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ABSTRACT
In previous work, a motion sickness prediction model aimed at vertical lift applications was developed. To validate
this model, flight tests with a MBB Bo-105 Helicopter owned and operated by the DLR were conducted. In total, 32
test subjects were flown in 16 sorties on 30 minute sinusoidal flight paths of various frequencies. The test design and
implementation included the development of a suitable measurement flight instrumentation, auditive cueing systems
for accurate following of the test trajectory and questionnaires for recording motion sickness during flight. The results
are analyzed and it is shown that the previously developed motion sickness prediction model agrees well with the
motion sickness observed during flight in the case of medium motion sickness.

INTRODUCTION

Motion sickness (also known as kinetosis) can be induced by
various means, including railway travel (Ref. 1), ship travel
(Ref. 2), car travel (Ref. 3) or air travel (Ref. 4). Even motion
simulators (Ref. 5) can provoke motion sickness. Symptoms
include nausea, vomiting, cold sweat, headache, sleepiness,
yawning, loss of appetite and increased salivation, which also
conveys the idea that motion sickness is generally not a desir-
able state. In the recent past, it has been identified that motion
sickness is a noteworthy topic for some forms of transport,
most prominently perhaps, the railway transport where the in-
troduction of tilting trains promoted the study of this topic.
Especially in countries where high-speed trains are introduced
to curvy track, motion sickness becomes a problem among
passengers as has been shown by Förstberg (Ref. 1). Further-
more, it can be easily seen, that a similar problem arises for
modern transport solutions. One such problem could be the
introduction of self-driving cars and therefore the simultane-
ous rise of self-driving carsickness as examined by Diels et al.
(Ref. 6). If we extrapolate these arguments for the upcoming
technology of urban air transport as proposed by numerous
start-ups and companies, it is easily imaginable that motion
sickness poses a serious problem for this kind of transport, es-
pecially if considering the proposed air-taxis, which will most
likely travel at low altitude over dense urban airspace in con-
juncture with many other air-taxis. Such operation conditions
will not only generate fairly complex movement patterns, but
are also prone to atmospheric disturbances like gusts. Given
these circumstances, we predict that motion sickness will play
a substantial role in the adoption of such urban air mobil-
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ity concepts. People certainly will not be excited about a
transport solution which is faster, but makes them sick ev-
ery time it is used. Therefore, the following research ques-
tion arises: How can motion sickness be accurately predicted
given a flight path or an aircraft motion of a VTOL aircraft?
This step is important in order to mitigate these risks in sub-
sequent steps, for example, in the design of a flight control
system. Kamiji et al. (Ref. 7) proposed a new motion sickness
prediction model which hinges on the idea of directly mod-
elling the human motion sickness mechanism. In a previous
publication by the author (Ref. 8), this prediction model was
numerically optimized with the help of empirical motion sick-
ness data gathered from literature sources, in order to further
enhance the prediction results. However due to a lack of data,
it could not be determined how accurate this model was in a
real-life scenario. In order to fill this gap, we conducted flight
tests with a small helicopter in order to gather data targeted
for the validation of this motion sickness prediction model.

The following text is structured as follows: First a short reca-
pitulation of the improved Kamiji model, presented in (Ref. 8)
is given, followed by a presentation of the overall flight test
design. Furthermore, the development and implementation
of the flight test instrumentation, auditive cueing system and
questionnaires is introduced. The results of these flight tests
will then be statistically analyzed and compared to the motion
sickness prediction of the improved Kamiji model of (Ref. 8).
The paper is concluded with a conclusion and outlook.

Improved Kamiji model

In a past publication (Ref. 8), the improved Kamiji model for
predicting motion sickness was presented. This model tries
to explicitly model the human motion sickness mechanism
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Table 1: Motion sickness scale used by Griffin et al. (Ref. 16)

0 No Symptoms
1 Any symptoms, however slight
2 Mild symptoms
3 Mild nausea
4 Mild to moderate nausea
5 Moderate nausea but can continue
6 Moderate nausea and want to stop

based on the sensory conflict theory first developed by Rea-
son and Brand (Ref. 9). It postulates that motion sickness
arises from a conflict of sensory inputs between the vestibular
system (inner ear) and the eye which differs from past ex-
perience. Bos and Bles (Ref. 10) first proposed to directly
simulate the sensory conflict theory and therefore to obtain a
motion sickness metric from motion data in the time domain.
This approach was adapted by Kamiji et al. (Ref. 7) and fur-
ther improved to include 6-DoF motions. This Kamiji motion
sickness model was then once more improved by the author
of this study in (Ref. 8). For this, the structure of the model
was adapted such that it complies with common aerospace
standards, and the inherent parameters of the model were op-
timized with the help of an empirical dataset taken from lit-
erature. The final block-diagram structure is depicted in Fig-
ure 1. The used dataset, called the Griffin dataset, consists of a
total of five different papers (Refs. 11–15) which contain em-
pirical data and analysis of motion sickness experiments with
humans, in order to better understand the effects of different
motion forms on motion sickness. In total, 580 subjects com-
pleted 620hours of testing inside the 12m Tilting and Trans-
lating Cabin setup of the Institute of Sound and Vibration Re-
search in Southampton. This simulator is capable of gener-
ating horizontal oscillation motions while simultaneously tilt-
ing or rolling the cabin. Each test subject performed 30min
of testing inside that motion simulator while he/she was sub-
jected to one motion candidate, which typically involved a
horizontal translational oscillation coupled with some degree
of corresponding roll/pitch oscillation. The test subjects rated
their motion sickness on a scale from 0 to 6 as listed in Ta-
ble 1, whereby the experiment was aborted if a test subject
indicated a motion sickness level of 6: ”Moderate nausea and
want to stop”.

Using a nonlinear optimization algorithm, the parameters and
gains of the improved Kamiji model as displayed in Figure 1
were tuned by the author (Ref. 8) in order to better predict the
empirical Griffin dataset. This tuning resulted in six differ-
ent parameter sets, one for each motion sickness level of Ta-
ble 1. Each model predicts the percentage of people reaching
one of the six motion sickness states given an input motion
characterized by its acceleration, angular velocities and atti-
tude. Furthermore the original and improved Kamiji model
were compared. It was found that given the motions of the
Griffin dataset, the improved Kamiji would adequately predict
the motion sickness levels experienced in these tests while the
original Kamiji model strictly predicted too low values of mo-
tion sickness.

It was therefore concluded that the improved Kamiji offered
good motion sickness prediction capabilities which were not
yet validated. As this research is focused on predicting motion
sickness for vertical lift vehicles such as helicopters or the up-
coming generation of urban air mobility vehicles, the natural
next step was deemed to compare the improved Kamiji mod-
els to flight tests on motion sickness. To the best of the au-
thors knowledge, no adequate flight tests data was published
yet. For this reason, it was decided to perform flight tests
at DLR in support of the validation of the improved Kamiji
model which can also serve as a general database for motion
sickness in vertical lift vehicles.

FLIGHT TEST DESIGN

Figure 2: DLR’s Bölkow Bo-105 helicopters, registration sign
D-HDDP

The flight tests were conducted with DLR’s Bölkow Bo-105
helicopter a light, twin-engine helicopter for two pilots and up
to three passengers, as shown in Figure 2. The flight experi-
ment was chosen to be a continuous harmonic sinusoidal roll
oscillation flown as coordinated turns at a fixed height and at
an airspeed of approximately 60 knots. Throughout the test,
the helicopter was manually piloted with the help of an audi-
tive cueing system which will be described below. The choice
of a sinusoid roll oscillation offers a continuous motion sick-
ness excitation and furthermore mimics the horizontal maneu-
vering which future urban VTOL vehicles are envisioned to
fly in densely populated areas.
Each flight test was conducted at one of three frequencies:
0.025Hz, 0.05Hz and 0.1Hz. While the Bo-105 helicopter
is capable of achieving significantly faster oscillations, pre-
flight tests showed that it is not possible for human pilots to
steer oscillations with higher frequencies with sufficient accu-
racy. In total, 16 flights were conducted in two test campaigns
in autumn of 2021, whereby five flights were conducted at
0.025Hz and 0.05Hz and six flights at 0.1Hz as indicated in
Table 2. To limit the testing area, the sinusoidal test was di-
vided into three 10 minute oscillations, connected by a 180◦

turn-around curve at the end of each leg. A typical trajectory
of the resulting flight path is shown in Figure 3. Each flight
test started at Brunswick airport (1), followed by a short flight
to the testing area (2) at which the three 10 minute sinusoidal
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Figure 1: Block diagram of the modified Kamiji motion sickness model. Newly added blocks are marked with a dashed outline

oscillations took place (3). Between each leg, a turn around
curve (4) was executed. The flight concluded with a transition
back to the airport (2) and a subsequent landing (1).

During the tests, two test pilots in the front and two test sub-
jects in the left and right backseat were onboard the helicopter.
In total, 32 test subjects participated in the tests with a 50-
50 gender ratio. Motion sickness was indicated by the test
subjects via a questionnaire, on which the test subjects would
rate their subjective sickness every two minutes on the mo-
tion sickness scale Table 1 ranging from 0 to 6. If a partici-
pant indicated a motion sickness level of six, the experiment
was aborted and the helicopter returned to the airport. All
participants were members of the DLR in Brunswick, as no
external test subjects could be taken onboard for insurance
reasons. No monetary compensation was offered to the test
subjects. The test subjects were instructed to take a relaxed
position and look out of the window throughout the flight. Us-
age of electronic devices was forbidden. As the flights took
place during the Covid-19 pandemic, methods for prevent-
ing infections were mandatory. All persons involved had to
wear an FFP-2 mask during pre-flight briefing but, not dur-
ing the flight test itself. Furthermore, a negative Covid-19 test
was required. Overall, the flight test was designed such that
it offers good comparability to the experiments of the Grif-
fin dataset (Refs. 11–15), as it features the same experiment
length, similar questionnaires, the same motion sickness scale
amongst others.

Table 2: Overview of performed flight tests

Flight nr.
Flight test
campaign Date Frequency (Hz)

1

#1

13.09.2021 0.025
2 13.09.2021 0.05
3 14.09.2021 0.1
4 14.09.2021 0.025
5 15.09.2021 0.1
6 16.09.2021 0.025
7 16.09.2021 0.05
8

#2

19.10.2021 0.05
9 19.10.2021 0.1
10 19.10.2021 0.025
11 20.10.2021 0.05
12 20.10.2021 0.1
13 20.10.2021 0.025
14 21.10.2021 0.05
15 21.10.2021 0.1
16 21.10.2021 0.1

FLIGHT TEST INSTRUMENTATION

In order to use the improved Kamiji model presented in
(Ref. 8), the acceleration of the helicopter, body rates as well
as its orientation has to be recorded with suitable frequency.
This requires the presence of a flight instrumentation system
capable of recording this data. Unfortunately, DLR’s Bo-105
helicopter used in this experiment is not equipped with a data
recording system. For this reason it was decided to use a hy-
brid approach, in which the built-in state-of-the-art Garmin
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Figure 3: The trajectory of flight test #1, representative of a
typical flight test. (1): Take-off/landing at Brunswick airport,
(2): Transit to the test track, (3): 3x10 minutes horizontal
oscillation legs, (4): turn-around between experiment legs

G500H TXi digital multi-function display and avionics sys-
tem installed on this helicopter was used in conjunction with
a temporarily installed smartphone to acquire all relevant sen-
sor data. In post-processing the data of these two sources was
then fused via a flight path reconstruction algorithm. This ap-
proach was first published in (Ref. 17).

The advantage of combining these two sensors is that low-
frequency, high-accuracy data from the installed flight dis-
play Garmin G500H TXi was fused with high-frequency, low-
accuracy information of a smartphone, resulting in a full state
reconstruction of the helicopter including wind with good ac-
curacy and high frequency of the data. The smartphone was
temporarily installed by strapping it to the middle back seat
with a textile rubber band. This approach has the advantage
that no additional certification was required, as the installation
is not permanent. The data of the Garmin G500H TXi was
extracted by exporting of ”maintenance” data onto a SD-Card
after the flight (Ref. 18, P. 2-38), which included lateral and
normal accelerations, body rates, euler angles, GPS-positions
and some other data at a rate of 1Hz. The signal source of this
display is the Garmin GSU 75H Attitude and Heading Ref-
erence System (AHRS), whereby the manufacturer does not
state any information on the accuracy of the datastream. The
relevant certification document (Ref. 19, P. 29, 2.4.2.3.1.) de-
tails that the angles are more accurate then 1.25◦, however the
standard explicitly states that no specification on angular rates
or linear accelerations is given (Ref. 19, P. 4, 1.5.3).
An Android smartphone equipped with a custom application
software was used,to read out the sensor data of the built-in
accelerometer, gyroscope and GPS device at a rate of 500Hz.
The smartphone was selected to be a Samung Galaxy S20
FE model featuring a Qualcomm Snapdragon 865 Octo-core
processor with a clock rate of up to 2.73GHz, six Giga-
bytes of RAM and 128Gb of internal memory as well as a
6.5” display which is regarded to be a medium to high-end

Table 3: Selected specifications of the smartphone IMU
TDK/INVESENSE ICM-42632-M MEMS IMU

Characteristic Value Unit
Accelerometer

Range ±8 g
Output RMS noise 0.7 mg−RMS
Resolution 0.24 mg
Nonlinearity ±0.1 %FS

Gyroscope
Range 1000 ◦/s
Output noise 0.038 ◦/s−RMS
Resolution 0.03 ◦/s
Nonlinearity ±0.1 %FS

smartphone. The built-in gyroscope/accelerometer sensor is a
TDK/InvenSense ICM-42632-M IMU featuring a triple-axis
MEMS gyroscope and a triple-axis axis MEMS accelerome-
ter. Detailed specification of this unit are listed in Table 3.

After each flight, both datastreams were combined with the
help of an Unscented Kalman Filter based data fusion ap-
proach. For this, first the log files of the smartphone and
Garmin G500H TXi unit were read into MATLAB®. Then
the data was preprocessed which entails unit conversion etc.,
followed by a time-selection by the user and subsequent time-
alignment of both datastreams. The time alignment is based
on the cross correlation of the vertical acceleration signals
of the two datastreams as these generally offer enough sig-
nal energy to accurately align the two datastreams. As the
smartphone was slightly tilted as a result of its mounting on
top of the rear seat, an installation angle alignment of the
smartphone data had to be performed. As a last step be-
fore the data fusion could take place, the measurement vec-
tors are inflated with empty values in case of the Garmin data,
while the smartphone data is downsampled and low-pass fil-
tered with a cutoff frequency of 50Hz such that both datas-
treams featured a sample rate of 100Hz. A flow-graph of
the complete process is depicted in Figure 4. As a last step,
both sensor datastreams were fused with the help of an Un-
scented Kalman Filter (UKF) and then smoothed with an Un-
scented Kalman smoother as proposed in (Ref. 20). The im-
plementation was performed in MATLAB®. Large parts of
the Unscented Kalman Filter and smoother implementation
were taken from (Ref. 21). The complete algorithm is also
often called a flight path reconstruction algorithm (Ref. 21).
The UKF performed in two steps. First a rotatory UKF was
executed, which fused all rotatory states of the system, with
a second UKF fusing the remaining translatory states into a
unified measurement vector. This approach is feasible, if it is
assumed that the translational and rotational accelerations are
zero

ax = ay = az = ṗ = q̇ = ṙ = 0 (1)

which corresponds to steady, unaccelerated flight. This as-
sumption is fairly common for flight path reconstruction al-
gorithms (Ref. 21). The resulting rotational state vector is
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Figure 4: Flow graph of the UKF-based data fusion

defined as

xrot =
(

ṗ q̇ ṙ p q r ϕ θ ψ
)T (2)

and the corresponding state update equation

ẋrot =



0
0
0
ṗ
q̇
ṙ

p+qsin(φ) tan(θ)+ r cos(φ) tan(θ)
qcos(φ)− r sin(φ)

qsin(φ)sec(θ)+ r cos(φ)sec(θ)


. (3)

Analogously, the equations for the translational case are given
by

xtrans =
(
ax ay az u v w x

y z WN WE
)T (4)

(a) Roll angle and rate

(b) Vertical acceleration

Figure 5: Measured and estimated signals of flight 3. Smart-
phone measurements in blue, G500H TXi measurement data
in red, UKF estimation data in black

and the state update equation by

ẋtrans =



0
0
0

ax −q ·w+ r · v−g · sin(θ)
ay − r ·u+ p ·w+g · sin(φ)cos(θ)
az − p · v+q ·u+g · cos(φ)cos(θ)

REB ·

u
v
w

−

WN
WE
0


0
0
0
0
0



. (5)

AUDITIVE CUEING SYSTEM

As noted previously, the helicopter was tasked with perform-
ing coordinated harmonic oscillations at one of the three test
frequencies. Due to the lack of an autopilot, the helicopter had
to be flown manually during the entire flight test, including the
experimental legs. To enable the pilot to accurately follow the
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required roll oscillations, an auditive cueing system was de-
vised. In contrast to a cueing display, an auditive system has
the distinct advantage of enabling the pilot to fly ”eyes-out”.
Therefore such a system does not interfere with the pilots nor-
mal flying duties, such as checking the instruments and ob-
serving the surrounding. The auditive cueing system indicated
the desired roll oscillation by verbally announcing the desired
roll angles. Therefore the system would announce ”0 *pause*
10 *pause* 20 *pause* 10 *pause* 0 *pause* −10 *pause*
−20 *pause* −10 *pause* 0 etc.”. The timing of the call
outs was chosen such that these would describe a sinusoidal
curve with an amplitude of 20◦. Furthermore it could be se-
lected which angles were announced, such that the intervals
between the announcements would remain constant for dif-
ferent frequencies. The pilot was tasked with following and
interpolating these announcements such that a smooth roll os-
cillation in phase with the announcements would result. This
approach was first tested in a mock-up in DLRs Air Vehicle
Simulator (AVES) and then implemented as an iOS applica-
tion which could be loaded onto the Apple iPad digital knee-
board of the pilots. In the Bo-105 helicopter, the intercom
system was used to output the audio generated by the iPad dig-
ital kneeboard and therefore could be heard via the headsets
by the pilots and passengers. Pilot training for this method
prooved to be easy, as they quickly learned that the different
callouts would serve as waypoints. E.g. the pilot would know
that when the ”0” callout occurs, the horizon has to be level.
Similarly, the ”20” callout serves as a waypoint for the rever-
sal of the oscillation. The test pilots rated the workload of this
system to be high, but achievable for the 30 minutes duration
of the flight test.
A plot of the announced and measured roll angle is displayed
in Figure 6 for the 0.025Hz and 0.1Hz oscillation. It should
be noted that the announced (or desired) roll angle was not in-
cluded in the data logging and therefore was reconstructed and
time-aligned to the measured signal via a cross-correlation
approach. Therefore no phase shifting information can be
gained from Figure 6.
In the case of the 0.025Hz oscillation shown in Figure 6b,
it is evident that the pilot was able to follow the reference
well. Some inconsistencies are present especially near the re-
versal points. The test pilots commented for this frequency
that the oscillation was too slow for their natural steering be-
haviour. Therefore they were sometimes overeager to roll the
helicopter back resulting in small roll angle spikes whereby
the attitude was then corrected to concur with the announce-
ments.
For the 0.1Hz frequency, the signal looks much cleaner al-
though some minor overshoot can be observed. This over-
shoot was observed to correlate with the flight tests: The
higher the frequency, the higher the overshoot of the roll an-
gle. However, as can be seen in Figure 6a, even at the highest
frequency of 0.1Hz the maximum overshoot is moderate.
As can be seen in Figure 6, the overall frequency adherence
of the measured roll angle to the desired frequencies was ex-
cellent. Due to the absolute nature of the verbal cueing sys-
tem the pilot was able to accurately follow the desired roll

angle, such that the resulting oscillation would be of the ex-
act desired frequency. To confirm this fact, a fourier analy-
sis of each 10 minute leg of all flights was performed, to de-
termine the main oscillation frequencies of each experimen-
tal leg. For the two segments shown in Figure 6a and Fig-
ure 6b, the main frequency turned out to be 0.1003Hz respec-
tively 0.0251Hz. Therefore, the deviation between the desired
and actually achieved frequencies are 0.0003Hz respectively
0.0001Hz. The highest frequency deviation over all 48 seg-
ments was determined to be not greater than 0.0004Hz. It
should be noted that this is a central attribute of the used ver-
bal cueing system, as by nature it yields absolute frequency
adherence whereby the error diminishes the longer the seg-
ments are. This property is highly desirable in the context of
these flight tests, as the severity of motion sickness is mainly
a function of the oscillation frequency (Ref. 22).

(a) Roll angle at f = 0.1Hz - Extract of first segment of flight 9

(b) Roll angle at f = 0.025Hz - Extract of first segment of flight 10

Figure 6: Two examples of resulting roll angle due to verbal
pilot cueing. Desired roll in red, achieved roll angle in blue

QUESTIONNAIRES

In order to gather information from the test subjects in prepa-
ration and during the flight tests, two types of questionnaires
were used. One being a pre-flight questionnaire intended to
determine general information about the motion sickness his-
tory of the test subject in question and a second in-flight ques-
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tionnaire which the test subject filled out during the flight tests
in order to indicate the motion sickness state.

The pre-flight questionnaire is largely based on the mo-
tion sickness history questionnaire by Griffin and Howarth
(Ref. 16) which was adopted and slighty extended. The origi-
nal motion sickness history questionnaire was designed in or-
der to determine the personal susceptibility to motion sickness
of an individual via a total of 15 questions regarding their
travel behavior on relevant modes of transport such as cars,
buses, coaches, small boats etc., the occurrence of any motion
sickness symptoms during these travels and general health of
the subjects. These questionnaires were adapted by translat-
ing it to german, and furthermore including a category named
”Helicopters”. Additionally, the category aeroplanes was split
into a category for small aircraft, e.g. general aviation aircraft
and commercial airplanes.
The questionnaire from (Ref. 16) is supplemented with a
methodology of assessing the given answers via a set of mea-
sures, regarding the susceptibility of the given individual. For
this, a number of metrics are calculated such as ”Travel fre-
quency in the past year” (T(yr.)), ”Vomiting frequency while
traveling in the past year” (Vtravel(yr.)) or ”Illness susceptibil-
ity in transport in the past year” Isusc.(yr.) to name a few.
These metrics were not only used for statistical analysis of the
distribution of test subjects over the various flights, but also to
identify suitable pairs of test subjects for each flight. This was
done to avoid the problem that one of the two two test subjects
could get severely motion sick and end the flight test before
the other test subject would feel significant levels of motion
sickness. This would diminish the ”useful” flight time of the
non-sick test subjects. For this reason, it was decided to pool
test subjects in pairs with similar motion sickness susceptibil-
ity based on the metric ”Illness susceptibility in transport in
the past year” Isusc.(yr.) determined by the pre-flight question-
naires. It is important to note that no statistical dependency is
created with this approach, as the assignment of test subjects
to the flights is still random.

During the flight, the test subjects indicated their perceived
motion sickness every two minutes on an in-flight question-
naire by crossing a box as shown in Figure 7. The ques-
tionnaires used the same seven point motion sickness scale
displayed in Table 1, which were furthermore color-coded to
improve the readability during flight. In total, the question-
naire consisted of four sheets, one cover for test subject iden-
tification and three sheets corresponding to one of the three
10-minute test segments. The test subjects carried the ques-
tionnaire via a kneeboard. As it was feared that shifting the
concentration to the kneeboard and therefore away from the
outside view could cause additional motion sickness, an in-
terval of two minutes between motion sickness indication was
chosen, which was deemed to be a good compromise. The
pilot non-flying supervised the test and instructed the test sub-
jects every two minutes to indicate their motion sickness state
on the in-flight questionnaire.

Bo105 Kinetose Flugversuche  Name:_________________ 

Seite 2 von 4 

1. Abschnitt 0-10 Minuten: 

 0. 
min 

2. 
min 

4. 
min 

6. 
min 

8. 
min 

10. 
min 

0 

      

1 

      

2 

      

3 

      

4 

      

5 

      

6 

      

0: Keine Symptome 
1: Kleinste Anzeichen von Symptomen  
2: Leichte Symptome 
3: Leichte Übelkeit 
 

4: Leichte bis mittlere Übelkeit 
5: Mittlere Übelkeit, das Experiment kann 
fortgeführt werden 
6: Große Übelkeit, das Experiment soll 
abgebrochen werden 

 

Figure 7: The in-flight questionnaire

STATISTICAL EVALUATION

In order to rule out variations in flight test conditions be-
tween the different flights due to differing meteorological con-
ditions, the manually piloted approach or the selection and
allocation of test subjects, some statistical analysis was per-
formed. From literature it is expected that the main contribu-
tor to the severity of motion sickness would be the oscillation
frequency (Ref. 11). To confirm this, Mann-Whitney-U and
Kruskall-Wallis tests were applied to confirm that the afore-
mentioned parameters did not favor one frequency over an-
other.

To confirm that the test subjects were distributed such that
no oscillation frequency was biased one way or another, sta-
tistical tests of age, weight and height but also parameters
from the motion sickness history questionnaire such as travel
frequency, illness susceptibility and total susceptibility were
tested for equality over the three oscillation frequencies. No
statistically significant differences could be found between the
three oscillation frequencies and these parameters. It is there-
fore concluded that the test subjects were evenly distributed
over the three oscillation frequencies with respect to their mo-
tion sickness susceptibility.
In the same manner, flight dynamics parameters such as mean
and maximum roll angle, pitch angle, rotational speeds, true
airspeed, wind speed and height were analyzed. Again, the
aim was to rule out an intrinsic bias of one oscillation fre-
quency over another. No statistically significant differences
could be found, except for the roll angle magnitude, which
can be seen in Figure 6 and pitch rate. Both influences stem
from the manually piloted approach of the flight tests and are
considered to be negligible. For example, the pitch rate dif-
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ference between the three frequencies is smaller than 1
◦
s .

FLIGHT TEST RESULTS AND
COMPARISON TO THE PREDICTION

MODEL

As a first step in the analysis of the flight test results, the mo-
tion sickness ratings encountered by the test subjects during
the flights are shown in Figure 8. In this graph the mean mo-
tion sickness of all test subjects is plotted for the three flown
frequencies. Please note that the graphs for mean motion sick-
ness of 0.025Hz does not start at zero, as some test subjects
felt slight symptoms of motion sickness because of the start
and transfer of the helicopter to the first test leg. Also, the
lines exhibit a small drop between each 10 minute experiment
leg when the helicopter completed a 180◦ turn-around curve
as can be seen in Figure 3. Some test subjects reported that
these turn-around curves offered a small relief from motion
sickness, resulting in a lower motion sickness rating. How-
ever, the general trend of the mean motion sickness curve
seem to make up for this intermediate drop after a couple of
minutes. Only one of the 32 test subjects flown reached a

Figure 8: Time series of the recorded mean motion sickness
ratings during the test flight

motion sickness rating of six, at the 26 minute mark. Upon
informing the pilot of this, the flight was aborted per test pro-
tocol.
Another flight was aborted due to non-specified medical rea-
sons. The data of this test subject was removed from the
dataset as it could not be ruled out that the motion sickness
indications of this test subject would be compromised.

From Figure 8 it can also be seen that the reported motion
sickness level for the frequencies of 0.025Hz and 0.05Hz is
very similar. Only the reported motion sickness degree for
0.1Hz shows significant differences. Assuming a critical p-
value of 0.05 or 5%, this intuition is confirmed by a statis-
tical evaluation with Mann-Whitney-U-Tests. At the end of
the flight (t = 30min) there is no statistically significant dif-
ference between the mean degree of motion sickness of the
0.025Hz and 0.05Hz frequencies (p-value: 0.764). In con-
trast, the mean degree of motion sickness of the 0.1Hz fre-

quency differs statistically significant from the 0.025Hz fre-
quency (p-value: 0.014) and the 0.05Hz frequency (p-value:
0.023). This leaves us with the conclusion that the 0.1Hz
indeed provokes significantly more motion sickness then the
other two frequencies.

Figure 9: Predicted percentage of people reaching one of the
six motion sickness degrees, divided by frequency

To generate the predicted motion sickness, the motion data as
generated by the flight path reconstruction algorithm was fed
into the improved Kamiji model. As presented before, this
model can be parametrized with one of six different param-
eter sets, one for each sickness level of Table 1. In total, 16
flights were performed resulting in 96 predicted motion sick-
ness incidence rates, one for each parameter set and flight.
The results can be found in Figure 9. Several interesting ob-
servations can be made from this plot: First of all, note that the
plot Figure 9a) reaches values above 100%, which is a direct
consequence of the chosen model structure of the improved
Kamiji model shown in Figure 1. The introduction of the out-
put gain Kout , originally introduced to enable better fitting of
the data, also results in predicted motion sickness values ex-
ceeding 100%. In fact, every time Kout > 1, such a situation
might occur. This problem was encountered only for motion
sickness level 1. Additionally, note that some plots such as
Figure 9d)-f), offer a bigger separation between the sets of
curves of the three frequencies. On the other hand, all curves
of motion sickness degree three Figure 9c) lie very close to-
gether regardless of the frequency. Also note that some lines
stop before the 30 minutes mark is reached, these are the
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flights which were aborted due to excessive motion sickness.

Probably the most interesting comparison is between the pre-
dicted and empirically determined motion sickness values.
The result of this comparison for motion sickness degree four
is shown in Figure 10. In that plot, the mean of all predictions
per frequency of Figure 9d) is shown. In comparison to the
empirically determined motion sickness of the flight tests. It
should be noticed that this display is different from the motion
sickness ratings over time as shown in Figure 8, as is displays
the percentage of people reaching a motion sickness degree of
four.

Figure 10: Time series comparison between mean predicted
(blue lines) and empirical (black lines) percentage of people
reaching motion sickness degree four

In Figure 10 it can be seen that the simulation and the experi-
ment generally agree. Especially in the case of the 0.1Hz os-
cillation, the predicted and experiment values are very close.
If one neglects the intermediate drops in motion sickness rat-
ings of the experiment at the 10 and 20min mark, the curves
seem to agree even more. Again, these intermediate drops
can be attributed to the turn-around curves of the flight path,
and the temporary relief in motion sickness excitation these
provide. In the case of 0.025Hz and 0.05Hz such clear state-
ments cannot be made, because of the relatively coarse gran-
ularity of the experiment results, which is a consequence of
the low number of test subjects. The motion sickness mod-
els for 0.05Hz predicts around 16% of people reaching mo-
tion sickness level four. The experiment on the other hand,
shows that roughly 11% reached this motion sickness level at
the t = 30min mark for that frequency. Although this means
that the prediction and the experiment agree, it should also
be noted that 11% is the percentage of one single test subject
reaching this level of motion sickness, which is a thin basis
for any statistical conclusion.
As mentioned before, a total of six different parameter sets
were derived for the improved Kamiji motion sickness pre-
diction model, one for each level of Table 1. All of these six
models are compared to the results of the experiment in Fig-
ure 11 at the t = 30min mark, which is also the end of the
flight test. The predictions are displayed as boxplots with a
red diamond marking the mean, the red line marking the me-

dian, the box in blue marking the upper and lower quartile
(25% and 75% percentile) while the whiskers in black mark
the most extreme data points not considered outliers. As it is
not possible to construct similar boxplots from the experimen-
tal data, only the mean is given marked by a thick black line.
As can be seen from this plot, the predictions for the percent-
age of people reaching a motion sickness degree of one and
two are too high when compared to the experiment data. In
fact, for degree one they are higher then the 100% limit of
the plot. This results from the output gain Kout and on the
other hand from improper data fitting. As shown in (Ref. 8), a
very large percentage of people reached motion sickness lev-
els one and two resulting in an abundance of 100% values in
that dataset and as a consequence improper fitting of the ac-
cording models.
Similarly, inaccuracies can be observed in Figure 11 for mo-
tion sickness levels of five and six. At these levels, the Griffin
dataset offers lower data fidelity for high motion sickness val-
ues as the motions tested in the Griffin dataset were not severe
enough to result in a large percentage of people reaching those
high motion sickness levels. For this reason, the fitting pro-
cess performed did not result in good fits of the corresponding
parameter sets.

Figure 11: Comparison of percentage of people reaching mo-
tion sickness degrees 1-6 for prediction and experiment. Pre-
dicted mean is shown as red diamond, experiment mean as
black thick line.

As a general observation of these flight tests, it should be
noted that the number of test subjects flown on these tests is
relatively low. Each frequency was only flown by around 10
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test subjects. By comparison, the majority of the motion sick-
ness tests conducted for the Griffin dataset contained an av-
erage of 20 test subjects per frequency (Refs. 11–15). Flight
tests are of course prohibitively expensive if compared with
simulator tests, which makes the dataset developed in this
work even more valuable.

CONCLUSIONS

In support of validating the improved Kamiji motion sickness
model and to generate a dataset for motion sickness, flight
tests on motion sickness were carried out onboard a Bo-105
helicopter. In total 32 test subjects rated their motion sickness
level during 16 flights. Several support systems were devel-
oped to enable the flight tests:

• A flight data recording system consisting of a smart-
phone and the Garmin G500H TXi system digital avion-
ics system installed in the helicopter was developed. The
data of these two devices is fused with a flight path re-
construction algorithm based on an unscented Kalman
filter. This approach prooved to be extremely cost and
time effective while providing good data quality for the
intended purpose.

• To enable the pilot to accurately follow the required si-
nusoidal roll oscillation, an auditive cueing system was
devised which verbally announced desired roll angles.
Data analysis showed that pilots could follow these roll
oscillations with small error. Especially the outstanding
frequency adherence of the generated roll oscillation is
emphasized. Workload for the pilots was high, but ac-
ceptable for the duration of the flight test.

• Questionnaires were successfully developed and used to
determine motion sickness in flight and perform basic
statistical data analysis on the distribution of test subjects
among the different flights and the flight tests itself.

In a final step, the motion sickness observed during flight was
compared with that predicted by the improved Kamiji model.
For this, the motion data acquired throughout flight and recon-
structed by the flight path reconstruction algorithm was fed
into the improved Kamiji model. By comparing the results of
the prediction to the experimental results, it was determined
that some parameter sets of the improved Kamiji model are
better suited than others. Comparisons between the predicted
motion sickness by the improved Kamiji model and the flight
test data show that especially the parameter set generating pre-
dictions for motion sickness level four seems to offer good
prediction quality. As discussed in (Ref. 8), this parameter set
is a good compromise between data fidelity with which the
parameter set was tuned and meaningful motion sickness lev-
els. It is concluded that the improved Kamiji model with the
parameter set of motion sickness level four seems to be very
well suited for predicting meaningful levels of motion sick-
ness for applications such as the design and development of

new generations of autopilots, path planning algorithms or vi-
bration reduction systems for modern helicopters and VTOL
vehicles.

Author contact: Philippe Petit, philippe.petit@dlr.de
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