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Abstract: The comparatively environmentally friendly turboprop aircraft should be used
more often, but still need some improvements, especially regarding noise. To facilitate
research into these improvements, an On-Ground Regional Passenger Cabin Demonstrator
was built and validated through a comparison with passengers’ reactions to real turboprop
flights. Seventy-three subjects answered questions on various environmental factors during
a simulated flight in the Cabin Demonstrator. Subject testing revealed that the Cabin
Demonstrator was overall perceived as realistic compared to real flights, and the comfort
level was comparable to the previously conducted in-flight subject test. Thus, the Cabin
Demonstrator can be used for multiple future tests.

Keywords: comfort; noise; subjective evaluation; turboprop aircraft; validation; vibration

1. Introduction
Turboprop aircraft are a useful alternative for short-haul flights to reduce CO2 emis-

sions [1], but they have a higher noise and vibration level compared to turbojets [2,3].
Turboprop aircraft can be louder than turbojet aircraft by up to 30 decibels [2]. However,
noise and vibration are important (dis)comfort factors in turboprop aircraft [4] and have
negative impacts on well-being, health, performance, etc., for both passengers and cabin
crew [5,6]. It could be assumed that the willingness to fly with a turboprop aircraft de-
creases if passengers perceive the aircraft as too loud and thus do not feel comfortable [7].
Therefore, it is necessary to improve turboprop aircraft.

To examine and improve the turboprop aircraft, an On-Ground Regional Passenger
Cabin Demonstrator (Clean Sky 2 Joint Undertaking project, Leader LEONARDO) was
built by our project partner LEONARDO and transferred to Fraunhofer Gesellschaft for
passenger experience evaluation. Before investigations could be carried out in the Cabin
Demonstrator, it had to be validated. Validation is the most important criterion to verify that
the demonstrator produces the same results as a real turboprop aircraft [8]. To validate the
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Cabin Demonstrator, real flights and simulated flights in the demonstrator were performed,
during which the test subjects evaluated various aspects of the “flights”. These evaluations
were compared with each other. If the evaluations of the simulated flights are similar
to those in the real ones, the demonstrator can be considered validated. The aim of the
validated demonstrator (Figure 1) is to test new technologies more easily and quickly
compared to complex and expensive real flights, e.g., for multiple tests like subject tests
and comfort evaluation and tests of composite materials and structures, systems and
energy consumption.
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2. Materials and Methods
2.1. Design and Procedure

To test and validate the Cabin Demonstrator, two real flights were assessed as a
baseline. The real flights were carried out as part of the ComfDemo (grant agreement no.
831992-ComfDemo-H2020-CS2-CFP08-2018-01) project. This project included, for example,
the identification of relevant subject target groups, planning out the content and procedures
for questionnaires and, finally, providing results from real flights. The two 70 min real
flights took place in an ATR72-500 in autumn 2021. The departure and arrival location
was The Hague Airport, Rotterdam, the Netherlands. Further information and results are
described in detail elsewhere [9–11]. Three 70 min demonstrator flights took place in the
On-Ground Regional Passenger Cabin Demonstrator at the Fraunhofer IBP in Holzkirchen,
Germany, in spring 2024. The Cabin Demonstrator is a full-scale fuselage section of a
newly designed regional aircraft, able to host 25 passengers and equipped with a galley
and lavatory.

To simulate a turboprop aircraft, shakers were installed under the seats to generate
vibrations. In addition, a subwoofer and Genelec loudspeakers were installed behind the
last row and in the galley. These played the characteristic sound of a turboprop aircraft
including various flight phases from taxiing to take-off, ascent, cruise, descent and landing.

The study was approved by the Fraunhofer ethics council. Furthermore, the subjects
were briefed with study information and signed informed consent forms.

2.2. Measures

To measure various comfort factors, numerous questionnaires were previously
screened and selected by the ComfDemo project. The following factors have been included
in the demonstrator validation using the adapted versions of the Ideal Cabin Environ-
ment Questionnaire [12], the Occupant Indoor Environmental Quality Survey [13,14], ISO
28802 [15] and ISO 2631-1 [16]:

• Acoustic environment;
• Air quality;
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• Lighting environment;
• Thermal environment;
• Vibration;
• Overall comfort and discomfort.

During ascent, the middle of the cruising phase and descent, subjects answered
questions about comfort, discomfort, acceptability and pleasantness for each environmental
factor. Moreover, loudness, preferred loudness and annoyance were assessed to evaluate
the acoustic environment in detail, as well as overall vibration and vibrations in different
body areas to evaluate vibration in detail.

In addition, postural sensations and spatial and visual perception were mea-
sured [17,18]. The flight in the Cabin Demonstrator was intended to replicate the same
conditions as the real flight. Therefore, the same test sequence from the real flight was used,
which represents the chronological sequence of the various and partly repetitive questions
answered during the flight phases (Figure 2). During the flights, objective parameters were
also measured, for example, indoor climate.
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Figure 2. Test sequence of questionnaires during flight phases.

2.3. Participants

For the demonstrator sample, subjects with similar characteristics to the sample
in the real flights were chosen, particularly regarding age, gender, height and weight.
This similarity was intended to ensure that the assessment of comfort was not biased by
demographic factors. To achieve these characteristics, test subjects were recruited via a
casting agency. In addition to demographic requirements, the subjects had to have flown
at least five times in their lives to have the necessary flying experience for comparisons.
For safety reasons, participants with certain illnesses such as a nervous system disorder,
musculoskeletal problems or claustrophobia were excluded.

To characterize the sample, questions regarding demographic variables such as age,
gender, height and weight, as well as current health status [19] and flight-related questions
(adapted from [20,21]), were asked.

3. Results
3.1. Sample Chararcteristics

Overall, 73 subjects completed the questionnaires in the Cabin Demonstrator. In group
1, two no shows occurred; hence, 23 people took part in this trial. In groups 2 and 3, the
cabin was fully booked with 25 people each. The sample was composed as follows: 45 men
and 27 women, mean age 33.55, age range from 18 to 63, mean weight of 74.3 kg and mean
height of 178 cm. They had flown about five times on average in the last year and reported a
positive flight experience and attitude. In total, 30.1% reported experience with a turboprop
aircraft, 64.4% reported no experience and 5.5% did not know. No differences were found
within the three groups regarding their answers to the demographic and flight-related
questions. Regarding demographics in particular, it can be stated that the characteristics
of the sample were very comparable with those of the sample for the real flight (Table 1).
However, the participants on the simulated flight reported significantly more leisure flights
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and fewer other flights. Additionally, these subjects indicated that they used short-haul
flights less frequently and had less experience with turboprop aircraft compared to the
participants on the real flights.

Table 1. Characteristics (mean values ± standard deviation) of the sample on the real flights and the
flights in Cabin Demonstrator. Differences were calculated by t-test or Chi2-test.

Characteristics Real Flights Flights in Cabin
Demonstrator Differences

Age 33.86 (±14.31) 33.55 (±14.57) t(165) = 0.16

Gender 58 men + 35 women
+ 1 other

45 men + 27 women
+ 1 other Chi2(1) = 0.01

Weight [kg] 73.0 (±13.2) 74.3 (±10.7) t(165) = −0.67
Height [cm] 176 (±10) 178 (±8) t(165) = −1.66
Current health status 1 3.24 (±0.70) 4.35 (±0.70) t(156) = −0.09
Flights per year 7.10 (±10.00) (2019) 4.66 (±5.00) (2023) t(163) = 1.90
Leisure flights [%] 76.36 (±34.60) 90.00 (±23.33) t(161) = −2.88 **
Business flights [%] 13.02 (±27.04) 7.60 (±20.18) t(160) = 1.42
Other flights [%] 9.76 (±24.72) 1.03 (±4.00) t(160) = 2.99 **
Flight duration

short < 2 h [%] 32.25 (±37.18) 17.50 (±26.90) t(160) = 2.84 **
medium 2–4 h [%] 30.81 (±35.22) 39.50 (±34.45) t(160) = −1.57
long > 4 h [%] 35.80 (±37.03) 39.40 (±36.40) t(160) = −0.73

Flight experience [1–7] 5.70 (±1.26) 5.53 (±1.52) t(164) = 1.54

Turboprop experience
Yes: N = 48
No: N = 29

Don’t know: N = 13

Yes: N = 22
No: N = 47

Don’t know: N = 4
Chi2(2) = 17.10 ***

1 1 = poor; 5 = excellent. * p < 0.05; ** p < 0.01; *** p < 0.001.

3.2. Environmental Comfort

As already listed under Measures, many environmental factors were evaluated. Since
the specific features of turboprop aircraft are vibration and noise, only these environmental
factors are considered in detail. The results of the cabin demonstrator were compared with
those of the real flights by comparing 95% confidence intervals.

At the end of the survey, a manipulation check was performed to assess how realistic
the flight was and to get an overall picture of the participants impressions of the flight
in comparison to their usual flight experiences. Subjects reported that their experience in
the Cabin Demonstrator was moderately to very comparable with previously experienced
flights and the pleasantness of the flight was only slightly influenced by the fact that it was
a simulated flight. Therefore, it can be confirmed that the results are ecologically valid.

3.2.1. Acoustic Environment

The acoustic environment was rated as slightly more comfortable than uncomfortable
(Table A1). Acceptability, pleasantness and satisfaction were evaluated as neutral. The
aircraft noise was perceived as slightly loud and slightly annoying and was preferred to be
slightly quieter. The engine was mentioned as the most frequent source of noise by far. In
addition, other passengers, a high-pitched sound and the ventilation system were named
as sources of noise.

Acoustic discomfort, acceptability and annoyance were comparable with results from
the real flights, but comfort, pleasantness and perceived and preferred noise were rated
better in the demonstrator.
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3.2.2. Vibration

In the Cabin Demonstrator, subjects rated vibration as very comfortable, acceptable,
somewhat pleasant and satisfactory (Table A2). Overall, only a slight vibration was per-
ceived. During ascent, hardly any vibrations were felt in the head and upper back and
a slight vibration was perceived in the other parts of the body. During the middle of the
cruising phase and descent, hardly any vibrations were reported in the head, arms, hands,
upper back and knees. In addition, a slight vibration was reported in the upper back,
thighs, feet, sitting bones, seat edge touching the body and buttocks.

In all aspects concerning the evaluation of the vibration, vibration in the Cabin Demon-
strator was rated better than in the real flights.

3.2.3. (Dis-)Comfort

During ascent, the middle of the cruising phase, decent and taxiing, subjects were
asked to mark the three factors most contributing to the level of both discomfort and comfort
they experienced. The seven factors temperature, noise, lighting, air quality, vibration, seat
and space could be selected from. After the flight, these two questions were asked again but
with reference to the entire flight. More than half of the subjects identified noise (79.5%) and
their seat (75.3%) as the factors most contributing to discomfort in the demonstrator. Space
(39.7%) was cited as the third most important factor for discomfort. For the experienced
level of comfort, temperature (72.6%), air quality (61.6%) and lighting (45.2%) were reported
as the most contributing factors. Vibration in the demonstrator appeared to be a factor that
had a comparatively low impact on discomfort (8.2%) or comfort (31.5%).

The results of the entire flight in the demonstrator were compared with the results
from the real flights published by Vink et al. [4]. In both studies, noise was the dominant
discomfort factor (Figure 3). Seats were also an important factor in discomfort. The biggest
difference in terms of discomfort between the real flights and the lights in the Cabin
Demonstrator was vibration: while vibration was the second most frequently mentioned
discomfort factor for the entire flight in the real flights, this factor was the least frequently
mentioned driver of discomfort in the Cabin Demonstrator. One reason could be that in
real flights, ascending, descending, turbulence or the general movement of the aircraft are
also perceived as body movements and thus have a negative influence on the perception
of vibration.
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Figure 3. Percentage of passengers that reported various discomfort factors.

Temperature and lighting were among the top three factors contributing to comfort
in both studies (Figure 4). However, in real flights, seat comfort was reported as another
important comfort factor, whereas in the Cabin Demonstrator, air quality was reported as
the third most important factor.
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Figure 4. Percentage of passengers that reported various comfort factors.

Figure 5 provides an overview of the evaluation of comfort regarding the various envi-
ronmental factors in the real flights and those in the Cabin Demonstrator. Overall, the results
of the demonstrator were very comparable to those in a real turboprop aircraft. Only the
deviation in the assessment of the vibration was not negligible. This should be investigated
in greater depth in future studies. The acoustic environment (t(182) = 2.00 *), vibration
(t(182) = 8.88 ***) and the thermal environment (t(182) = 2.87 **) were evaluated as being
better in the Cabin Demonstrator, whereas the lighting environment (t(182) = −3.89 ***)
and spatial perception (t(181) = −2.36 *) were evaluated as being worse. No differences in
overall comfort (t(182) = 0.13) or air quality (t(182) = 1.90) were detected.
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Figure 5. Evaluation of comfort in the Cabin Demonstrator (mean values and standard deviation).

One of the most important questions was whether the subjects would fly in a turboprop
aircraft again: 94.5% would choose this aircraft again. The few participants who answered
“no” stated that the aircraft was too loud. Even after the real flight, 87.9% stated that they
would choose a turboprop aircraft again.

4. Discussion
The large number of people who would fly in a turboprop aircraft again indicates

how important it is to continue researching these aircraft to increase their use. In general,
noise is the biggest discomfort factor. Seat comfort also seems to be important. To make
turboprop aircraft more attractive, the Cabin Demonstrator provides new opportunities to
research new technologies quickly and cost-effectively.

The validation of the demonstrator can be considered as largely successful, only vibra-
tion needs revision. Thus, the Cabin Demonstrator can be used for further investigations.
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Some environmental factors were rated slightly better in the demonstrator than in the real
flight. This better rating is partly due to a new and improved cabin design. The better
evaluation of vibration in the Cabin Demonstrator may be due to the fact that there was
a lack of turbulence. Presumably, turbulence or the general movement of the aircraft are
also perceived as body movements and thus have a negative influence on the perception
of vibration. The slightly lower rating of the lighting environment can be attributed to a
lack of daylight and the short-term replacement of a broken light. The comparatively lower
rating of the spatial perception in the Cabin Demonstrator could be caused by the fact that
the real flights were performed in an ATR72-500 with higher seat pitch. Normally, this
turboprop aircraft has 18 rows of seats (30′′ pitch). In the aircraft that was used for the real
flights, there were only 15 rows (34′′ pitch). A larger pitch increases legroom, which makes
passengers feel more comfortable.

Future research could concentrate on optimizing the level of vibration in the cabin
demonstrator to make it more realistic, for example, by using stronger shakers. Neverthe-
less, the demonstrator can be used to research new technologies and improve passengers’
cabin experience.

5. Conclusions
The On-Ground Regional Passenger Cabin Demonstrator makes it easier to improve

turboprop aircraft. The willingness to fly with such an aircraft is already high. If the
noise is also improved, these aircraft could be used more often. If more passengers use
turboprop aircraft, this will lead to lower fuel consumption and reduced CO2 emissions,
which in turn will have a positive effect on the environment. Therefore, the demonstrator
contributes to making the aviation industry more environmentally friendly while still being
passenger friendly.
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Appendix A
In Appendix A, detailed results about the evaluation of the acoustic environment

(Table A1) and vibration (Table A2) can be found.

Table A1. Results from real flights and flights in Cabin Demonstrator regarding acoustic environment.

Items Flight Phase Real Flights Flights in Cabin
Demonstrator

Mean (SD) 95% CI Mean (SD) 95% CI

Perceived noise
(1 = very loud,
7 = very quiet)

Ascent 2.49 (0.93) 2.30; 2.68 2.71 (0.83) 2.52; 2.90
Middle of cruise 2.59 (1.05) 2.38; 2.81 2.82 (0.75) 2.65; 3.00

Descent 2.85 (1.12) 2.62; 3.08 3.04 (0.87) 2.84; 3.24

Preferred noise
(1 = much louder,
7 = much quieter)

Ascent 5.65 (0.91) 5.46; 5.83 5.34 (0.82) 5.15; 5.53
Middle of cruise 5.72 (0.83) 5.55; 5.89 5.32 (0.74) 5.14; 5.49

Descent 5.41 (0.89) 5.23; 5.60 5.18 (0.70) 5.02; 5.34

Annoyance
(1 = not annoying,
4 = very annoying)

Ascent 2.05 (0.69) 1.91; 2.20 1.99 (0.79) 1.80; 2.17
Middle of cruise 2.17 (0.72) 2.02; 2.32 2.04 (0.98) 1.81; 2.27

Descent 2.06 (0.81) 1.90; 2.23 2.01 (0.64) 1.86; 2.16

Comfort
(1 = no comfort,
10 = extreme comfort)

Ascent 4.58 (2.08) 4.15; 5.01 5.14 (2.07) 4.65; 5.63
Middle of cruise 4.72 (2.00) 4.31; 5.13 5.62 (2.34) 5.07; 6.33

Descent 5.22 (2.05) 4.80; 5.63 5.79 (2.29) 5.26; 6.33

Discomfort
(1 = no discomfort,
10 = extreme discomfort)

Ascent 5.10 (2.31) 4.62; 5.58 4.89 (2.25) 4.35; 5.42
Middle of cruise 4.66 (2.30) 4.18; 5.13 4.84 (2.33) 4.29; 5.15

Descent 4.42 (2.23) 3.96; 4.88 4.58 (2.36) 4.01; 5.15

Acceptability
(1 = very unacceptable,
7 = very acceptable)

Ascent 4.46 (1.56) 4.14; 4.78 4.55 (1.42) 4.22; 4.88
Middle of cruise 4.45 (1.53) 4.13; 4.76 4.60 (1.56) 4.24; 4.97

Descent 4.71 (1.49) 4.40; 5.02 4.63 (1.42) 4.30; 4.96

Pleasantness
(1 = very unpleasant,
7 = very pleasant)

Ascent 3.35 (1.22) 3.10; 3.61 3.68 (1.18) 3.41; 3.96
Middle of cruise 3.20 (1.16) 2.96; 3.44 3.79 (1.39) 3.47; 4.12

Descent 3.59 (1.40) 3.31; 3.87 3.90 (1.39) 3.58; 4.23
SD = Standard deviation; CI = confidence interval.

Table A2. Results from real flights and flights in Cabin Demonstrator regarding vibration.

Items Flight Phase Real Flights Flights in Cabin
Demonstrator

Mean (SD) 95% CI Mean (SD) 95% CI

Perceived vibration
(1 = no vibration,
5 = strong vibration)

Ascent 2.62 (0.77) 2.46; 2.78 1.93 (0.45) 1.82; 2.04
Middle of cruise 2.49 (0.67) 2.35; 2.63 2.00 (0.53) 1.88; 2.12

Descent 2.43 (0.73) 2.28; 2.58 2.04 (0.58) 1.91; 2.18

Sum vibration for body areas
(11–55, higher values more
vibration)

Ascent 23.05 (6.35) 21.69; 24.40 19.88 (4.69) 18.56; 21.20
Middle of cruise 22.29 (5.92) 21.04; 23.53 17.86 (4.13) 16.76; 18.96

Descent 21.63 (7.19) 20.12; 23.14 18.36 (4.45) 17.17; 19.55
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Table A2. Cont.

Items Flight Phase Real Flights Flights in Cabin
Demonstrator

Mean (SD) 95% CI Mean (SD) 95% CI

Comfort
(1 = no comfort,
10 = extreme comfort)

Ascent 5.74 (2.10) 5.31; 6.17 8.21 (1.66) 7.82; 8.59
Middle of cruise 6.14 (1.92) 5.74; 6.53 8.14 (1.82) 7.71; 8.56

Descent 6.03 (2.16) 5.59; 6.47 8.14 (1.56) 7.77; 8.50

Discomfort
(1 = no discomfort,
10 = extreme discomfort)

Ascent 3.81 (2.12) 3.37; 4.25 2.25 (1.39) 1.91; 2.58
Middle of cruise 3.36 (1.98) 2.95; 3.77 2.49 (1.70) 2.09; 2.90

Descent 3.56 (2.14) 3.12; 4.00 2.51 (1.60) 2.12; 2.89

Acceptability
(1 = very unacceptable,
7 = very acceptable)

Ascent 5.33 (1.24) 5.08; 5.58 5.99 (1.15) 5.71; 6.25
Middle of cruise 5.36 (1.27) 5.10; 5.62 5.96 (1.06) 5.71; 6.21

Descent 5.36 (1.37) 5.08; 5.64 5.90 (1.02) 5.66; 6.14

Pleasantness
(1 = very unpleasant,
7 = very pleasant)

Ascent 4.14 (1.36) 3.86; 4.42 5.12 (1.34) 4.81; 5.44
Middle of cruise 4.11 (1.27) 3.85; 4.37 5.30 (1.27) 5.00; 5.60

Descent 4.22 (1.35) 3.95; 4.50 5.21 (1.23) 4.92; 5.50
SD = Standard deviation; CI = confidence interval.
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