
ScienceDirect

Available online at www.sciencedirect.com

Transportation Research Procedia 66 (2022) 97–108

2352-1465 © 2022 The Authors. Published by ELSEVIER B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 34th Conference of the European Association for Aviation Psychology
10.1016/j.trpro.2022.12.011

10.1016/j.trpro.2022.12.011 2352-1465

© 2022 The Authors. Published by ELSEVIER B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 34th Conference of the European Association for Aviation 
Psychology

 

Available online at www.sciencedirect.com 

ScienceDirect 

Transportation Research Procedia 00 (2022) 000–000  
www.elsevier.com/locate/procedia 

 

2352-1465 © 2022 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the scientific committee of the 34th Conference of the European Association for Aviation 
Psychology  

34th Conference of the European Association for Aviation Psychology 

Evaluation of a next generation oxygen system – assessment of 
usability, comfort and human performance 

Julia Maiera, Frank Albersa, Viktor Oubaida, Matthieu Fromageb, & Jean-Baptiste 
Dupuyb* 

aInstitute of Aerospace Medicine, Aviation and Space Psychology, German Aerospace Center (DLR), Hamburg, Germany  
bSafran Aerosystems, Plaisir, France 

Abstract 

The use of an oxygen system has many crucial aspects regarding usability, comfort, and its effects on human performance. To 
overcome shortcomings of common systems, a new oxygen mask was developed. It was aimed at enhancing the devices’ comfort 
and ease of use and at enabling the interoperability of the oxygen system within the cockpit environment. The project was a 
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customary system. Experiments using 20 pilots were conducted in two demonstrators providing the two oxygen systems. The 
procedure included normal cruise flight operation and emergency scenarios. Data were assessed by use of computerized 
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Results showed that subjects were more satisfied with the usability and the comfort of the new mask at all three measurement time 
points. Cognitive performance with the new mask was not significantly impaired compared to the customary (legacy) mask. 
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1. Introduction 

Oxygen masks and oxygen systems are an integral part of pilots’ safety equipment in an aircraft cockpit. Every 
commercial aircraft flight deck is equipped with an oxygen system and masks for commander and co-pilot. In civil 
aircraft, it is mandatory for the flight crew to wear oxygen masks while flying above certain heights (FAA-oxygen 
systems; Federal Aviation Regulation 91.211). In emergency situations, the flight crew is reliant upon oxygen masks 
that are easy to use and that do not impair the already stressful work.  

There are several issues regarding the evaluation of oxygen systems and new or further developments of oxygen 
systems. Wearing oxygen masks regularly can lead to medical issues, e.g. nasal discomfort and pain, or even nasal 
deformities (cf. Schreinemakers et al., 2014) and skin lesions (cf. Schreinemakers et al., 2013). From the psychological 
point of view, the use of an oxygen system has many crucial aspects: Is a mask comfortable to wear? Is the whole 
system easy to use? Are the mask and the oxygen system impeding human performance? The common oxygen systems 
in use in commercial aircraft have shown some shortcomings while answering these questions (Miller, 2014). Thus, it 
is highly advisable to evaluate new developments in oxygen systems thoroughly (Lee, et al, 2018) to support the further 
development of systems that do not have impairing effects (to a high extent). It is also highly advisable to do this 
evaluation on different levels and regarding different aspects: Important aspects are usability, comfort and human 
performance. If the usability of a system is good, then it is easy and intuitive to operate and this is especially valuable 
in stressful situations like emergencies (Kring, 2008), where the workload is high and the operator’s capacity is needed 
elsewhere and not for the use of an oxygen system.  

The comfort also cannot be rated highly enough, because it lies in the nature of stressful situations that they are 
experienced as very uncomfortable, and an uncomfortable oxygen system would impair the pilots’ well-being and 
performance even more. Furthermore, in a flight deck of a general aviation aircraft the commitment to really use the 
oxygen mask above certain altitudes can be enhanced if the system is comfortable to wear.  

Another crucial point is the human performance and from the system’s point of view this is where all other aspects 
of evaluation culminate: a technical system must be designed in a way that allows the maximum human performance 
or at least does not impair the performance in a serious way or at best supports maximum human performance. In the 
case of oxygen systems this means: a pilot must be able to solve a critical and stressful situation with all his capacities 
and skills and this should not be impaired by an oxygen system or oxygen mask that acts as a blocker. Previous findings 
regarding cognitive performance when wearing respirators are mixed: for single parameters, performance seems to be 
impaired by wearing a full-face mask (AlGhamri et al., 2013; Caretti, 1999) while for others, this is not the case 
(Caretti, 1999). 

Consequently, French aerospace corporation Safran Aerosystems developed a new oxygen system including a 
facemask and a newly designed human-machine interface (HMI) for the next generation of aircraft cockpits. It was 
aimed at enhancing the devices’ comfort and ease of use and at enabling the interoperability of the oxygen system 
within the demanding cockpit environment. The evaluation of the prototype of the newly developed oxygen system 
should consider different aspects and scenarios of use and was realized in an engineering–psychology cooperation 
between the Department of Aviation and Space Psychology of the German Aerospace Center (DLR) and Safran 
Aerosystems. The evaluation project took place within the Clean Sky 2 Joint Undertaking framework at a quite early 
stage of development. This approach was chosen to use the human factor for the timely identification of necessary 
improvements regarding the further development on steps to the highest technical readiness level (see ISO 
16290:2013).  

The research question was as follows: Our overall aim was to evaluate the new oxygen system with the parts oxygen 
mask and human-machine interface and to compare it to a customary system. It was focused on critical variables as 
identified by earlier research (Lee et al., 2018; Miller, 2014), i.e. regarding usability: donning the mask, 
communication (understanding and speaking) and vision; regarding comfort: pressure on the face, oxygen supply and 
temperature under the mask. Additionally, cognitive performance while wearing the oxygen masks was assessed. 
Thereby, the new mask was expected to be more usable and more comfortable than the old one without impairing 
cognitive performance. 
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2. Methods and experimental setting 

Human subject tests using a sample of 20 active pilots were conducted. The test facilities were located at Safran 
Aerosystems in Plaisir, France: One cockpit demonstrator was equipped with the new oxygen system (the so-called 
“new mask”) and a second demonstrator provided a customary oxygen system (the so-called “legacy mask”) which 
should be known to the pilots from their usual operation. The experimental procedure included normal cruise flight 
operation – while the operator wore an oxygen mask – with an autopilot and two emergency scenarios where the use 
of oxygen systems is crucial. For the data assessment we used different methods like questionnaires and computerized 
cognitive performance tasks as described in the following. Figure 1 shows a typical test setting. 

 

Fig. 1: Test subject in the cockpit demonstrator wearing the legacy mask.  
Note. A picture of the new oxygen mask cannot be disclosed to avoid competitive disadvantages. 

 

2.1. Test Environment and Oxygen Systems 

The test environment were two cockpit demonstrators, each including an oxygen system and an HMI. The purpose 
of the HMI was to control and monitor aircraft navigation, run emergency procedures if necessary, and – for the new 
oxygen mask – manage mask operation. Each oxygen system had its own architecture and specificities. 

 
New mask (Figure 2): 
• The new mask was linked to HMI screens to exchange data. RDPC is a gateway to enable these exchanges. 

As HMI screens must also communicate with the aircraft model (for navigation purpose), an electronic board 
executing this model was linked to the same network. 

• As for the fluid part, pressurized oxygen (500 mbarg) is provided to a regulator, which is supplying the right 
amount of flow through the box and the mask, based on the pilot’s demand. 

 

Legacy mask (Figure 3): 

• The legacy mask was purely mechanical, so regulator electronic board and RDPC were not required here. The 
HMI screens’ utility was about navigation and emergency procedures only. 

• The fluid part was almost the same as with the new mask: a regulator was placed within the mask and 
pressurized oxygen was replaced by pressurized air, which does not make any difference for experiments on 
the ground (Andersson et al., 2002). 
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Fig. 2: Architecture of the new oxygen system. 

 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3: Architecture of the legacy oxygen system. 

 
In Figure 4, the HMI is displayed. It incorporates the following functions: 

• Navigation panel: it enables to define navigation setpoint (speed, altitude, and heading). Once given, actual 
values tend to the corresponding target. 

• Mask management: it enables to choose the operating mode of the mask 
o Normal: mixture of oxygen and air is provided 
o 100% O2: only oxygen is provided 
o Emergency: only oxygen is provided, with a slight overpressure 

• Procedures: it gives instructions that a pilot should follow in case of emergency in form of a computerized 
checklist. Two kinds of accidents/emergency situations are considered. They are highlighted by alarms 
popping up in the alarm panel: 

o Depressurization: cabin pressure is collapsing quickly or is too low 
o Fire/Fumes/Smoke: cabin temperature is too high 
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For the new oxygen mask, the HMI screen also included a “Press to Test” procedure, which is a preflight test to 
check that the oxygen mask is working, as well as some aircraft subsystems, applied in emergency procedures. 

Fig. 4: HMI of the new oxygen system 

2.2. Sample 

In this study, N = 20 subjects participated; 1 of the subjects was female, 19 were male. The subjects’ age ranged 
between 21 and 33 years (M = 26.8 years, SD = 4.0 years), their height between 168 cm and 190 cm (M = 178.5 cm, 
SD = 6.1 cm), their weight between 60 kg and 90 kg (M = 72.8 kg, SD = 10 kg), and their head circumference between 
55 cm and 63 cm (M = 57.7 cm, SD = 2.0 cm). Of the subjects, 50 % were bearded. All participants were active pilots 
(70 % CPL, 30 % ATPL) and most of them had experience with wearing an oxygen mask (65 % in the simulator, 20 
% in the aircraft). Only three of the subjects did not have any experience with wearing an oxygen mask so far. For 
their participation, subjects were compensated with 200 € each after the study. 

2.3. Instruments 

All variables were assessed with standardized rating scales via individual tablet computers. Variables had been 
assembled based on previous research (Rooney, 2019) and on inputs made by experts in mask development and human 
factors. Consistencies over measurement time points are reported in Tables 1 and 2.  

Regarding comfort, subjects were asked to rate two aspects—sensation and evaluation—of eight comfort related 
characteristics (e.g., weight of the mask or smell of the mask). The sensation aspect was rated on a scale ranging from, 
e.g., 1 = light to 5 = heavy or 1 = weak to 5 = strong. The evaluation aspect was rated on a scale ranging from 1 = 
very uncomfortable to 5 = very comfortable. For the assessment of usability, altogether 29 characteristics (e.g., 
donning the mask or speaking while wearing the mask) were rated on scales ranging from, e.g., 1 = difficult to 5 = 
easy. For both comfort and usability, an overall judgment was given on a five-point rating scale ranging from 1 = very 
uncomfortable to 5 = very comfortable and 1 = very dissatisfied to 5 = very satisfied respectively. 

Three psychological tests were applied on notebooks to measure cognitive performance while wearing an oxygen 
mask: The Deary-Liewald Test for the measurement of reaction times (DLT; simple reaction time and choice reaction 
time; Deary, Liewald, & Nissan, 2010), a Visual Search Task (VST, Treisman & Gelade, 1980), measuring visual 
perception speed and an Acoustic Side Task (AST) including a 2-back acoustic memory task. Finally, we assessed the 
subjects’ biographical data.  
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2.4. Experimental design and procedure 

Two experimental variables were investigated in a 2×2 design: two different oxygen systems (new mask vs. legacy 
mask) were used in two scenarios (cruise flight vs. emergency operation).  

The procedure was as follows: After the subjects were welcomed, they were taken to one of the two test facilities 
and introduced to the experimental procedure and measurements. Administrative issues were settled and biographical 
data and oxygen mask attitude were assessed. Subjects were then seated in the cockpit demonstrator, where at first, 
baselines for the three performance tests were assessed. Another practical purpose of this baseline measure was to let 
the subjects train these rather simple tasks to avoid performance gains within the experimental procedure due to retest 
effects. Afterwards, subjects were familiarized with the respective mask, donned it, and worked on the performance 
tests (DLT and VST) again. Then the experimental phase started.  

The first condition was “cruise flight”. While wearing the mask, participants had to perform a simple flight task 
and the AST for 15 Min. After this, they filled in the comfort- and usability questionnaire and worked on the two 
performance tests (DLT and VST) with the oxygen mask still on the face. After taking off the mask, the first 
emergency scenario (Emergency 1, depressurization) started, which lasted 10 Min. Subjects followed the emergency 
procedure – which contained donning the oxygen mask – and simultaneously performed the AST. Afterwards, the 
comfort and usability scales were filled in again. Then the subjects were instructed to take off the mask again. Finally, 
the second emergency scenario (Emergency 2, smoke, including mask donning) was active for 10 Min. and again, 
subjects followed the emergency procedure, performed the AST simultaneously and filled in the comfort and usability 
questionnaire afterwards.  

A break followed, where the participants refreshed and “moved” to the other demonstrator. Then the whole 
procedure started anew with familiarization of the other mask and the cruise flight scenario, followed by assessments 
of the performance tests (DLT and VST) and both emergency settings.  

3. Results  

For the analyses, datasets of 18 participants who had worn and evaluated both masks were considered. Two datasets 
had to be excluded because of current development works for the new mask during the first experimental sessions 
which led to differing conditions for the first two subjects. 

3.1. Usability 

In a first step, a two-way repeated measures ANOVA with the factors of “mask” (new mask vs. legacy mask) and 
“flight situation” (cruise flight, emergency 1, emergency 2) was performed for the overall judgment regarding 
“usability”. This statistical method is robust for data with non-normal distributions as simulation studies have shown 
(Vasey & Thayer, 1987). Sphericity was accounted for by use of the Mauchly's Test of Sphericity and the Greenhouse 
Geisser correction. The associated F-statistics indicated the results’ significance depending on the degrees of freedom 
(df). The effects are expressed as ηp², representing the proportion of variance explained. 

Figure 5 illustrates that the overall satisfaction judgments regarding usability (Cronbach’s α = .82) differed 
significantly for the two masks: subjects were more satisfied with the usability of the new mask in all three flight 
situations (F(1; 16) = 18.56, p < .01, ηp² = .54). There was no significant effect of the flight situation (F(1.4; 22.7) = 1.24, 
n. s.; Greenhouse Geisser correction) and no significant interaction of mask and flight situation (F(2; 32) = 0.26, n. s.). 

For a more detailed analysis of the new mask’s usability, selected usability aspects were considered. As there were 
no effects of the wearing time, data from all three measurement time points were averaged to get an overall mean per 
mask. Paired t-tests were then calculated to identify mean differences between the two masks. 
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Fig. 5: Mean values for usability evaluations at the three measurement time points 

 

As can be seen in Table 1, the new mask performed significantly better than the legacy mask as regards 
communication demands: understanding ATC and speaking were significantly easier with this mask. There were no 
substantial differences regarding donning the mask or having an unobstructed view. Controlling the mask was rated 
as being significantly easier with the new mask: It should be noted here that mask modes had to be switched via HMI 
for the new mask and via analog buttons for the old mask. Thus, it can be inferred that the HMI improved parts of the 
mask handling.  

Table 1. Usability of the two masks (results from paired t-tests) 

 New Mask 
(M/SD) 

Legacy Mask 
(M/SD) 

Effect size (t) Cronbach’s α 

Donning the mask 4.05 (0.98) 4.26 (0.87) -0.83 .76 

Understanding ATC 4.14 (0.83) 3.04 (1.02)  4.58** .82 

Speaking 2.85 (0.96) 1.89 (0.88)  3.90** .81 

Unobstructed view 3.00 (0.88) 3.37 (0.97) -1.46 .83 

Control of the mask 3.73 (0.99) 3.00 (0.64)  3.08** .60 

Note. Usability scales ranged from 1 = difficult to 5 = easy; Cronbach’s α refers to consistencies  
over measurement time points; **p < .01. 

 

3.2. Comfort  

Another two-way repeated measures ANOVA with the factors of “mask” (new mask vs. legacy mask) and “flight 
situation” (cruise flight, emergency 1, emergency 2) was performed for the overall judgment regarding “mask 
comfort”.  
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As can be seen in Figure 6, the overall comfort judgments for the two masks also differed significantly: Comfort 
(Cronbach’s α = .84) was rated as being higher for the new mask in all three flight situations (F(1; 16) = 34.79, p < .001, 
ηp² = .68). Again, there was no significant effect of the flight situation (F(2; 32) = 0.90; n. s.) and no significant 
interaction of mask and flight situation (F(1.3; 20.5) = 1.79, n. s.; Greenhouse Geisser correction). 
 

 

Fig. 6: Mean values for comfort evaluations at the three measurement time points. 
 
To learn more about the comfort the new mask provides compared to the old one, further analyses were performed 

for single comfort aspects. As again, there were no effects of the different flight situations, the averaged overall means 
per mask were compared using paired t-tests.  

Results are displayed in Table 2. While pressure on the face was significantly weaker and more comfortable with 
the new mask, the temperature under the mask was the same for both masks. Oxygen supply was weaker with the new 
mask, but the respective comfort was comparable to the legacy mask. 

           Table 2. Comfort of the two masks (paired t-tests) 

  New Mask (M/SD) Legacy Mask (M/SD) Effect size (t) Cronbach’s α 

Pressure on the face Sensation 3.17 (0.85) 4.52 (0.62) -5.66** .71 

 Evaluation 2.85 (0.65) 1.80 (0.78) 4.58** .52 

Temperature under the mask Sensation 3.24 (0.58) 3.28 (0.55) -0.38 .92 

 Evaluation 3.54 (0.82) 3.26 (0.63) 1.57 .80 

Oxygen supply Sensation 3.00 (0.91) 3.59 (0.91) -2.30* .81 

 Evaluation 3.37 (0.92) 3.37 (0.77) 0.00 .82 

           Note. Sensation scales were as follows: Pressure on the face: 1 = weak to 5 = strong; temperature under the mask:  
           1 = cold to 5 = warm; oxygen supply: 1 = weak to 5 = strong. Evaluation scales ranged from 1 = very uncomfortable 
           to 5 = very comfortable; Cronbach’s α refers to consistencies over measurement time points; **p < .01, *p < .05. 
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3.3. Cognitive performance 

To determine possible effects of the two masks on the subjects’ cognitive performance, further two-way repeated 
measures ANOVAs with the factors of “mask” (new mask vs. legacy mask) and “time point” (baseline, preflight, 
cruise flight; note: the time point “baseline” was measured without a mask on, the other two with a mask on) were 
performed for the DLT and the VST. As dependent variables, reaction times for correct hits were considered (simple 
reaction task and choice task for the DLT and reaction time for the VST).  

As can be inferred from Figure 7, there was no meaningful effect of the oxygen mask on simple task reaction times 
in the DRT (F(1, 17) = 0.39, n. s.). But the measurement time point had a big effect on the results: During baseline, 
when wearing no mask, subjects reacted significantly faster than during preflight or cruise flight (F(2, 34) = 40.65, p < 
.001, ηp2= .70). No significant interaction occurred (F(2, 34) = 0.12, n. s.). For the choice reaction task, reaction times 
with the new mask tended to be slower when wearing the mask, especially during the preflight measurement, but this 
was not significant (Figure 8; F(1, 17) = 1.21, n. s.). Again, there was a significant effect of the time point (F(2, 34) = 7.75, 
p < .01, ηp2= .31) but no significant interaction between mask and measurement time point (F(2, 34) = 0.71, n. s.). 

 

 

Fig. 7: Mean values for DLT simple task reaction time 
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Fig. 8: Mean values for DLT choice task reaction time 

 
Similar to the reaction times in the DRT, reaction times in the VST increased significantly during the preflight and 

the cruise flight measurements (i.e. with an oxygen mask on) compared to the baseline (F(2, 34) = 5.09, p < .05, ηp2 = 
.23; Figure 9). However, for the VST, there was also no significant effect of the mask (F(1, 17) = 0.16, n. s.) and no 
meaningful interaction between mask and measurement time point (F(2, 34) = 1.45, n. s.). 
 

 

Fig. 9: Mean values for VST reaction time 
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4. Discussion  

In this study, a newly developed oxygen system was evaluated empirically in a cooperation between the German 
Aerospace Center (DLR) and Safran Aerosystems (Clean Sky 2 Joint Undertaking framework). The aim was to 
evaluate the new oxygen system and to compare it to a customary system. Data were assessed from 20 pilots in two 
demonstrators providing the two oxygen systems by use of computerized questionnaires and cognitive performance 
tasks. An approach was used to evaluate different aspects critical for the (psychological part of) ergonomics of an 
oxygen system as suggested and recommended by previous research (Lee et al., 2018; Miller, 2014). 

For answering our research question, a proper and sound methodology was needed. Overall, despite the very high 
technological complexity of the two test environments, stable experimental conditions were realized for the human 
subject tests. A representative sample took part in the tests and reliable methods for the assessment of usability, 
comfort and human performance were used. Therefore, the external and ecological validity of the results should be 
high.  

Our results – similar to the work of Lee et al. (2018) – confirm general improvements regarding usability and 
comfort of the new oxygen system compared to the old one: Critical usability and comfort aspects as for example 
understanding and speaking or pressure on the face, a problem which can lead to medical issues (Schreinemakers et 
al., 2013), were improved with the new mask while other aspects (e.g., donning the mask, temperature under the mask) 
remained on a satisfying level. Nonetheless, there is still room for improvement: the perceived oxygen supply was 
significantly weaker with the new mask, which could certainly lead to performance losses with time. Further analyses 
of our data will give more insight in effects of longer-term wearing. Another critical point so far is the vision: 
unobstructed view was only partly given with the new mask. From the subjects’ reports it became clear, that a tube, 
which – with the current prototype of the mask – was fixed in front of the nose, was an obstruction to the view. With 
the final version of the mask, there shall be a different solution for this tube. 

Overall, cognitive performance deteriorated significantly with both masks compared to the baseline. This supported 
the findings reported by AlGhamri et al. (2012), who found increased error rates in cognitive performance for subjects 
wearing a full-face mask with negative pressure. Although the mask type evaluated in our study was different, it was 
also very tight and had a firm seal on the face. The deterioration of performance might at least partly stem from this 
fact and from the obstructed view that was reported by subjects while wearing the new mask. Therefore, it would be 
crucial to further analyze the effect of pressure exerted on the face and to develop a solution providing a better view 
in the next version of the new mask to solve this – possibly safety-critical – problem.  

But the good news was, that performance with the new mask did not differ significantly from performance with 
the legacy mask. Only during preflight, which was the first measurement time point with the new mask, reaction times 
with the new mask tended to be slower in the DLT choice task and in the VST (Fig. 8 and 9). One possible explanation 
for this effect might be the unfamiliarity of the participants with the new oxygen system, which might have drawn 
attention away from the cognitive tasks during the first runs. This would also fit with the reaction times converging 
over time. This all indicated that the new system is not impeding the pilots’ work in emergency situations (Kring, 
2008) more than currently used oxygen masks. However, our results are not completely satisfying and should be a 
leverage point for further product development. In sum, the influence of wearing the new oxygen mask on cognitive 
performance requires more attention and should be analyzed further. 

5. Conclusions 

Our practical study shows the importance of psychological evaluations of newly engineered products. It is 
important to evaluate different aspects of ergonomics like usability, comfort, and human performance. Especially 
advisable is to perform the evaluation at a quite early stage of development of a new product. In the example of a new 
oxygen system it was shown that many things have been developed in the right direction and usability and comfort 
were enhanced already. Also, the human performance was not more impaired than that while wearing a customary 
mask. However, especially the multi-aspect assessment of critical ergonomics showed very specific issues which have 
to be analyzed in further detail and should result in further improvements of the new oxygen system before it is made 
ready for the market. These further improvements will be engineered by using the insights obtained in our study. 
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