relief valve, it was connected according to
the manufacturer’s instructions. However, after installation, a third port remained
open. As the instructions did not provide information regarding this connection, and
after consultation with the manufacturer, it was decided to cover this third port with
the hand of one of the authors. The relief valve was then set to its lowest release
level (0.3 bar ~ 225 mmHg). The pressure was subsequently increased beyond this
threshold to assess whether the valve functioned correctly.

3.2.8 Feedback from SS on prototype no. 4

A feedback session was conducted with clinical staff from the DCP at SS to evaluate
prototype no. 4. The session included two BMAs and a physician. The prototype
was first demonstrated by the authors, after which the participants were allowed
to interact with the device. The evaluation focused on usability, ergonomics and
functionality of the pressure regulation mechanism, with particular focus on control
of cuff inflation and deflation. The feedback was collected through observations,
hands-on testing and open discussion during the session. The purpose was to identify
strengths, limitations and areas for improvement to guide further development of
the prototype.

31



3. Methods

3.3 Risk analysis

The risk analysis was conducted as a continuous process throughout the entire
project. Initiating the process early and running it in parallel with the development
phase facilitated the identification of potential risks and their mitigation through
design decisions. The first step in the risk analysis was to review the GSPRs in
Annex I of the MDR and determine whether each requirement was applicable or not.
This was conducted together with supervisor Jacob Lidman, Biomedical Engineer
with expertise in the field of in-house manufacturing under the MDR. Only the first
column was assessed, stating if the requirement is applicable or not. Thereafter, a
risk analysis was performed according to the risk management requirements included
in Annex II of the MDR, where hazards associated with the device were identified
and documented, also together with Jacob Lidman. Each identified hazard was then
linked to one or more hazardous situations. As a single hazard can lead to multiple
hazardous situations, the same hazard may appear more than once in different
contexts. These hazardous situations may, in turn, lead to harm, which can vary
depending on the specific circumstances.

After identifying the risks, the risk assessment phase was initiated. In this stage,
each hazardous situation was linked to its potential harm. This was conducted
together with Jacob Lidman, a physician and a BMA from DCP at SS. The harm
was then assigned a risk value based on its severity and the likelihood of occurrence,
this was derived from the scale shown in the Appendix F. Based on this risk value,
a decision was made on whether the risk was acceptable or required further mitigation.

If risk reduction was necessary, appropriate measures were determined, this was
done together with supervisors. These included eliminating the risk through design,
implementing protective measures or providing information to the user. In some
cases, all three approaches were required, while in others, one or two were sufficient.
The selected measures were documented, along with a description of how their
effectiveness would be verified. Subsequently, a document was created containing
several test cases outlining how the verification and validation should be conducted
in situations where testing was required.

3.4 Use of artificial intelligence (AI)

In this report, Al has not been used to generate substantial parts of the text or
any analytical content. Al-based language models have been used to make minor
language improvements during the final stages of the writing process. The cover
page image was generated using Canva Al 2.0. Apart from these limited uses, all
text, analysis and images have been produced by the authors.
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Result

This section presents the results obtained throughout the project, including findings
from interviews, the defined intended purpose of the device and the outcomes of the
risk management process. Furthermore, the derived user and product requirements
are presented, followed by the evaluation of the developed prototypes. Together,
these results provide the basis for assessing the feasibility and performance of the
proposed solution.

4.1 Result from interviews

The full interview results are presented in the Appendix B, whereas a summary of
the key findings is provided in this section. From the interviews, it became clear
that there is a need for updated BP measurement methods. The three different
departments (DCP at SS, OS and QSCH) had varying experiences with different
methods. At SS, a foot pedal was used to inflate the cuff pressure up to 240 mmHg.
Beyond this level, a traditional manual hand pump was used to reach the desired
pressure. Deflation was performed manually using the same hand pump, with a
rotary knob located on the side of the pump. At OS, a Low-Pressure Automatic
Tourniquet was used, equipped with a rotary knob to adjust the pressure in the cuff.
Both inflation and deflation were controlled using this mechanism. Both SS and OS
used a larger manometer (approximately 10 cm in diameter) to read the pressure.

At the DCP at QSCH, a traditional manual BP device was available for both
inflation and deflation. The manometer associated with this device was the only one
available and was approximately 5 cm in diameter. The staff considered this too
small and expressed a preference for a larger, externally positioned manometer rather
than one attached to the patient’s arm. Patient BP at QSCH varies considerably.
Some patients do not exceed 150 mmHg, while others may require pressures up
to 280 mmHg. All three DCPs agreed that having the ability to select the target
BP for each measurement would be beneficial, as not all measurements require
pressures of 240 mmHg or higher. This is particularly relevant at QSCH, since the
patients are children they generally exhibit lower BP, compared to the other DCPs.
In particular, the staff emphasized that younger patients should not be exposed to
unnecessarily high cuff pressures, as this may negatively affect their performance
and cause distraction during the test.

All three DCPs had access to both a stethoscope and a doppler and it was up to
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the BMA to determine which method was most appropriate for each measurement.
Nevertheless, the ability to use a stethoscope was considered essential. They also
agreed that having reserves of the existing doppler would be beneficial, particularly
to ensure easy replacement if it breaks. This is especially important in cases where
BP is difficult to detected using a stethoscope. The new doppler procured by SU
was considered insufficient for measuring BP during CPET, mainly because it could

not be properly secured around the wrist, since the probe is pen shaped rather than
flat-headed.

One point raised by the DCP at SS was the preference for a pedal system, as it
allows the hands to remain free. They also suggested that having two different
pedals, one for lower pressure and one for higher pressure, could reduce the need for
manual pumping and therefore be better for the work environment and ergonomics
of employees. Nevertheless, they also emphasized that manual pumping provides
tactile feedback that can give the observer valuable information about the patient.
However, this feedback does not come from increased resistance as the pressure rises.
Rather, it is based on the observer’s familiarity with the pumping process and their
expectation of how it should feel.

All three DCPs highlighted the importance of being able to release the cuff pressure
at a controlled and adjustable rate. A totally automatic release was considered too
slow, which is problematic during CPET, partly because repeated measurements may
need to be taken within 15 seconds after the start from the previous measurement
if a drop in BP is detected. This is a consequence of that these patients are often
severely ill, requiring rapid clinical decision making. BP is typically measured every
two minutes, but more frequently if needed. It must be possible to initiate a new
measurement immediately after completing the previous one. If BP drops by 5-10
mmHg between two measurements, a new measurement is taken immediately. If the
BP continues to decrease, this becomes a criterion for stopping the test. Therefore,
5 mmHg is the minimally required accuracy. Another stopping criterion is a drop
in BP greater than 15 mmHg at one measurement. Additionally, if BP exceeds
280 mmHg, this is also a stopping criterion. However, in some cases, depending on
the physician’s assessment of the patient’s condition, the test may continue briefly.
When BP reaches 300 mmHg, the examination is always terminated.

CPET is most commonly conducted using a cycle ergometer, although all DCPs are
equipped with a treadmill for patients who are unable to perform cycling exercise.
Furthermore, BP measurements must be possible in both arms, as certain conditions
may prevent measurement in the right arm, which is typically used as the standard
site.

4.2 Intended purpose

The intended purpose of the device is to regulate air pressure in an inflatable
cuff placed on the patient’s upper arm during cardiopulmonary exercise testing
(CPET) or exercise stress testing. The device enables controlled pressurization and
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depressurization of the cuff to facilitate non-invasive blood pressure measurements.

The device is intended to be used by trained healthcare professionals, such as
biomedical analysts (BMAs), for clinical assessment and decision-making. It is
designed for transient, non-invasive use on intact skin in a clinical environment,
specifically at the Departments of Clinical Physiology at Sahlgrenska University
Hospital.

The device does not perform automated blood pressure measurement, signal
acquisition or interpretation of physiological data but only provides controlled
pressure regulation to support manual auscultatory measurements.

4.2.1 Intended user

The primary intended users are healthcare professionals who operate the device and
interact with its functions during CPET. The patient is considered a secondary user,
as they are directly affected by the device during use but do not actively operate it.
It is essential that both user groups can interact with the device in a safe, effective
and user friendly way.

4.3 Risk management

The complete risk management documentation is presented in the appendices, where
the GSPR assessment based on Annex I of the MDR is presented in Appendix C and
the risk analysis is presented in Appendix D. Selected parts are also presented in
this section. Risk management is an ongoing process throughout the device lifecycle
and the documentation therefore represents the current stage of development.
Consequently, some sections of the risk analysis remain incomplete and will be
updated as the device development and verification process continues.
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Table 4.1: Risk analysis overview.

Step 1 — Risk Identification

Step 2 — Risk Evaluation

Z
gz

Risk Hazard Hazardous Harm n a8 A Need

ID situation further

analysis?

RO3 Cuff No pressure Compression injury, nerve 3 2 6  Yes-—
inflates relief valve damage. Unlikely with mitigate risk
with or damaged 4-5 bar. Cuff releases
excessive pressure from patient.
pressure relief valve

R04 Cuft Incorrectly Compression injury 3 2 6  Yes-—
inflates adjusted mitigate risk
with pressure
excessive regulator
pressure

RO5 Cuft Incorrectly No BP measurement, 2 2 4 Yes -
inflates adjusted leading to switch to mitigate risk
with pressure manual measurement or
insufficient  regulator continued test without
pressure BP measurement. Stress

for users. Possibly
terminating test.

RO7 BP cannot power outage No BP measurement, 2 2 4  Yes —
be leads to switch to manual mitigate risk
measured measurement or

continued test without
BP measurement. Stress
for users. Possibly
terminating test.

R14 Inaccurate  Broken No BP measurement, 2 1 2 No — Accept
BP mea- stethoscope leads to switch to manual risk
surement measurement or
or no BP continued test without
measure- BP measurement. Stress
ment for users. Possibly

terminating test.

R25 Risk of Cuff cannot  Infection 4 3 12 Yes -

infection be mitigate risk

disinfected
adequately
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Table 4.2: Risk control measures overview.

Step 3 — Risk Control

<

e

- i
=] Q o) .
o2 a g

n =) ] 7
0 g5 Q 8

Risk A =B —  Risk control measure 2= C Verification

ID

RO3 Yes Multiple safety functions. For  Jacob, Documentation on
example double valves, valves  Selena pressure relief valve
+ regulator. Control or and regulator.
warning system? Pressure test.

R0O4 Possibly prevent regulator to Jacob,
be set to excessive pressure Selena
levels? Otherwise, warning?

RO5 Yes Warning? Possibility to inflate  Jacob, Product design
cuff manually. Selena document.

RO7 Yes Device is purely mechanic and  Jacob, Product design
thus does not require Selena document.
electricity

R14 Yes Stethoscope shall be available Product design
in CPET room. Stethoscope is document.
not included with the device.

Primary user determines if
back-up is necessary

R25 Yes Only use cuffs that are IFU - refer to that
CE-marked for multiple use CE-marked cuffs
and that can be adequately should be used.

disinfected.

In Table 4.1 and 4.2 the risk analysis for risk 3, 4, 5, 7, 14 and 25 are presented.
As illustrated in step 3 of Table 4.2, under the section Verification of Risk Control,
the risk control verification process may, in certain cases, require different types of
tests to verify that the implemented measures are effective and that the risks are
adequately managed. These tests are described in more detail in the individual test
cases presented in Appendix E.

4.4 User requirements

The URs represent the user needs that the medical device must fulfil in order to be
safe, effective and usable within its intended use environment. They describe what
the user requires from the device, rather than how the device should be designed.
The identified URs were divided into primary and secondary requirements. Primary
URs represent the primary user needs, i.e. the needs from the healthcare professional,
that are necessary for the device to fulfil its intended purpose. Secondary URs
represent the secondary user needs, i.e. the needs from the patient. The resulting
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primary and secondary URs derived from the interviews are presented in Table 4.3
and Table 4.4.

Table 4.3: Primary URs for a NIBP device for CPET at SU.

UR ID Primary user requirement (UR)

01 Healthcare professionals need to be able to quickly measure the patient’s BP
during the test, within 15 seconds.

02 Healthcare professionals need to be able to adjust the pressure in the cuff in
a precise way.

03 Healthcare professionals need to be able to easily use the device after reading
the user manual.

04 Operation of the device should not require excessive attention from healthcare
professionals.

05 Healthcare professionals need to trust the device.

06 Healthcare professionals should be able to use the device on patients at the
DCP at SU.

07 Healthcare professionals need to be able to easily clean relevant parts of the

device between patients.

08 Healthcare professionals need to be able to easily use the device within
existing CPET workflows.

09 Healthcare professionals need to be able to easily read the SBP and DBP.

10 Healthcare professionals should be able to operate the device from different
positions.

11 Healthcare professionals should be able to distinguish Korotkoff sounds.

12 Healthcare professionals need to be able to rapidly repeat measurements

when needed.

Table 4.4: Secondary URs for a NIBP device for CPET at SU.

UR ID Secondary user requirement (UR)

13 The patient should be able to perform the exercise test without being
significantly restricted by the device.

14 The patient should not experience more discomfort than necessary during
use of the device.

4.5 Product requirements

The PRs represent the verifiable requirements that the device must fulfill in order to
ensure safety, effectiveness and compliance with its intended purpose in accordance
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with the MDR. These requirements, presented in Table 4.5, are derived from URs
and regulatory constraints.
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Table 4.5: PRs for a NIBP device for CPET at SU.

PR ID Product requirement (PR)

01 The pressure should be easy to adjust during CPET.

02 The cuff needs to be able to reach the pressure determined by healthcare
professionals within 4 s.

03 The cuff needs to be able to hold the pressure for 10 s without a pressure
drop > 2%.

04 The cuff needs to be able to release the pressure by healthcare professionals
within 4 s.

05 The cuff should be able to reach a pressure of 300 mmHg.

06 The cuff should not be able to reach a pressure over 300 mmHg.

07 The cuff must be reusable and easy and quick to clean.

08 The cuff should remain secure during CPET.

09 In case of initial failure, no one shall be harmed.

10 Regular calibration and maintenance of the device must be feasible.

11 The device must have a large (at least 10 cm in diameter) and easily readable
manometer.

12 The device must be easy to position and secure during movement.

13 The device must be compact and suitable for use at the DCP at SU.

14 The device must allow rapid repeated measurements when needed, within 15
S.

15 The device must provide clinically reliable SBP and DBP measurements with
an accuracy of approximately 5 mmHg.

16 There shall be an IFU manual available at the DCP.

17 The device that regulates cuff pressure shall not require the user to visually
monitor the device for more than 3 s to detect a single SBP or DBP value.

18 The device needs to include cuffs with different dimensions.

19 The device shall fit within the available space and not obstruct other equip-
ment used during CPET.

20 The device shall be portable within the room where the CPET is performed.

21 A stethoscope needs to be available in the room where CPET is performed.

22 The device needs to be able to start a new measurement within 5 s from the
previous completed measurement.

23 The device shall not significantly restrict the patient’s movement during
CPET.

24 The device must enable a controllable deflation velocity.
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4.6 Conceptual design, prototyping and evaluation

The evaluation of the developed prototypes identified differences in pressure control,
response time, usability and ergonomics. In addition, feedback from healthcare
professionals at the DCP at SS highlighted important clinical considerations for
future development.

4.6.1 Feasibility test on prototype no. 1

The specifications of the regulator said that it was able to deliver an output pressure
in the range of 0.07-0.7 bar, which includes most of the desired operating range of
0-0.4 bar (0-300 mmHg). Although, result shows that the regulator was able to
reduce the pressure to include all of the desired range. The manometer readings were
found to be in close agreement with those of the calibrated reference manometer,
the difference was < 45 mmHg. The cuff functioned well overall, although, in some
cases, residual air remained in the cuff after deflation.

The T-port ball valve allowed rapid inflation (< 3 seconds) and controlled deflation.
The deflation rate could be adjusted by the operator in a precise way, enabling both
rapid and gradual pressure release. This was also available for inflation, even though
the inflation does not require the same precision. When the outlet (port C) was
not blocked during inflation, this created a direct flow path between the inlet (port
A) and the outlet (port C), see Figure 3.1, bypassing the cuff. Furthermore, the
adjustments during the deflation process required much attention from the operator.
So in summary, the prototype performed well in terms of precise airflow control and
time, on the other hand, it did not perform well in terms of usability.

4.6.2 Feasibility test on prototype no. 2

The handle of the L-port ball valve required more force to operate than expected.
The inflation of the cuff was achieved successfully, with inflation times below 3
seconds. During deflation, the system did not allow for precise control of the pressure
release. When rotating the valve from the inflation position towards the deflation
position, a direct flow path was created between the inlet (port A) and the outlet
(port C), as can be seen in Figure 4.1. This resulted in a pressure airflow bypassing
the cuff, and the pressure in the cuff was held at a steady level of 200 mmHg at this
position. When the valve was rotated further so that only port B and port C where
open the pressure in the cuff dropped quickly to 0 mmHg. To conclude, the cuff
inflated and deflated rapidly, but the deflation could not be controlled in a gradual
and precise manner.
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Figure 4.1: To the left in the image the L-port ball valve can be seen in its inlet
position, to the right in the image the outlet position can be seen. In the middle
of the image is the in-between position when switching between these modes, blue
arrows surrounding the ports demonstrate that air flows from port A to port C in
this position.

4.6.3 Leakage test and regulator identification on prototype
no. 3

No visible bubble formation was observed on the regulator during the application of
leak detection spray. However, a slight airflow could be detected manually. Visual
inspection revealed two exhaust ports located beneath the adjustment knob. Leak
testing of the system connections identified a minor leakage at one connection point.
Measurements performed using the expansion volume and calibrated manometer
showed a pressure decay of < 1 mmHg/s.

4.6.4 Effect of tubing length on inflation and deflation time
on prototype no. 3

No significant differences were observed between the tests conducted with different
tubing lengths. The results are summarized in Table 4.6. Although the short tubing
configuration resulted in slightly shorter inflation and deflation times than the long
tubing configuration, the differences were not statistically significant.

The flow meter used in the test had a maximum flow capacity of 15 L/min. When
introduced into the system, it resulted in an increased total time (inflation + deflation
time), as shown in Table 4.6. Due to the limitation of the flow meter, it was not
possible to directly measure the system flow rate above 15 L/min. However, the
observed system behaviour indicated that the actual flow rate exceeded this value.
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Table 4.6: Comparison of inflation and deflation performance for different configura-
tions.

Configuration Inflation Time (s) Deflation Time (s) Total Time (s)
Short tubing (57 cm) 2.93 1.78 4.71
Long tubing (436 cm) 3.29 2.51 5.80
With flow meter - - 9.89
Without flow meter - - 5.00

4.6.5 Feedback from SS on prototype no. 3

The feedback session with DCP at SS addressed usability, ergonomics and safety
aspects of the prototype. The feedback session evaluated prototype 3, but the L-port
was also brought to demonstate it as an alternative solution. Manual inflation and
deflation were reported to provide tactile feedback, allowing the BMA to perceive
the pressure going into the cuff. It was noted that a similar form of feedback may be
achievable with a rotary knob through user experience.

The use of a rotary knob was associated with the removal of the pedal, used in
their current device, which reduces the number of components and eliminates the
amount of trip hazards. Questions were raised regarding the resistance of the rotary
knob. It was mentioned that the resistance needs to be balanced, so the knob is
not to effortless to adjust and not to demanding either. In addition, the response
time between adjustment of the rotary knob and pressure changes in the cuff was
identified as an important factor. From an ergonomic perspective, a rotary knob
was preferred over a smaller handle. It was also stated that the device should be
usable from both the left and right side of the patient. The placement of the device
in relation to the bicycle was highlighted as a challenge due to limited space, and
mounting the device on an adjustable arm was suggested as a possible approach.

Safety-related aspects that was discussed included the requirement that the device
can be moved quickly in emergency situations and that it does not obstruct the
working environment. Robustness was also mentioned, particularly with respect to
potential drops during handling.

4.6.6 Feasibility test on prototype no. 4

The new regulator showed improved inertia compared to the donated regulator.
However, more rotations of the control knob were required to increase the pressure
to 300 mmHg, typically requiring 4-5 hand repositionings (re-grips) to complete the
inflations. Despite this, the cuff could still be inflated rapidly. The response time
was improved, as the pressure changed immediately when the knob was turned.

The regulator was able to fully release the pressure in the cuff, and the manometer
returned to 0 mmHg after reaching 300 mmHg. The time required to inflate the cuff
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to 300 mmHg was 2.89 s, while complete deflation took 1.74 s. These measurements
were obtained during maximum-speed operation, and minor variations due to human
handling may occur.

After reducing the pressure, continued rotation of the knob resulted in a delay before
pressure increased again during reinflation, as multiple rotations were required before
the cuff began to inflate.

The pressure relief valve included in prototype no. 4 did not function as intended.
When set to its lowest release level (0.3 bar) and expose it to a higher pressure (0.5
bar), no pressure release was observed. The applied pressure remained unchanged
regardless of how the connections were configured. Although sealing the third
connection manually by one of the authors hand allowed the system to operate, it did
not enable pressure release at the specified threshold. The valve did not demonstrate
functional pressure relief.

4.6.7 Feedback from SS on prototype no. 4

The feedback indicated that the resistance of the rotary knob attached to the
regulator in prototype no. 4 was improved compared to previous prototypes. The
increased resistance enabled better control when releasing pressure slowly, which was
perceived as a positive aspect.

On the other hand, several usability limitations were identified. The current design
required multiple re-gripping actions to adjust the pressure. Approximately 4-5
re-grips were needed to increase the pressure from 0 mmHg to 300 mmHg and
similarly to decrease it back to 0 mmHg again. This was considered inefficient, and
the concern that it would lead to a loss of patient focus in practice arose. The need
for repeated re-gripping also made it more difficult to both increase and release
pressure quickly. In addition, the regulator required continued rotation in the same
direction to continue releasing more pressure. In contrast, the current device that
DCP at SS use for this function today is a needle valve. This allows a small rotary
adjustment to create a continuous deflation flow, without further interaction.

The grip of the regulator’s rotary knob was also perceived as not optimal. The
current surface was described as uneven and a more even or knurled surface was
suggested to improve handling. It was further suggested that a larger manometer
would be preferable, as this would provide a better understanding of pressure control
and accuracy, even for the feedback session. Finally, it was emphasized that rapid
inflation to a maximal pressure of 300 mmHg is essential in clinical use. While the
increased resistance was appreciated, the re-gripping of the rotary knob was seen as
something that would not work in clinical practise.
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Discussion

This section discusses the results of the project in relation to the identified clinical
needs, regulatory requirements and technical feasibility of the developed prototype.
Strengths, limitations and future improvements are also addressed.

5.1 Interviews and requirement identification

The reason for using interviews as a data collection method was to gain a deeper
understanding of users’ experiences, needs, and preferences regarding blood pressure
measurement during CPET. Since the study aimed to support the development of a
practical solution, it was essential to involve end users and capture insights that may
not be evident from literature alone. The interviews made it possible to identify
differences in the working methods between the DCPs, as well as knowledge for
the development process, such as the importance of tactile feedback and the need
for rapid and flexible pressure control. This type of qualitative data is particularly
valuable in the early stage design processes, as it helps ensure that the proposed
solution is suitable for real clinical environment workflows. This makes it easier to
not waste time and resources on a bad solution.

It proved challenging to develop a single solution that would satisfy the needs of all
three DCPs. This difficulty can be explained by the differences in clinical workflow
and priorities identified in Result from interviews. In particular, the DCP at SS
highlighted the importance of a system with a pedal combined with manual inflation,
by hand. According to their experience, an adjustable knob mechanism controlling
both inflation and deflation would not be sufficient, as it would occupy the hands,
which are needed to monitor the patient and assess their condition. This highlights
the importance of tactile feedback and hands on interaction, which was perceived as
clinically valuable.

Given these differing requirements, it was necessary to make a design decision based
on what was considered the most balanced and feasible solution. The concept of
a rotary knob was selected as the primary control mechanism. One argument for
this choice was that holding and adjusting a rotary knob is functionally similar
to using a manual pump, meaning that one hand would still be occupied in both
cases. Therefore, the assumed disadvantage of losing one hand was not unique to
the solution with the rotary knob, since the user still would lose one hand with a
manual hand pump. In addition, eliminating the pedal reduces the risk of tripping
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hazards in an environment with already a lot of equipment, which benefits both
patient and staff safety, as well as it reduces the risk of falling and damaging other
equipment in the event of a fall. This is particularly relevant in CPET settings,
where rapid movements between bed and bicycle/treadmill and other adjustments
may be required.

The decision to initially present the prototype only to the DCP at SS can also be
justified based on the results. Since this group expressed the strongest opposition
to the proposed concept, their feedback was considered critical for validating the
feasibility of the design before proceeding with further iterations. Gaining acceptance
from the most critical ones can be seen as a strategic approach to ensure a better
applicability of the solution.

Another important finding from the interviews was the consistent need for access to
doppler measurements when Korotkoff sounds cannot be detected using a stetho-
scope, for example in noisy environments. Although this was initially considered
an important aspect of the design, it was less important than the primary BP
measurement. Therefore, it was not prioritized. The main reason for this was that
the type currently used by the DCPs is no longer commercially available. Existing
doppler devices on the market are not suitable for CPET measurements, meaning
that a new device would need to be developed. Doing this in parallel with the
development of the BP measurement system would have significantly increased the
project scope, with a considerable risk of limiting progress in both areas. Instead,
the project focused on improving the BP measurement process itself rather than
the doppler, since they still can use an updated BP measurement with the current
doppler and a stethoscope. This decision was made to keep the project scope focused
and to ensure a high quality development of the main BP measurement function,
rather than trying to address too many aspects at once.

A precise and controlled pressure regulation, particularly during deflation, was
identified as important by all three DCPs. This aligns with the clinical need to
perform rapid and repeated measurements during CPET, as described in the results.
Based on this, integrating both inflation and deflation control into a single interface
could be preferable. Such a design reduces complexity by allowing the user to focus
on one control element, which enables greater attention to the patient and the
measurement process. This is especially important in high stress situations where
quick clinical decisions are required.

Finally, the importance of a large and easily readable manometer was clearly expressed,
particularly by the DCP at QSCH, where the currently available manometer was
considered too small and badly placed. However, since suitable large manometers
are already commercially available, this component was not prioritized in the design
process. Instead, it is assumed that the final product would incorporate an existing
manometer with an already proved function. This decision allowed the project to
focus on developing novel aspects of the system rather than redesigning components
that already meet clinical requirements.
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5.2 Prototype implementation and design choices

In this section the implementation of the developed prototypes and the design choices
made throughout the development process. The selection and use of components,
practical limitations during implementation and design parameters such as tubing
length and inflation and deflation requirements are evaluated in relation to system
performance and usability.

5.2.1 Prototype implementation

The development of a comprehensive component list proved to be a time-consuming
step in the design process. However, the results showed that only a limited
number of these components were ultimately required, as suitable alternatives were
already available within the department. This highlights the uncertainty inherent
in early-stage design and suggests that a more iterative approach to component
selection could improve efficiency in future work.

In addition, the availability of existing components within the department reduced
both costs and delivery time, allowing more focus to be placed on testing and system
integration. As a result, future projects could benefit from a more flexible implemen-
tation strategy that allows component selection and design decisions to appear in
parallel during the development process, to spare time from searching for components.

Another challenge observed during the implementation phase was the long delivery
time of certain ordered components, which temporarily slowed down parts of the
project. Although other aspects of the project could continue during this period, such
as report writing and documentation, the delay still affected the overall workflow
and prototype progression. This highlighted the importance of considering delivery
times and component availability early in the planning process.

5.2.2 The components

The selected cuff connection type for the developed device was bayonet connectors
compliant with ISO 80369-5. This standard was introduced to reduce the risk of
accidental wrong connections between medical systems using small-bore connectors
[79]. Earlier connector solutions, such as Luer connectors, have been associated
with patient safety incidents caused by unintended connections between different
medical systems [79]. The use of ISO 80369-5 compliant connectors is a risk control
measure for a hazard related to incorrect system connections identified in the risk
analysis, as can be seen in R28 in Appendix D. The use of ISO 80369-5 compli-
ant connectors therefore contributes to improved safety for both patient and clinician.

An important reason for selecting bayonet connectors was related to the product
requirements established during the project. According to PR 19 in Table 4.5, the
device must support the use of multiple cuffs. To ensure compatibility, all cuffs
connected to the system therefore need to use the same standardized connection
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type. The increasing implementation of ISO 80369 compliant connector systems
within healthcare and medical device manufacturing indicates a transition toward
standardized connector solutions for medical applications [80]. Because of this, the
use of ISO 80369-5 compliant bayonet connectors may therefore enable compatibility
with future cuffs. It is important to note that this component has been researched
and chosen theoretically but not implemented in any of the prototypes, due to the
limitation of time for the project.

5.2.3 Tubing length

An investigation was conducted to assess the effect of tubing length on the prototype’s
response time and pressure. The purpose of this test was to determine whether
tubing length had a significant impact, or if both long and short tubes could be
used without affecting performance. Longer tubing could be advantageous if the
device needs to be flexible and allow movement within a room. However, longer
tubes may also increase the risk of tripping or interfere with the overall usability of
the system. Since tubing length was found to have no significant impact on pressure
or response time, no restrictions were placed on its length. This allowed flexibility
to be maintained in the design, enabling focus on the optimization of other device
parameters.

The tests were conducted using prototype no. 3 only and were not repeated for other
iterations, as the results were considered sufficiently reliable and similar outcomes were
expected across prototypes. Consequently, priority was given to further development
and design improvements rather than repeating identical tests.

5.2.4 Inflation and deflation requirement

The decision to limit both cuff inflation and deflation to 4 s, as specified in PR 02 and
PR 04 in Table 4.5, was based on UR 01 in Table 4.3, which defines the acceptable
total duration of a BP measurement. As described in Result from interviews, the
DCPs expressed a need for the device to provide a BP measurement within 15-20 s.
To ensure that the system met the most demanding clinical expectations, the lower
limit of 15 s was selected as the design target.

A complete measurement within this time frame requires both rapid inflation and
controlled pressure release. Here, a large part of the measurement time must be
dedicated to the gradual pressure release phase, during which the BMA listens
for the Korotkoff sounds in order to determine the BP values. Since this phase
requires controlled and relatively slow pressure reduction to ensure measurement
accuracy, both inflation and final deflation need to be completed rapidly. By limiting
inflation and deflation to 4 s each, approximately 7 s remain available for controlled
pressure reduction. This balance was considered necessary to achieve both sufficient
measurement accuracy and an acceptable total measurement time from a clinical
usability perspective.
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5.3 Risk management

Since the risk analysis is based on the relationship between hazards, hazardous
situations and harm, it is important to note that a hazard in itself is not necessarily
dangerous. It becomes dangerous only when it, in combination with a hazardous
situation, can lead to harm. A single hazard may result in multiple hazardous
situations, and these situations may in turn lead to different types of harm. Therefore,
it was important to include the DCP at SS in order to identify and assess the
different types of harm arising from various hazardous situations. It was essential to
gather the appropriate expertise from both a physician and a BMA, as they could
contribute with different professional perspectives and areas of knowledge.

Risks 3, 4 and 5, shown in Table 4.1 and 4.2, illustrate the concept of the same
harm arising from different backgrounds. Risks 3 and 4 represent hazards that
lead to the same harm, which can be seen in Table 4.1 but is caused by different
hazardous situations. In both cases, the hazard is overpressure in the cuff. However,
the underlying causes differ. In Risk 3, the issue is related to the pressure relief
valve, while in Risk 4, it is related to the regulator. Despite these different hazardous
situations, both lead to the same harm, which is compression injury in the patient.
In contrast, Risks 4 and 5 involve different hazards but the same hazardous situation,
which results in different harms. This highlights how variations in hazards or
situations can influence the final outcome.

Following this, the identified harms were evaluated to determine whether they could
be eliminated or reduced through design modifications. It was determined that
two independent pressure limiting mechanisms were necessary to ensure that the
pressure does not exceed 300 mmHg, even in the event of a component failure. This
resulted in the implementation of both a regulator and a pressure relief valve. For
example, if the regulator fails, the pressure relief valve acts as a backup mechanism.
But under normal operating conditions, the valve remains inactive and does not
interfere with the function of the device.

A similar process was applied to all identified risks. For Risk 7, shown in Table
4.1 and 4.2, its implementation was initially considered. However, since the final
design is entirely mechanical and does not rely on electricity, this risk was effectively
eliminated through design and is no longer relevant. Verification of this decision was
based on the product documentation, which demonstrates the mechanical structure
of the solution. Furthermore, in the event of a power outage, other equipment used
during CPET within the clinical setting would stop functioning, making it impossible
to conduct the test. However, it is uncertain whether this limitation will apply to such
equipment in the future. Should other systems become capable of operating during
a power outage, the developed device would not hinder the ability to conduct the test.

An example of a low risk scenario is Risk 14, shown in Table 4.1 and 4.2. This

risk involves the hazardous situation where a stethoscope is unavailable and the
probability of this occurring was assessed as low. Furthermore, since the stethoscope
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is not included in the device, the only reasonable mitigation measure is to inform
users that additional stethoscopes should be available. Responsibility for this issue
does not lie with the product itself and user information is therefore considered as a
sufficient measure.

Finally, Risk 25, shown in Table 4.1 and 4.2, represents a high risk scenario that
must be addressed. With a risk value of 12, it is associated with infection and
contamination due to improper cleaning of the cuff between patients. The probability
of occurrence was assessed as high if adequate cleaning procedures are not followed.
In critical cases, this could lead to serious infection or even death, particularly
in sensitive patients. Consequently, this risk must be minimized. An effective
mitigation strategy is the use of CE-marked cuffs that can be easily cleaned between
patients. This approach also reduces the workload associated with device handling.
Verification of this measure is achieved through the device’s IFU, which refers to the
cuft’s IFU specifying the appropriate cleaning procedures.

The designed test cases, presented in Appendix E, focused on the risks that required
practical testing for verification. The reason why the other risks did not need testing
was that they could instead be verified through documentation or design review.
As mentioned earlier, one example is Risk 7, where Table 4.2 shows that the only
required verification is the design document. The design document demonstrates
that the product does not require electricity and is therefore fully mechanical,
meaning that the risk is considered adequately managed. In this case, no additional
physical testing is necessary to verify that the product is mechanical.

In contrast, Risk 3, shown in Table 4.2, requires both documentation and a pressure
test to verify that the safety relief valve and regulator function as intended. This
pressure test is described in the test cases presented in Appendix E. Several risks
can be verified within the same test case, meaning that each individual risk does not
necessarily require a separate test case. Consequently, the number of test cases is
lower than the total number of identified risks. The test cases are not described in
detail. Although, when performing the tests, the procedure and approach must be
detailed documented to ensure traceability.

5.4 Evaluation of prototypes

This section presents the results obtained from the different prototypes and evaluates
their performance.

5.4.1 Feasibility test on prototype no. 1

The regulator provides a pressure range that exceeds the required operating range.
While this ensures that the desired pressure can be achieved, it also introduces a
risk of exceeding the intended pressure range. Therefore, it would be preferable
to select a regulator with a more suitable range or alternatively implement a
mechanical restriction to prevent pressures above 0.4 bar (300 mmHg). Another
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risk of having a regulator with a higher range than needed is the precise mea-
surement. The risk is that the regulator becomes less reliable with small adjustments.

The T-port ball valve demonstrated good functionality in terms of enabling both
rapid inflation and controllable deflation. The observed inflation time fulfils the UR
for rapid inflation and the ability to manually control the deflation rate provides
flexibility during operation. This could have been a preferred solution with a
calibrated regulator so that it always stands at a maximum of 300 mmHg. In this way,
the risk of a decreased accuracy with small adjustments is removed if you calibrate
the regulator to a fixed value. This means that the regulator does not need to be
activated during the test itself, since the user can adjust the pressure using the T-port.

However, the small size of the T-port valve knob negatively affected usability, as
precise control required greater user attention. This represents a limitation in a
clinical setting, where ease of use is essential and the operator’s attention should
primarily be focused on the patient. Usability was further reduced by the need to
rotate the valve counter clockwise for proper operation, since clockwise rotation
created a direct flow path between the inlet (port A) and the outlet (port C). This
together with having to hold one opening closed manually, in order to not let air
flow between the two parallel ports, increased the cognitive load on the user and
further reduces the ease of operation.

The presence of residual air in the cuff suggests that complete deflation was not
always achieved, which may have affected the repeatability of the measurements.
One possible explanation is the limited quality of the cuff used during testing.
Although the use of an expansion volume helped mitigate this issue during
the experiments, it is not considered a practical long-term solution. Yet, evaluat-
ing the quality and performance of the cuff itself was beyond the scope of this project.

In summary, the prototype demonstrated functional feasibility, but limitations
related to usability and pressure control indicate the need for further design
improvements in subsequent prototypes.

5.4.2 Feasibility test on prototype no. 2

The results indicate that, although the L-port ball valve improves usability in terms
of handle size, it introduces significant limitations in pressure control. The valve was
expected to prevent simultaneous flow between more than two ports, but the test
showed that this assumption was not fulfilled.

The inability to regulate the deflation rate is a critical issue, as controlled pressure
release is required to detect Korotkoff sounds and thereby determine BP. The
observed direct flow path between the inlet and outlet prevents the gradual pressure
decrease necessary for accurate measurements. This behaviour is attributed to the
internal geometry of the L-port, which was wider than anticipated and did not allow
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for partial flow restriction when the valve is adjusted. Therefore, the L-port valve
failed to meet the PR of controlled deflation.

Furthermore, the higher operating force required for the valve handle negatively
affects usability, as it reduces the operator’s ability to perform fine adjustments and
limits ease of operation. The design of the L-port with a handle instead of a rotary
knob made the movement even more difficult, since it is a movement the operator is
not comfortable with since before. Therefore, this valve configuration is not suitable
for the intended application.

5.4.3 Effect of tubing length on inflation and deflation time
on prototype no. 3

The results of this test indicated that increased tubing length leads to slightly
longer inflation and deflation times. The increased deflation time observed for the
longer tubing can be attributed to a larger internal volume. However, the observed
differences are relatively small and the influence of human reaction time must be
considered when interpreting the results. Consequently, no strong conclusions can be
drawn regarding the performance difference between the two configurations. Despite
this, it can be concluded that both configurations, regardless of tubing length, exhibit
sufficiently short inflation and deflation times. Consequently, both sets of equipment
meet the URs regarding rapid pressure increase and release. Based on these findings,
a shorter tubing length is preferable from a response time perspective. However,
it is also important to consider the impact on device mobility. Since the device is
intended to be used at different positions within the CPET room, the tubing must
be sufficiently long to allow flexible use. The results suggest that the relatively small
differences in performance are unlikely to significantly limit the mobility of the device.

The increased total time for inflation and deflation observed when using the flow
meter indicates that components that restrict flow can significantly impact system
performance. The test shows that the flow meter acted as a limiting element in the
system. Consequently, components that restrict low must be carefully selected to
ensure sufficiently rapid pressure release. Avoiding unnecessary flow restrictions
is therefore an important design consideration. Due to the lack of a flow meter
with higher capacity, direct measurement of the maximum system flow rate was
not possible. As a result, a safety relief valve was selected based on estimated flow
requirements and will be evaluated in a later stage to verify its performance.

5.4.4 Leakage test and regulator identification on prototype
no. 3

The presence of airflow and identified exhaust ports indicate that the regulator

exhibits a self-relieving function. This functionality enables pressure adjustment and

controlled pressure release. The measured leakage rate of < 1 mmHg/s is considered
negligible and is therefore not expected to significantly affect system performance in
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the intended application.

Feedback from clinical users at both OS and SS indicated that a self-relieving
regulator is preferred, as it allows for intuitive and precise manual control during
CPET. Based on these findings, it was determined that the selected regulator for
the proposed system should incorporate a similar relieving functionality. However,
improvements in response time are required compared to the donated regulator in
order to better meet clinical requirements for rapid pressure adjustment.

5.4.5 Feedback from SS on prototype no. 3

The feedback from SS highlights several important considerations for the design
of the device. One key aspect identified was the importance of tactile feedback
during inflation and deflation. This suggests that user interaction with the device
plays a critical role in perceived control. While manual pumping inherently provides
such feedback, the results indicate that a rotary knob may be a suitable alternative,
provided that sufficient feedback can be achieved through its design in combination
with user experience.

The preference for a rotary knob over a handle, as well as the potential removal of the
pedal, indicates a shift towards a simpler and more compact system. Reducing the
number of components may improve reliability and decrease the risk of component
failure, while also addressing environmental factors such as trip hazards. Altough,
the concerns regarding the resistance of the rotary knob highlight the need for
careful design considerations. The balance between too low and too high resistance
is important to ensure both precision and ease of use. Similarly, the identified
requirement for a fast system response emphasizes the importance of minimizing
delays between user input and system output.

Ergonomic considerations, such as the ability to operate the device from both
sides of the patient, reflect the need for flexibility within the clinical workflow.
In addition, the challenge of device placement due to limited space suggests that
integration into the existing environment is a key design constraint. The suggestion
of mounting the device on an adjustable arm indicates a potential solution, al-
though this would require further evaluation in terms of stability, usability and safety.

Safety aspects were highlighted in the feedback, particularly the requirement that
the device must be easily movable in emergency situations and should not obstruct
the working environment. This highlights the importance of designing for worst
case scenarios, such as cardiac arrest, where rapid access to the patient is critical.
The robustness topic that was mentioned, indicates that the device must be able to
function safely when it is handled in its indented environment, which can include
for example droping it on the floor. This is relevant for ensuring durability of the
device. To sum up, the feedback provides valuable guidance for further development,
emphasizing the need to balance usability, safety and integration within the clinical
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environment.

5.4.6 Feasibility test on prototype no. 4

The results indicate that the new regulator improves system responsiveness and
enables rapid pressure changes. This is particularly important in a CPET test,
where measurements must be performed quickly and the monitoring of BP requires
a fast response to operator input in order to determine BP without delays. The
regulator responds immediately when the rotary knob is adjusted, which contributes
to improved accuracy and controllability compared to prototype iterations using the
donated regulator.

Although multiple re-grips of the rotary knob were required to reach 300 mmHg,
the cuff could still be inflated within the required time frame of under 4 seconds,
fulfilling the system PR. However, the need for repeated re-grips negatively affects
precision control of the pressure, as it reduces the operator’s ability to perform
smooth adjustments.

Despite the regulator having a pressure range of 0.02-0.5 bar, the system was
able to fully release the pressure, with the manometer returning to 0 mmHg after
reaching 300 mmHg. This indicates that a regulator with an exact range of 0-0.4
bar (0-300 mmHg) is not necessary, although it would not have been a disadvantage
either. However, with this regulator, it is possible to rotate the knob beyond the
zero position, which could lead to a delay during reinflation, as several turns are
required before pressure begins to increase again. This behaviour reduces usability
and control efficiency. A mechanical stop could prevent over rotation and ensure
that the regulator returns to a defined zero position, allowing immediate pressure
increase at the start of a new measurement when starting to turn the rotating knob.

Furthermore, the pressure relief valve included in prototype no. 4 did not perform
as intended. The valve failed to release pressure at its specified threshold and no
controlled pressure relief was observed. Since the relief valve serves as a safety
mechanism in case of regulator failure, this malfunction represents a critical
limitation, as the cuff may otherwise be exposed to high supply pressure.

Temporary sealing of the third port by manually blocking it allowed basic testing
of the valve. But this approach is not suitable for long term use. As the valve
did not function correctly under these conditions, further efforts to modify this
configuration were not prioritized. Consequently, the valve was considered defective.
Since controlled pressure release could not be achieved, the current configuration
does not meet the system requirements and requires further development.

5.4.7 Feedback from SS on prototype no. 4

The feedback from the DCP at SS on prototype no. 4 provided valuable insights
into the usability and controllability of the pressure regulation mechanism. The

o4



5. Discussion

increased resistance of the regulator’s rotary knob improved fine control during slow
pressure release, which is beneficial for accurate BP measurements. On the other
hand, this improvement introduces a trade-off, as the need for multiple re-gripping
actions reduces usability and efficiency. In a CPET setting, where the BMA must
continuously monitor the patient, such an interaction can lead to increased cognitive
load and reduce patient monitoring.

An important aspect highlighted during the feedback session was the comparison
to the needle valve currently used in clinical practice for cuff deflation. The
ability to initiate a continuous airflow with minimal adjustment is a more intuitive
interaction for the clinical staff. However, the authors do not consider the need for
continued rotation of the knob during deflation to be a limiting factor, provided
that the need for repeated re-gripping of the knob is eliminated. Although this
interaction differs from the control mechanism currently used in clinical practice,
the authors believe that clinicians would be able to adapt to such a system
through repeated use, allowing the regulation process to become intuitive without
requiring excessive attention. As a result, patient monitoring during CPET mea-
surements would likely not be negatively affected by the proposed control mechanism.

The identified issues related to grip design highlight the importance of ergonomics.
A more even or knurled surface could improve both precision and comfort during use,
especially when re-gripping is needed. Even though this is a preference that could
improve the usability on the prototype, it is difficult to say if it would be as important
if the need for re-gripping of the rotary knob could be eliminated. In addition,
the difficulty in achieving rapid pressure changes effortlessly indicates that the
current design does not fully meet clinical needs. While rapid pressure adjustment is
technically possible with the current mechanism, it cannot be performed smoothly
due to the repeated need for re-gripping. As a consequence, pressure changes occur
in pulses when attempting fast adjustments, which does not align with the clinicians’
preference for a continuous and controlled pressure release.

To sum up, prototype no. 4 represents an improvement in terms of controllability,
especially for finer pressure adjustments, but further design modifications are required
to meet both usability and workflow requirements. Future work should therefore
focus on developing a pressure regulation mechanism that combines precise pressure
control with ergonomic and efficient operation.

5.5 MDR limitations

As described in the Theory section Limitations of MDR and proposed regulatory
revisions, the regulation of medical devices within the EU has been updated into
the MDR. While these changes have strengthened requirements related to safety
and performance, they have also increased the complexity of manufacturing and
marketing medical devices within the EU market. The updated framework introduces
both advantages and disadvantages for the industry. One of the main advantages of
the new requirements is the increased focus on patient safety. Stricter demands are
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placed on clinical evidence and post market surveillance. This also implies stronger
requirements for clinical evaluation and the collection of data from the real world.
In addition, the regulation applies throughout the whole life cycle of the device,
meaning that manufacturers must ensure product quality and safety throughout the
entire lifespan of the device. Moreover, clearer classification rules for medical devices
have been introduced, contributing to more consistent regulatory assessments. As a
result, the overall reliability and quality of medical devices are improved. These
improvements also reduce the risk of low quality or unsafe devices entering the
market and enhance patient confidence in medical technologies.

The introduction of databases such as EUDAMED has also enhanced transparency
and traceability. This makes it easier to track products, monitor their performance
and detect potential issues at an earlier stage. Furthermore, MDR harmonizes
regulations across the EU, creating a unified framework that simplifies market
access across different countries within the EU and also makes it easier to buy from
international suppliers. The updated framework also increases responsibility for
manufacturers and NBs, ensuring stricter oversight in developing process and post
market surveillance.

Although the new regulatory framework has many benefits, it also presents several
challenges. One major challenge is the significant increase in documentation and
administrative requirements, including the burden associated with recertification
of already existing devices. This shifts focus and resources away from product
development toward regulatory compliance. Consequently, manufacturers require
more specialized expertise, which increases development costs. These higher costs
are further driven by certification procedures and ongoing post market surveillance
activities. Additionally, the limited availability of NBs can lead to long waiting times
for certification, which contributes to longer time-to-market for new devices. These
challenges are particularly difficult for small and medium sized companies, which
may struggle to meet the financial and administrative demands. As a result, some
companies may take back their products from the market or delay the introduction
of new technologies. This raises an important concern. While MDR improves
safety standards, it may also limit access to certain medical devices. Products
that were previously considered sufficiently safe may disappear from the market if
manufacturers are unable to meet the new regulatory requirements. If such products
are not replaced by equivalent alternatives, this could negatively impact patient care
and therefore also patient safety. Furthermore, delays in certification processes may
delay the access to new technologies among patients, while increased compliance
costs can contribute to higher product prices and consequently increased costs for
healthcare systems.

To address some of these challenges, the European Commission has proposed revisions
to the regulatory framework, as described in section Limitations of MDR and
proposed regulatory revisions. The aim of this proposed revisions is to reduce
administrative burden, improving the efficiency of regulatory processes and supporting
the availability of medical devices within the EU market. These proposed adjustments
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intend to maintain the high safety and performance standards introduced by the MDR,
while making the regulatory system more efficient and sustainable for manufacturers
and healthcare providers.

5.6 Future work

At the current stage of development, the product is not yet ready to be imple-
mented or used clinically by the DCP at SU. Although the developed prototypes
demonstrated functional feasibility, several important aspects still require further
development and verification before the device can be considered safe and suitable
for clinical use. In particular, improvements related to the pressure relief valve are
essential, since the current configuration did not reliably perform its intended safety
function. A properly functioning pressure relief mechanism is critical to ensure
patient safety in the event of regulator malfunction or excessive pressure. Therefore,
further development and validation of this solution must be prioritized before the
device can be introduced into a clinical environment.

In addition, the planned test cases described in Appendix E still need to be fully
performed and documented in order to verify that the identified risks have been
adequately managed. Due to the limited timeframe of the project, completion of
all planned verification activities was not possible. As a result, further testing is
necessary to confirm compliance with the defined product requirements, evaluate the
effectiveness of the implemented risk control measures and ensure that the device
performs safely and reliably under its intended operating conditions.

Another important aspect for future development is the usability of the regulator.
The repeated need for re-gripping the regulator during pressure adjustment negatively
affects ergonomics and ease of use for the BMAs performing the measurements. Since
CPET requires continuous patient monitoring and rapid interaction with the device,
minimizing unnecessary hand movements and cognitive load is important from a
clinical workflow perspective. Future work should therefore focus on improving
the regulator design to enable smoother, more intuitive and ergonomically efficient
operation while maintaining precise pressure control. Furthermore, the regulator
should have a mechanical stop to prevent the pressure from exceeding 300 mmHg
and to ensure that the regulator cannot be rotated below the zero pressure position.
This would allow pressure to increase immediately when the knob is turned, thereby
improving both usability and response time during operation.

Another aspect that should be considered in future development is the physical
placement and integration of the device within the clinical environment. Feedback
and interviews with the DCP at SS, showed in Feedback from SS on prototype
no. 3, highlighted the importance of flexible and ergonomic device positioning
during CPET. But within the scope of this project, the primary focus was placed
on the functionality and feasibility of the pressure regulation system rather than
on the final mounting solution. One potential solution would be to mount the
device on an adjustable arm connected to a movable trolley positioned near
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the cycle ergometer, treadmill or examination bed. Such a configuration could
improve accessibility and allow the device to be repositioned quickly and eas-
ily depending on the clinical situation. Further evaluation of mounting solutions
is therefore necessary to optimize workflow integration, ergonomics and patient safety.

Additionally, several employees said they preferred to use a Doppler device in
situations where Korotkoff sounds are difficult to detect using a stethoscope.
Unfortunately, the Doppler device currently preferred in clinical practice is no longer
commercially available. Although the development of an alternative Doppler solution
could be valuable in future work, it was considered outside the scope of this project.

Another important step before clinical implementation would be to present the
developed prototype to all DCPs at SU in order to gather additional feedback
regarding the advantages, disadvantages and practical usability of the device.
Broader clinical evaluation could provide valuable perspectives from different users
and contribute to further optimization of the design before implementation in routine
clinical practice.

Lastly, the risk management process must be sufficiently completed before the device
can be implemented in clinical practice. Since risk management documentation
is a continuous and an ongoing process, it can never be considered completely
finalized. Still, all identified risks must be evaluated, minimized and managed as
far as reasonably possible. Due to the limited timeframe of the project, it was not
possible to perform this. Consequently, further work with the risk management are
required before the device can be safely introduced into clinical use.
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Conclusion

The aim of this project was to investigate the feasibility of developing a BP measure-
ment system for use during CPET. The results showed that a mechanical solution
can achieve rapid cuff inflation and controlled pressure release while fulfilling sev-
eral identified user and product requirements. The project also highlighted the
importance of usability, ergonomics, safety and clinical workflow integration, as well
as the value of involving end users early in the development process. Although
the developed prototypes demonstrated functional feasibility, further development,
verification testing and risk management activities are required before the device can
be implemented in clinical practice. Nevertheless, the project provides a foundation
for continued development of a BP measurement system adapted for CPET.
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A

Interview Questions

1. What is your title?

2. What is your role during CPET?

3. Which patient groups do you most commonly test using CPET?

4. How is blood pressure currently measured during CPET?

Is it always measured in the same way, or is a different method sometimes
used? If so, which method and why?

Are there any limitations or shortcomings of the current system?

Do movement and sweating affect the measurement quality?

When are systolic and diastolic blood pressure measured, respectively?
Do you prefer Doppler or a stethoscope?

Is blood pressure always measured on the same arm of the patient? If
not, what determines which arm is used?

5. What is the maximum pressure the cuff must not exceed?

What pressure must it be able to reach in order to measure blood pressure?

6. How is blood pressure measurement scheduled over time during CPET?

At what points during the test are measurements taken, and how many
times? Why?

At which times before, during, and after the test is blood pressure mea-
sured?

How many times before, during, and after?
What determines the need for repeated measurements?

Are repeated measurements sufficient, or is there a need for continuous
monitoring?

7. How quickly does a value need to be presented from the moment the measure-
ment starts?

8. How is the measured blood pressure value documented, and how well do you
think this works?



A. Interview Questions

IT

10.

11.

12.

13.

14.

15.

. What are the most common problems encountered during blood pressure

measurement, and how are they handled when they occur?

How can you determine whether a measured blood pressure value is reliable or
unreliable?

o Approximately how often do you obtain an unreliable blood pressure value,
and how is this handled?

e When unreliable blood pressure values occur, what are they most often
due to?

In relation to other parameters measured during the test, such as ECG and
spirometry, how important is blood pressure measurement?

What would be required of a blood pressure monitor for it to fit into your
workflow?

« Is it sufficient to move a single device between setups, or would it be more
convenient to have multiple units available?

o Are there any physical limitations in the room or around the patient that
affect how equipment can be positioned?

Is there anything in a new method that you would not want to use?

Do you feel that the blood pressure measurement interferes with the test or
the patient?

e How does the blood pressure monitor currently used affect the patient
during the test?

What would be required for you to have confidence in a new method for blood
pressure measurement during CPET?

o How accurate does the measurement of systolic blood pressure need to be
to be clinically useful?

» Do you have any specific requirements that an updated /new method must
meet?
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B. Interview Results

Interview Results

T T Y BMASS levacs ___________________[BMAOSCH
Vad ar din titel? Lakare. BMA + sektionledare. BMA. BMA + sektionsledare BMA + Sektionsledare for Klinfys barn.
Vad i din roll under CPET? o L Kinisk 15 pat. Tarbodtryck Taemotpat
status s lpat stala fragor genomiora alla matningar.
doumenterat 67,
Vilka3r de vanligaste ationtgruppor i testar med CPET? Patm, Inlggande pat. 1 akutic/dag, polikiniska  Barmpat.6-17 . Arytmiutreching vissa
sjuka pat. Pat. it med Pat. it.: kanda hjartfel. ‘hjartdi
i, CF-pat. vidansuangning.
Pa vilket siitt mits blodtrycket under CPET idag? Mats tomatisk Manschett, med: Manschett pumpas upp for hand.
i fotpedal, Dopple
vartor? Manuelltutstapp standard, undantagsfal stetoskop.
- Finns det négra brister med dagens system? Oftast doppl
- Piverkar rorelse och svett mtalten? het, matet I
a tplverk & automatsk . Mycket .
- Foredrar du dopplr llr stetoskop? relatiie. dokumentation. doppler  Doppi
~Mater . Fore: SBP & DBP liggande, under: SBP "
arm som matningen gors a2 vanan min, g tetosk . ochgor
tatt ol ¢ SBP efter 2 0ch a min.SBP + D8P Svettkan pverka postion avcoppier.
armens rorelse med stetoskop. efter 6 min. Rorelse paverkar matkvaliteten.
Mats oftast i hoger arm. Vanster mer
Kiren, olicka ryck  armarna. omstandi
Vilket tryck fir manschetten inte dverskrida? fter det Pumpar pump: 8 24
; o fornand, Moighet att g
manuellt n hogre vid behov.
vissa tallvare foytas  Fore:L Sttande
J t. Sjukdomsbild, i pA cykel innan start.
I i . varie minvid :
gAnger innan, under och efter? Fore: SBP & DBP liggande, under: SBP ‘behov (hjartsviktspat.). DBP. borjar, vid behov, Om gngband
~Vad styr behovet av upprepade matningar? ranan min, Ef , vid 6 min ‘oftare. Om lakare vill ha SBP pa cykel efter mats oftastinte BP.
: Siunker direktigen S8P +0BP. .
Kontinuerig matning: Kontinuerlg matning: Ingetbehovom detinte o2
SBP + DBP 'Om osakert virde, mat om direkt.
minut
Konltinuerlig matning r posiia men méste
vara piti, ingst maste
1nom 15 sekund Heltinom 15:sek. Helstinom 15:20 ek. Caz0sek Cazosek
BMASager in. e
fungerar? undertestetn, dem
i Fu sjatvain. Fu
ingen prioie, anstangningsniva ska inda
bra anda. dokumenteras.
Matel Yudiran kel Pat.sp
hur hanteras de nar de uppkommer? omgivning). r. Sliten. hoppar, svar ai: :har pat. att det.
int s snabbr, . oo Do g (arm, doppi 3
Kinisk tareintenvall panner sig pa. Sttna
hethetsbedomning. steoskop. manschetter kan glida
Hantering: ustera armpositon. Tejpa
dopplerproben battre, Mata om.
Ppl Ll tydligt Opittiga
opalittigt? gar rimii.
-Unge sorande jud. m osakert > ny matningdirek.
o 3 Vanlig orsak till opalitliga varden:
A, Brister jateotts, med baind. Muskelspanning, forelse, brus.
vg Patent som
spamer sig. Rorelse, Liudst Roret torancs
sigg, Osaker horbarhet. ljud frén utrustning.
(K, E it EKGviktigast, sedan ar loduycket, detar Lokt bland
spiromeri) hur vikigtar lodirycksmatningen? Keitskvi falande tryck.Ar et brytterium, - blodtycksfall awronsiaieriet mycketvikig, i andra fall mindre viigt, EKG
Mindre viktig s3 Lange trycket stiger normalt. viktigare.
EKG och prestation (watt) ar primara.
Molighettil
" Molighet il siaddar. vl Paltg (helstanalog). Mojlighet attstya uyck
atstadack figtarunt kontolierat,
-Ra -hetter. Stor och tydlig och cykel. (stor). Enkel den man har. Flera enheter ar inget uttryckt behov, flyttbar
3 o
utrusning an placeras? oan
flytta runt. logistiskt. for manuell omkoppling hade underlattat.
Fysiska begransingar.
Utnustai Tringtrunt pat.
rnte stora cykling eler patentens rorelser. utrstning. ochménga siaddar.
‘System som automatiskt pumpar upp till
Kontroll. g 'hoga tryck utan att BMA har kontroll. Opéilitig
fingertoppskanst. verifiera manelt egen imlighetsbedomning. metod.
etodr daranvandaren nte sl kan hora
elerkontrolera matningen.
Upplever ni att matningen stor testet eller patienten? Ja, X patienten. Inte i, ippl Nej, pat. B .
- Hur péh nigot g ippl rtforpat. sl
t tempo. bra. prestation negativt. Dopplerljud kan vara
patenten. Darfor ska mainingen g snabbt  och fokus. ot Darfor undviks bland matning under
arbete hos mindre barn.
Tilracki P
blodtrycksmatning under CPET? 8P lide Gar mer pr . men inget kray SmmHg.
Jbb. Mojlighet (mindre an . Snabb
nytta? till manuell matning. Hygienisk, service. hora/bedoma signalen. Farre sladdar.

IV

Robust, farinte sluta fungera.
Noggrannhet: Viktigare med korrekt
forandring bver td an absolutvarde.

Krav: Tilforitg, snabb, enkel, inte mer
storande an dagens system.

Helstmed mojlighet il automatisk overforing
avmatvarde

doppler, ev. uadios.
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Test cases of verification and
validation

Testfall Tillvdgagangssatt Godkindkriteium Risk ID UR, PR
Verifiering
T.Mer-01 1. Starta matning. Genamfart testfall. R19.

2. Oka trycket sa snabbt som
majligt, mat tid.

3. Slapp ut trycket <3 snabbt
sam mbjligt, ta tid for varje
FrALRIRg. Inflationstid = 4 s, deflationstid = 4 s, ROE,R38. | UROLURLZ,

4. Upprepa 3 ginger. mijligt att pibéirja ny matning inom 5 PROL,

5. PROZ,

PRO4,

PR14,

PR2Z.

T.Ver-02 1. Koppla in extern kalibrerad Tryckfall = 1%, d3 tryck halls stabilt. ROL, PRO3
manameter | systemet, ROZ,

2. Starta mEiLnin?. ROS.

3. Oka trycket s8 hiigt det gér.

4. Las av s3 att extern kalibrerad | Maxtryck = 300 mmHag. RO4, PROS,
manameter visar samma som ROS, PROB,
systernets manometer. R26, PRO9,

5. Hall trycket | 6O 5. RI7.

B. Slapp ut trycket med Tryck i systemets manometer = tryck | | ROG.
varierande hastighet. kalibrerad manometer £ 19%.

Trycket slapps ut | den valda R10. URO2,

varierande hastigheten. PROL,

PR24.

T.Ver-03 1. Koppla ur regulator ur system. Tryck = 300 mmHg. ROZ. PROG,
r Tillsatt tryckluft. PROS.

T.Ver-04 1. Starta matning. Tryck = valfritt varde + 1%. R11. URO2.

2. Oka trycket till valfritt varde
mellan
0-300 mmHg.

T.Ver-05 1. Utsatt produkt for vald. Tryck i systemets manometer = tryck | | R23, PR15.

2. Koppla in extern kalibrerad kalibrerad manometer £ 19%. R37.
manameter | systemet.

3. Lés av 58 att extern kalibrerad Tryck gér att sanka till 0 mmHg. R29.
manameter visar samma som
systemets manometer. Genomfart testfall, R30.

4. Ukfar en blodtrycksmatning.

Figure E.1: Verification test cases.
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E. Test cases of verification and validation

Testfall Tillvigagdngsitt Godkandkriteium Risk UR, PR
Validering ID
T.val-01 1. Producera higljudd omgivning. Karotkoff-ljud kan urskiljas. R16. UR11
2, PAbérja blodtrycksmétning.
3. Lyssna efter simulerade
karatkoff-ljud.
T.Val-02 1. Starta matning. Tryck = valfritt virde £ 1%, R34. URDZ, PROL.
2. Oka trycket till valfritt varde
mellan Manameter kan lasas av, far R35. URDS, PRLL,
0-300 mmHg. genomsnittligt betyg = 3/4 av FR17.
3. Las av manometer. anvandarna.
4, UX-friga: Vilket betyg far
manometerns lasbarhet pd en
skala 1-47
T.val-03 1. Installera produkten i avsedd Anvandarsvar: R35.
anvandningsmilja. a. Genomsnittligk betyg =
2, UX-frigor: 1/4.
a. Hur hisg snubbelrisk
ph skala 1-47
b. Hur mycket
uppmarksamhet
kraver apparaten
(skala 1-4)7
c. Hur mycket litar du
ph apparaten pa en
skala 1-47
d. Hur bra fungerar
apparaten
tillsammans med
dvrig utrustning och
i"_ﬂ?:f,s”“”“t (skala b.  Genomsnittligt betyg = URO4.
' 1/4.
c. Genomsnittligk betyg = UROS,UROG.
3/4.
d. Genomsnittligk betyg = URDE, PR13,
3/4. PR19,
T.Val-04 1. Utfér blodtrycksmatning wid Anvandarsvar: R40. URL1O,PR12,PR20.
britsen. a. Genomsnittligk betyg =
2. Farflytta till ergometer/lépband. 3/4.
3. Utfér en ny blodtrycksmatning. b. Genomsnittligk betyg =
4, Repetera testet och mat pd 3/4.
andra armen. c. Genomsnittligh betyg = PR23.
5. UX-frAgor: 1/4.
a. Hur latt ar systemet
att: forflytta pé en
skala 1-47
b. Hur smidigt var det
att méta pa bida
armarma pa en
skala 1-47
=8 Hur mycket
upplever du att
patientens
rarelsefbrmga
under testet
begransats ph
p.g.a. apparaten?

Figure E.2: Validation test cases.
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F. Assessment criteria for risk analysis

Assessment criteria for risk
analysis

Information om produkt som egentillverkas Produktmodell/namn Version
Allvarlighet
Obehag eller obetydlig skada
Patient/medarbetare/invanare |[Liten paverkan pa liv, halsa, rattigheter.
Forsumbar

Process

Liten negativ effekt pa verksamhetens
férmaga att uppna sina mal eller fullgéra
sina primara uppgifter.

Patient/medarbetare/invanare

Paverkan pa liv, halsa, rattigheter.

Tillfé'mga skador eller besvar som kan
aterstéllas
Mindre komplikationer som inte leder till

2
3

Lindrig Begréansad negativ effekt pa permanent skada
Process verksamhetens formaga att uppna sina
mal eller fullgéra sina primara uppgifter.
Allvarlig f-érsémring av en persons
Patient/medarbetare/invanare [Stor paverkan pa liv, halsa, rattigheter. hélsotillstand och/eller kréver en kirurgisk
. intervention.
Allvarlig

Process

Stor negativ effekt pa verksamhetens
formaga att uppna sina mal eller fullgéra
sina primara uppgifter.

Mycket allvarlig

Patient/medarbetare/invanare

Mycket stor paverkan pa liv, halsa,
rattigheter (skadade eller dodsfall).

Mycket stor negativ effekt pa

Dodsfall eller en oaterkallelig f-érsémring
av en persons halsotillstand.

Process verksamhetens férmaga att uppna sina
mal eller fullgéra sina primara uppgifter.
Forslag 1 Forslag 2 Ange anvant forslag eller egen

‘ Sannolikhet

Osannolikt

Intraffar en en gang per ar

Det finns mycket fa eller inga tecken pa att
risken ar verklighet i dag.

Forslag 2

Liten sannolikhet

Intréffar en gang pa per manad

Intréffar sannolikt inte under normala
omstandigheter och i vart fall inte frekvent.
Det finns vissa tecken pa att risken ar
verklighet i mindre omfattning i dag.

Forslag 2

Stor sannolikhet

Intréffar en gang per vecka

Kan mycket val intraffa men troligtvis inte
sarskilt frekvent. Det finns tydliga tecken
pa att risken ar verklighet i vissa delar av
verksamheten redan i dag.

Forslag 2

2
3

Mycket stor
sannolikhet

Intréffar en gang dygn

Sannolikheten ar stor att det ska intraffa.
Det ar bekraftat att risken ar verklighet i
vasentliga delar av verksamheten redan i
dag eller att den vantas bli det i nartid.

Forslag 2
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