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Sammanfattning

Servo-ventilatorer utvecklade av Getinge AB i Solna anvands i intensivvardsmiljoer for att ge
kontrollerat andningsstod till patienter. Langs ventilatorns gasvag finns olika filter placerade bade
vid inloppet och utloppet for att sakerstalla tillracklig gaskvalitet. Prestandan hos dessa filter ar
darfor viktig, och filtrets flodesmotstand specificeras vanligtvis for att uppratthalla filtrets
kvalitet. Tillforlitlig matning av flodesmotstand ar utmanande, och testuppstallningen behover
vara praktisk och genomfdrbar for olika typer av filter.

Syftet med detta examensarbete ar att utveckla och validera en praktisk och tillforlitlig metod
for att mata flodesmotstandet hos luftfilter i servo-ventilatorer. Testmatningar utférdes med
hjalp av en testuppstallning dar tryckfallet over bakteriefilter och Servo Guard-filter mattes vid
olika flodesforhallanden. Arbetet fokuserade pa att identifiera de viktigaste parametrarna som
kravs for att bedoma flédesmotstand genom praktiska matningar. Dessutom konditionerades
filtren for att undersoka effekten av miljoéforhallanden.

Resultaten visar att flodesmotstandet 6kar med flodeshastigheten. Konditionering i
klimatkammare hade minimal effekt pa bakteriefiltren, medan Servo-Guard-filtren visade en
liten 6kning i tryckfall och vikt. Konditionering med ventilator och luftfuktare gav tydligare
effekt. Ett samband mellan filtrets vikt och flodesmotstand observerades, vilket tyder pa att
fuktabsorption bidrar till 6kat motstand.

Nyckelord
Flodesmotstand, Tryckfall, Luftfilter, Test matningsuppstallning, Flodeshastighet,
Klimatkammare, Befuktare, Servo-ventilator, Gas flédesmatning, Validering



Abstract

Servo-ventilators developed by Getinge AB in Solna are used in intensive care environments to
provide controlled respiratory support to patients. Along the gas pathway of a ventilator, various
filters are placed at both the inlet and the outlet of a ventilator to guarantee adequate gas-
supply quality. The performance of these filters is therefore important, and the flow resistance
of the filter is usually specified to measure the quality of the filter. Reliable measurement of flow
resistance is critical in several aspects, the test setup needs to be practical and feasible for
various types of filters.

The aim of this thesis was to develop and validate a practical and reliable method for measuring
the flow resistance of air filters in servo-ventilators. Test measurements were performed using a
test setup, where pressure drop across bacterial filters and Servo Guard filters was measured at
different flow conditions. The work focused on identifying the key parameters required to assess
flow resistance by hands-on measurements. In addition, the filters were conditioned to
investigate the effect of environmental conditions.

The result show that flow resistance increases with flow rate. Climate chamber conditioning had
minimal effect on bacterial filters, while Servo Guard filters showed a slight increase in pressure
drop and weight. Conditioning using a ventilator and humidifier resulted in clearer effects. A
relationship between filter weight and flow resistance was noticed, suggesting that moisture
absorption contributes to increased resistance.

Keywords
Flow resistance, Pressure drop, Air filters, Test measurement setup, Flow rate, Climate chamber,
Humidifier, Servo-ventilator, Gas flow measurement, Validation
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1 Introduction

Mechanical ventilators are essential medical devices used to provide life-sustaining support for
patients who are unable to breathe adequately on their own [1]. These systems are used in
intensive care units and during surgical procedures. Accurate and reliable respiratory support is
critical to ensure safe and effective treatment. A ventilator must therefore deliver the correct
amount of gas with high accuracy and reliability.

Modern ventilators rely on advanced subsystems to control and monitor gas delivery. One
critical subsystem in modern ventilators is the gas-module, which is responsible for regulating
the flow of air and oxygen supplied to the patient. Therefore, the gas-module plays a core role in
Servo-ventilators, since it directly determines how much gas is delivered and when.

To achieve safe and effective ventilation, ventilator systems depend on accurate measurements
and control of both gas flow and pressure, to provide appropriate respiratory support and
maintain stable ventilation conditions [2]. The gas delivery is influenced by multiple components
within the gas-module, including sensors, valves, and flow-restricting elements. At the inlet of a
gas-module there is a filter to prevent unwanted particles from entering into the module and
further the ventilator. At the outlet of a ventilator, there is another filter for protection of the
patient.

However, a filter also introduces a resistance to the gas flow, resulting in a pressure drop across
the filter. Too high flow resistance of the filter may lead to the ventilator delivering incorrect gas
volumes or pressure levels. The flow resistance of a filter depends on several factors such as
flow rate, manufacturing variations, and environmental conditions, including humidity.
Understanding and characterizing this resistance is therefore important for ensuring accurate
and reliable operation of a ventilator.

Measuring flow resistance correctly could be challenging. Previous studies have shown that the
measurement setup itself, including tubing and sensor placement, may influence the measured
pressure and introduce additional uncertainties [3]. This creates a methodological challenge
and indicates a need for standardized and practical measurement approaches for certain filter
types. To analyse flow resistance under standard laboratory conditions but also understand how
it changes when the filters are exposed to controlled conditions, for example humidity.

1.1 Problem Statement
The problem addressed in this thesis can be formulated as:

How does the flow resistance of gas filters vary with flow conditions and environmental factors,
and how can this resistance be accurately measured and characterized?



1.2 Aim
The project aims to acquire reliable test data for assessment on how filter resistance behaves
under different flow rates and conditions, including the effects of conditioning with humidity.

The scope of this project is following:

To measure the pressure drop across a number of filter samples at defined flow rates.
To calculate and analyse the flow resistance for each filter based on test data.

To investigate how conditioning (e.g., humidity exposure) affects flow resistance.

To analyse the statistical variations of resistance values to determine filter performance
according to the specification.

5. To develop a dedicated filter holder for that enables practical and comparable
measurements (depending on time limitation).

P wnNeE

From a broader perspective, this work is connected to patient safety, as accurate control of
airflow and pressure is essential for effective ventilation. Improved knowledge of filter behaviour
can help ensuring that ventilator deliver the intended respiratory support. Furthermore, a better
understanding of component performance can contribute to more robust system design and
potentially longer component lifetime, which is relevant from a sustainability perspective.

1.3 Limitations

Due to time limitations, to develop a dedicated filter fixture is proposed and physical proto
needs to be developed in future. This report focused on the validation of the test measurement
setup and characterization of filter resistance.



2 Background

Getinge is a medical technology company in Sweden that develops and manufactures
mechanical ventilators that are used in intensive care environments.

Figure 1, Servo-Air Ventilator.

The Servo-ventilators provide controlled respiratory support to patients who are unable to
breathe on their own. Ventilators consist of several critical systems and components that work

together to ensure safe and accurate ventilation. Along the pathway, there are several filters at
both the inlet and the outlet, that are factors to ensure gas quality.
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Figure 4, Servo Duo Guard Filter. Figure 5, Air Inlet Filter.

2.1 Purpose

This thesis focuses on testing the flow resistance of gas filters in and on the Servo-ventilator by
Getinge. The work has been carried out at Getinge in Solna, Sweden, a company that develops
and manufactures advanced ventilator systems for worldwide market. The study investigates

how filter resistance behaves under different flow conditions and how it can be measured and
evaluated.

11



3 Method

3.1 General Test Measurement Setup

A test setup has been developed to measure the flow resistance of ventilator filters under
different conditions. In this study, two types of filters have been investigated: Bacterial filters
and Servo Guard filters. A major difference of the two filters is that the Servo Guard filter is
encapsulated in a plastic jar with connection tubes, while the bacterial filter is naked for placing
in the filter chamber of a gas-module. Due to this difference, the Servo Guard filter can be
connected in a measurement setup directly, while a holder similar to the gas-module filter
chamber needs to be used to connect the bacterial filter in the test setup.

(o e |
——————————

Figure 7, Bacterial Filters (2 views).

Two measurement test setups have been used, one for the bacterial filters and one for Servo
Guard filters. Both setups followed the same overall measurement strategy, which is to measure
the pressure drop across the filter under test, while the air-flow is adjusted to different flow
rates. Compressed air from the wall is used as the driving source for the airflow. The airflow is
regulated using a manual flow regulator before passing through the remaining components of
the measurement setup.

A thermal mass flow meter is used to measure the flow rate, one Servo Duo Guard filter is
placed after the flow regulator to protect the flow meter. The pressure drop across the test
object is measured using pressure taps connected upstream and downstream of the test object.
The measured pressure drop and the flow rate is later used to calculate the flow resistance of
each tested filter.

12
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Figure 8, Schematic Overview of General Measurement Setup.

3.1.1 Test Setup for Servo Guard Filters

The measurement setup for the Servo Guard filters was based on the same measurement
principle as the bacterial filters. However, as described previously, Servo Guard filters are
delivered encapsulated in a plastic jar with connection tubes which allows direct connection to
adapters on both the upstream and the downstream side of the filter.

The used adapters on both the upstream and the downstream part allowed direct pressure drop
measurement due to the integrated pressure taps. A digital manometer has been used to
measure the pressure drop, through these pressure taps.

13



Flow Regulator Servo Duo-
(Sho rate) Guard Filter TSI Flowmeter Test Object

Environmental Monitor Digital Manometer

Figure 9, Test Measurement Setup with Servo Guard Filter as Test Object.

3.1.2 Test Setup for Bacterial Filters
The measurement setup for bacterial filters followed the general measurement strategy as
described and shown in Figure 8.

Since the bacterial filter is delivered without any holder and mounting the filter in a gas-module
for test is not practical, a dedicated holder is used to mount the filters during measurements.
The holder consists of an inlet part for connection to gas source, and an outlet part that is open
to the ambient atmosphere through multiple holes.

14



Pressure Tap

E

Upstream Side Downstream side Outlet Part

Figure 10, Filter holder for Bacterial Filters (2 views).

Pressure drop across the bacterial filter is measured by using a digital manometer that is
connected to the pressure tap on the upstream side of the filter holder.

Flow Regulator Servo Duo-
(Sho rate) Guard Filter TSI Flowmeter Test Object inside holder

Digital Manometer Environmental Monitor

Figure 1111, Test Measurement Setup for Bacterial Filters.
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3.2 Measurement Equipment
Several instruments and test systems have been used throughout this study for validations of

the measurement setup, including flow measurement, pressure drop measurement,

environmental monitoring, and filter conditioning.

Table 1, Primary Measurements Instruments

Equipment Model/Type Purpose Next Calibration
Thermal Mass Flow 4000 Series Flow Rate 2026/06
Meter
Digital Manometer Thommen Measuring Pressure Drop 2026/05
HM28 / Range:
0—200 mbar
Flow Regulator Sho-rate Adjusting Flow Rate N.A.
Environmental Monitor | Extech SDO700 | Measuring Atmosphere N.A.
Pressure
Climate Chamber Kedulab Filter Conditioning N.A
Climateroom
Humidifier - Filter Conditioning N.A
Known Linear Resistance | 7100R-5 Validation of Test Setup 2026/11
Weight Scale METTLER AT261 | Measuring Weight on Not calibrated
DeltaRange Filters

*N.A. — Not Applicable

Filter weight has been measured using METTLER AT261 DeltaRange, although the scale provides
a readability of 0,0001 g in the weighing range used, it was not covered by a current calibration.

Mass values are therefore reported to 0,01 g to avoid implying unsupported measurement

accuracy.

3.3 Validation of Measurement Setup
Validation of the measurement setup is performed before the test measurements to verify the

reliability of the system. Flow resistance is calculated using flow rate and the measured pressure

drop, leakage or smaller pressure losses within the setup influence the calculated flow

resistance value.

Two validation procedures have been performed: leakage testing and validation using a linear

flow resistor with a known resistance.

16




3.3.1 Leakage Test

Leakage within the system causes the pressure to decrease over time, meaning that pressure
cannot be maintained in a close system. It is important to ensure that the system is closed,
therefore a gas-module has been used and placed at the end of the test setup.

Flow Regulator ~ Flow Regulator
(Sho rate) (Sho rate) TSI Flowmeter Gas-Module

Environmental Monitor Digital Manometer
Figure 12 12, Test Setup with Gas-Module for Leakage Test.

Using the flow regulator, the inlet path opened and the pressure in the system increased. To
ensure that the system did not contain any leakage within the pressure rang relevant to the
measurements, the pressure reached around 180 mbar, which is significantly higher. Table 2
shows more exact measured values from the leakage test.

17



3.3.2 Known Linear Resistance

A linear gas filter with known resistance has been used as reference to validate the
measurement setup.

Flow Regulator Servo Duo-

(Sho rate) Guard Filter TSI Flowmeter Linear Gas Resistor SHff Tube

Environmental Monitor

Digital Manometer

Figure 1313, Test Measurement Setup with a Known Resistance.

According to the specifications, the object had a linear resistance of 5 cmH20/L/sec, which

corresponds to approximately 4,9 mbar/L/sec and the flow range for this resistance is between 0
-120 L/min.

The physical form of the object with a known resistance allowed possibility to connect with
adapters and tubes on both sides. An adapter with an integrated pressure tap has been used on
the upstream part of the object. According to the scheme from the specification, a stiff tube
between 5-10 cm had to be placed on the downstream part. The tube helps maintain linearity in
the graph by ensuring a consistent diameter of the flow path after the object.

3.4 Measurement Procedure

Measurements have been performed using the test setup and operating principles described
previously. It included pressure drop measurements under controlled flow conditions, weight
measurements on each filter, and repeated measurements after conditioning.

18



3.4.1 Pressure Drop Measurements at Specific Flow Rates

Before performing the measurements, the thermal mass flow meter warmed up for 5 minutes to
ensure stable measurement conditions, according to the specification. To ensure stable
operating conditions during the measurements, the supply pressure from the wall maintained
pressure between 4 and 5 bars.

The outlet of the compressed air supplied from the wall is connected to the flow regulator,
which is used to manually adjust and achieve the specific flow rate. Before each measurement
session, each filter was weighed using a scale (uncalibrated).

Pressure drop measurements had been performed on each filter at specific flow rates. For each
flow rate, the airflow is allowed to stabilize before recording the pressure drop across the test
object using the digital manometer. The measured values had been recorded photographically
at all different flow rates.

Two different sets of flow rates have been used in this study, The first is 50, 100, 150 and, 200
L/min. The second one is 30, 60, 120, 180 and, 198 L/min and has specification limits defined for
the first four flow rates.

3.4.2 Baseline and Post-Conditioning Measurements

Baseline measurements have always been performed on completely new filters before
conditioning. After each conditioning iteration, all filters have been measured using the same
measurement procedure as used during the baseline measurements.

3.5 Filter Conditioning

In this study, two different ways of filter conditioning have been used: climate chamber
conditioning and humidifier conditioning with a ventilator. Both methods included two iterations
of measurement, but the conditioning duration differed between the two methods.

19



3.5.1 Climate Chamber Conditioning
Climate chamber conditioning was performed to analyse the influence of temperature and
humidity on the flow resistance of the tested filters. For this method, a total of 10 Bacterial

filters and 8 Servo Guard filters had been placed on a table inside the climate chamber and
conditioned at 40 °C and 95% relative humidity.

Figure 14 14, Filters Placed in Climate Chamber.

The conditioning duration for one iteration lasted four days, resulting in a total conditioning time

of eight days. After each conditioning iteration, all filters have been measured following the
measurement procedure described previously.

20



3.5.2 Humidifier Conditioning

Humidifier conditioning with a ventilator has been performed to analyse the influence of
humidified airflow on the flow resistance. Three Servo Guard filters have been connected to a
system with a ventilator and an active humidifier. The conditioning setup operated at
approximately 37 °C to simulate breathing conditions. Conditioning duration for one iteration
lasted for 24 hours, resulting in a total of conditioning time of 48 hours. Likewise, the other

method, all filters have been measured using the measurement procedure described previously.

Ventilator

Humidifier

Servo Guard Filter

Figure 15 15, Setup for Conditioning with Humidifier.

3.6 Data Analysis

The measurement data has been acquired through taking pictures of the measurements
instrument simultaneously while the test bench being in operation to verify the flow and
pressure drop displayed are coherent. The collected measurement data has later been
processed and analysed in Microsoft Excel. Obtained flow and pressure drop measurements
have been used to calculate the flow resistance of each filter. For comparative studies statistical
methods such as averaging and standard deviation analysis have been applied to further
evaluate variations between operation conditions and differences within the filter batches.

3.6.1 Resistance Calculation

The flow resistance of each filter has been calculated using the collected data of pressure drop
across each filter with the corresponding flow rate. When gas flows through the filter, a pressure
drop is created between the inlet and the outlet of the filter due to the resistance to the flow. By

relating the measured pressure drop to the applied flow rate the resistance of the filter can be
evaluated.

21



For low flow rates the relationship between pressure drops, flow and resistance can often be
approximated as linear. Therefore, the flow resistance can be expressed as:

R = — (1)

This definition is also used in ventilator standards SS-EN 1SO 80601-2-12:2024 [4]. Where R
represent the flow resistance of the filter, AP is the measured pressure drop across the filter
and, @ is the applied flow rate through the system.

3.6.2 Averaging of Measurements

To reduce the influence of random variation through testing and data collection, the same
operation and protocol of testing has been performed on multiples of the same type of filter
and analysed together. Mean and average values have been later calculated for each filter type
and flow rate to evaluate an average their flow resistance characterization. In addition to the
means and averages the spread of the data has been evaluated using standard deviation. This
made it possible to further understand the variations between individual filters and identify
trends in the measured values.

3.6.3 Uncertainty Handling

All instruments used for measuring contain a certain degree of uncertainty due to limitations in
instruments and the test setup. Since the calculated flow resistance is directly based and
dependent on both the pressure drop and the flow rate measurement acknowledging and
processing these uncertainties is crucial.

The HM28 Digital Manometer and the TSI Series 4040 flow meter have been used according
specifically to their operating range and accuracies. To further reduce measurement
uncertainties the exact same equipment has been used throughout the whole project with
changes only being applied to the test setup. Furthermore, leakage test has been regularly
performed through all changes in the test setup.

Apart from the measurement limitations of instruments, maximizing repeatability in the test
setup itself is a critical part in reducing the risk of error sources in the measurements. Therefore,
changes such as replacing soft tubes to firm tubes, shortening air flow pathways and reducing
the number of components in the whole test bench have been made. All these remedies to
improve repeatability and simplify potential troubleshooting.

22



4 Results

4.1 Tested Filter Samples

A total of 10 bacterial filters and 11 Servo Guard filters have been included to the results in the
study. The humidifier has been used to condition three of the eleven Servo Guard filters. The
rest of the filters have been conditioned through the climate chamber.

4.2 Known Linear Resistance

Figure 12 shows the results from the validation of the test setup with a known resistance object.
According to the specification, the object has a resistance of approximately 4,9 mbar/L/min
between 0 — 120 L/min, with an acceptable tolerance of 0,5 mbar/(L/min). The grey box with
red dashed lines displays the area of acceptable measurement results.

—@— Measured Values with Known Resistance

5,75

55

5,25

4,75

P
o

Resistance (mbar/(L/min))

4,25
0 30 40 50 60 80 100 120

Flow Rates (L/min)

Figure 1616, Measurements with Known Resistance.

4.3 Leakage Test
Table 2 shows the result from the leakage test on the test setup.

Table 2, Measured Pressure over Time

Run Time Pressure (mbar)
0 177,81
1 177,24
2 176,57
3 175,94
4 175,42
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4.4 Filters Conditioned in Climate Chamber
The climate chamber was installed to approximately 40 °C and 95% relative humidity. Two
iterations of measurements, and the duration for one iteration corresponds to 4 days.

4.4.1 Test Measurement on Bacterial Filters
Figure 17 shows three iterations of measurements on three different durations in the climate
chamber. Average pressure drop across 10 bacterial filters measured at 4 specific flow rates.

Baseline W 4 Days m 8 Days

50 100 150 200

Flow Rates (L/min)

oo

o

Average Pressure Drop A P (mbar)

Figure 17 17, Measurements on Bacterial Filters from climate chamber.
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25

20
20
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Average Pressure Drop AP (mbar)

Flow Rates (L/min)

Figure 1818, Measurements on Bacterial Filters from climate chamber.

Figure 14 shows the average pressure drop with specification limits over 3 different flow rates.
Baseline measurements at these flow rates could not be performed, since the specification
limits had been identified only after the first iteration of filter conditioning.

4.4.2 Weight Measurements of Bacterial Filters
Figure 15 shows the weight measurement result over all three different conditions. All weight
changes are calculated relative to the “Dry/New” weight.

Weight Dry/New m Weight4Days mWeight 8 Days

31,2666 -0,0001 +0,0020

Weight (g)
=]

on

Figure 1919, Weight Measurements on Bacterial Filter from climate chamber.
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4.4.3 Servo Guard Filters

Figure 16 shows all three iterations of measurements at specific flow rates. The graph also
displays specification limits for some flow rates. The limits for 30, 60 and, 120 L/min are defined
specially for Servo Guard Filter, while the 6,7 mbar limit was based on another filter type but
was still considered relevant.

B New H4Days Em8Days — Spec.Limit

67 ———
45 —
2,2
1’1 -
., il
60 120 180 198

30

N oW R O N

Average Pressure Drop AP (mbar)

=

Flow Rates (L/Min)
Figure 20 20, Measurements on Servo Guard Filters in Climate Chamber.
4.4.4 Weight Measurements of Servo Guard Filter

Figure 17 shows the weight measurement result over all different conditions. All weight changes
are calculated relative to the “Dry/New” weight.
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Figure 2121, Weight Measurements on Servo Guard Filters in Climate
Chamber.

4.5Filter Conditioned with Humidifier
The humidifier temperature was set to approximately 37 °C. Two iterations of measurement and
one iteration duration lasted for 24h. Three filters have been measured using the humidifier.
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4.5.1 Test Measurement on Servo Guard Filters
One graph for each condition, resulting in a total of three graphs. Each graph compares the

Servo Guard filters under the same condition, and the weight is also presented.
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Figure 2222, Comparison between Baseline Measurements.

Table 3, Weight Measurements on Dry Filter

Filter ID Weight (g)
1 69,25
2 72,16
3 74,69
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Figure 2323, Comparison between 24h Measurements.

27



Table 4, Weight Measurements on 24h Conditioned Filters

Filter ID Weight (g)
1 71,78
2 73,04
3 76,07
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Figure 2424, Comparison between 48h Measurements.

Table 5, Weight Measurements on 48h Conditioned Filters

Filter ID Weight (g)
1 72,49
2 74,89
3 77,50




5 Discussion

5.1 Linear Resistance

The linear resistance measurements showed that the test setup mostly stayed within the
specified pressure drop limits across different flow rates. The only minor outlier is the measured
resistance at 30 L/min, which was 0.04 units mbar/(L/min) outside the required limit. Even
though this specific measurement did not meet the requirements, the deviation is small.
Therefore, this result may not indicate a major fault in the test setup but should be considered
when interpreting the presented results.

The range of flow rates tested was 30 to 120 L/min because these are the flow rates specified in
the Linear Resistance and the rates we used in testing.

Figure 13 shows a stiff tube placed at the end of the test measurement setup, this stiff tube
ensures that the same diameter is maintained 5-10 cm after the object. If the diameter is
smaller on the downstream side it may result in larger pressure drop, it is harder for the gas to
flow through. In fact, the test measurement setup should have a stiff tube before the test object
for the same purpose, different diameters will either increase or decrease the pressure. This
would also be relevant for further validation on the test setup. The stiff tubing should maybe
also be a part of the general measurement setup, so approximately the same diameter
maintains between the two measurement taps.

5.2Leakage Test

Table 2 shows that the pressure decreased from 177,81 mbar to 175,42 mbar between minute 0
and minute 4, resulting in a total pressure decrease of 2,39 mbar and the decline rate averaged
at around 0,48 mbar/min. The test was performed at a higher pressure than the pressure used
during the filter measurements, which generally remained below 10 mbar.

This type of leakage testing is an established method for detecting leakage in closed systems.
The system is pressurized, and the pressure change is monitored over a defined period. Similar
methods have been described by the National Institute of Standards and Technology, where
testing above the expected operating pressure can be used to provide a safety margin [5].
However, the pressure could also be influenced not only by leakage but also by temperature
stabilization and changes in the enclosed system volume [5].

The measure pressure decrease therefore suggests that no major leakage was active in the test
setup. Meaning that the result does not demonstrate that leakage had a negligible influence
during the filter measurements.

For a more complete validation, future leakage tests should include repeated measurements, a
defined stabilization period after pressurization and calculation of the leakage flow using the
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internal volume of the test setup. The test setup without the filter mounted could also be used
to quantify the pressure loss introduced by the measurement setup itself.

5.3 Conditioning in Climate Chamber

The conditioning performed using the climate chamber aimed to investigate and characterize
how exposure to elevated temperature and humidity affects the flow resistance of bacterial
filters and Servo Guard filters. The chamber was installed to 40°C and 95% relative humidity over
a total duration of 8 days, with two iterations.

5.3.1 Bacterial Filter in Climate Chamber

The mean pressure drop curves for the bacterial filters remained close to each other after the
two iterations of conditioning at 40 °C and 95% relative humidity. The weight measurements
also showed small changes between the iterations, see Figure 17-19. These results suggest that
the static climate chamber exposure had a limited measurable effect on the bacterial filters
under the conditions for this study. However, because no statistical significance test was
performed, the small differences cannot be clearly explained. In addition, the uncertainty of the
weight scale was also unknown. The results should not be interpreted as proof that humidity
had no effect.

Similar tests have been done for clean HEPA filters. One study exposed clean pleated Hepa filters
to relative humidity between 18% and 100% and recorded no significant change in pressure
drop [6]. They also found that humidity affected the pressure drop development when particles
had accumulated in the filters. Another study showed the effect of high relative humidity
depended on the filter material and its hydrophilic or hydrophobic properties [7]. These studies
support the interpretation that humidity does not affect all filters in the same way.

One possible explanation for this is that the filter housing may have restricted the exposure of
the filter medium to the humid climate. Although the filter has openings on each side of the
filter house, it still may have affected the process of conditioning the filter medium.

Another possible explanation is that during the conditioning, the filter reached the same
temperature as the environment. Therefore, the water vapour was not exposed to a colder
surface and condensation could not occur. But it is only possible to conclude that no clear effect
was detected under the tested conditions for this study.

5.3.2 Servo-Guard Filter in Climate Chamber

Figures 20-21 displays the next finding which shows that the Servo-Guard filters conditioned in
the Climate Chamber achieved a slight increase in both measured weight and pressure drop.
The average weight increase over the 8-day period was 0,1361 g which is significant in
comparison to the bacterial filter. The pressure drop attained a minor increase across the filter
which also indicates a detectable condition result for the Servo-Guard filter.
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The main distinction made between the filters was in the way each was able to react to the
conditioning process. During the climate chamber conditioning, the bacterial filter and Servo
Guard filters were subjected to the same temperature and relative humidity. However, there
was a greater reaction in both weight and pressure drop of the Servo Guard filters. One reason
for this could be the differences in the housing designs of the filters. The bacterial filter has an
open design, while the Servo Guard filter has a closed design with inlet and outlet openings.
There has been previous research done by Ainegren, Hanstock and Stenfors [17] that showed
how heat and humidity may alter filter media and increase their resistance to airflow. The same
thing was found in another study conducted by Xu, Wu, Lin and Chen [8], where the moisture
trapped in the air filter was correlated with an increase in pressure drop.

An explanation as to why the conditioning of the Servo-Guard filter showed more defined results
in comparison to the bacterial filter is yet to be determined. Although because there lies no
difference in the execution of conditioning between the filters, the difference of design on filter
houses could be the defining reason.

5.4 Conditioning using the Ventilator with Humidifier

The results of using the ventilator as our method of conditioning the Servo-Guard filters
demonstrated a clearer relationship between the conditioning iterations and our measured
weight and pressure drop.

To begin with, the pressure drop generally increased through the conditioning iterations. Figure
22 displays the measured baseline of the filters pressure drop across the flow rates along with
the Servo-Guard filter requirement specification for reference. The requirement limit is specified
differently for dry filters and conditioned filters which explains the limit difference between the
various iterations. Comparing the graphs for every iteration with its corresponding table with
weight measurements, the result may indicate a potential relationship between the variables.
An observation is the correlation of the lightest filter in weight resulting in the least measured
pressure drop. This correlation stays consistent with the two remaining filters with the heaviest
filter also resulting in the highest pressure drop recorded between the filters. Only three filters
were used for this method, so this observation should therefore be described as a possible
relationship. Additionally, Filter 3 exceeds the specified limit for the baseline, 24 hour and 48
hour measurements (figures 22-24), an outcome which is worth nothing given that the filter
already surpasses the specification even in its unused condition.

Following this, the mutual result of conditioning between the filters after the first iteration is
clear. While the three filters weight increased by varying amounts, they still showed clear signs
of conditioning as the weight increment ranges between 0,88 g and 2,53 g. Proceeding to the
second iteration the rate of weight gain decreased. At this iteration the increase of weight
ranges between 0,71 g and 1,85 g which is still a great result of conditioning.
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A similar relationship between moisture retention and pressure drop was reported in a study of
vehicle cabin air filters exposed to humid airflow [8], such as the Servo Guard filters with the
ventilator. For the cabin air filters, approximately 140 g of absorbed water during exposure to air
at 90% relative humidity was related to a pressure drop increase of up to 2,5 mbar. In
comparison to this study that increment is considerably larger. The difference between the
filters is that the cabin air filters were larger and some had been used for 12 months and
contained dust, while the Servo Guard filters were new. The cabin air filter study found that
used filters responded approximately two times faster than new filters under the same
conditions. Despite the differences in filter type and test conditions, both studies showed the
same general trend, moisture retention may be related to increased pressure drop [8].

One perspective that favors this method is its correspondence to the same process by which
these filters get conditioned in standard operation. As the humidifier was set to 37 °C and the
filter itself was used in the exact same manner as its intent this improved the results reflection
of real operating conditions.

5.5 Future Work

For the next step a further evaluation of the setup, including repeating tests of filters and testing
additional types of filters is necessary. Further work could investigate the setup under broader
conditions to highlight weak points and areas for further development. Replacing certain
instruments or optimizing their position within the system. Placing the TSI flowmeter at the end
of the test setup, allowing it to work towards the ambient conditions could reduce some flow
disturbance.

Furthermore, a focus on enhancing the setups adaptability for different types of filters in the
setup is significant to ensure the tests reveal comparable results not only between the filter
types but also between every filter. Therefore, the step to develop a test holder for the Bacterial
Filter similar to the Servo-Guard filter with an outlet and inlet tubing at each side could provide
more comparable data. These comparisons could for instance be useful when trying to
determine conditioning methods influence on the filters. This matter derives from the fact that
the current test holder for the Bacterial filter has an open end which makes the second
measurement point of pressure the atmosphere.
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6 Conclusion

This study has investigated the flow resistance of air filters in servo-ventilators and how this flow
resistance is affected by factors such as environmental and different flow conditions. A
measurement setup has been developed and validated to ensure reliable results.

The results from the validation test of the measurement setup show that it can provide accurate
measurement values. The leakage test showed a very small pressure loss at higher pressure
levels, indicating that leakage has a small influence on the results. According to the validation
using a known resistance, the system provides results within acceptable limits, with only minor
deviations.

The test results showed that flow resistance through a porous material increases with flow rate.
Variations between individual filters of the same type were observed, showing the importance
of statistical analysis when investigating filter performance.

The effect of conditioning depended more on which method that was used. Conditioning filters
using the climate chamber led to minimal changes for bacterial filters, while Servo Guard filters
showed a slight increase in both weight measurements and pressure drop measurements.
However, using the ventilator and humidifier for conditioning filters showed clearer effects in
both weight measurements and pressure drop measurements. This shows that the dynamic
humid airflow has a bigger impact on flow resistance of air filters compared to static
environmental exposure.

A relation between filter weight and flow resistance was observed, showing that moisture
absorption contributes to increased resistance. This relationship was particularly noticed in the
humidifier conditioning tests
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Appendix A — Background of Mechanical Ventilation

Respiration

Respiration is a physiological process in which oxygen from the surrounding air is taken up
and carbon dioxide is removed from the body. Air is transported through the respiratory
system all the way to the lungs, where it reaches the alveoli. The alveoli are the primary
location for gas exchange. In these structures, oxygen moves into the bloodstream and
carbon dioxide moves in the opposite direction, based on differences in partial pressure.
Partial pressure refers to the pressure a single gas applies within a mixture [10].

During normal breathing, the movement of air into and out of the lungs is dependent on
pressure differences created by changes in lung volume. When the diaphragm, which is the
primary muscle for respiration, contracts, the volume of the thoracic cavity increases, which
leads to a decrease in pressure inside the lungs. Because of this, air flows into the lungs.
During exhalation, the diaphragm relaxes and the lung volume decreases, increasing the
internal pressure, this forces air out of the lungs [10].

Mechanical Ventilation

When a person can't breathe on their own, mechanical ventilation is a form of life support
that helps the person to ventilate. This occurs during surgery or when the person is very

sick. A ventilator helps a person in two ways, either partially by assisting or completely taking
over the work of breathing by fully controlling the delivery of air to the lungs. A ventilator
helps remove carbon dioxide from the lungs and provides oxygen to the lungs and pressure
to make sure the alveoli do not collapse [1].
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There are two types of mechanical ventilation, invasive and non-invasive. In invasive
mechanical ventilation the patient has a tube in their airway that is connected to a ventilator.
The tube can be connected through the mouth or the neck. In the noninvasive way the
patient uses a face mask connected to a ventilator, with the help of straps the mask is kept
tight to the head. The ventilator can then push air through the mask into the lungs [1].

Gas Flow in Ventilators

Gas flow is driven by a pressure difference where the gas naturally moves to adjust the
imbalance of pressure in a system. This drives the gas to migrate from a region of higher
pressure to the less pressure region. In spontaneous breathing this pressure difference is
created when inspiratory muscles create a negative pressure in the lungs which results in a
pressure difference between the lungs and the atmospheric pressure. It is in this exact
sequence that mechanical ventilators play a key role in assisting and/or replacing a patient's
spontaneous breathing by creating a positive airway pressure to help migrate gas to the
patient’s alveoli.

However in practical operations involving mechanical ventilators a simple pressure gradient
will not be sufficient to effectively or safely support a patient's breathing. Therefore the
ventilators are dependent on multiple parameters, such as tidal volume, inspiratory flow,
respiratory rate etc. These are crucial parts in the machine to regulate the rate of gas
entering the lungs, the amount of gas entering the lungs and how much pressure that is
maintained throughout the breathing cycle. Furthermore these parameters are sensitive to
the compliance of the patient which greatly differs between individuals and conditions [9].
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Gas-Module

The gas-module is a flow-control valve that regulates pressurized gas, air and 02 from the
wall in the hospital, this gas is then delivered to the ventilator's breathing circuit. The gas-
module has a lot of functions:

- Measures pressure and flow continuously

- Responds quickly to control signals

- Ensures stable, accurate and safe gas delivery

- Compensates for changes in pressure and temperature

There are two types of gas-modules, one regulates air and the second one regulates 02.
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Figure 2525, Overview of Gas-Module Flow Channel.

The gas inlet is the point where the gas supply is connected via inlet nipples.

The filter protects the system from particles in the gas delivered. The filter has a
non-return valve which is located in the filter cover. The function of this valve is to
slowly evacuate compressed gas from the gas-module if the gas supply suddenly
disconnects.

3. The temperature of the gas that is supplied is measured by the inspiratory valve
temperature sensor. The value the sensor gets from this measurement is used to
compensate for variations in the gas density due to temperature.

4. Then after number 3, the pressure of the supplied gas is measured by a transducer. The
output signal from this transducer gets amplified, the absolute pressure of the gas is then
calculated to compensate for variations in gas density due to pressure.

5. Inthe gas channel the gas flows through a wire mesh, which leads to pressure drop
because of the resistance. The pressure is measured on both sides, then when you
get the pressure drop between the absolute pressure before the wire mesh and
after, the value gets amplified.

6. The nozzle unit has a valve diaphragm, which is controlled by the inspiratory solenoid
and regulates the gas flow through the gas-module.
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7. Inspiratory solenoid, regulates the gas flow through the gas-module via the nozzle
unit.

8. Number 8, is a mechanical key that prevents the module from being mounted in the
wrong type of way [11].

Air Filters

Air filters are used in ventilators to protect the patient from particles and bacterial. These
filters are strategically located throughout the breathing circuit in order to protect the patient,
the machine and the environment from the microorganisms. These filters are all different
depending on the function and purpose in the machine and are therefore designed with
varying properties.

The performance of these filters are determined by their ability to balance effective particle
capture while still allowing sufficient gas flow to pass through the system. This requires a
careful selection of materials and design of these filters to optimize these parameters. A
denser structure of the filter may improve the capture of particles and microorganisms,
however it will also lead to an increase in resistance of flow.

Higher resistance in these filters may pose a great risk to the ventilators due to the resulting
pressure drop across the filters. This pressure drop directly affects the flow conditions within
the ventilator system, as a higher resistance requires a greater pressure difference to
maintain the same flow rate. For this reason the pressure drop across the filter is a critical
parameter when evaluating the filter's performance [12].

Gas Flow Measurement

Gas flow measurement is one of the most important aspects of ventilator systems, precise
control of flow is fundamental for safe and effective ventilation. The system must ensure that
the exactly correct amount of air or oxygen is provided at the correct time. Therefore, precise
measurement and control of flow is a critical requirement in ventilator systems [2].

Flow through porous media, such as air filters, is directed by different flow regimes
depending on the flow rate that is used. At low flow rates, the flow follows Darcy’s law, where
a linear relationship between pressure drop and flow rate can be seen. However, as the flow
rate increases, inertial effects become more significant and the flow enters the Forchheimer
regime, a non-linear relationship between pressure drop and flow rate [13].

Furthermore, it has been demonstrated that the same porous medium can show different
permeability values depending on the flow regime. This indicates that the flow resistance is
not a constant property, it depends on the operating conditions and flow characteristics.
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Previous studies also report significant variations in pressure drop parameters for similar
porous media, which may be associated with differences in test setups [13].

The TSI 4040 is the specific gas flow measurement instrument that is used in this study, it
operates based on the principle of a thermal mass flow meter. This method determines the
flow rate by measuring temperature differences along the flow path, where a heated sensor
is located, the sensor interacts with the flowing gas. As the gas passes through the sensor,
heat is transferred from the element to the gas, creating a temperature gradient which is
proportional to the mass flow rate. This temperature difference is then converted into a
calibrated flow signal [14].

The flow can be expressed as either volumetric flow or standard flow. Volumetric flow
represents the actual flow under current temperature and pressure conditions, while
standard flow is corrected to predefined reference conditions. In this study, standard flow is
used to minimize the influence of small variations in temperature and pressure on the
resistance measurements.

In addition to flow measurement, pressure drop is used to evaluate flow resistance.
Pressure drop is defined as the difference in pressure between two points in a system
and is typically caused by components that introduce resistance to the flow, such as air
filters.

Flow Resistance

The most common principle for calculating flow resistance relies on the system's pressure
differences. When gas flows through different media such as tubes or filters a pressure
gradient is generated due to the resistance to the flow. It is this gradient that helps evaluate
the resistance of the specific component.

In some practical cases, the relationship between flow rate and pressure drop can be
approximated as linear. Under these conditions, the flow resistance can be characterized with
the following definition, from SS-EN ISO 80601-2-12:2024 [4]:

AP=R- ¢
The AP is the pressure drop, ¢ is the flow rate, and R is the flow resistance. This simplified

relationship is commonly used when analysing flow through resistive elements such as filters
under low-flow conditions.
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Measurement Uncertainty

All measurement systems are in some way associated with uncertainty, which represents the
margin of doubt in a measured value. Since no measurement system is perfect, the actual
true value can never be known, but is instead expected to lie within a defined interval around
the measured value [15].

Measurement uncertainty is therefore an important indicator of the quality and reliability of
the measurement results. A complete measurement result should include not only measured
value, but also the uncertainty and the confidence level. The confidence level explains the
chance that the true value actually lies within the specified range. In industry it is usually at
95% [15].

Measurement uncertainty can be divided into two main parts: stochastic uncertainty and
systematic uncertainty. The stochastic part is related to the spreading of repeated
measurements, while the systematic part is associated with factors such as calibration,
temperature effects, pressure variations, and stability of the system over a long time [16].
Both parts need to be considered in order to obtain a reliable evaluation.

With repeated measurements, the stochastic uncertainty can be analysed through
repeatability and reproducibility. Repeatability is referred to measurements under unchanged
conditions, while reproducibility is referred to measurements under different conditions, such
as different days [16]. Because the measured flow and the pressure affect the calculated

flow resistance, these uncertainty contributions are important in flow measurement systems.

System Influence on Measurements

In gas flow measurement systems, the measurement setup itself can significantly influence
the obtained results. Studies have shown that pressure losses occurring in upstream piping,
including tubes, bends, and connectors, introduce additional pressure drops that are not
related to the component being investigated [3].

These pressure losses in the system depend on both the flow rate and the operating
pressure, and they may lead to non-linear measurement errors. The location of the pressure
sensor is also critical, as measurements taken in the piping system rather than at the
measurement point may lead to additional pressure losses [3].

As a result, the measured value may not represent only the actual pressure difference
across the chosen component, but also contributions from the system itself. Therefore,
accurate flow measurements require careful analysis of the whole setup, including the
placement of pressure sensors and the influence of connecting tubing between instruments.
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