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Förstberg, J., Andersson, E., & Ledin, T. (1999). Influence from lateral 
acceleration and roll motion on nausea: A simulator study on possible causes of 
nausea in tilting trains. Paper presented at the World Congress of Railway 
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1 Introduction 
Background 
In land-based transport, when travelling by car, bus or train, passengers perceive 
vibrations and shocks. Vibrations and shocks influence comfort and fatigue, 
therefore they also influence the passengers’ willingness to travel with that 
particular transport. High frequency vibrations and shocks, mostly due to 
unevenness in road, track or wheel surfaces or instability in wheel suspension etc, 
are by modern technology brought to a minimum. This improved performance and 
better ride comfort may permit higher speeds. However, higher speeds on curved 
roads and tracks mean higher levels of low-frequency (quasi-static) lateral 
acceleration that may reduce comfort. Inclining the road and track surface towards 
the curve centre reduces the lateral accelerations experienced by the passengers. 
By tilting the vehicle, these lateral accelerations can be further reduced. However, 
by tilting, roll motions will be generated during the transition curves and also low-
frequency variations of vertical accelerations. These motions and accelerations 
can be provocative for nausea and motion sickness according to (Griffin, 1990; 
Griffin, 1991; Wertheim, Wientjets, Bles & Bos, 1995). However, low-frequency 
lateral accelerations (Golding, Finch & Stott, 1997) and combinations of yaw and 
roll velocities can be provocative (Izu, Yanagihara, Yoneda, Hattori & Koo, 
1996). Therefore, it is important to find a way to minimise motion sickness 
provocations and other disturbances in ride comfort caused by low-frequency 
accelerations and angular motions. 
 
Objectives of the study 
The objectives of this experiment were: 

Part I  To investigate different combinations of lateral accelerations (in the 
horizontal plane) and roll motions will influence motion sickness 
(nausea.) The low-frequency lateral accelerations and roll motions (< 
0.5 Hz) used in the test are in the same order of magnitude experienced 
in tilting and non-tilting trains. Also, typical lateral and vertical 
vibrations found in trains were added to the motion conditions. These 
vibrations were in the frequency range of 0.5 – 15 Hz. 

Part IIA  To investigate different special combinations of roll and/or lateral 
motion will influence nausea ratings. These combinations were: limited 
roll velocity and limited roll acceleration, and limited second derivative 
of the lateral acceleration (Smooth corners). Also, vibrations were 
added. 

Part IIB  Additional tests with a condition with no added vibrations. 
 

The tests took place in the VTI car-driving simulator, where the car cabin was 
removed and replaced with a “train” cabin with two seats from an X2-train. The 
tests took place in June and  August 1998. 
 
Limitations in this study 
In a train environment, the low-frequency content of lateral and vertical 
accelerations together with roll and yaw motions are governed by the alignment, 
cant, the train speed and the tilt system. Although there are many factors that will 
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contribute to provoke nausea and motion sickness, this study is limited to 
investigate the influence of lateral acceleration together with different 
combinations of roll motion. Accepting these limitations, the test environment of 
the VTI car driving simulator, capable of generating horizontal (lateral) and roll 
motions, was selected instead of using a test train. With a simulator it is possible 
to generate combinations of lateral and roll motions in a systematic order, which 
is not possible in a train. On the other hand, the simulator has other limitations, 
such as the length of permissible motion in the lateral direction, maximum 
velocity and acceleration that can be generated by the moving system. In this case, 
it was possible to achieve a maximum acceleration of 1.1–1.2 m/s2 in the 
horizontal plane during a 6 s test sequence. This acceleration level corresponds 
with a normal curving with a non-tilting train, as experienced by the passenger. 
For a tilting train, the corresponding lateral acceleration at track level and in the 
horizontal plane is typically 2–2.5 times larger than for a non-tilting train. The roll 
angles used, in the test series, are about half the amplitude normally encountered 
in tilting trains but the magnitudes of roll velocity is of the right order.  
 
Definitions 
Definitions and terminology are shown in appendix A. Some terms may need to 
be explained for easier understanding. Test run is the individual test ride for each 
subject. It is normally 31 min in duration. Test turn and trial is used for indicating 
what number of order, the subject was taking part in a test run. Test condition 
indicates what kind of motion condition the subject were experienced, i.e test 
conditions reflects the test design. Motion sequences is the different motion 
patterns of the test motions. Different motion sequences build up a total motion 
sequence with the time lengh of 60 s. The total motion seqence is repeated 31 
times in a test run. Test sequence is the sequence of events during a test run, i.e. 
what the subject was supposed to do at certain time points, during the test run. 
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2 Material and methods 
2.1 Simulator motion system and limitations 
The car-driving simulator at VTI was used to provide lateral and roll motion (see 
Figure 1). 
 

 
Figure 1 Motion system of the simulator with the outer lateral and roll motion 

system for low frequency motions and inner motion system (vibration 
platform) with shakers for high frequency vertical and roll vibration. 
Pitch motions capability is not shown.  

 

The simulator has an outer motion system with the capacity of: 

Lateral displacement: ± 3.25  [m] 
Maximum lateral velocity:  2.0  [m/s] 
Maximum lateral acceleration:  2.0  [m/s2] 
Roll angle:  ± 24  [º] (0.42 [rad]) 
(Pitch angle:  ± 24  [º] (0.42 [rad])  Not used)  

and an inner motion system (vibration platform) capable of: 

Vertical displacement: ± 0.050  [m] 
(Longitudinal displacement: ± 0.075  [m]  Not used) 
(Roll angle: ± 7  [º]  (0.12 [rad]) Not used) 
(Pitch angle: ± 4  [º] (0.07 [rad]) Not used) 
 

The simulator is described in more detail, for example in VTI Särtryck 106A, 
150A and 279 (Nilsson, 1989; Nordmark, Jansson, Lidström & Palmkvist, 1986; 
Törnros, Harms & Alm, 1997). 
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Cabin 
On the moving platform, the normal car cabin was removed and a “train” cabin 
with the approximate dimensions 2 x 1.7 x 1.7 m was mounted, see Figures C-1 
and C-2. The rotation axis was 0.72 m above the floor of the cabin and 0.15 m to 
the left of the centre line. It was at about the chest level of the seated subjects. 
Inside were two second class seats (from X2 train) placed along the sides of the 
cabin with a narrow corridor between and behind the seats. The cabin walls were 
white coloured together with the ceiling and a wall-to-wall carpet covered the 
floor. Loudspeakers were placed underneath the chairs playing recorded 
background train noise. Interior lights were provided from two spotlights and 
from a common background light. A curtain between the subjects prevented direct 
eyesight. The subjects were instructed not to talk to each other during the test. 
Pictures showing an interior view of the cabin and the subjects’ position are 
shown in Figures C-3 and C-4. 
 
Background noise 
Noise from the outside while the cabin was moving was clearly audible, even if 
measures had been taken to sound isolate the cabin. The main source from outside 
was the lateral motion generator, a hydraulic pump with pegs and chains 
connected to the moving platform. This sound was correlated with the lateral 
velocity of the moving platform. 
 
Background train noise from the load speakers inside the cabin: ~ 62 dBA Leq 
Background noise from the outside, 
inside the cabin while moving without added train noise: ~ 58 dBA Leq 
Total noise level inside the cabin while moving and with train noise: ~ 64 dBA Leq 
 
 
2.2 Motions 
The selected motion sequences in the simulator should as closely as possible 
resemble a “real” acceleration pattern in a train when running into and leaving a 
curve. Therefore, given the limitations of the simulator, what low-frequency 
accelerations would appear in a train if track is moved 6.5 m sideways? Typical 
curves in a railway environment have transition curves where the radius varies 
and circular curves where the radius is constant. Changing radii means (train 
speed being constant) changing lateral acceleration (in the horizontal plane) and 
with a constant radius, there will be a constant lateral acceleration. The layout of 
transition curves is often of the clothoid type, i.e. the curvature (inverse radius) is 
linearly changing with the distance travelled along the line. This means that the 
lateral acceleration is linearly changing with time. The selected basic motion 
sequence selected was therefore trapezoidal and not sinusoidal. The limitation of 
lateral displacement to about 6.5 m meant that the acceleration and retardation of 
the moving cabin had to take place within that distance. It restricted the 
combinations of maximum acceleration level and the duration of the motion cycle. 
Three motion sequences were used; the first was relatively simple lasting about 
6 s, the second was long and complex with a test part lasting about 8.5 s and the 
third was short resembling a long-wave track irregularity. They are described in 
the next section. 
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2.2.1 Motion sequences 
Motion patterns were created from three motion sequences of lateral 
accelerations. Each sequence was integrated to determine if the lateral velocities 
and lateral displacements were within the capacity of the motion system of the 
simulator. Roll angles (ϕ) for the roll motions were generated from these lateral 
accelerations according to the formula: 

ϕ = k⋅arctan(ÿ/g)·180/π  [1] 

 where ÿ = lateral acceleration [m/s2]  
 g =  gravitational acceleration (9.81 m/s2)  
 k = degree of compensation (k = 0 – 1)  
 ϕ = roll angle [°] 

 
The roll angles generated by this formula [1] 
compensate the lateral acceleration to k%. This 
means, if k = 1.0 that the passenger inside does not 
perceive any quasi-static lateral acceleration, when 
the cabin is tilted with this angle ϕ during 
horizontal acceleration of the cabin. Roll velocity 
and roll acceleration was derived from roll angle 
by differentiation.  

 
The total motion sequence consisted of a 60 s sequence, built up from three 
different motion sequences. The total motion sequence then repeated itself for 31 
min for the whole test run.  

 
Motion sequence 1 
The motion sequence 1 was a 6 s long sequence, consisting of, see Figure 2 and 
also Figure B-1 in Appendix B: 

1. A 1.2 s part with uniform increase in acceleration up to a maximum lateral 
acceleration in the horizontal plane of 1.1 m/s2 (corresponding to a 
transition curve). Lateral jerk is 0.92 m/s3. The corresponding roll angle for 
100% compensation is 6.4° (0.112 rad) with roll velocity 5.4°/s (0.094 
rad/s). 

2. A 0.6 s part with constant lateral (horizontal) acceleration (corresponding to 
a circular curve). 

3. A 1.2 s part with retardation back to zero acceleration. (Parts 1–3 have a 
total duration of 3 s.) 

4. The next 3 steps was same as step 1–3 but with a negative sign. Thus, the 
total sequence is corresponding to a reverse curve. 

 

z 

y 

zc 

Yc 

ϕ

y & z in 
horizontal- 
/ vertical- 
plane 
 

yc & zc in 
plane of 
the cabin  
 

ϕ roll angle
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Figure 2 Motion sequence 1. Layout for 100% lateral (horizontal) acceleration 

and 100% roll motion. 
 
Motion sequence 2 
One way to achieve somewhat higher accelerations and longer “transitions 
curves” is to start the motion sequence with an initial lateral velocity. Therefore, 
this motion sequence starts with an acceleration part, then the test part and at last a 
retardation part. The test part was increased to 8.4 s and together with acceleration 
and retardation parts the total time duration was 22 s, see Figure 3 and Figure B-2. 

The motion sequence 2 consisted of:  
1. A 7 s part with low lateral (horizontal) acceleration of the cabin without roll 

motion. 
2. An 8.4 s main test part like the sequence 1 but the maximum lateral 

acceleration in the horizontal plane was instead 1.22 m/s2 with the 
corresponding roll angle of 7.1º (0.124 rad). The duration of transition parts 
were 1.8 s and the part with a constant lateral acceleration was 0.6 s. 
Maximum lateral jerk was 0.68 m/s3 and maximum roll velocity was 4.0°/s 
(0.069 rad/s) 

3. A 6,6 s retardation part with low acceleration and without roll motion.  
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Max. lateral (horizontal) acceleration 1.22 m/s2

Max. lateral jerk = 0.68 m/s3

Max roll angle = 7.1 ° (0.124 rad)
Max roll velocity = 4.0 °/s (0.069 rad/s)

 

Figure 3 Motion sequence 2. Layout for 100% lateral (horizontal) acceleration 
and 100% roll motion. 
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Motion sequence 3 
The motion sequence 3 was made to resemble a long wave irregularity in the 
lateral alignment. The irregularity had a duration of 3 s. It repeated itself with a 
negative sign so the total duration was 6 s. The lateral displacement was about 
0.15 m and the maximum lateral acceleration was 0.2 m/s2, see Figure 4 and 
Figure B-3. The cabin was able to roll during this motion according to the test 
condition in question.  

Figure 4 Motion sequence 3 (Long wave irregularity). 
 
Total motion sequence 
The total motion sequence, see Figure 5, consisted of a 60 s sequence was made 
up from two sequences 1, one sequence 2 and then once again the sequence 1 
(modified with a factor 0.921)1. After this two sequences 3 were inserted and at 
the end of the total motion sequence a few seconds of almost no motion was 
inserted in order to adjust the zero point of lateral motion. Appendix B shows 
examples of the motion quantities for the different motions conditions. This total 
motion sequence was repeated 31 times for the whole test run. 

                                                 
1 This because the sequence 2 stopped with less lateral distance from the zero point on the 
simulator track.  
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Figure 5 Lateral acceleration inside the cabin for the motion condition 1 with 

only lateral motion, low-pass filtered with 2 Hz. Lateral and vertical 
vibrations were added. 

 
Limitation of roll acceleration in “kinks” 
“Kinks” in the lateral accelerations and roll angles were 
rounded and spread out during 0.08 s. This lead to a 
limitation of roll acceleration to 67º/s2 (1.17 rad/s2) for 
Sequence 1 and 50º/s2 (0.86 rad/s2) for Sequence 2 for the 
fully compensated roll motion.  
 

 
Comparison with motion environment in tilting trains 
A comparison between the motion environment in trains (tilting, non-tilting) in 
Sweden (SJ) and Norway (NSB) and the two large motion sequences in the 
simulator cabin is shown in Table 1. 
 

0.08 s 

Kink 
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Table 1 Typical maximum values of lateral acceleration, jerk and roll motion 
parameters in Swedish and Norwegian train environment (tilting and non-
tilting) and corresponding values in the simulator cabin (for the two 
different motion sequences). 

Typical maximum / 

 minimum values 

Tilting trains 

SJ NSB 

Non tilting trainsi  

SJ NSB 

Simulator cabin 

Seq. 1 Seq. 2 

Units 

Lateral acc. in horizontal plane 2.6  2.8 1.9   1.9 1.1  1.2 [m/s2] 

Lateral acc. in track plane 1.6  1.8 1.0   1.0  -  - [m/s2] 

Lateral acc. in car body plane 0.5  0.8 1.3   1.25 1.1ii  1.2ii [m/s2] 

Time in transition curve (min) 3.1  2.0 3.5    1.2  1.8 [s] 

Lateral jerk (horizontal plane) 0.8 1.4 0.55 0.9  0.7 [m/s3] 

Lateral jerk (train car body) 0.2 0.4 0.45   0.8   

Roll angle (ref. horizontal plane) 12  11.5  - - 6.4  7.1 [º] 

 (0.21 – 0.20)  (0.11 0.12) [rad] 

Roll velocity 4.4  5.4 1.5  3.6 5.4  4.0 [º/s] 

 (0.077 – 0.094) (0.026   0.064) (0.094 0.070) [rad/s] 

Remarks: i  Example from category B train in Sweden and express trains in Norway 

 ii In condition with no roll motion. 

 Table modified from Kufver (1998) and Kufver & Gåsemyr (1999).  

 SJ Swedish State Railways, NSB Norwegian State Railways. 
 

Thus, the simulator can generate motions with the same magnitude of lateral 
jerkss and roll velocities perceived by the passengers in a tilting and non-tilting 
train. However, the time scale is much shorter, i.e. the generated frequencies in 
the simulator are much higher than in a typical train motion environment.  
 
Added accelerations 
To all test conditions, except for condition 13, lateral and vertical accelerations 
were added in the frequency range 0.5–15 Hz. The vertical accelerations were 
added through the shakers at the inner motion system and the lateral acceleration 
through the outer motion system. The acceleration signals were extracted from a 
measurement from earlier tests with SJ train type X2. The duration of these signals 
was 7 s and was repeated over and over. Appendix C shows the origin and the 
filtered version of these accelerations.  

 
 

2.3 Test conditions 
The test conditions were divided into two parts. Part I was designed to test lateral 
and roll motion influence on nausea and the part II was designed to test different 
roll (tilt) strategies when the overall lateral motion was determined. It was 
intended to test limitations in roll acceleration or roll velocity as well as transition 
curves with smoothed ends or cornes (Part IIA). One condition was included with 
no added vibrations (Part IIB). 
 
Part I 
The above total sequence (60 s) of lateral acceleration (horizontal plane) was 
denoted 1.1 m/s2, from the maximum value of lateral acceleration in. motion 
sequence 1. A corresponding roll motion was generated as 100% compensation of 
this lateral acceleration using Equation [1] above (k = 1.0), giving a maximum roll 
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angle of 6.43º (0.112 rad). To get other test conditions the lateral acceleration was 
scaled to get a 75% copy (max value 0.825 m/s2) and the roll motion was scaled to 
get 56% and 75% copies2 3.62º (0,063 rad) and 4.82º (0,084 rad), respectively. 
The different test conditions with their corresponding numbers are shown in 
Table 2. 
 
Table 2 Test conditions shown as functions of maximum values of lateral 

acceleration and roll angles. Lateral acceleration and roll angles are 
given relative to the horizontal plane. 
Max. roll angle 

Max. roll velocity 
Max. lateral acceleration 
in horizontal plane 

0 [º] 
0 [º/s] 
(0%) 

3.62 [º] 
3.0 [º/s] 
(56%) 

4.82 [º] 
4.0 [º/s] 
(75%) 

6.43 [º]; (0.112 [rad]) 
5.3 [º/s]; (0.094 [rad/s]) 

(100%) 

1.1  [m/s2]  (100%) 1 2 3 4 
0.825  [m/s2]  (75%)  5 6  
0  (0%)   7  

 
Mnemonics 
For mnemotechnical reasons the following mnemonics is used for the different 
test conditions: 
 

Condition 1 H100R0 (H = Lateral acc in horizontal plane, R = Roll) 
Condition 2 H100R56 
Condition 3 H100R75 
Condition 4 H100R100 
Condition 5 H75R56 
Condition 6 H75R75 
Condition 7 H0R75 

 
This scheme allows for comparison along the rows (same lateral acceleration in 

horizontal plane but increasing roll motion) or along columns (same roll motion 
but decreasing lateral acceleration). Comparisons can also be made between 
different amounts of compensation: 100% (condition 4 (H100R100) to condition 6 
(H75R75)) or 75% (condition 5 (H100R75) to condition 3 (H75R56)). Thus, the 
scheme gives three possible directions of comparisons. 
 
Part II 
All conditions in this part are derived from condition 3 with full (100%) lateral 
(horizontal) acceleration and 75% roll motion. The different conditions are 
described in Table 3. 

Conditions 8 (LRA) and 9 (LRV) use the same lateral acceleration as the 
reference condition 3 (H100R75) does. In track design, these conditions 
correspond to a changed superelevation ramp but an unchanged transition curve. 
In condition 10 (SE), the time function of the lateral acceleration is the same as 
the time function of the roll angle. A smoothening at the start and end of the 
transition curves eliminates kinks in curvature and roll angle. In track design, 
condition 10 corresponds to a change of the type of transition curve as well as the 
type of superelevation ramp (Kufver 1999).  
 

                                                 
2 75%·75%. = 56% 
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Table 3 Conditions involved in part II tests (lateral acceleration (ÿ): black 
lines, roll angle (α): dashed lines). 

Condition  Description - mnemonics 
3 Reference condition (H100R75) 

Condition 3 with lat acc max of 1.1 m/s2 and  
75% of roll motion (4.8 [º]). 

8 Limited roll acceleration (LRA) 
The roll acceleration was limited and increased in duration to 0.4 
s instead of normal 0.08 s. This limited the roll acceleration to 
13.4 and 10.0 [º/s2] for the short and long motion sequence, 
respectively. The roll acceleration started and ended 0.2 s before 
each “kink” in lateral acceleration. 

9 Limited roll velocity (LRV) 
The roll motion started 0.2 s before the lateral acceleration 
started and correspondingly ended 0.2 s after the rise of lateral 
acceleration was completed. The roll acceleration was the same 
as in condition 3, but the time for duration was reduced to 0.06 s 
(from 0.08s), giving a 25% reduction in roll velocity.  

10 “Smoothed corners” (SE) 
Limited roll acceleration and limited second derivative of lateral 
acceleration. The lateral acceleration has the same shape as the 
roll angle in  
condition 8. 

13 No vibration (NV) 
Same as condition 3 (H100R75) but without added lateral and 
vertical vibrations. 

Remarks: Conditions 11 and 12 are not reported here. 
 

 
2.4 Test design  
When choosing test design, several considerations have to be taken. One main 
consideration is to decide whether to use the test subjects only once (between-
subjects design, completely randomised design) or use them several times (within-
subjects design, repeated measurements).  

The advantage of the between-subjects design is easily to understand and 
analyse, and relative free from restrictive statistical assumptions. The main 
disadvantage are the large number of subjects required for even a modest 
experiment and a relative lack of sensitivity in detecting treatment effects when 
they are present (Keppel, 1991). 

The advantage of a within-subjects design is the control of subject variability – 
that is, the individual differences. In the ideal case, all variation will reflect the 
different conditions. The repeated measurement (within-subjects design) is 
therefore much more sensitive than complete randomised design using the 
subjects only once. However, one assumption for this high sensitivity is that the 
subjects will remain constant during the whole test procedure, i.e. respond in the 
same way for the same kind of input. Balancing the design can, in principle, 
control this, e.g. by a Latin square (Keppel, 1991). The within-subjects design 
with Latin square balancing has been used in the earlier train tests (Förstberg, 
1997). 

ÿ α

ÿ α 

ÿ α
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The disadvantages are several. First, there is a practice effect, which may be 
controlled by balancing, i.e. the order of appearance of the conditions. Second, 
there may also be differential carry over effects, which means that different 
conditions will influence the next condition differently. Third, there may be 
subjects, that do not want to take part in all test runs and the balanced design is 
not fulfilled. At last there may also be some statistical problems and a problem of 
generalizability of results (Keppel, 1991).  

The used designs in this test, has been both random assignments of subjects, 
subjects taking part in some conditions and in all conditions (seven conditions in 
Part I, four in Part II). This was necessary because of not all test subjects wanted 
to take part in all seven test conditions (Part I). Therefore, two test design with 
four conditions each was carried out. In addition to these repeated measurements 
design, some additional subjects were allowed to participate in order to enhance 
the number of test runs.  
 
Designs for Part I 
Repeated measurements 
For the repeated measurements, where were two designs, one for seven conditions 
(Table 4) and one for four conditions. For this a Latin square3 of order seven and a 
Latin square of order four were used. There also should be the same amount of 
subjects in each group.  

However, due to the possibilities of the different subjects to come and 
participate in the tight time schedule, the order in Table 4 had to be broken. The 
actual order of motion conditions for each subjects’ participation is shown in 
Table 5.  
 
Table 4 Latin square for seven conditions, i.e. seven trials (turns) and seven 

test groups, with randomly permuted columns. The table shows the 
planned conditions for each turn.  

 The number of the test run (trial) 
Group 1 2 3 4 5 6 7 

A 1 4 2 5 7 6 3 
B 2 5 3 6 1 7 4 
C 3 6 4 7 2 1 5 
D 4 7 5 1 3 2 6 
D 5 1 6 2 4 3 7 
E 6 2 7 3 5 4 1 
F 7 3 1 4 6 5 2 

 

                                                 
3 A Latin square is characterised by a test conditions is only used once in a row and once in a 
column (see also Appendix A2). Both rows and columns can be permuted. Table 4 shows the used 
Latin square of order 7, where the columns have been randomly permuted. The permutation is 
used to prevent order effects, for example, that condition 2 always follows condition 1. 
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Table 5 The actual order of test condition, for those subjects, taking part in all 
seven turns.  

Subject 
No: 

Gender Sens.i Age Turn  
1 

Turn 
2 

Turn 
3 

Turn  
4 

Turn  
5 

Turn 
 6 

Turn 
7 

10 Female 1 34 1 4 2 5 7 6 3 
21 Female 3 31 1 4 2 5 7 6 3 
33 Female 4 43 1 4 2 5 7 6 3 
19 Female 4 38 1 6 2 4 3 7 5 
3 Female 1 21 2 5 3 6 1 7 4 
17 Male 2 40 2 5 3 6 1 7 4 
18 Male 3 24 2 5 3 6 1 7 4 
20 Male 2 28 2 5 3 6 1 7 4 
1 Male 3 17 3 1 2 6 5 4 7 
23 Female 3 21 3 1 7 4 6 5 2 
2 Female 3 24 3 6 4 7 2 1 5 
9 Male 2 22 3 6 4 7 2 1 5 
28 Male 3 21 3 6 7 2 1 5 4 
7 Male 2 34 4 7 5 1 3 2 6 
5 Female 5 28 6 2 7 3 5 1 4 
6 Female 3 27 6 2 7 3 5 1 4 
29 Male 3 20 6 4 7 5 1 3 2 
4 Female 4 21 7 3 1 4 6 5 2 
26 Female 2 21 7 3 1 4 6 5 2 
11 Male 3 27 7 6 4 1 5 2 3 

Remark: i On a 7 grade scale from very low (1) to very high (7). 
 

For subjects only participating in four turns, they were distributed into two 
groups: one with the conditions no. 1, 2, 3 and 4 and another with the conditions 
no. 3, 5, 6 and 7. They were tested according to Latin Square of order 4. The 
condition no 3 was used as a common link between these groups. 
 
Randomised design 
Test subjects, only taking place in one turn, were randomly distributed among the 
test conditions, as far as it was possible, but a tight schedule made that difficult.  
 
Test deigns for Part II 
The test subjects in part II participated in four different test conditions and a Latin 
square of order 4 was used. Part IIA was divided into two groups of four different 
conditions, see Table 6. Subjects were randomly selected to these test condition 
groups. The condition 3 was used as a reference condition linking the test designs 
together. 
 
Table 6 Conditions and number of subjects for the test part II. 
 Conditions 
Part IIA 3, 8, 9 & 10 
Part IIB 3 & 13 (11, 12) 
Remark: Condition 11 and 12 not reported here. 
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2.5 Test subjects 
Advertisements for test subjects were displayed on the notice boards at 
Linköpings University (LiU) and on VTI’s web-site. About 155 subjects applied 
to the test. Of those 155 subjects, 90 were males and 65 females. The applicants 
had marked their preliminary self-rated sensitivity to motion sickness in three 
grades: low (1), medium (2) and high (3), see Table 7.  
 
Table 7 Number of applicants to the test.  
  Male Female Total 
Sensitivity (1) low 70 30 100 
 (preliminary  (2) medium 18 25 43 
 self-estimated) (3) high 2 10 12 
Total  90 65 155 
 

The males had significantly lower average levelof self-rated sensitivity for 
motion sickness than the females, see Table 8. No correlation with age was found. 
Mean age for males was 25.4 years and females 25.8 years and the median age 
was 24 years for both genders. 
 
Table 8 Male and female applicants’ mean self-rated sensitivity to motion 

sickness. 
 N Mean Standard 95 % conf. interval for mean 
Sensitivity  sensitivityi deviation Lower bound Upper bound 
Male 90 1.24 0.475 1.14 1.34 
Female 65 1.67 0.704 1.50 1.85 
Total 155 1.42 0.619 1.32 1.52 
Remark: i Sensitivity grades: low = 1, medium = 2 and high = 3. 
 
 
2.5.1 Selection 
Part I 
Earlier tests (Förstberg 1996) have shown that there is a large difference in the 
female/male response to motion regarding nausea. Therefore, an equal number of 
females and males were randomly selected from the test applicants from the 
preliminary sensitive classes; low and medium. This was done because too high 
sensitivity subjects were believed to be too sensitive to the motion conditions with 
supposed high nausea ratings. Secondly, there were too few male subjects with 
high sensitivity.  

Altogether 35 subjects were thus selected according to the rules above, in order 
to get at least seven groups with five subjects to fit into the test design. However, 
not all of the selected subjects could participate in all seven conditions and only 
twenty of them did this. Most of the others participated in four of the test 
conditions. Then they were randomly distributed into two groups. The first group 
participated in test conditions 1, 2, 3 and 4. The other group took part in 
conditions 3, 5, 6 and 7. Additional 8 subjects took taking part in one test run 
(turn). They were randomly selected to a motion condition.  

Therefore, 43 test subjects took part in at least one test run (turn) (not counting 
some pre-tests and not evaluated test runs), of these, 31 took part in at least four 
test conditions and 20 in all seven conditions. Altogether 206 test runs were 
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performed, see Table 9. One of these test runs was not further evaluated (male 
subjects) because of strong reaction to the test condition.  

 
Table 9 Number of subjects taking part in the different turns in the test part I. 
 Turn 1 Turn 2 Turn 3 Turn 4 Turn 5 Turn 6 Turn 7 Total 
Male 19 (18i) 16 16 14 10 9 9 92 
Female 24 19 19 17 12 11 11 113 
Total 43 (42i) 35 35 31 22 20 20 206 (205i)
Remark: i Number of subjects taking part and evaluated. 
 

Statistics for age and sensitivity for all subjects, taking part in at least in one 
test run (run), are shown in Table 10. Subjects, taking part in the test, rated their 
sensitivity to motion sickness on a seven point scale from 1 (very low sensitivity) 
to 7 /very high sensitivity).  
 
Table 10 Statistics for all subjects taking part in the first test run (turn), test 

part I. 
 Male Female 
Number 19 24 
Age mean  [year] 25.3 25.1 
Age median [year] 23 23 
Age sd.  [year] 8.1 5.4 
Age range  [year] 17 – 48 19 – 38 
Sensitivity meani 2.9ii 3.2ii 

Sensitivity median 3 3 
Sensitivity range 2 - 6 1 - 5 
Remark:  i On a 7 grade scale from very low (1) to very high (7). 
 ii Difference between male and female self-estimated sensitivity is p ≤0.034. 

(Likelihood ratio asymptotic significance). 
 
Table 11 Statistics for subjects taking part in all test runs, test part I. 
 Male Female 
Number 9 11 
Age mean  [year] 25.0 26.0 
Age median [year] 22 27 
Age sd.  [year] 9.6 4.1 
Age range  [year] 17 - 48 20 – 34 
Sensitivity meani 2.6 3.0 
Sensitivity median 3 3 
Sensitivity range. 2 - 3 1 - 5 
Remark:  i On a 7 grade scale from very low (1) to very high (7). 
 
Part II 
In test parts IIA and IIB, subjects were selected in three different categories with 5 
in each category. Categories were high sensitivity female and medium sensitivity 
males and females. This was done to get a more sensitive group than in test part I, 
because of the much smaller expected differences between the alternatives, see 
Table 12 and 13.  
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Table 12 Statistics for subjects taking part in the first turn, part IIA. 
 Male Female 
Number 5 11 
Age mean  [year]  24.2 24.7 
Age stand. dev.  [year] 6.0 9.3 
Age range  [years] 17 - 32 18 – 51 
Sensitivity meani 2.4 3.5 
Remark: i  On a 7 grade scale from very low (1) to very high (7). 
 
 
Table 13 Statistics for subjects taking part in the first turn, part IIB. 
 Male Female 
Number 6 9 
Age mean  [year]  22.7 23.4 
Age stand. dev.  [year] 5.2 3.1 
Age range  [years] 18 - 28 17 – 27 
Sensitivity meani 3.3 3.0 
Remark: i  On a 7 grade scale from very low (1) to very high (7). 
 

One subject in Part II vomited during a test run but took part in all her four test 
runs. 
 
 
2.6 Test procedure 
When the test subjects first arrived to the test site, they answered a questionnaire 
of background variables. These were: age, gender, how often they had travelled 
on different kinds of transportation (cars, buses, trains etc.), how often they had 
had nausea in those transportation modes and an estimation of their sensitivity to 
motion sickness. Then also fill in form that they accept the test conditions (they 
might get ill) and they were informed that they were allowed to withdraw at any 
point during the test. After that, they followed a test sequence of the following 
order: 
 
Test sequence  
Before each test run (turn):  
Questions of well being, medication (possible), tiredness and then 1 min of p-
deletion test (p-test)4. The p-test was done in order to judge if the mental work 
ability (alertness) was altered during the test caused by nausea. For examples of p-
tests and questionnaires, see Appendix E. 

After this preliminary administration of pre test questionnaire, the subjects 
were then taking their seats in the cabin. Subjects were asked to read when not 
answering the questions or doing the p-test. They were instructed not to talk to 
each other and because of a curtain between them they could not have eye 
contact.. After closing the door and an initialisation process of the simulator 
                                                 
4 p-deletion test (p-test): A test where the subjects were asked to find and mark as many p’s as 
possible during 60 s in random letter matrices. See further explanation under evaluation 
parameters and Appendix E. 
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system, the cabin started with a slow lateral motion to the right to reach a “zero” 
point of the track. The test run started and stopped from this position. The subjects 
were then asked to do the following procedure at the specified times. (Stated times 
below refer to the start of the test run).  
 
During the test run:  
Starting at Action 
0 min: Start of test run. 1 min p-test. 
1 min Rating of nausea and illness 
6 min Rating of nausea and illness 
10 min 1 min p-test 
11 min  Rating of nausea and illness 
16 min Rating of ride comfort, nausea and illness 
20 min 1 min p-test 
21 min  Rating of nausea and illness 
26 min Rating of nausea and illness 
30 min 1 min p-test 
31 min  Stop of test run. Rating of ride comfort, work ability, nausea 

and illness 
 

The test run stopped after 31 min and the cabin returned to the starting point. 
Subjects then left the cabin and remained in the testing room for further questions 
for about 10 min. 
 
After the test run: 
36 min Rating of nausea and illness 
40 min 1 min p-test 
41 min  Rating of nausea and illness 
42 min End of test, subjects were free to leave 
 

If a subject wanted to leave the cabin (for causes like moderate or strong 
nausea), the cabin was stopped and the subject could leave it. For the remaining 
subject the test was continued as soon as possible. About 5% of the subjects were 
interrupting the test in this way. They normally came back to their next session. 
The interrupting subjects answered another questionnaire with questions focused 
only on nausea and well being up to 30 min after disembarking the cabin. This 
was administrated because it was important to monitor the recovery from nausea 
and the subjects’ well being over a longer period of time. These data were useful 
to determine time constants for “leakage” of nausea and illness ratings. 

For the remaining test subjects in the cabin, their nausea rating were probably 
reduced because of the no motion condition during the stop. On the other hand, 
knowing that the subject next to you had been suffering nausea to a degree that 
they wanted to stop the test run, might be provocative. The stop took about two – 
three minutes. 

Test runs took place from 8.00 in the morning until 21.00 at night. Last start 
was 20.00. Each test normally took about 45–55 min.  
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2.7 Evaluation variables 
Nausea and illness ratings 
The main response from the subjects regarding nausea and well being were 
measured on a five and four grade scale: 
 
Nausea rating (NR) Illness rating (IR modified) IR (original) 
0 =  No symptoms 0 = I feel all right 0 = I felt all right 
1 =  Light symptoms but no nausea 1 = I do not feel quite well 1 = I felt slightly 

unwell 
2 =  Light nausea 2 = I feel rather unwell 2 = I felt quite ill 
3 =  Moderate nausea 3 = I feel bad  3 = I felt 

absolutely 
4 =  Strong nausea  (4 = I feel very bad, not used) dreadful 
(5 =  Vomiting, not used) 
 

Grades and scales for judging the degree of motion sickness have been 
developed by Graybiel et al (1968). This scale has modified and a practical scale 
for rating of nausea has developed by Golding et al (Golding et al., 1997; Golding 
& Kerguelen, 1992; Golding & Markey, 1996). For field studies a scale of rating 
illness (IR) has been develop by Lawter (1988) and Lawter and Griffin (1986; 
1987). Golding’s nausea rating scale has been adapted to this experiment as NR. 
For a possibility to have a reference to earlier train studies (Förstberg 1996), the 
illness ratings modified scale (IR) have also been used. The IR modified scale is 
called IR scale throughout the thesis. 

Some care has to be taken when using NR and IR scales. These grades, 
expressed verbally, may not be at equal distances from each other. This means 
that NR and IR are not necessary proportional against experienced nausea or 
motion sickness (illness) for the subjects. On the other hand there is no objective 
graded scale for nausea ratings. Five subjects with light symptoms (NR = 5 x 1) is 
equally valued as one vomiting subject (NR = 5). Nevertheless, practical tests 
show that these scales are working well enough for this purpose (Griffin and 
Golding, personal communication, 2000).  

Evaluated parameters for nausea and illness are: 
 Nausea Rating (NRX): Mean value for subjects’ NR at minute X 
 Illness Rating (IRX): Mean value for subjects’ IR at minute X 
 
Statistical considerations 
Since these nausea and illness ratings are rather alike, there should be a strong 
correlation between them. A Spearman correlation analysis show a significant 
correlation of 0.756 (p <0.001, N = 42) for the subjects in the first turn.  

There is a problem in the subjects’ responses on this scale. More than half of 
the subjects’ responses to nausea and illness in the test, are no symptoms and feel 
fine. This gives distributions that are very skewed. Normally, statistics based on 
the normal distribution are not applicable without care and maybe require some 
kind of transformation of data. Table 14 shows an example of a Kolmogorov-
Smirnov tests for the subjects’ estimated nausea at 26 min (NR26), testing if the 
distribution is of the Poisson type. 
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Table 14 One sample Kolmogorov-Smirnov test of Poisson distribution for 
subjects’ nausea ratings (NR26). Responses are from the first test 
turn. 

  NR26 
Number of subjects  42 
Poisson parametera, b Mean 1.36 
Most extreme difference Absolute 0.06 
Kolmogorov–Smirnov Z  0.39 
Asymp. significance (2-tailed)  0.998 
Remark: a  Under the assumption that the tested distribution is Poisson. 
 b  Calculated from data. 
 

The parameter NR26 may be Poisson distributed and a suitable transformation 
is the square root transformation5 (Montgomery, 1991). Table F-1 shows the 
corresponding test, under the condition that these distributions can be regarded as 
normal. The result is that NR26 cannot be regarded as normally distributed but 
NRmean can. Thus, when calculating the significance of a test hypothesis or using 
analysis of variance (ANOVA), a transformation should be used for NR26. 
Practical tests with NR26 have shown that the differences between evaluations 
with non-transformed and transformed variables are minimal. Therefore most 
evaluations are made with non-transformed variables but great care is needed. 
Other methods may be needed. 

 
Ordinal multinomial distribution 
However, nausea ratings (NR) and illness ratings (IR) belong to a distribution 
called ordinal multinomial. Ordinal means that there is a strict order between the 
different grades of NR and IR, i.e. “NR = 0” < “NR=1” < “NR = 2” < “NR = 3” 
< “NR = 4”. Multinomial implies that there is a probability pi for a rating in each 
grade i (class i) and ∑ pi = 1. This distribution is well suited for this propose.  

Test based upon the ordinal multinomial distribution and the use of generalised 
linear models (GLZ) see an short example in appendix A (Dobson, 1990; 
McCullagh & Nelder, 1989; Wiklund, 2000). 
 
Non-parametric tests 
Non-parametric tests may be used when testing the significance of a model. In this 
case, no transformation is needed, since no assumption is done concerning the 
distribution of responses. A typical non parametric test is Kruskal-Wallis test 
(Siegel & Castellan, 1988). 
 
Repeated measures 
The used test designs, in this test, involved both repeated measures as well as 
normal randomised design of test subjects. One way to cope with this mixed 
design is to use subjects as an explanation factor (if possible as a random factor) 
in the analysis of significance of the test hypotheses (Wiklund 2000).  
 

                                                 
5 Possible transformations are for Poisson distributions: zi = sqrt(xi) or zi = sqrt(1 + xi). Sqrt = 
square root. (Montgomery 1991) 
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Response variables, i.e. observed means, estimated marginal means and 
expected values 
Observed means are the normal mean or average value of a sample. Confidence 
intervals are calculated with standard deviation for each variable and the use of 
Student’s distribution.  

Estimated marginal means are calculated together with analysis of variances 
(ANOVA). It assumes both a normal distribution of samples and a linear model 
behind the explanation variables. It considers all entered values and creates a 
linear model. Therefore, it is a better estimation of the “true” mean than the 
observed mean. If the model is perfectly balanced the observed mean and the 
estimated marginal mean is the same. Estimated marginal means are calculated at 
the mean value at the possible entered covariates6. This method has the 
advantages that the influence from the covariate variables will be minimised7. The 
covariates used in the evaluation are shown in different tables and figures. 
Confidence intervals are calculated from the error in the regression model, usually 
making them smaller than the corresponding intervals for the observed means. 

Population means (expected values)8 are calculated from the ordinal 
multinomial distribution. The assumption made here is that the distance between 
each level of NR is one. The first advantage is that the difference between 
population means for the condition is fairly accurate although the exact levels are 
a little more uncertain. It depends on the standard error of the intercepts. See an 
example of calculating probability and population means in the appendix A7. The 
second advantage is that in an ordinal multinomial distribution for all turns (all 
test runs), where turn is entered as a explanation factor, the population means can 
be given for the first turn, second turn etc.  

The term population means for NR26 (first turn) show that only the samples 
(e.g. NR26) from the first turn are used in the ordinal multinomial distribution. 
The term population means for NR26 (all turns, estimated for the first turn) shows 
that samples (e.g. NR26) from all turn are used in the ordinal multinomial 
distribution and the population mean is given (estimated) as responses from the 
first turn. Normally this is also said in the figures and tables. The advantage in 
using all turns but still get a estimation for the first turn is that all samples are 
used for both a higher accuracy and an estimation with no adaptation. (The 
observed means and the estimated marginal means for the first turn and for all 
turn show quite different results due to adaptation of subjects). 

 
Non-parametric tests 
Non-parametric tests may be used when testing the significance of a model. In this 
case, no transformation is needed, since no assumption is done concerning the 
distribution of responses.  

                                                 
6 Covariates are quantitative explanation variables, used together with dependent variables to 
define a linear (regression) model. By taking the estimated marginal means the effects from the 
covariate variables are integrated out. 
7 From the help file for the statistical evaluation program SSPS. 
8 Population mean (expected value) = E[x] = ∑i (xi ⋅ f(xi)), where f(x) is the distribution of x. The 
expected value corresponds to the observed mean value, if the number of samples are high enough. 
The observed mean is calculated from the samples and the population means from the distribution 
of samples. 
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Repeated measures 
The used test designs, in this test, involved both repeated ratings as well as a 
single rating of test subjects. One way to cope with the repeated usage of subjects 
is to use subjects as a explanation factor (if possible as a random factor) in the 
analysis of significance of the test hypotheses.  

 
Symptoms of motion sickness (SMS) and nausea percentage (NP) 
The concept of symptoms of motion sickness (SMS) and symptoms of motion 
sickness incidence (SMSI) was used in the train experiments (Förstberg 1997). 
SMS was based on the quantities: dizziness (0, 1), nausea (0, 1) and illness ratings 
(0–4)9, but in this experiment dizziness was not recorded. Dizziness had very little 
influence on SMS as the main influence came from illness and nausea. Subjects 
were also omitted from the evaluation of SMSI in the train test, if they did not feel 
well at the start of the test ride. This was done, based on the observation that these 
subjects may later feel well at some point of the test run but could feel un-well in 
the end of the ride. In such a case, it was unclear the illness was a consequence of 
the test ride or not.  

In this experiment, SMS can be reformulated and be calculated based on nausea 
(NR) and illness (IR). SMS is then defined as a subject having any illness or 
nausea, i.e. SMS = 0, if IR = 0 and NR = 0 else SMS = 1. However, in the present 
report the term nausea percentage (NP) will be used not to confuse with SMSI. NP 
is defined as the percentage of subjects in a group that have SMS >0. 

 
p-deletion test 
The p-test test (p-deletion) was used to measure the mental performance of the 
subjects. This test has been used to measure recovery from anaesthesia (Dixon & 
Thornton, 1973; Gupta, Kullander, Ekberg & Lennmarken, 1995; Zuurmond, 
Balk, van Dis, van Leeuwen & Paul, 1989). Both the number of p’s correctly 
marked under a certain time and the number of missed p's has been used. In this 
case, the subjects had to perform a search of lower case “p” in a random matrix of 
small case letters, 40 letters wide and 50 letters high, under 1 min duration, every 
10 min of the test run. Additional tests were also undertaken before the test run 
(pre-test) and after 40 min from start of test run (9 min after stop of motion). The 
letter matrix was created with random letters not containing p (a–o, q–z including 
w but excluding å, ä and ö). Into this matrix, for each row, at two random columns 
the letter there was substituted by a “p”. This meant, that in each row, there were 
two “p”, except for a very few generated rows containing only one p. This could 
happen when the two random columns generated had the same number. In 
appendix E an example of a p-matrix is shown.  

Evaluated variables are number of p’s found in one minute and the number of 
searched rows.  

                                                 
9 The full IR modified five point scale was used in the train experiment but only IR 0–3 in the 
simulator experiment. 
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Comfort, comfort disturbances and work ability 
The subjects’ estimation of average ride comfort and ability to work/read were 
done on a five-grade scale from very bad to very good. Evaluated parameters are 
mean and standard deviation. 

The subjects’ estimation on comfort disturbances caused by shakings / shocks 
(laterally, vertically), large lateral acceleration (side-forces) and/or uneven tilting 
motion was done on a yes/no scale. Evaluation was the percentage of disturbed 
subjects. This was done in similar manner as in the train experiments in 1994 and 
1996 (Förstberg, 1997). 

 
Evaluation of accelerations and roll motion 
All motions were measured and recorded by a laptop computer during a total 
motion sequence of 60 s. The measured signals were: lateral and vertical 
accelerations (low pass filtered at 30 Hz) and roll velocity (low pass filtered at 
10 Hz). The accelerometers and the rate gyroscope were placed in a small box 
fastened on a surface parallel to the floor of the cabin.  

The MATLAB program was used for evaluation of measured signals. 
 

Statistical evaluation programs 
The statistical programs, SPSS (Statistical Program for the Social Sciences) and 
Statistica together with EXCEL, have been used for evaluation of statistical 
quantities. SPSS was used mainly for analysis of variances (ANOVA) and 
regression, Statistica for test based on ordinal multinomial distribution and cluster 
analysis. EXCEL was used for aggregating all analyses and used for some 
analyses. 
 



VTI rapport 450A 29 

3 Results 
The results are presented in four areas;  
! background variables,  
! nausea and illness ratings (NR, IR) from part I and from part II,  
! nausea percentage (NP), adaptation to motion and leakage of NR, IR and  
! p-deletion tests and comfort/discomfort. 

 
3.1 Background variables 
Sensitivity, travel experience, previous experience with motion sickness 
and gender  
Although most of the subjects in the test were selected equally from two groups of 
low and medium sensitivities to motion sickness, there still exists a difference in 
self-estimated sensitivity between genders, when all test runs are aggregated. The 
genders previous experience with motion sickness in different transport modes is 
significantly different although the experience with travel is not. There is a small 
difference between the two genders concerning if they felt they were rested before 
the test but this difference is not significant. About 14% of the males felt that they 
were not rested compared with about 23% of the female subjects.  

Table 15 shows differences in mean values for self-estimated sensitivity (all 
subjects evaluated for all turns and subjects evaluated for only taking part in the 
first turn), rested before start, travel experience and motion sickness experience 
for the two genders.  
 
Table 15 Differences in self estimated sensitivity to motion sickness, travel 

experience, previous nausea in travel and rested before test start 
between the male and female subjects. 

 Gender N Mean t df Significance 
(2-tailed) 

Sensitivityi  Male 92 2.696 -2.814 203 0.005 

 (all turns) Female 113 3.080    
Sensitivityi  Male 18 2.722 -1.690 40 0.1 

 (1st turn) Female 24 3.250    
Travel experienceii Male 18 3.944 -0.061 40 0.9  
 (1st turn) Female 24 4.000    
Previous nausea expiii. Male 18 2.056 -2.648 40 0.01 

 exp. (1st turn) Female 24 3.625    
Restediv  Male 92 0.141 -1.613 203 0.11v 

 before test run Female 113 0.230    
Remarks: i Sensitivity is estimated on a scale from 1 (no sensitivity) to 7 (very large sensitivity). 
 ii Travel experience is the sum of how often the subjects have travelled with X2000, 

normal train and aeroplane during the last year, with the numerical coding of 0 = 0 
times, 1 = 1 – 2 times, 2 = 2 - 6 times, 3 = 7 – 12 times and 4 = more than 12 times 
per last year. Maximum possible value is 12 (3 * 4). 

 iii Previous experience of nausea, is the sum of nausea experience in car, bus, ship, 
aeroplane, normal non-tilting train and tilting train in the last five years, with the 
numerical coding 0 = no, 1 = sometimes, 2 = many times. Maximum possible value is 
12 (6 * 2). 

 iv Rested at the start of the test: 0 = rested and 1 = not rested.  
 v An χ2 –test for the difference between genders on rested or not do not show any 

lower significance than reported here. 
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Gender, age and sensitivity to motion sickness 
Correlations between age, gender, sensitivity, previous motion sickness 
experiences in different transport modes, travel experiences and resulting nausea 
in the simulator test (NR26) are shown in Table 16. Sensitivity is weakly 
correlated with gender (r = 0.27; p ≤0,08; females have higher sensitivity) but not 
correlated with age (r = -0.18; p ≤0.25). However, age is strongly negatively 
correlated with motion sickness in cars (r = -0.55; p <<0.001) and almost 
significantly correlated with nausea rating (NR26) in tests (r = -0.96; p ≤0.051).  
 
Table 16 Spearman’s rank correlation between age, gender, sensitivity to 

motion sickness, motion sickness experience in cars, tilting trains 
(X2000), total travel experiences and nausea ratings in the test. 

Spearman's 
rank correlation 

Age Gender Sens. MS X2 MS car MS tot Travel 
exp. 

NR26

Age Corr. 1        
 Sign. -        
 N 44        
Gender Corr. -0.056 1       
 Sign. 0.719 -       
 N 44 44 44      
Sens. Corr. -0.177 0.270 1      
 Sign. 0.249 0.076 -      
 N 44 44 44 43     
MS X2 Corr. 0.024 0.134 0.406** 1     
 Sign. 0.878 0.391 0.007 -     
 N 43 43 43 43 43    
MS car Corr. -0.548** 0.291 0.549** 0.184 1    
 Sign. 0.000 0.055 0.000 0.237 -    
 N 44 44 44 43 44 42   
MS tot Corr. -0.248 0.352* 0.635** 0.418** 0.772** 1   
 Sign. 0.113 0.022 0.000 0.006 0.000 -   
 N 42 42 42 42 42 42 39  
Travel  Corr. 0.050 -0.006 0.241 0.189 0.165 0.220 1  
exp Sign. 0.756 0.969 0.129 0.242 0.303 0.179 -  
 N 41 41 41 40 41 39 41  
NR26 Corr. -0.296 0.238 0.317* 0.405** 0.356* 0.417** 0.320* 1 
 Sign. 0.051 0.120 0.036 0.007 0.018 0.006 0.042 - 
 N 44 44 44 43 44 42 41 44 
Remarks ** Correlation is significant at the 0,01 level (2-tailed). 
  * Correlation is significant at the 0,05 level (2-tailed). 
  MS X2, MS car = Previous experiences of motion sickness in X2000 and in cars. 
  MS tot. = Previous experiences of motion sickness in car, train, aeroplane, buses, 

ships and X2000 are summarised. 
 
Sensitivity and earlier motion sickness experience in different transport 
modes 
Table F-2 shows correlations between the subjects’ sensitivity to motion sickness, 
earlier experience of motion sickness from either cars, buses or tilting trains, 
gender, sensitivity to motion sickness and nausea ratings (NR26). Data are from 
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all the subjects’ first run in both tests (parts I and II). Gender correlates with 
previous motion sickness experience in car, buses, ships and NR26, but not with 
motion sickness in aeroplanes and trains (tilting and non-tilting). Motion sickness 
experience in tilting trains correlated with sickness experiences in buses, self-
estimated sensitivity and acquired nausea ratings (NR26) in the tests. 

Figure 6 shows the distribution of self-estimated sensitivity for the subjects 
taking part in the first turn. Females rate themselves with significantly higher 
sensitivity to motion sickness though care had been taken to eliminate this 
discrepancy in choosing the subjects. The difference in sensitivity between 
genders is not significant at the 5% level (p ≤0.099; N = 42) for the subjects 
taking part in the first turn.  
 

Number of subjects and cumulative distribution of self-estimated sensitivies
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Figure 6 Distribution of self-estimated sensitivities to motion sickness among 

genders, aggregated over all test runs in turn 1 (test part I). 
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3.2 Nausea and illness ratings (Part I) 
Forty-three subjects took part in test part I, altogether making 206 test runs. One 
of the test runs was not further evaluated because of subject was interrupting the 
test with a very strong response after about 15 min ride and was incapable of any 
further testing. The total response from all these 206 test runs are shown in 
Table 17. 
 
Table 17 Nausea rating after 26 min for all subjects in all test runs taking part 

in test part I. 
NR26 Male 

test runs
Female 
test runs 

Total 
test runs 

 

No symptoms 57 55 112 54.4%
Light symptoms 27 22 49 23.8%

Light nausea 5 22 27 13.1%
Moderate nausea 3 5 8 3.9%

Strong nausea  9 9 4.4%
Almost vomiting* 1  1 0.5%

Total 93 113 206 100%
Remark:  * This subject was not evaluated regarding conditions, because of his strong response. 

He interrupted the test after approx.: 15 min and had tested the condition 3. He did 
not take part in any further testing. 

 
Great care has been to prove that the nausea ratings NR26 for different 

conditions are significant. This is done because both of the repeated measures of 
subjects and the decreasing NR responses from the subjects. The argumentation is 
first to use a non-parametric test, then statistical tests based on ordinal 
multinomial distribution and at last on the analysis of variance (ANOVA) test, 
which is based on the assumption of normal distribution. With the ANOVA test, it 
is easy to find confidence intervals for the explanation variables. This is done with 
evaluation of all test runs. 

 
3.2.1 Results after the first trial (turn) 
The influence of time on nausea and illness ratings  
The influence of time on nausea and illness ratings (NR, IR) is strong, see 
Figure 7. The increase of NR and IR is almost linear from 6 to 26 min readings 
with time and then there is a small decrease at 31 min. The 36 and 41 min 
readings show a fast decay (leakage) of both NR and IR. For most of the 
conditions the highest values of nausea and illness ratings are at 26 min, therefore 
it is most convenient to use these responses (NR26, IR26) in order to compare the 
different conditions. Alternatively the average values from the ratings at 21, 26 
and 31 min may be used (NRmean).  
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Development of nausea rating (NR ) and illness rating (IR ) over time
Mean values over all subjects(42) in trial (turn) 1.
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Figure 7 Influence from motion on nausea and illness ratings (NR, IR) during 

tests. Average responses from all subjects after the first turn. Test 
stops after 31 min but probably subjects made their rating at about 32 
min. 

 
Tests of main effects regarding nausea ratings (NR26) 
The number of subjects participating in some of the test conditions were few in 
the first trial (turn). However, it may be interesting to see NR responses at 26 min 
for the different conditions, Figure 8. In this figure, the standard error10 and the 
number of subjects is indicated for the different conditions. There were large 
differences in magnitude of NR between first test trial (turn) and the coming test 
trials. In the first trial, all subjects are naive to the conditions in the test and not 
affected by any previous testing. The question is then, if there is any significant 
difference between the test conditions and if the severity of the conditions change 
during the test trials? 
 

                                                 
10 Standard error = standard deviation / (N)0.5, where N is the number of observations (subjects). 
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Nausea ratings (NR26 )
Observed  and estimated means at 26 min with standard error indicated

0

0.5

1

1.5

2

2.5

3

3.5

4

H100R0 H100R56 H100R75 H100R100 H75R56 H75R75 H0R75

Test conditions

N
au

es
a 

ra
tin

g 
at

 2
6 

m
in

 (
N

R
26

)
Male
Female
Total

N = 
1    8    9

N = 
4    2     6

N = 
4    4    9

N = 
2    3    5

N = 
2    0    2

N = 
2    2    4

N = 
3    5    8

Number of test subjects:
Male: 18
Female: 24
Total: 42

Standard error = 
standard deviation / 
squareroot (N)

 
Figure 8 Nausea rating after 26 min for the first test trial for test subjects with 

standard error indicated, if it exits. Indicated are the number of 
subjects (total and for each gender) for the different conditions.  

 
Test of main effects based on Kruskal-Wallis test 
After the first trial (turn), a Kruskal-Wallis test11 of the test hypothesis H0: 
Conditions do not influence the nausea ratings, gives an asymptotic significance 
of p ≤0.019. The H0 must then be rejected and the alternative hypothesis H1: 
Conditions do influence the nausea ratings, must be accepted. The results are 
shown in Tables 18 and 19 for the test variable nausea rating at 26 min (NR26) 
and NRmean12 for the different test conditions. Also the subjects’ self-estimated 
sensitivity differs significant on NR26 (p ≤0.028) and NRmean (p ≤0.018) but 
gender is not a significant variable on NR26 and NRmean (p ≤0.08), see Tables 
F-3, F–4 and F–5. 
 

                                                 
11 A non-parametric test, which do not use any assumption regarding the distribution of the tested 
variable. It uses only the ranking order of the different ratings.  
12 NRmean = mean of the following variables: NR21, NR26 and NR31. 
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Table 18 Kruskal-Wallis test of effects on NR26 regarding test conditions 
(trial 1).  

Condition N Mean rank 
for NR26 

Mean rank 
for NRmean 

1 H100R0 9 25.11 26.28 
2 H100R56 6 17.67 17.75 
3 H100R75 8 22.56 22.75 
4 H100R100 5 33.00 33.40 
5 H75R56 2 13.00 14.00 
6 H75R75 4 28.00 23.75 
7 H0R75 8 10.94 11.00 
 Total 42   

 
Table 19 Test statistics for Kruskal-Wallis test regarding differences in test 

conditions. 
Condition NR26 NRmean 
Chi-square (χ2) 
df 
Asymp. Sign (p). 

15.174 
6 

0.019 

13.87 
6 

0.031 
 

Test based on NR26 normally gives are better significance than test based on 
NRmean and therefore NR26 will used in the future. 
 
Ordinal multinomial distribution 
A better alternative is to use a suitable distribution for the response data, in this 
case, the ordinal multinomial distribution. The multinomial distribution is as like 
the binomial distribution but it has several levels. Each level has a probability pi 
and ∑ pi = 1. Figure 9 displays NR26 for the different test conditions according to 
both the ordinal multinomial distribution and the corresponding cumulative 
distribution. Notice the about 40% probability to have NR26 = 4 (strong nausea) 
for the condition H100R100. The corresponding probability to have NR26 = 4 for 
the roll only condition (H0R75) is very low (<0.5%). Instead the probability to 
have no symptoms (NR26 = 0) for H0R75 is high (73%). The ordinal multinomial 
distribution gives a very clear and understandable picture of the responses. 
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Probability distribution for NR 26 
Ordinal Multinomial Distribution

First trial (test run), N = 42

0%

10%

20%

30%

40%

50%

60%

70%

80%

H100R0 H100R56 H100R75 H100R100 H75R56 H75R75 H0R75

Test conditions

Pr
ob

ab
ilit

y 
(N

R
26

 =
 x

)

NR26 = 0
NR26 = 1
NR26 = 2
NR26 = 3
NR26 = 4

 
Figure 9 Ordinal multinomial distribution for NR26 from the first test trial.  
 
Test of main effects based on the ordinal multinomial distribution 
Tables 20–22 show tests of the main effects for test condition, gender and self-
estimated sensitivity on NR26 based on the ordinal multinomial tests (with logit 
link function). These show that condition is a significantly variable on 5% level (p 
≤ 0.012), but either gender nor self-estimated sensitivity is not significant on the 
5% level. This is probably due to the relatively few subjects in each class. 

 
Table 20 Test of main effects on NR26 regarding test condition. 

  
df 

Wald 
Stat. 

Sign. 
p 

Intercept 4 34.88 0.000 
Condition 6 16.37 0.012 
Remark: Distribution: Ordinal multinomial. Link function: Logit.  
 
Table 21 Test of main effects on NR26 regarding test condition and gender. 

  
df 

Wald  
Stat. 

Sign. 
p 

Intercept 4 34.76 0.000 
Condition 6 15.73 0.015 
Gender 1 1.85 0.174 
Remark: Distribution: Ordinal multinomial. Link function: Logit.  
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Table 22 Test of main effects on NR26 regarding test condition and self-
estimated sensitivity. 
  

df 
Wald 
Stat. 

Sign. 
p 

Intercept 4  33.57 0.000 
Condition 6  14.02 0.029 
Sensitivity 4  4.53 0.339 
Remark: Distribution: Ordinal multinomial. Link function: Logit.  
 

A corresponding test with IR26 does not yield any significance for test 
condition on the normal test statistics (Wald statistics), but with likelihood (LR) 
statistics the conditions are significantly different. However, gender is not a 
significant variable, see Table 23. 
 
Table 23 Test of main effects on IR26 regarding test condition and gender. 

 df Wald 
Stat 

p Log- 
Likelihood 

Chi- 
Square

Sign. 
p 

Intercept 3 12.634 0.005 -41.587   
Test condition 6 4.712 0.581 -30.927 21.320 0.002 
Gender 1 0.626 0.429 -30.602 0.650 0.420 
Remark: Distribution: Ordinal multinomial. Link function: Logit. Likelihood type 1 test.  
 
Population means – expected values 
Expected values13 from the ordinal multinomial distribution are easily calculated. 
The assumption made is that the distance between each level of NR is one. The 
main advantage is that the difference between expected values for the condition is 
fairly accurate but the exact levels are little more uncertain. It depends on the 
standard error of the intercepts. See an example of calculating probability and 
expected means in the appendix A5. Figure 10 displays these values for male, 
female and total. A comparison with observed means (see Figure 8) show that 
these agree for most test conditions but for condition H75R75 the expected values 
are much lower. This is probably due to both few data and some data with high 
NR giving a high mean value (NR26 = 2) but fitting these data into the model 
together with all other data reduces the expected value (NR26 = 1.1). 
 
 
 

                                                 
13 Expected values = E[x] = ∫ x ⋅ f(x) dx ( = ∑i xi ⋅ f(xi), if discrete distribution), where f(x) is the 
distribution of x. 
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Expected values from probability distribution for NR 26 
Ordinal Multinomial Distribution
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Figure 10 Expected values from ordinal multinomial distribution for NR 26 for 

the different test conditions. 
 

An ANOVA test of condition, gender and sensitivity do not show any 
difference results then already is show from the above results. 

Conditions is a significant explanation variable for the nausea ratings (NR26) 
on 5% level Gender and sensitivity are significant variables on the 10% level.  

 
3.2.2 Results aggregated from all test trials  
Time influence 
The average female, male and total responses for nausea and illness ratings (NR, 
IR) from all test trials (test part I) are shown in Figure 11. The responses for the 
different conditions are shown in Figure 12.  
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Development of nausea rating (NR26) over time
Aggregated over all test motions. Female, male and total response
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Development of illness rating (IR ) over time

Aggregated over all test conditions. Female, male and total response
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Figure 11 Development of nausea ratings (NR) and illness ratings (IR) over time 
of the test. Average responses from all subjects and from all 205 test 
runs. Female, male and total responses are shown. The test stops after 
31 min. 
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Development of nausea ratings (NR ) over time
Comparison between the different test condition. 205 test runs
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Development of illness ratings (IR ) over time

Comparison between the different test conditions. 205 test runs.
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Figure 12 Development of nausea and illness ratings (NR, IR) during the time of 

the test run, separated for the different conditions, for the 205 test 
runs evaluated.  
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Observations: 
Some aspects of the results are obvious: 
• There are large differences in female and male NR and IR responses. The 

discrepancy between male and female mean self-estimated sensitivity (male 
=2.72; female = 3.25)14 can not fully explain this large difference in responses.  

• The different conditions causes very different nausea and illness ratings. 
• The ratings are lower when all turns are averaged than after the first turn 

(compare Figure 7 and Figure 8 with Figure 12). 
• The ratings at 31 min do not usually follow the same increase in NR (IR) as 

the previous ratings. This may be due to a time delay from the test run's stop 
to the subject's estimation of his/her response because of answering other 
questions in the questionnaire. 

• After 31 min NR and IR are rapidly decreasing (leakage).  
 

Significance tests 
Since the test design was mixed with both repeated usage of subjects (mostly four 
and seven times) and one time usage, special measures have to be taken. 
According to Wiklund (personal communication) one way of handling this is to 
use subjects as an explanation variable in the analysis. This can be done both 
subject entered as a random factor or as an independent factor.  
 
Significance test based on the ordinal multinomial distribution 
By using the ordinal multinomial distribution, significance tests show that 
subjects, test condition and test trial are significant variables for explaining the 
variation in NR26, see Table 24.   
 
Table 24 Test of main effects on NR26 regarding subjects, test condition and 

trial (turn). 
  

df 
Wald  
Stat. 

Sign. 
p 

Intercept 4 103.55 0 
Subjects 41 70.67 0.003 
Condition 6 43.04 1.1E-07 
Trial (turn) 6 38.43 9.3E-07 
Remark: Distribution: Ordinal multinomial. Link function: Logit 
 

The variation between the different subjects is significant. However, further 
analysis with more explanation variables besides conditions and subjects will give 
pivot elements close to zero. This will give uncertain results in the tests. 
Therefore, the variable subject is then omitted from the analysis. Table 25 shows 
the same test as above but without subjects as a variable for a comparison. The 
result is that the significance is somewhat lowered but still very high.  
 

                                                 
14 On a seven-grades scale: No sensitivity (1) to very high sensitivity (7). 
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Table 25  Main effects tests on NR26 regarding test conditions and trial (turn) 
  

df 
Wald 
Stat. 

Sign 
p 

Intercept 4 130.30 0 
Condition 6 28.85 6.5E-05 
Trial (turn) 6 19.98 0.003 
Remark: Distribution: Ordinal multinomial. Link function: Logit 
 

Table 26 shows a corresponding test on the variables gender, condition, trial 
and self-estimated sensitivity. The sensitivity is limited to the grades 1 – 4, since 
the number of subjects with higher sensitivity than 4 are few. All variables are 
significant. 
 
Table 26 Test of main effects on NR26 regarding gender, condition and self-

estimated sensitivity. 
 df Wald 

Stat. 
Sign 

p 
Intercept 4 124.59 0 
Gender 1 3.69 0.054 
Condition 6 31.46 0.00002 
Trial (turn) 6 22.71 0.0009 
Sensitivity 4 22.03 0.0001 
Remark:  Self-estimated sensitivity limited to the grades 1 – 4. 
 Distribution: Ordinal multinomial. Link function: Logit 
 

A testing of not only main effects but also interaction effects between 
condition, gender and trial show that there are no significant 2-way interaction 
effects. However, there is a 3-way significant interaction between these variables 
on the 5% level, see Table 27.  
 
Table 27 Test of main effects on NR26 regarding gender, condition and trial 

including interaction effects. 
  

df 
Log- 

 Likelihood 
Chi- 

Square 
Sign. 

p 
Intercept 4 -246.648   
Gender 1 -242.444 8.407 0.004 
Test condition 6 -228.401 28.087 0.00009 
Test trial (turn) 6 -216.431 23.939 0.0005 
Gender * condition 6 -213.815 5.233 0.51 
Gender * trial 6 -212.673 2.283 0.89 
Condition * trial 33 -193.671 38.002 0.25 
Gender * condition * trial 13 -182.251 22.841 0.044 
Remark:  Likelihood type 1 test.  
 Distribution: Ordinal multinomial. Link function: Logit 
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Analysis of variance (ANOVA) 
The usual way of testing significance is using the analysis of variance (ANOVA). 
The usual ANOVA assumes that the response variable is normally distributed. In 
this case, NR not normally distributed. However, it is still interesting to test 
nausea and illness rating (NR, IR) with this test and thereby obtain mean values 
with confidence intervals for these variables. Table 28 shows that both condition, 
subjects and trial (turn) are significant explanation (independent) variables in 
explaining the nausea ratings (NR26) (p ≤0,001). The independent variable 
“subject” is entered as a random factor to take care of the effects of repeated 
measures. However, entering subjects as a factor in the analysis make it difficult 
to enter gender as a factor in the analysis. They are not independent from each 
other. Also, with too many factors in the analysis, the convergence of the 
ANOVA is problematic. Therefore, the variable subject is omitted from further 
analysis. However, Table 29 show the same test as Table 28 but without the factor 
“subject” in the analysis. The factor condition is still very significant explanation 
variable.  
 
Table 28 Tests of main effects (ANOVA) on NR26 regarding condition, subjects 

and trial.  
Source   Type III Sum of 

Squares 
df Mean 

Square(MS)
F Sign. 

p 
Intercept Hypothesis 68.381 1 68.381 64.510 5.75E-13
  Error 134.092 126.5 1.060i  
Test  Hypothesis 25.685 6 4.281 6.409 4.7E-06
condition Error 104.197 156 0.668ii  
Subject Hypothesis 99.072 41 2.416 3.618 3.94E-09
  Error 104.197 156 0.668ii  
Trial (turn) Hypothesis 10.431 1 10.431 15.617 0.0001
  Error 104.197 156 0.668ii   
Remark:  i  0.224 MS(Subject) + 0.776 MS(Error). 
 ii MS(Error). 
 ANOVA with subjects entered as random factor, trial as covariant factor, normal 

distribution assumed. 
 

Table 30 shows the same test as Table 29 but without subject entered as a 
random factor. The resulting F- and p-values are slightly decreased but still the 
significance are very high. This model explains about 17% of the variation of the 
responses.  
 
Table 29 Tests of main effects (ANOVA) on NR26 regarding condition and trial. 
Source Type III Sum 

of Squares 
df Mean 

Square 
F Sign. 

p 
Corrected Model 40.126 7 5.732 5.556 7.46E-06 
Intercept 62.809 1 62.809 60.872 3.49E-13 
Conditions 30.311 6 5.052 4.896 0.0001 
Trials 8.824 1 8.824 8.552 0.0039 
Error 203.269 197 1.032   
Total 373.000 205    
Corrected Total 243.395 204    
Remark:  r2 = 0.165 (Adjusted r2 = 0.135) 
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Post hoc analysis 
A post hoc analysis according to Tukey (assuming equal variances) and according 
to Tamhane (not assuming equal variances) shows significant differences between 
two groups of conditions: between condition 3 (H100R75) and conditions 5 and 7 
(H56R56, H0R75) and also between condition 4 (H100R100) and conditions 5 
and 7 (H56R56, H0R75) at the 1% level. 
 
Improved model – estimated marginal means 
A another model can be achieved after accepting that self-estimated sensitivity of 
the subjects and adaptation to the motion environment after repeated participation 
(i.e. number of turns) are strongly influencing the responses. One way to enter 
these variables in the ANOVA is to use them as covariates. Covariates are 
quantitative predictor variables15 used together with dependent variables to define 
a linear model. From the linear model, an estimated marginal mean can be 
computed, which is a better estimation of true means than the observed means.  

Table 30 shows this improved model and now sensitivity is the most 
significant variable, followed by condition, turn and gender. This model explains 
33% of the variation of nausea ratings. The two-way interaction gender * 
condition is not significant, implying that genders do not respond (very) 
differently from each other concerning type of test condition. Table F-6 shows the 
same ANOVA but with the transformed variable sqrt(1 + NR26). Only small 
differences exits. 
 
Table 30 An analysis of variance (ANOVA) on nausea ratings (NR26) with 

respect to condition and gender. Turn and sensitivity entered as 
covariates. 

Source Sum of Squares df Mean Square F Sign. 
Corrected model 81.264 15 5.418 6.315 8.2 E-11 
Intercept 0.173 1 0.173 0.201 0.654 
Sensitivity 22.326 1 22.326 26.025 8.1 E-07 
Turn 7.144 1 7.144 8.328 0.004 
Gender 5.777 1 5.777 6.735 0.010 
Condition 27.210 6 4.535 5.287 4.6 E-05 
Gender * condition 7.340 6 1.223 1.426 0.207 
Error 162.131 189 0.858   
Total 373 205    
Corrected Total 243.395 204    
Remark:  r2 = 0.334 (Adjusted r2 = 0.281) 
 
Influence from lateral (horizontal) acceleration and roll motion 
One way to visualise the responses from the different conditions is to show them 
in a plane, where the axes are lateral acceleration and roll angle (just as the 
conditions are defined in Table 5). Figure 13 shows estimated marginal means for 
NR26 with turn and sensitivity entered as covariates.  
 

                                                 
15 See explanation of covariate and estimated marginal means in Appendix A. 
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Figure 13 Averaged results of Nausea ratings (NR26) for all subjects taking part 

in test part I. Based on estimated marginal means. Sensitivity and 
turns entered as covariates.  

 
The Figures F-2 and F-3 show the corresponding figures for males and 

females. Nausea ratings increase with both lateral accelerations in the horizontal 
plane and roll motions. However, the condition (H0R75) with only roll motion (no 
lateral acceleration in the horizontal plane), gives very low NR values although 
subjects feel a lateral acceleration in the cabin floor plane.  

Estimated marginal means for females, males and all subjects are shown in 
Figure 14 together with approximate 90% confidence limits for the different 
conditions. The corresponding figure with observed means is shown in Figure 
F-1. The differences between the observed and marginal means are in most cases 
less than 20%. 
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Nausea ratings (NR26 ), comparison between test motions
90 % confidence interval from 205 test runs. 
Turn and sensitivity entered as covariates. 
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Figure 14 Nausea ratings (NR26) for test part I for the different conditions with 

90% confidence intervals. Displayed values are estimated marginal 
means with sensitivity and turn entered as covariates. 

 
Gender and sensitivity 
Gender and sensitivity are some of the most important variables in explanation of 
differences in nausea ratings between the subjects. Differences in NR for the 
genders in this test may be explained by the difference of mean self-estimated 
sensitivity for motion sickness. Gender and sensitivity are partly concurrent 
variables and not independent of each other.  

An ANOVA with sensitivity entered as independent variable together with 
gender and condition, show that the factor gender is no longer significant at the 
5% level (p ≤0.07), see Table F-7. Post hoc tests (Tukey) show that significant 
differences (at 5% level) exit between NR26 responses between sensitivity 1 and 
4, between sensitivity 2 and 3 and between sensitivity 2 and 4. Two-way order 
interactions like condition*sensitivity, condition*gender and gender*sensitivity 
are not significant. This means that conditions giving a high NR, will probably 
give it for both genders. A sensitive female will not respond very different from a 
sensitive male. 

However, there some conditions have different responses for the genders, for 
example conditions 1 and 6 (H100R0, H75R75). It may be possible to classify the 
conditions into high, medium and low provocative conditions with the following 
classification: 
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 Male Female Total 
Highly provocative Condition 4 Conditions 3, 4 & 6 Conditions 3 & 4 
 H100R100 H100R75, H100R75, H100R75, H100R100 
  H75R75 
Medium provocative Conditions 2 & 3 Conditions 1 & 2 Conditions 1, 2 & 6 
 H100R56, H100R75 H100R0, H100R56 H100R0, H100R56 
 H75R75 
Low provocative Conditions 1, 5, 6 & 7 Conditions 5 & 7 Conditions 5 & 7 
 H100R0, H75R56,  H75R56, H0R75 H75R56, H0R75 
 H75R75, H0R75 
 

For the low provocative motion conditions (5 and 7), it seems that neither non-
sensitive nor sensitive subjects are responding to the motion stimuli. Highly 
provocative conditions (3 and 4) seem to be conditions with high content of both 
lateral and roll motion. 

Figure 15 shows the nausea ratings (NR26) separated in the factors: condition 
and sensitivity. Sensitivity is limited to three levels (1–2, 3 and 4–5), since the 
number of subjects with sensitivity 1 and 5 are low. It shows a total increase of 
NR from sensitivity 2 to 4, but the increase is very different for each condition. 
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Figure 15 Nausea ratings (NR26) for all subjects divided in conditions and self-

estimated sensitivity. Sensitivity classes 1 and 2 are joined together 
and sensitivity classes 4 and 5. 

 
Figures F-4 and F-5 show the corresponding NR responses for male and female 

subjects for the different sensitivity levels. An ANOVA (Table F-7) shows that 
gender is no longer significant when sensitivity is entered as an independent 
variable. This model has an explanation value (r2 – value) of 0.48, which is better 
than the previous models. Sensitivity and gender are concurrent variables and not 
really independent. As a conclusion the influence from sensitivity on nausea 
ratings is strong and can be shown as in Figures 16 and17. Females are more 
strongly affected than males. 
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Figure 16 Influence from self-estimated sensitivity on nausea rating based on all 

trials. 
 
The influence of sensitivity on nausea ratings (NR26) can also be shown with 

evaluation with the ordinal multinomial distribution. Figure 17 shows expected 
values for NR26 for each level of self-estimated sensitivity for the test conditions. 
It is apparent that subjects (females) that have rating their sensitivity to motion 
sickness as 1 is underestimating their true sensitivity. 
 

Nausea ratings for different self-estimated sensitities
Based on all data on ordinal multinomial distribution, calculated for the first trial
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Figure 17 Influence of self-estimated sensitivity on NR26 for the different 

conditions. The figure is based on ordinal multinomial distribution for 
data from all trial but shown here as for response for the first trial. 
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Rested or not rested – influence on nausea ratings 
It seems that being rested at the start of the test has a great impact on the 
responses (NR26), see Table 31. In about 19% of the test runs, subjects were 
reporting at the test start that they were not fully rested (13 males, 14% and 26 
females, 23%). Less than 8% of these (3 subjects) said they did not feel alright 
(feelgood) at the start, compared to 6% (10 subjects) from the rested group. No 
correlation was found between the variables rested and feelgood (most subjects 
that was reporting not feeling all right did so because they had a cold). Non-rested 
males displayed a nausea ratings (NR26) that was more than 100% than rested 
males. Females displayed an similar increse but about 30%. They reached about 
the same average level of nausea ratings (NR26 =1.13).  
 
Table 31 Estimated marginal means for nausea ratings (NR26) for rested and 

not rested subjects with 90% confidence interval. 
 Est. marg. Standard.  90% confidence interval 
 means error lower bound upper bound 
Rested       
 Male 0.55 0.105 0.38 0.72 
 Female 0.88 0.102 0.71 1.05 
 Total 0.72 0.072 0.60 0.83 
Not rested
 Totala 

 
1.13 

 
0.173 

 
0.85 

 
1.42 

Remark: a Female, male and total nausea rating (NR26) for not-rested are about the same. 
  Evaluated at covariates appearing in the model: sensitivity = 2.90, turn = 3.47. 
 
Significance 
The influence from rested and not rested subjects is significant (p <0.02). If 
gender is entered as a factor in the test, then rested/not rested is much weaker 
(p <0.06), see Table 32.  
 
Table 32 Test of main effects on NR26 regarding condition, trial, rested / not 

rested and gender. 
 df Wald 

Stat. 
Sign 

p 
 df Wald 

Stat. 
Sign 

p 
Intercept 4 118.16 0 Intercept 4 121.83 0 
Condition 6 29.27 5.4E-05 Condition 6 28.13 8.9E-05 
Trial 6 20.08 0.003 Trial 6 21.75 0.001 
Rested/not rested 1 5.47 0.019 Rested/not rested 1 3.63 0.057 
    Gender 1 7.63 0.006 
Remark: Distribution: Ordinal multinomial. Link function: Logit. 
 

A corresponding test with the effects of the variable feelgood (I did not feel all 
right at the start of the test run) show that it does not influence the response 
nausea ratings at all (p <0.52). 

Figure 18 shows the difference in estimated marginal means for NR26 
regarding condition and rested/non rested. Note the higher levels for “non-rested” 
subjects and the great difference for test conditions 4 and 6 (H100R100, H75R75). 
A corresponding estimation with multinomial distribution show about 0.5 units 
higher values on NR26 for non-rested subjects than rested subjects.  
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Figure 18 Differences in nausea ratings (NR26) for rested and non-rested 

subjects. Altogether 33 test runs (19%) were made with non-rested 
subjects. 

 
 
3.2.3 Results from subjects taking part in all seven trials 
Data from the subjects taking part in all seven turns is important in judging if the 
whole set of data for every subject is in agreement with this subgroup. Figure 19 
shows the estimated marginal means for nausea ratings (NR26). A comparison 
with Figure 14 shows some differences. There are very small differences in mean 
values aggregated for all condition for NR26. Most of the differences are less than 
0.1 in NR26. The observed means are shown in Figure F-6. The greatest 
individual differences in NR26 for males are for conditions 7 (H0R75) and 1 
(H100R0). The difference is 0.26 and 0.15, respectively. For females, the 
differences are for conditions 2 (H100R56) and 7 (H0R75) with the values -0.8 
and -0.15, respectively.  
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Nausea ratings (NR26 ), comparison between test motions
Estimated marginal means.  Only subjects taking part in all 7 turns, 90% confidence interval
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Figure 19 Estimated marginal means for nausea ratings (NR26) for the subjects 

taking part in all seven turns. 90% confidence intervals are indicated. 
Sensitivity and trial (turn) are entered as covariates. 

 
Significance 
A test of the effects of subjects, condition and test trial (turn) on nausea ratings 
(NR26) shows all these variables are strongly significant, see Table 33.  
 
Table 33 Test of main effects on NR26 regarding subjects, test condition and 

trial for those subjects that took part in all seven turns. 
  

df 
Wald 
Stat. 

Sign 
p 

Intercept 4 74.30 2.78E-15
Subjects 19 44.86 0.0007
Test conditions 6 27.06 0.0001
Trial (turn) 6 22.80 0.0009
Remark: Distribution: Ordinal multinomial. Link function: Logit 
 

As before, testing more variables together with the variable “subjects” will 
encounter a zero pivot element, resulting in uncertain estimations. Therefore, the 
variable “subject” is omitted from further analysis. Gender and sensitivity are as 
before partly correlated variables, which show that gender is a significant variable 
when self-estimated sensitivity is not entered as a variable. If sensitivity is entered 
when sensitivity is significant but not gender, see Table 34. 
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Table 34 Test of main effects on NR26 regarding gender, condition, trial and 

sensitivity. 
  

df 
Wald 
Stat. 

Sign 
p 

  
df

Wald 
Stat. 

Sign 
p 

Intercept 3 72.30 1.33E-15 Intercept 3 79.96 0 
Gender 1 2.29 0.130 Gender 1 4.734 0.029 
Condition 6 15.601 0.016 Condition 6 13.92 0.031 
Trial 6 10.77 0.095 Trial 6 10.38 0.11 
Sensitivity 4 10.856 0.028   
Remark: Distribution: Ordinal multinomial. Link function: Logit 
 
 
3.3 Nausea ratings (Part II) 
The test part IIA was aimed to show the difference between standard condition 3 
(H100R75) and any of the following conditions: low roll acceleration (LRA), low 
roll velocity (LRV) and when both roll and lateral acceleration having “smoothed 
ends” (SE), see Table 3. The test part IIB was aimed at showing the difference 
between condition H100R75 with added vibrations and one without vibrations 
(NV).  

Figure 20 shows the main results on nausea ratings (NR26) for the different 
conditions and gender. The LRV condition gave low NR26 for males and the SE 
condition gave low NR26 for females. The conditions LRV and SE show potential 
reductions of NR26 with about 20–30%. The difference between no vibration 
condition (NV) and reference condition (H100R75) is not significant. 
 

Nausea ratings (NR26 ), comparison between test conditions, Part II
Estimated marginal means (90 % confidence interval). Expected NR26 (all trials)
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Figure 20 Estimated marginal means for NR26 and expected NR26 (all trials) 

from test part II. The magnitude of condition 13 (NV) has been 
changed, so a comparison between part IIA and part IIB can be made. 
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Significance 
The nausea ratings (NR26) in Part IIA is significant different with respect to 
condition on the 10% level, see Table 35, but not regarding trial (turn). Condition 
in Part IIB in non-significant, however trial (turn) is. 
 
Table 35 Test of main effects on NR26 regarding subjects, conditions turn. 

 df Wald  
Stat. 

Sign 
p 

Log- 
Likelihood 

Chi- 
Square 

Sign 
p 

Intercept 4 37.71 1.29E-07 -89.24   
Subjects 15 30.57 0.010 -47.26 83.97 1.3E-11 
Conditions 3 6.23 0.10 -43.89 6.73 0.08 

 df Wald  
Stat. 

Sign 
p 

Intercept 4 36.74 2.04E-07 
Subjects 15 30.90 0.009 
Conditions 3 5.43 0.14 
Trial (turn) 3 3.83 0.28 
 
 
3.4 Influence of turn (number of trials) and adaptation to 

motion conditions 
During the course of the experiment, the number of subjects with moderate and 
strong nausea was decreasing, see Table 36. This indicates that the subjects are 
adapting to the test and the environment conditions.  

 
Table 36 Distribution of nausea symptoms for all evaluated subjects for each 

test run (turn). The first part shows the number of subjects with 
different symptoms at 26 min and the second part shows the 
percentage of subjects with no symptoms and with symptoms at 
26 min. 

  Turn  
1 

Turn  
2 

Turn 
3 

Turn 
4 

Turn 
5 

Turn 
 6 

Turn  
7 

Total 

Male No symptoms 4 11 12 11 8 6 5 57 
 Light symptoms 13 4 3 2 2 2 1 27 
 Light nausea   1   1 3 5 
 Moderate nausea 1 1  1    3 
Total  18 16 16 14 10 9 9 92 
Female No symptoms 7 9 10 10 8 6 5 55 
 Light symptoms 4 3 4 2 2 2 5 22 
 Light nausea 6 4 5 2 1 3 1 22 
 Moderate nausea 3   2    5 
 Strong nausea 4 3  1 1   9 
Total  24 19 19 17 12 11 11 113 
Grand Total  42 35 35 31 22 20 20 205 
Male with no symptoms 22% 69% 75% 79% 80% 67% 56% 62%
 with symptoms 78% 31% 25% 21% 20% 33% 44% 38%
Female with no symptoms 29% 47% 53% 59% 67% 55% 45% 49%
 with symptoms 71% 53% 47% 41% 33% 45% 55% 51%
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This can also be illustrated as by Figure 21, where the nausea ratings (NR26), is 
averaged over all conditions for the different trials. The reduction of NR26 is 
large, in average about 40% reduction from turn 1 to turn 2 and about 60% to turn 
3. Large number of subjects in condition 4 may explain the increase of NR for 
males being tested in trial 7. 
 

Adaptation to motion conditions
Development over number of test runs (trials) of nausea ratings (NR26 )
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Figure 21 Nausea ratings (NR26) over the different turns.  
 

The variable trial (turn) is found to be a significant variable. By studying those 
subjects, who have taken part in all seven turns, it is easy to see that they were 
less nauseous after three to four turns. For example, subjects who had to interrupt 
the test, during the two or three first test runs, could manage to fulfil a full test run 
in the later turns even though that they were taking part in severe conditions like 
1, 3 or 4. Adaptation to the motion conditions can be illustrated by the 
development of nausea ratings (NR26) per turn. Figure 22 show the adaptation to 
the motion conditions after each test run by the subjects. The figure is based on 
expected values from the ordinal multinomial distribution16. The reduction of 
nausea ratings (NR26) is 30% to the next test trial and about 50% for following 
trials for the most severe condition.  

For condition 3 (H100R75) it is possible to plot the observed means for the 
different trials (turn), see Figure 23, since most subjects have tested that 
condition. The adaptation to the motion is here clearly visible with a decreasing of 
NR26 values with of -0.15 units per trial (r2 = 0.62). Tables F-9 and F-10 show 
models for sensitively and adaptation of turn.  
 

                                                 
16 The multinomial distribution means there are strict order between different levels of responses. 
For each level (NR = 0, NR = 1 etc) a probability is estimated. Correspondingly, for each level of 
each factor a modifying parameter is estimated. This means that by using all data points during all 
trials (turns) the distribution can be calculated for each level of all factors in the analysis. It is 
especially interesting to compare the results from the first trial (turn) with data aggregated from all 
trials but expressed with distribution for the first trial.  See appendix A5 for more details. 
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Adaptation to motion conditions
Expected NR26 for subjects taking part in all seven trials 
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Figure 22 Expected values from ordinal multinomial distribution aggregated 

from subjects taking part in all seven trials (turns). N = 20 subjects * 
7 trials = 140 observations. 

 

Adaptation to motion conditions 
Nausea ratings (NR26 ) for condition 3
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Figure 23 Development of nausea ratings (NR26 for condition 3 (H100R75). 
 

Another interesting question is if the subjects' provocation levels is not only 
decreasing during the trials but is it also changing pattern. Figure 24 shows a 
comparison between the observed means with expected values based on data only 
from the first trial and from data from all trials but estimated for the first trial. 
With data from the first trial only, the observed means and expected value agree 
quite close to each other with one marked difference for the condition 3 
(H75R75). The expected value (first trial) indicates also the degrees of severity of 
condition 4 (H100R100). This condition where the subjects perceived no nominal 
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lateral acceleration. Condition 2 (H100R56) has lower nausea ratings than the 
pure lateral condition H100R0. When regarding all data from all test runs, the 
subjects seems to change their rating of the conditions. The condition 1 (H100R0) 
(lateral motion only) is not so provoking as it was. It is slight less than condition 2 
(H100R56). The conditions 3 and 4 (H100R75 and H100R100) have almost the 
same provoking level.  
 

Comparison between different evaluation techniques for NR26 
Comparision between observed NR26 , expected NR26 based on data from trial 1 and expected 

NR26  based on all trials but display as for trial 1
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Figure 24 Comparison between observed NR26, expected NR26 based on data 

from trial 1 only and expected NR26 based on data from all trials but 
displayed as for trial 1. 

 
3.5 Percentage with nausea and illness 
The percentage of subjects having any kind of nausea symptoms (NP) and 
symptoms of motion sickness SMS17 is high. NP and SMS are essentially the same 
since there is almost no one was reporting IR >0 but still having NR = 0. Those, 
who started with not feeling well (IR0 >0) at start of the test run, do not have any 
significant influence on NP26 or SMS26. 

Separated on the different conditions, the percentages of subjects having any 
kind of nausea symptoms, varied considerably between different conditions. The 
percentage ranged from 15–62% for male subjects and from 20–76% for females. 
The strongest responses are from conditions 3 and 4 (H100R75, H100R100) and 
for females also from conditions 1 and 6 (H100R0, H75R75), see Figure 25. Table 
F-8 shows observed and estimated marginal means for NP26.  

Regarding the first trial (turn), the NP26 (or SMSI26) is much higher than the 
average levels from all turns. Figure 26 show the observed NP26 from the first 
trial together with expected values from, in this case, the binomial distribution, 
aggregated data from all trials, but as usual NP26 values are shown as for the first 
trial. This for the strong declining of response during the trials. 

                                                 
17 SMS and NP here defined as: SMS = 1 if IR > 0 or NR > 0, else SMS = 0. NP =1 if NR > 0 else 
NP = 0. 



 

VTI rapport 450A 57 

 

Percentage of subjects having nausea
Estimated marginal means. Approx.  90% confidence interval
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Figure 25 Nausea percentage (NP26) separated in male, female and total. 90% 

confidence intervals are indicated. Average over the all trials. 
 

Percentage of subjects with nausea
Male and female responses calculated for the first trial 

compared with observed response at first trial

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

110%

H100R0 H100R56 H100R75 H100R100 H75R56 H75R75 H0R75
Test conditions

In
ci

de
nc

e 
of

 n
au

se
a 

(N
P2

6
) 

Male

Female

Mean (first trial)

 
Figure 26 Nausea percentage (NP26) for the different conditions. Male and 

female responses calculated from binomial distribution aggregated 
from all data but shown as NP26 for the first trial, together with the 
observed NP26 at the first trial. 

 
The observed NP26, in the first trail, are 100% for both conditions H100R100 

and H75R75, those two with roll 100% compensation. In this motion condition, 
where the subject perceived no quasi-static lateral acceleration, all of them are 
affected by some degree of nausea. After some trials, this high rate of nausea 
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percentage is decreasing. This can be seen while comparing Figure 25 (shown the 
estimated means from all trials) with Figure 26 showing the first trial. 
 
Significance 
Test condition, trial (turn) and subjects are significant explanation variables for 
NP26, see Table 37.  
 
Table 37 Test of main effects on NP26 regarding subjects and condition and 

trial. 
 df Wald 

Stat. 
Sign 

p 
Log- 

Likelihood 
Chi- 

Square 
Sign 

p 
Intercept 1 1.38E-06 1.00 -140.92   
Subjects 41 29.36 0.91 -93.84 94.16 4.61E-06 
Condition 6 20.50 0.002 -79.37 28.95 6.22E-05 
Trial 6 23.85 0.001 -54.21 50.32 4.05E-09 
Remark: Distribution: Binomial. Link function: Logit 
 

 
3.6 Decay of nausea ratings – leakage  
Eight subjects had to interrupt the test runs due to nausea during test part I and 
further five subjects during the test part II. These subjects were monitored during 
their recovery and answered questions every 5 min about their nausea and illness 
rating. Table 38 shows the number of subjects, who had interrupting the test and 
the mean time to interrupt. Figure 27 shows decrease of nausea and illness rating 
during a period of 30 min. Displayed values are mean values. In this number are 
also included three subjects who had strong nausea at the end of the 31 min 
duration of the test runs. The exponential regression lines shown have high 
explanation values for the average values (r2 = 0.99; 0.97 respectively) with a 
time constant of the decay of 15 min for NR and 14 min for IR (half time values 
are just about 10 min). However, some of the subjects had headache or other 
problems during a long time afterwards.  
 
Table 38 Interrupted test runs, number of subjects, percentage of interrupts to 

all that have took part in that condition and mean time to interrupt. 
Condition Frequency Percentage Mean time 

 to interrupt 
[min] 

2 H100R56 1 3% 16 
3 H100R75 6 9% 19,8 
4 H100R100 2 6% 16 
6 H75R75 1 4% 21 
8 LRA 2 14% 24 
13 NV 1 7% 24 
 Total 13 5% 20,0 

 
One curious observation is that almost all interrupts happened at test runs 

starting in the morning (8:00 and 9:00) probably after breakfast and in the early 
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evening (17:00, 18:00 and 19:00) probably before an evening meal. (Starting 
times were from every whole hour between 8:00 and 20:00). 
 

Decay of nausea and illness ratings after stop of motion
Subjects that had interrupted the test run or had strong nausea after the test run 
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Figure 27 Leakage of nausea and illness ratings after stop of motion. Mean 

nausea and illness values for each 5 min are shown. Used subjects are 
the ones interrupting (N = 13) the motion or having strong nausea 
after 30 min (N = 3). 

 
3.7 p-deletion test 
The subjects made the p-test (p-deletion test) just before the test run started, 
entered the cabin and then again at 0, 10, 20, 30 and 40 min after the test start.  

 
3.7.1 Learning effects 
There is a very strong learning effect from turn 1 to turn 7, see Figure 28. The 
regression model for female learning is:  

 p0 =  1.54·turn + 19,75  [2] 
  (r2 = 0.96, evaluated from average values per turn, N=7)  (Female) 

and the corresponding model for males:  

 p0 = 2.19·turn + 16,66  [3] 
  (r2 = 0.96, evaluated from average values per turn, N=7).  (Male) 

 
where po is number of marked p’s at the start of the test (0 min) and turn is the 

number of the turn of test run. However, there is a large individual variation of 
number of marked p’s. 
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Development of number of marked p's with the number of turn 
Separated in gender and test time (start and end of test run). Average values

0

5

10

15

20

25

30

35

Turn 1 Turn 2 Turn 3 Turn 4 Turn 5 Turn 6 Turn 7
Test turn

Es
t. 

m
ar

g.
 m

ea
ns

 fo
r  

nu
m

be
r o

f m
ar

ke
d 

p'
s 

 (p
0, 

p 3
0)

Male (0 min)
Female ( 0 min)
Male (30 min)
Female (30 min)

 
Figure 28 Number of marked p’s in the p-deletion test at the start (p0) and at the 

end (p30) of the test run, averaged for each test turn for both genders. 

Since the number of marked p's varies with the number of the turn, a 
normalisation of the number of p's has to be done, before further evaluation. The 
score of marked p's for each subject and each turn is divided with the 
corresponding number of p0 for that turn (according the equations above), to get a 
normalised value. Figure 29 shows the average normalised number of marked of 
p’s before the test, at the start (0 min), at the end of the test (30 min) and after 
10 min of rest (40 min), separated in the groups of different grades of nausea. The 
groups of moderate and strong nausea are combined, because the numbers of 
subjects in the individual groups were too small (N = 6 and N = 4). 
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Figure 29 Normalised number of marked p’s before the test, at the beginning of 

test run, at the end of test run and after 10 min rest. 
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It seems from Figure 29 that there is a small increase in the number of marked 
p’s, clearly indicating a learning effect during the test, especially in the first three 
groups. The difference between the level at test end and the supposed line 
between levels for pre-test, test start and after 10 min rest are probably due to the 
influence of motion and nausea, see markings in Figure 29. However, it also 
seems that the number of marked p’s at pre-test and test start are slightly 
decreasing with increasing of higher nausea ratings. To test this hypothesis, a 
regression analysis of marked number of p’s (before, at test start and test end), 
number of turns and nausea were performed on all test runs, see Table 39. The 
significance for the coefficient of the variable turn is very high (p <0,001) while 
the coefficient for nausea rating is from moderate to high (0,13 <p <0,001). There 
were no significant differences between the different test conditions. 
 
Table 39 Regression coefficients for the linear regression line: 

Number of p’s = C + α·NR26 + β·(turn) 
 Female Male 
 ppt p0 p30 ppt p0 p30 

C 19.88 21.35 21.25 17.86 17.73 19,57 
α (NR26)  -0.65 -0.96* -2.08*** -1.10 -1.82* -1,98* 
β (Turn) 1.44*** 1.37*** 1.20*** 2.06*** 2.16*** 1,77*** 
r2 0.30 0.25 0.27 0.35 0.35 0.27 
Remark  ppt = number of p’s before test 
 p0 = number of p’s at test start 
 p30 = number of p’s at test end 
 * p <0,05; ** p <0,01; *** p <0,001 
 
Conclusions 
The difference between the number of marked p’s between before and 0 min 
shows a possible learning effect. The difference between 0 and 30 min may show 
a combination of learning and any effects from conditions, whereas the reading at 
40 min may show a possible recovery effect.  

 
 

3.8 Ride comfort and work/read ability 
The subjects estimated their overall ride comfort, any comfort disturbances and 
ability to work and read for the different conditions. There is a strong (and 
significant p <<0.001) influence on estimated comfort values and work ability 
form subjects’ nausea ratings:  

 
Rated ride comfort (31 min)  = 3.1 - 0,5·NR26 + 0.6 (if female), r2 = 0.27 (N = 201i) [4] 
Rated work ability (31 min)  = 3.6 - 0,6·NR26 + 0.3 (if female), r2 = 0.38 (N = 201i) [5] 

Remark: i  Some observations are missing. 

 
See also Figure F-7 and F-8 and Table F-11 for 90% confidence limits on 

regression constants. Coefficients for gender differences are positive with 95% 
confidence. 
 

Because the strong influence from nausea ratings on comfort and work/read 
ability, comparisons between different conditions have to be made with subjects 
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who had no nausea (NR26 = 0). Figure 30 shows the estimation of overall ride 
comfort and ability to work/read for the different conditions. There are small 
differences in rated comfort or work ability between the different conditions. 
Conditions that provoke high scores of nausea ratings generally give less comfort 
and work ability. The greatest difference is between conditions 4 and 5 
(H100R100 and H75R56). It is curious that females generally give higher 
estimation values on both comfort and work ability than males, in spite that they 
get more nausea, see the regression equations above. There are only small 
differences between estimated ride comfort at 16 and 31 min.  
 

Estimation of ride comfort and ability to work/read
Subjects with no nausea or symptoms. 90% confidence interval
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Figure 30 Estimation of average ride comfort and working ability for the 

different conditions. 90% confidence intervals are indicated. 
 

Figure F-9 shows the observed means of ride comfort and ability to work and 
read. The average difference between estimated marginal means with NR26 = 0 
(Figure 30) and observed means with NR26 = 0–4 (Figure F-9) are for ride 
comfort at 16 min; 0.17, for ride comfort at 31 min; 0.32 and for work ability; 
0.37. The difference between comfort estimations at 16 and 31 min may reflect 
the higher nausea ratings. 

Table F-12 shows r.m.s.-valves filtered according to wg and wd weighting 
curves (see Figure F-10). Ride comfort for both vertical and lateral accelerations 
are to be considered as not uncomfortable. 
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3.9 Comfort disturbances 
The subjects also marked if they had any complaints on the ride comfort in four 
aspects: 

Large lateral shakings 
Large vertical shakings 
Large lateral motions (side forces) 
Uneven roll motion 
 
Here the percentage of subjects, whose complaints varies a lot between 

different conditions. Just above 60% of the subjects complains that condition 1 
(H100R0) have large lateral motions (side forces). These complaints diminish as 
the roll motion increases to condition 4 (H100R100) but the complaints from 
vertical and lateral shakings and uneven roll motion increases, see Figure 31. The 
sum of complaints are shown in the figure as total discomfort, which is highest for 
motion 4 (H100R100) and 6 (H75R75) with 100% compensation of the lateral 
(horizontal) acceleration) and for the condition 1 (H100R0) with only lateral 
motion.  
 

Comfort disturbances
Subjects having no nausea. 90% confidence intervals
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Figure 31 Comfort disturbances for the different conditions. 90% confidence 

intervals are indicated. 
 
3.9.1 PCT 
A calculation of PCT for seated passengers, for the motion sequence 1 with no 
vibration and dynamics effects added, is shown in Table 40. PCT is an estimation 
of percentage dissatisfied passengers (Harborough, 1986a; Harborough, 1986b). 
PCT is calculated from lateral acceleration at carbody level, lateral jerk and roll 
velocity. PCT is also part of the CEN TC256 standard for evaluation of ride 
comfort for trains (CEN, 1999). High lateral accelerations in the cabin level give 
relative high values of PCT (13%) but conditions with high roll angles/velocity 
give relatively low values (1,8%). 
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Table 40 PCT estimated from the motion sequence 1 (lat acc = 1.1 m/s2, 
transition time 1,2 s) and with no vibration and dynamics effects 
added for the condition 1-4 for seated passengers.  

Condition: 1 (H100R0) 2 (H100R56) 3 (H100R75) 4 (H100R100) 
PCT 12.8 3.1 1.2 1.8 
 

Tables F-13 and F-14 show calculated PCT values for standing as well as seated 
subjects for the whole test design. 

 
3.9.2 Correlations 
Table 41 shows correlations (Spearman) between different comfort factors and 
nausea. These correlations emphases the picture given above. Discomfort is 
negatively correlated with ride comfort and work/read ability but positively with 
nausea. Ride comfort and work are strongly correlated together and negatively 
correlated with nausea. 
 
Table 41 Correlations between ride comfort, discomfort work-/ read ability and 

nausea ratings (NR26) at the end of the test runs.  
Spearman correlations Discomfort Work / read Ride comfort Gender 
Discomfort Corr. coeff. 1    

 Sign -    
Work / read Corr. coeff. -0.279** 1   
ability Sign 0.000 -   
Ride  Corr. coeff. -0.383** 0.676** 1  
comfort Sign 0.000 0.000 -  
Gender Corr. coeff. 0.104 0.041 0.171* 1 

 Sign 0.140 0.562 0.015 - 
NR26 Corr. coeff. 0.309** -0.525** -0.444** 0.187** 

 Sign 0.000 0.000 0.000 0.007 
Remarks: ** Correlation is significant at the 0.01 level (2-tailed). 

* Correlation is significant at the 0.05 level (2-tailed). 
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4 Discussion 
One of the spoken or unspoken objectives of this project is to find a general model 
for low-frequency lateral and roll motion influence on motion sickness symptoms 
for the main adult passengers travelling in tilting trains. These low-frequency 
inputs are generated from the railway line’s horizontal alignment and cant and 
inter-acting with vehicle and (if existing) the tilting system. A different vehicle 
characteristic gives a different response to the same track inputs. This study is a 
part of this objective. One way of answering this objective is to break it down into 
parts that are possible to answer.  

The first question is if the populations of passengers on car, buses, aeroplanes 
or trains differ from the general population in respect to susceptibility to motion 
sickness from motion inputs? Frequent passengers may have been adapted to the 
motion environment and therefore on average are less provoked. Also people, 
who know themselves to be highly sensitive/ susceptible18 to motion sickness, 
maybe will minimise their travel with, in their mind, provocative travel modes. 

The second question was to find a representative group of test subjects. A good 
compromise was to use students. They are relatively young, 20–30 years. They 
will probably somewhat overestimate the nausea reactions expected from an adult 
population, since other studies has found that nausea sensitivity for adults is 
slowly decreasing with age, see for instance (Benson, 1988; Griffin, 1990; 
Kennedy & Frank, 1986). Also a decision was made to choose applicants with 
low and moderate self-estimated sensitivity to motion sickness on two grounds: 
first, there were not enough highly sensitive males compared to females, second, 
highly sensitive subjects may probably be sick in many test conditions and 
interrupt the tests. On the other hand, low sensitive subjects will probably not 
have any symptoms in any of the conditions. Thus the results from the test should 
be considered as a relative measurement instead of finding absolute levels.  

However, the applicants to the tests were both students and employees from 
university campus and VTI, the randomising selecting process of the test subjects 
did not consider age, but instead gender and sensitivity to motion sickness. 
Therefore the selected test subjects were in age range from 17–54 years, but the 
main part of them (77%) were in the age range from 19–31 years. It is interesting 
that age (for the selected subjects) correlates slightly negative (but not 
significantly) with self-estimated sensitivity to motion sickness (r = -0.18; p 
≤0.24). It correlates strongly with experience with motion sickness in the past five 
years in cars (r = -0.52; p <0.001) and also almost with nausea ratings in the test 
(NR26) (r = -0.29; p ≤0.06).  

There is still a difference between female and male sensitivity to motion. 
Lawther (1988) reported that females reported almost twice (5/3) as many cases of 
seasickness than males when crossing the English Channel. In the train studies, 
earlier in this project, females showed about 2–3 times higher values on the 
aggregated symptoms: dizziness, nausea and not feeling well (Förstberg, 1997; 
Förstberg, Andersson & Ledin, 1998a; Förstberg, Andersson & Ledin, 1998b). 
That study used the concept of for motion-related discomfort and it was measured 
in symptoms of motion sickness19 (SMS).  
                                                 
18 Sensitive – susceptible. There seems to be a subtle difference between these two words but the 
word sensitive has been used in this text. 
19 SMS was defined during the train tests as any of these symptoms: dizziness, nausea or not felling 
well (IR > 0). All under the condition that the subjects felt well (IR = 0) at the start of the test run.  
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This is in agreement with a study on an American railroad during the years 
1959–1961, where 327 females had motion sickness compared to 96 male cases, 
despite the greater number of male passengers (Kaplan, 1964). The average level 
of reported motion sickness cases was 0.13%. For a survey of different levels of 
motion sickness found in different transport modes, see (Förstberg & Ledin, 
1996). 

 

Figure 32 Percentage of subjects with some kind of nausea during the test runs. 
 

Also in this study, among the applicants to the test, females showed a 
significantly higher rating of their sensitivity to motion sickness (1,67 to 1,24 on a 
three-grade scale; (low, medium, high sensitivity). Care was taken to select the 
same amount of low and medium sensitive subjects among the both genders but 
still there exists a clear difference between female and male nausea ratings to the 
motion provocations in the test, see Figure 32.  

Mean NR for male is 0.5 and for female 1.0. The reason for this is difficult to 
explain. A popular explanation is that the report willingness in different genders 
(Turner & Griffin, 1999). Females reports sooner than male. However, an 
alternative suggestion is that visual references are important. Females may be 
more affected by poor and misleading visual clues. In this test, no visual clues 
were given only audible clues from the belt drive. 
 
Validity 
The third question is how representative this study is for both describing the 
motion encountered in train environment and then also predicting discomfort and 
nausea in real life. Some parameters as lateral acceleration perceived by 
passengers and roll velocity are the same magnitudes as in trains (tilting and non-
tilting) but lateral acceleration in the horizontal plane is not. Therefore some 
results must be taken in quality manner and not exactly in quantity manner, 
regarding effects on train environment.  

Another question, discussed by Yardley (1992) is that laboratory test generally 
consists of a brief exposure to a highly provocative motion for nausea and 
sickness, not found in reality except in roller coasters and amusement parks. It 
measures an immediate sensibility. In longer exposures to levels that are normally 
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encountered during travelling, adaptation during the journey and between 
journeys may change this sensibility. However, there are no links between 
vestibular sensibility and sensibility for motion sickness. 
 
Significance tests 
The response variable nausea ratings (NR26) can not easily be said to normal 
distributed but instead it is multinomial distributed with ordinal relation between 
the different grades. Tests with non-parametric test (Kruskal-Wallis) and ANOVA 
similar test on the multinomial distribution and normal ANOVA all agrees there 
are significantly explanation variables as subjects, condition, train (turn) and in 
same cases also gender and self-estimated sensitivity. Therefore it seems like the 
ANOVA is very robust test with tolerance against skewed distributions and few 
integer numbers. This is maybe due to the large number of test runs and subjects.  
 
Influence from roll motion 
One of McCauley’s et al. (1976) studies investigated the influence from roll or 
pitch motion combined with a strong vertical motion but they found no statistical 
evidence that roll or pitch had any influence on MSI. The pitch-only motion did 
provoke an MSI of 9% for with a frequency of 0.345 Hz with r.m.s.-value of 
33.3 deg/s2 (0.58 rad/s2). This was later investigated by Wertheim et al. (1995) 
who found that roll and pitch motion had large influence on a small vertical 
motion (0.1 Hz, max-value = 0.15 m/s2), in fact strongly amplified the resulting 
motion sickness from 0% MSI to 30-40% MSI. Note that that all three motions 
(roll, pitch and vertical) did not have the same frequency (from 0.03 to 0.08 Hz). 
Motion cycle was 100s before the motion repeated itself. 

In a study on Coriolis simulation no significant differences between genders 
was found (Woodman & Griffin, 1997). Coriolis simulation means constant 
angular velocity of the body about the z-axis (yaw) and a head rotation about an 
axis other than the axis of rotation of the body (roll or pitch). They also found no 
significant difference in provocation level between conditions when the rotation 
axis (yaw) was placed along the body centre or 0.75 m away.  

In this study, the condition 7 (H0R75) with no lateral motion, there were small 
differences in NR between the genders and in addition, this condition had the 
smallest recorded NR. Rotation axis was in chest height of the subjects. The 
subjects had to do head movements at least when to pick up and lay down the 
questionnaires at 5-min intervals. Subjects with nausea seemed to minimise their 
head movements according to the video pictures during the test run.  
 
Influence from lateral motion 
The work done by Golding and co-authors (Golding et al., 1997; Golding & 
Markey, 1996; Golding, Markey & Stott, 1995) showed no differences between 
gender but they did not focus on this. Many of their studies involved only male 
subjects. Their main finding was that horizontal motion is about twice as 
nauseogenic than vertical motion. The constant Km in the MSDVz formula20 
should be replaced with 1.41⋅Km (1.41 ≈ 2 ) when lateral accelerations are 
involved instead of vertical. 
 

                                                 
20 VI = Km⋅MSDVZ. MSDV = Motion Sickness Dose Value. VI = Vomiting Incidence. 
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A study from (Vogel, Kohlhaas & von Baumgarten, 1982) showed that sitting 
in an ambulance car while doing several brisk brakings (0.7g – 0.95g; 
6.9-9.3 m/s2) is about twice as provocative than lying down. In the first case the 
acceleration is in the head’s x-axis and in the other in the head’s z-axis. There is 
also a risk for pitch motion when the braking is administrated. This may have 
influenced the subjects. 

Another suggestion (Andersson, personal communication) is that jerk 
(magnitude of the increase or decreased of acceleration per time unit) should be 
one of the primary sources of provocations. This study can neither approve nor 
disapprove such a hypothesis. 

In this study, females were about twice as sensitive than males in the condition 
with lateral only condition (H100R0). The difference between lateral and vertical 
provocations was not tested. But the above mentioned studies shows that lateral 
accelerations are substantially provocative for motion sickness.  
 
Combined motions (angular and transitional) 
The train studies (Förstberg, 1996) showed that roll motion was probably the main 
cause of SMS21. Vertical motion doses were almost identical between three test 
conditions and the lateral doses were in reversed order compared to the SMSI 
(Förstberg, 1997; Förstberg et al., 1998a; Förstberg et al., 1998b). In this study 
both lateral and roll motion gave contributions to nausea ratings. It also seems that 
it is the dose of lateral acceleration in the horizontal plane and not the lateral 
acceleration at the cabin floor that is responsible for the provocation of nausea. 
The roll only condition (H0R75, condition 7) gives small (but fast) response for 
nausea ratings. The perceived lateral acceleration (for the subjects) in that 
condition is higher than in condition 3–4 (H100R75 – H100R100) but those 
conditions give much higher nausea ratings.  

In three experiments, performed at TNO, Soesterberg (Netherlands) with the 
Ship Motion Simulator, have showed that small vertical motions combined 
together with small pitch and roll motions can produce much more motion 
sickness than claimed by the classic models. These motions by themselves have 
very low provocation potential of motion sickness (Wertheim, Bos & Bles, 1998; 
Wertheim et al., 1995). They suggests that in models on motion sickness, pitch 
and roll should be combined in a non-linear fashion with vertical motion and that 
such models will remain rather crude if they do not include a description of the 
vestibular contribution to motion sickness. 

The combined motion from lateral accelerations (horizontal plane) and roll 
motions will generate a variable vertical g-vector both in size and direction. 
According to (Bles, Bos, de Graaf, Groen & Wertheim, 1998) a conflict between 
the sensed and subjective g-vector is the main provocative force behind motion 
sickness. They wrote: All situations which provoke motion sickness are 
characterised by a condition in which the sensed vertical as determined on the 
basis of integrated information from the eyes, the vestibular system and the 
nonvestibular proprioceptors is at variance with the subjective vertical as 
expected from previous experience.  
 

                                                 
21 SMS = Symptoms of motion sickness. SMSI = Symptoms of motion sickness incidence. 
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This may well be the case in this simulator test. The condition with only roll 
motion gave very little differences between the sensed and subjective vertical. The 
condition with only lateral motion probably gave higher differences between the 
sensed and subjective vertical than roll motions do. Bos and Bles (1997; 1998) 
have found that vertical accelerations generate large differences between the 
sensed and subjective vertical for the frequencies about 0,2 Hz, which 
corresponds very well with the findings of McCauley (1976). Probably the same 
situation exists for lateral accelerations. But if roll and lateral motions are 
combined, the combination probably generates large differences between the 
sensed and the subjective vertical and therefore they are highly provocative. 

The tests in Part II with limited roll acceleration (LRA), limited roll velocity 
(LRV) and smoothed ends (SE) may need some comments. In a recent study made 
by Kufver (1999), effects of changing the normal linear superelevation ramps to 
non-linear and keeping the same linear type of transitions curves (clothoids) were 
investigated. This measure may be considered as the track equivalent to the tilt 
modification according to LRA. He has also studied the effects of changing both 
superelevation ramps and transition curves to S-shaped functions (track equivalent 
to SE). His general results are that there are no substantial advantages (regarding 
wheel/track forces, lateral acceleration in car-body, etc.) to be gained from using 
these S-shaped superelevation ramps. Considering the roll motions only, the 
motion doses from roll velocity and roll acceleration are in certain (but not all) 
cases slightly decreasing when the length of the non-linear parts of the 
superelevation ramps are increasing but, on the other hand, the corresponding PCT-
values, in these cases, are slightly higher compared to those achieved on linear 
ramps. In several cases both roll motions and PCT were significantly higher with S-
shaped superelevation ramps and corresponding types of transition curves. 

To implement LRA and LRV design into the tilt system (no changes to the 
horizontal alignment), the tilt control needs a beforehand knowledge of the curve 
in order to start the tilt operation.  

 
 

4.1 Summary 
A summary of different reactions of discomfort and nausea when increasing the 
roll motion and keeping the lateral motion in the horizontal plane constant is 
shown in Figure 33. Note that ride comfort and ability to work/read are reported, 
in this figure, as the differences from the highest possible score to the actual mean 
values. All values are normalised with 1 as the highest possible discomfort. 
Additional are the predicted passenger dissatisfaction indicated in the figure 
according the PCT (Harborough, 1986b).  

The factors ride comfort, ability to work/read and total disturbances show the 
highest values at 0% and 100% roll motion. NR26 increases with increased roll 
motion averaged over all test runs but for females NR26 show a clear minimum at 
56% roll). PCT instead decreases as the lateral acceleration perceived by the 
subjects decreases when the roll motion increases, except at 100% roll, where it 
goes up slightly. Remarkable are subjects’ responses (comfort disturbances) to 
large lateral accelerations (side forces) is just about five times higher than PCT. 
calculated values. Comfort disturbances due to uneven roll motion correspond to 
some extent with NR.  
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Influence of increased roll motion on nausea and discomfort 
Constant horizontal (lateral) motion  (1.1 m/s2)
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Figure 33 Relative discomfort for a number of factors and nausea rating. All 

normalised with 1 as the highest possible discomfort. Ride comfort 
and ability to work / read are noted as discomfort values ((5 – mean 
valueNR=0) / 4). 

 
Kufver (1999) has studied the different track aspects of conditions 8 (LRA) and 

10 (SE). He has used the dynamic multi-body computer code GENSYS to 
quantify and compare wheel/rail forces and comfort quantities when tilting and 
non-tilting vehicles run through linear and non-linear superelevation ramps 
combined with the traditional (linear) type of transition curves and transition 
curves with an S-shaped curvature function.  

 
4.2 Conclusions 
! Roll motions presented alone in the magnitude and frequency as been done in 

this study are not very nauseogenic.  
! Lateral accelerations alone can provoke some persons to some extent. Also 

lateral motions seems to provoke females more than males.  
! Combinations between roll and lateral motion, as those presented in this study, 

seem to be highly provocative.  
! Ride comfort, comfort disturbances as well as ability to work /read are 

affected by the degree of roll motion. Both high lateral acceleration and high 
roll motion have negative effects on these factors. 

 
4.3 Suggestions for future research 
Since this study only investigated part of the environment that can be found in 
train environment, it is essential to carry on the studies in trains. One of the 
questions this study did not sufficient answer is whether motion dose from roll 
acceleration or roll velocity that is the one of the primary causes of provocation. 
Future research in this field has to focus on information needed for a prediction 
model for nausea in tilting environment. This model has to estimate effects from 
both lateral and vertical accelerations as well as effects from roll and yaw motion.  
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Appendix A  Definitions and 
terminology 
A.1 Definitions and terminology 
Illness Rating (IR, IROLD) A four-grade scale proposed by Lawther and 

Griffin (Griffin, 1990; Lawther & Griffin, 1987) 
for judging the well-being of a person. The 
grades were: 0; I felt all right; 1, I felt slightly 
unwell; 2, I felt quite ill; 3, I felt absolutely 
dreadful.  

Illness Rating   The original IR scale has been adopted and changed into a 
modified five-grade scale (IRMOD) with the following 
wording: 

 0  Jag mår bra I feel all right 
 1 Jag mår inte riktigt bra I do not feel quite well 
 2 Jag mår ganska illa I feel rather unwell 
 3 Jag mår dåligt (illa) I feel bad (miserable) 
Not used* (4 Jag mår mycket dåligt (illa)  I feel very bad (miserable)) 
Remark: Not used in the simulator test but just in the train tests 

The subject’s rated their illness on the grades defined below: 
 

The original predicted IR can be calculated according to 
the formula:  
IROLD = 1/50 MSDVZ. Since the wording and number of 
grades as been changed, this formula is not longer true. A 
possible relation may be: 
IRMOD ≈ 3/200 MSDVZ 

 

IR26, IRmean IR26 can be both the subjects IR at 26 min (IR26i) and the 
mean value over subjects’ IR26. The context where it 
stands, defines the use. IRmean is a mean value over IR21, 
IR26 and IR31. 

Latin square A Latin square of the order n is a matrix of n x n, where 
each of the n symbols occurs only once in each row and 
column. An example of a Latin square of order 4 is: 

 
 A B C D 
 B A D C 
 C D A B 
 D C B A 
  

 A Latin Square of order 7 can be constructed as follows 
  

 1  2  3  4  5  6  7 
 2  3  4  5  6  7  1 
 3  4  5  6  7  1  2 
 4  5  6  7  1  2  3 
 5  6  7  1  2  3  4 
 6  7  1  2  3  4  5 
 7  1  2  3  4  5  6 
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 An element (i, j) in the matrices can be computed as i + j 

(addition modulo n, if the number i + j is ≥ n it is replaced 
with i + j – n). To avoid that event (n+1) always follows 
the event (n), a random permutation of the columns can be 
performed (Thompson & Martinsson, 1994).  

Motion sequence Lateral (horizontal) and roll motion used in the simulator. 
Three basic motions sequences were used added together 
up a 60 s total motion sequence. 

Nausea rating (NR) Nausea Rating. The subjects’ rated their nausea on the 
grades defined below. This definition is modified from 
Golding (1997; 1996; 1995). The subjects were told to 
notify the test leader if they reached NR = 3 or higher, so 
they could interrupt the test run and leave the cabin. Most 
subjects continued up to NR = 4 

 
 Grades of nausea 

0 =  Inga symtom No symptoms 
1 =  Lätta symtom men  Light symptoms but no nausea 
 inget illamående  
2 =  Lätt illamående Light nausea  
3 =  Medel illamående Moderate nausea 
4 =  Kraftigt illamående Strong nausea 

Not used  (5 =  Kräkning Vomiting)  
  

NR26, NRmean NR26 can be both the subjects NR at 26 min (NR26i) and 
the mean value over subjects’ NR26. The context where it 
stands, defines the use. NRmean is a mean value over 
NR21, NR26 and NR31. 

NP, NP26 Nausea percentage. The percentage of subjects having NR 
> 0. NP26 is NP at 26 min. 

SMS, SMSI Symptoms of motion sickness, Symptoms of motion 
sickness incidence. A evaluation variable used in the train 
experiment, defined as:  

 SMS = 1 if dizziness + nausea + IR > 0 and IR0 = 0 

 SMS = 0 if dizziness + nausea + IR = 0 and IR0 = 0 

 SMS is undefined if IR0 > 0 and omitted from calculation 
of SMSI. 

 Here, in the simulator experiment, SMS can be defined as 

 SMS = 1, if NR + IR > 0, else SMS = 0. 

 SMSI = ∑
=

N

i
iSMS

N 1

1  where i is the subject no. i and N is 

the number of subjects in the group. 

Test conditions  A certain combination of lateral and roll motions. 
Conditions numbers range from 1 to 13. Conditions 11 and 
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12 is not reported here. For mnemotechnical purposes 
these abbreviations are used for the different conditions: 
 
Condition Mnemonics Explanation  
Condition 1  H100R0 Hor. (lat) acc. 100%,  roll angle 0% 
Condition 2   H100R56 Hor. (lat) acc. 100%,  roll angle 56% 
Condition 3  H100R75 Hor. (lat) acc. 100%,  roll angle 75% 
Condition 4  H100R100 Hor. (lat) acc. 100%,  roll angle 100% 
Condition 5   H75R56 Hor. (lat) acc. 75%,  roll angle 56% 
Condition 6   H75R75 Hor. (lat) acc. 75%,  roll angle 75% 
Condition 7   H0R75 Hor. (lat) acc. 0%,  roll angle 75% 
Condition 8 LRA  Limited roll acceleration 
Condition 9 LRV Limited roll velocity 
Condition 10 SE Smoothed ends on transition curves 
Condition 13 NV No vibration 
 
With LX means X% of maximum lateral acceleration and 
RX means X% of maximum roll angle. 

Test parts The experiment was divided into two parts. Part I 
contained the test numbers 1 to 7 and was conducted in 
June 1998. Test parts II was divided into two parts 
labelled part IIA and part IIB. Test part IIa contains the 
test numbers 3, 8, 9 and 10 and test part IIB the test 
numbers 3, 11, 12 and 13. These test parts were conducted 
in August 1998.  

Test run  A subject’s test on a certain turn or trial in the simulator.  

Test sequence The test sequence describes how the test run was 
performed, i.e. in what order different actions was 
undertaken. 

Turn (Trial) The number of a subject’s test run. Turn no. 2 means both 
the second test run for a specific subjects and the group of 
subjects that made test runs for the second time. 
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A.2 Statistical terminology 
ANOVA ANalysis Of VAriance. A structured method of analysis of 

the variation of the tested variables in a experiment in 
order to judge if the variation is significant. See for 
example (Keppel, 1991) for a reference book.  

ANOVA implemented in SPSS The SSPS General Linear Model (GLM) 
General Factorial procedure provides regression analysis 
and analysis of variance for one dependent variable by 
one or more factors and/or variables. The factor variables 
divide the population into groups. It can test null 
hypotheses about the effects of other variables on the 
means of various groupings of a single dependent variable. 
It can investigate interactions between factors as well as 
the effects of individual factors, some of which may be 
random. In addition, the effects of covariates and covariate 
interactions with factors can be included. For regression 
analysis, the independent (predictor) variables are 
specified as covariates. 

Both balanced and unbalanced models can be tested. A 
design is balanced if each cell in the model contains the 
same number of cases. In addition to testing hypotheses, 
GLM General Factorial produces estimates of parameters.  

Commonly used a priori contrasts are available to perform 
hypothesis testing. Additionally, after an overall F test has 
shown significance, you can use post hoc tests to evaluate 
differences among specific means. Estimated marginal 
means give estimates of predicted mean values for the 
cells in the model, and profile plots (interaction plots) of 
these means allow you to easily visualise some of the 
relationships1. 

Balanced design A test design, where all groups are testing all conditions 
and also minimises the influence from one condition to 
another. A typical (counter-) balanced, or Latin Square 
design is shown in the example below. Conditions: A, B, 
C and D. Test groups: 1–4 (Campbell & Stanley, 1966).  

 
  Test1 Test 2 Test 3  Test 4 
 Group 1 A B C D 
 Group 2 B D A C 
 Group 3 C A D B 
 Group 4 D C B A 

Binomial distribution The frequency in n independent trials with a probability in 
each trail = p. Expected value = n⋅p.  
Variance = n⋅p⋅(1 - p).  

                                                 
1 Text from help file from Statistical Package for Social Sciences (SPSS) 
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Confidence A confidence interval for a parameter x with a confidence 
degree of α%, is an interval wherein the true parameter 
xtrue, of the true population, is located α times out of 100. 

Correlation A measure of linear association between two variables. 
Values of the correlation coefficient range from -1 to 1. 
The sign of the coefficient indicates the direction of the 
relationship, and its absolute value indicates the strength, 
with larger absolute values indicating stronger 
relationships. 

 Spearman rank correlation coefficient ρ. A non-
parametric version of the Pearson correlation coefficient, 
based on the ranks of the data rather than the actual values. 
It is appropriate for ordinal data, or for interval data that 
do not satisfy the normality assumption. Values of the 
coefficient range from -1 to +1. The sign of the coefficient 
indicates the direction of the relationship, and its absolute 
value indicates the strength, with larger absolute values 
indicating stronger relationships2. 

Covariate Covariates are quantitative predictor variables, used 
together with dependent variables to define a linear 
(regression) model2.   

Estimated marginal means Estimated marginal means are calculated on the 
assumption that the proposed model is linear. It takes all 
entered values into consideration and creates a linear 
model. Therefore, it is a better estimation of the “true” 
mean than the observed mean. If the model is perfectly 
balanced, the observed mean and the estimated marginal 
mean is the same. Estimated marginal means are 
calculated at the mean value for the covariates2.  

GLZ Generalised Linear Model, see section A4 for short 
introduction (source: help file from Statistica program). 

Ordinal This term means that there are an order between the 
different levels of the variable: xi < xi+1.  

 Examples of an ordinal variable are IR and NR. 
 Examples of non-ordinal variable is x0 = blue, x1 = yellow, 

x2 = green, x3 = red. 

Multinomial distribution. An extended case of the binomial distribution with n 
levels. Each level i has a probability pi and ∑pi = 1 , 0 ≤ i 
≤ n-1. 

 Expected value = ∑i⋅pi , 0 ≤ i ≤ n-1. 
Significance level The probability of rejecting the null hypothesis (H0) when 

H0 is in fact true.  

                                                 
2 Text from help file from Statistical Package for Social Sciences (SPSS) 
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Tamhane Post hoc test using conservative pairwise comparisons 
based on a t-test. This test is appropriate when the 
variances are unequal3. 

Tukey  Post hoc test using the studentized range statistic to make 
all of the pairwise comparisons between groups. Sets the 
experimentwise error rate at the error rate for the 
collection for all pairwise comparisons. 

Variable transformation  To stabilise the variation of a variable. 
The standard deviation should be the same for a particular 
variable for different categories with different means. For 
example, square root transformation (sqrt(yi) or sqrt(1+yi)) 
are useful for Poisson’s distributions (Montgomery, 1991).  

                                                 
3 Text from help file from Statistical Package for Social Sciences (SPSS) 
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A.3 Track and vehicle quantities 
Car body The part of the vehicle where the passengers and cargo 

etc. are located.  

Car body tilt See tilt. 

Cant Super elevation of the track (D). Cant is measured over the 
 lateral distance between the wheel-rail contact patches 

(2b).  [mm], [m] 

Cant deficiency is the difference between cant needed to achieve 
a lateral  [mm], [m] 

 acceleration in the track plane is equal to zero and actual 
cant (I). 

Cat A train A normal non-tilting train with a maximum permitted cant 
deficiency of 0.100 m, according to Swedish regulations. 

Cat B train A normal non-tilting train with a maximum permitted cant 
deficiency of 0.155 m, corresponding to a curving speed 
about 10 % higher than Cat A train, according to Swedish 
regulations. 

Cat S train A tilting train with a maximum permitted cant deficiency 
of 0.245 m, corresponding to a curving speed 25–35 % 
higher than Cat A train, according to Swedish regulations.  

Comfort The subjective state of well-being. The comfort experience 
is influenced by physical (dynamic, ambient and spatial), 
social and situational factors, (Alm, 1989). 

Jerk, jolt Jerk is the rate of change in acceleration. In a train 
environment, jerk is associated with the change of lateral 
acceleration in transition curves. Jolt is a sudden motion 
caused by passing a switch or track alignment faults, 
causing comfort disturbances to the passengers. Both jerks 
and jolts are filtered by a low-pass filter (typically 0.3–2 
Hz) before evaluation. Jerk is measured in [m/s3] and jolt 
in peak to peak [m/s2] over a certain period of time 
(normally 2 s). 

Quasi-static The quasi-static level of a signal corresponds to the 
average level during stationary conditions (such as 
running at constant speed on a curve with constant radius 
and cant).  

Ride comfort Motion-related comfort/discomfort. Evacuation of ride 
comfort is done by weighting the accelerations on the 
floor of vehicles (minimum requirement) or additional on 
interfaces between passengers and seats.  

Ride comfort The technical evaluation of ride comfort. This can be done 
according to different standards as Wz (Sperling and 
Betzhold 1956), ISO 2631 (ISO 1997, 1990), CEN 
TC256/WG7 (CEN 1995). 
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Ride quality  Human evaluation of the overall comfort of the ride on the 
scale very poor to very good. However, many refers this as 
passenger comfort or ride comfort. 

Tilt The concept of inclining the car body (roll) in order to 
reduce the experienced lateral acceleration in the car body, 
while travelling through a curve.  

Transition curve A transition curve is a track element where the curvature 
changes gradually.  
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A.4 Abbreviations 

A.4.1 Organisations etc 
Adtranz Adtranz Sweden. Train vehicle manufactory owed by 

DaimlerChrysler Rail Systems. 

BSI British Standards Institution, London. 

CEN European Committee for Standardization, Brussels. 

ISO International Organization for Standardization, Geneva. 

KFB Kommunikationsforskningsberedningen (Swedish 
Transport and Communications Research Board), 
Stockholm. 

KTH Kungliga Tekniska högskolan (Royal Institute of 
Technology), Stockholm. 

LiU Linköpings University, Linköping 

NSB Norwegian State Railways, Oslo 

SJ Statens Järnvägar (Swedish State Railways), Stockholm. 

US Universitetssjukhuset (University Hospital), Linköping. 

VTI Statens väg- och transportforskningsinstitut (Swedish 
National Road and Transport Research Institute), 
Linköping. 

A.4.2 Miscellaneous 
acc. Accelerations. 

df Degrees of freedom. 
f  Frequency.  [Hz] 
fn Relative frequency. 
g Gravitational acceleration (9.81)  [m/s2] 

H0 Null hypothesis. 
H1 Alternative hypothesis. 
Hor. Horizontal 
Km Constant in the formula MSI = Km * MSDVZ ; Km ≈ 1/3 

(according to (ISO, 1997; Lawther & Griffin, 1987)). 
Lat. Lateral 

Leq Equivalent continuous sound level. Leq is the A-weighted 
energy mean of the noise level averaged over the 
measurement period. It is defined as: 

 dt
p

tp
T

L
T

o

A
eq

2

0
10

)(1log10 ∫ 







⋅=  

 where  T  s the total measurement time 
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  pA(t)  is the A-weighted instantaneous acoustic 
pressure 

  po is the reference acoustic pressure (20 µPa) 
MSI Motion sickness incidence.  [%] 
 MSI normally means vomiting incidence (VI) within 2 h. 

MSDVZ Motion Dose Sickness Value (in vertical direction). 
Defined by MSDVZ [ ] 2/12∫= dtaWf , where awf is wf weighted 
vertical acceleration. 

 Predicated VI = Km⋅MSDVz. Valid up to VI < 70% and T 
>20 min and T < 6 h. Km ≈ 1/3 for an un-adopted adult 
population of mixed genders (ISO, 1997). 

N Number of observations. 
p Probability to be true. 
px Number of marked p’s at x min. Used x are p (pre-test), 0, 

30 and a (after test). 
prowx Number of rows with marked p’s at x min. 
PCT Passenger dissatisfaction on transition curves. 
PDE Passenger dissatisfaction on discrete events. 
Pitch Rotation about the lateral (y) axis.  [rad], [°] 
r Correlation coefficient 
r2 Coefficient of determination (explanation value).  
r.m.s Root mean square. A measure of signal power. r.m.s. = 

2/1

0

21








∫
T

dta
T

 

Roll (ϕ)  Rotation about the longitudinal (x) axis. [rad], [°] 
 Reference plane is the horizontal plan. 
s, sd Standard deviation of a sample. 
Sqrt Square -root 
t Parameter in Students t-distribution. 
X , m Mean of a sample. 
α Significance level. 
µ Mean of a population. 
χ2  Chi-square test. 
T, t Time. [s], [min], [h] 
tr Trial (turn). The specific number of a subject’s 

participation in a test run. 
VI Vomiting incidence. [%] 
wf, wb, wk, wd Weighting filters. See appendix F, Figure F-10. 
vert. Vertical 
Yaw Rotation about the vertical (z) axis. [rad], [°] 
(&⋅ ), ( &&⋅ ) First/second time derivative of (⋅). 
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A.5 GLZ Introductory Overview  
(Source: Help file from Statistica program) 
 

A.5.1 Basic Ideas 
The Generalized Linear Model (GLZ) is a generalization of the general linear 
model (see, e.g., the Visual General Linear Model (VGLM), Multiple Regression, 
and ANOVA/MANOVA modules).  In its simplest form, a linear model specifies 
the (linear) relationship between a dependent (or response) variable Y, and a set of 
predictor variables, the X's, so that 
 
Y = b0 + b1X1 + b2X2 + b3X3 + … +bkXk  
 
In this equation b0 is the regression coefficient for the intercept and the bi values 
are the regression coefficients (for variables 1 through k) computed from the data.  
So for example, one could estimate (i.e., predict) a person's weight as a function 
of the person's height and gender.  You could use linear regression to estimate the 
respective regression coefficients from a sample of data, measuring height, 
weight, and observing the subjects' gender.  For many data analysis problems, 
estimates of the linear relationships between variables are adequate to describe the 
observed data, and to make reasonable predictions for new observations (see the 
Multiple Regression module for additional details).  However, there are many 
relationships that cannot adequately be summarized by a simple linear equation, 
for two major reasons:   
 
Distribution of dependent variable. First, the dependent variable of interest may 
have a non-continuous distribution, and thus, the predicted values should also 
follow the respective distribution; any other predicted values are not logically 
possible.  For example, a researcher may be interested in predicting one of three 
possible discrete outcomes (e.g., a consumer's choice of one of three alternative 
products).  In that case, the dependent variable can only take on 3 distint values, 
and the distribution of the dependent variable is said to be multinomial.  Or 
suppose you are trying to predict people's family planing choices, specifically, 
how many children families will have, as a function of income and various other 
socioeconomic indicators.  The dependent variable — number of children — is 
discrete (i.e., a family may have 1, 2, or 3 children and so on, but cannot have 2.4 
children), and most likely the distribution of that variable is highly skewed (i.e., 
most families have 1, 2, or 3 children, fewer will have 4 or 5, very few will have 6 
or 7, and  so on).  In this case it would be reasonable to assume that the dependent 
variable follows a Poisson distribution.   
 
Link function.  A second reason why the linear (multiple regression) model might 
be inadequate to describe a particular relationship is that the effect of the 
predictors on the dependent variable may not be linear in nature.  For example, the 
relationship between a person's age and various indicators of health is most likely 
not linear in nature:  During early adulthood, the (average) health status of people 
who are 30 years old as compared to the (average) health status of people who are 
40 years old is not markedly different.  However, the difference in health status of 
60 year old people and 70 year old people is probably greater.  Thus, the 
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relationship between age and health status is likely non-linear in nature.  Probably 
some kind of a power function would be adequate to describe the relationship 
between a person's age and health, so that each increment in years of age at older 
ages will have greater impact on health status, as compared to each increment in 
years of age during early adulthood.  Put in other words, the link between age and 
health status is best described as non-linear, or as a power relationship in this 
particular example.   
 
The generalized linear model can be used to predict responses both for dependent 
variables with discrete distributions and for dependent variables which are 
nonlinearly related to the predictors.  

A.5.2 Computational Approach 
To summarise the basic ideas, the generalised linear model differs from the 
general linear model (of which, for example, multiple regression is a special case) 
in two major respects:  First, the distribution of the dependent or response variable 
can be (explicitly) non-normal, and does not have to be continuous, i.e., it can be 
binomial, multinomial, or ordinal multinomial (i.e., contain information on ranks 
only); second, the dependent variable values are predicted from a linear 
combination of predictor variables, which are "connected" to the dependent 
variable via a link function.  The general linear model for a single dependent 
variable can be considered a special case of the generalised linear model: In the 
general linear model the dependent variable values are expected to follow the 
normal distribution, and the link function is a simple identity function (i.e., the 
linear combination of values for the predictor variables is not transformed).   
 
To illustrate, in the general linear model a response variable Y is linearly 
associated with values on the X variables by  

Y = b0 + b1X1 + b2X2 + b3X3 + … +bkXk + e 

(where e stands for the error variability that cannot be accounted for by the 
predictors; note that the expected value of e is assumed to be 0), while the 
relationship in the generalised linear model is assumed to be Y = g(b0 + b1X1 + 
b2X2 + b3X3 + … +bkXk) + e 
 
where e is the error, and g(…) is a function.  Formally, the inverse function of 
g(…), say f(…), is called the link function; so that: 
f(muy) = b0 + b1X1 + b2X2 + b3X3 + … +bkXk + e 

 
where muy stands for the expected value of y.  
 
Link functions and distributions. Various link functions (see McCullagh and 
Nelder, 1989) can be chosen, depending on the assumed distribution of the y 
variable values:  
 
Normal, Gamma, Inverse normal, and Poisson distributions:  
 Identity link: f(z) = z 
 Log link:  f(z) = log(z)  
 Power link:  f(z) = z^a,  for a given a 
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Binomial, and Ordinal Multinomial distributions:  
 Logit link: f(z)=log(z/(1-z))  
 Probit link: f(z)=invnorm(z)  
 
where invnorm is the inverse of the standard normal cumulative distribution 
function.  
 
 Complementary log-log link: f(z)=log(-log(1-z))  
 Loglog link: f(z)=-log(-log(z))  
 
Multinomial distribution:  
 Generalised logit link: f(z1|z2,…,zc)=log(x1/(1-z1-…-zc)) 
 where the model has c+1 categories.  
 
Estimation in the generalised linear model.  The values of the parameters (b0 
through bk and the scale parameter) in the generalised linear model are obtained 
by maximum likelihood (ML) estimation, which requires iterative computational 
procedures.  There are many iterative methods for ML estimation in the 
generalised linear model, of which the Newton-Raphson and Fisher-Scoring 
methods are among the most efficient and widely used (see Dobson, 1990).  The 
Fisher-scoring (or iterative re-weighted least squares) method in particular 
provides a unified algorithm for all generalised linear models, as well as providing 
the expected variance-covariance matrix of parameter estimates as a by product of 
its computations.  
 
Statistical significance testing.  Tests for the significance of the effects in the 
model can be performed via the Wald statistic, the likelihood ratio (LR), or score 
statistic.  Detailed descriptions of these tests can be found in McCullagh and 
Nelder (1989).  The Wald statistic (e.g., see Dobson, 1990), which is computed as 
the generalised inner product of the parameter estimates with the respective 
variance-covariance matrix, is an easily computed, efficient statistic for testing the 
significance of effects.  The score statistic is obtained from the generalised inner 
product of the score vector with the Hessian matrix (the matrix of the second-
order partial derivatives of the maximum likelihood parameter estimates).  The 
likelihood ratio (LR) test requires the greatest computational effort (another 
iterative estimation procedure) and is thus not as fast as the first two methods; 
however, the LR test provides the most asymptotically efficient test known.  For 
details concerning these different test statistics, see Agresti(1996), McCullagh and 
Nelder(1989), and Dobson(1990).  
 
Diagnostics in the generalised linear model.  The two basic types of residuals are 
the so-called Pearson residuals and deviance residuals. Pearson residuals are 
based on the difference between observed responses and the predicted values; 
deviance residuals are based on the contribution of the observed responses to the 
log-likelihood statistic.  In addition, leverage scores, studentized residuals, 
generalised Cook's D, and other observational statistics (statistics based on 
individual observations) can be computed.  For a description and discussion of 
these statistics, see Hosmer and Lemeshow(1989).   
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A.5.3 Types of Analyses 
The design for an analysis can include effects for continuous as well as 
categorical predictor variables.  Designs may include polynomials for continuous 
predictors (e.g., squared or cubic terms) as well as interaction effects (i.e., product 
terms) for continuous predictors.  For categorical predictor variables, one can fit 
ANOVA-like designs, including full factorial, nested, and fractional factorial 
designs, etc.  Designs can be incomplete (i.e., involve missing cells), and effects 
for categorical predictor variables can be represented using either the sigma-
restricted parameterisation or the overparameterised (i.e., indicator variable) 
representation of effects.   
 
The topics below give complete descriptions (in the context of the Visual General 
Linear Model (VGLM) module) of the types of designs that can be analysed using 
the generalised linear model, as well as types of designs that can be analysed 
using the general linear model.   
 
Signal detection theory.  The list of designs shown below is by no means 
comprehensive, i.e., it does not describe all possible research problems to which 
the generalised linear model can be applied.  For example, an important 
application of the generalised linear model is the estimation of parameters for 
Signal detection theory (SDT) models. SDT is an application of statistical 
decision theory used to detect a signal embedded in noise. SDT is used in 
psychophysical studies of detection, recognition, and discrimination, and in other 
areas such as medical research, weather forecasting, survey research, and 
marketing research. For example, DeCarlo (1998) shows how signal detection 
models based on different underlying distributions can easily be considered by 
using the generalised linear model with different link functions.  
 

A.5.4 Model Building 
In addition to fitting the whole model for the specified type of analysis, different 
methods for automatic model building can be employed in analyses using the 
generalised linear model.  Specifically, forward entry, backward removal, forward 
stepwise, and backward stepwise procedures can be performed, as well as best-
subset search procedures.  In forward methods of selection of effects to include in 
the model (i.e., forward entry and forward stepwise methods), score statistics are 
compared to select new (significant) effects.  The Wald statistic can be used for 
backward removal methods (i.e., backward removal and backward stepwise, when 
effects are selected for removal from the model).  The best subsets search method 
can be based on three different test statistics: the score statistic, the model 
likelihood, and the AIC (Akaike Information Criterion, see Akaike, 1973).  Note 
that, since the score statistic does not require iterative computations, best subset 
selection based on the score statistic is computationally fastest, while selection 
based on the other two statistics usually provides more accurate results; see 
McCullagh and Nelder(1989), for additional details.   
 

A.5.5 Interpretation of Results and Diagnostics 
Simple estimation and test statistics may not be sufficient for adequate 
interpretation of the effects in an analysis.  Especially for higher order (e.g., 
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interaction) effects, inspection of the observed and predicted means can be 
invaluable for understanding the nature of an effect.  Plots of these means (with 
error bars) can be useful for quickly grasping the role of the effects in the model. 
Inspection of the distributions of variables is critically important when using the 
generalised linear model.  Histograms and probability plots for variables, and 
scatterplots showing the relationships between observed values, predicted values, 
and residuals (e.g., Pearson residuals, deviance residuals, studentized residuals, 
differential Chi-square statistics, differential deviance statistics, and generalised 
Cook's D) provide invaluable model-checking tools.   
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A.6 Estimating of data of the ordinal multinomial 
distribution 

(Source: Document from Dr Mats Wiklund (VTI), (Wiklund 2000) 
 
Dependent variable is NR26, ordinal with levels 0, 1, 2, 3, 4 Explanation 
(independent) variables are subjects (20 groups), condition (7 types) and turn (7 
times). Table A-1 show there are 5 – 1 intercepts, since the ordinal variable has 5 
levels. All variables are statistical significant. 
 
Table A-1 NR26 - Test of all effects. Distribution: ORDINAL MULTINOMIAL Link 

function: LOGIT 

 Degr. of Wald          
 Freedom  Stat.     p    
Intercept 4 74.30242 .000000 
SUBJECT 19 44.85897 .000717 
CONDITION 6 27.06089 .000141 
TURN  22.79846 .000867 
 
Table A-2 shows there is no overspread, on the contrary, it is less. The deviance is 
less than number of degrees of freedom. 
 
Table A-2 NR26 - Statistics of goodness of fit. Distribution : ORDINAL 

MULTINOMIAL Link function: LOGIT 

 Df Stat. Stat/Df 
Deviance 525 224.893 .428368 
Scaled Deviance 525 224.893 .428368 
Pearson Chi² 525 415.216 .790887 
Scaled P. Chi² 525 415.216 .790887 
Loglikelihood  -112.447  
 
The table A-3 show estimating of parameters. To calculate a probability, one have 
to start with calculating a linear predictor η.  
 
Example 1. To calculate the probability that subject 19 have a nausea rating NR26 
of ≤ 2, in condition 4 and turn 2. The linear predictor is then: 

η = - 3.69235+ 5.25277 – 1.84665 – 0.45751= -0.74375  

The cumulative probability is then 

 =
+ η

η

e
e

1
0.32 

Notify that cumulative probability for NR26 maximum 4 is always 1. The 
parameter for condition 7 = - sum of parameters for the condition 1 – 6. The same 
is valid for turn and subjects. 
 
Less number on the parameters (condition, turn, etc) gives lower value on η, 
which gives lower values on probability for the cumulative distribution and it 
moves to the right with higher expected values. 
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Example 2. For condition 4, turn 1 the following is valid 
     
η(NR = 0) = 1.20590 - 1.84665- -2.01379 = -2.65454 cumulative probability F(0) = 0.066 
η(NR ≤ 1) = 3.48361 - 1.84665- -2.01379 = -0.37683 cumulative probability F(1) = 0.407 
η(NR ≤ 2) = 5.25277- 1.84665- -2.01379 = 1.392332 cumulative probability F(2) = 0.801 
η(NR ≤ 3) = 6.03025- 1.84665- -2.01379 = 2.169815 cumulative probability F(3)= 0.897 
η(NR ≤ 4)  cumulative probability F(4) = 1 
 
Expected value = ∑(i⋅(F(i) – F (i - 1))) = 1.82 
 
Since the standard error for intercepts are very high, reflecting a great uncertainty 
of the exact value, it is better to omit the variable subjects in most cases, see Table 
A-4 and A-5. 
 
Table A-3 NR26 - Parameter estimates.  Distribution: ORDINAL MULTINOMIAL. 

Link function: LOGIT 

 Level of           Standard Wald          
 Effect  Column Estimate Error Stat.     p    
Intercept 1  1.000 1.20590 167.014 .00005 .994239 
Intercept 2  2.000 3.48361 167.014 .00044 .983359 
Intercept 3  3.000 5.25277 167.015 .00099 .974910 
Intercept 4  4.000 6.03025 167.015 .00130 .971198 
SUBJECT 1 5.000 2.19728 167.020 .00017 .989503 
SUBJECT 2 6.000 1.77286 167.019 .00011 .991531 
SUBJECT 3 7.000 -.98297 167.016 .00003 .995304 
SUBJECT 4 8.000 -4.57995 167.016 .00075 .978123 
SUBJECT 5 9.000 -2.79481 167.016 .00028 .986649 
SUBJECT 6 10.000 -1.52752 167.016 .00008 .992703 
SUBJECT 7 11.000 2.02580 167.021 .00015 .990323 
SUBJECT 9 12.000 19.80000 3173.267 .00004 .995022 
SUBJECT 10 13.000 1.43267 167.018 .00007 .993156 
SUBJECT 11 14.000 -.99885 167.016 .00004 .995228 
SUBJECT 17 15.000 -2.74505 167.016 .00027 .986887 
SUBJECT 18 16.000 -1.77646 167.016 .00011 .991513 
SUBJECT 19 17.000 -3.69235 167.016 .00049 .982362 
SUBJECT 20 18.000 -.45812 167.016 .00001 .997811 
SUBJECT 21 19.000 -2.68907 167.016 .00026 .987154 
SUBJECT 23 20.000 -2.04385 167.016 .00015 .990236 
SUBJECT 26 21.000 -.98490 167.016 .00003 .995295 
SUBJECT 28 22.000 .31605 167.017 .00000 .998490 
SUBJECT 29 23.000 -.61162 167.016 .00001 .997078 
CONDITION 1 24.000 .55812 .525 1.13109 .287542 
CONDITION 2 25.000 -.22083 .482 .20976 .646954 
CONDITION 3 26.000 -1.57993 .464 11.58197 .000666 
CONDITION 4 27.000 -1.84665 .513 12.97543 .000316 
CONDITION 5 28.000 1.38522 .578 5.73377 .016642 
CONDITION 6 29.000 -.27392 .476 .33132 .564883 
TURN 1 30.000 -2.01379 .476 17.93125 .000023 
TURN 2 31.000 -.45751 .471 .94258 .331615 
TURN 3 32.000 .53081 .530 1.00393 .316361 
TURN 4 33.000 .45612 .514 .78817 .374655 
TURN 5 34.000 1.04328 .604 2.98375 .084104 
TURN 6 35.000 -.49721 .508 .95973 .327256 
Scale   1.00000 0.000   
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Table A-4 NR26 - Test of all effects. Distribution: ORDINAL MULTINOMIAL Link 
function: LOGIT 

 Degr. of Wald          
 Freedom  Stat.     p    
Intercept 4.000 88.41622 0.000000 
CONDITION 6.000 16.19166 .012761 
TURN 6.000 11.89482 .064357 
 
Table A-5 NR26 - Parameter estimates. Distribution: ORDINAL MULTINOMIAL Link 

function: LOGIT 

 Level of           Standard Wald          
 Effect  Column Estimate Error Stat.     p    
Intercept 1  1.000 .19124 .187386 1.04154 .307463 
Intercept 2  2.000 1.66355 .239015 48.44172 .000000 
Intercept 3  3.000 2.90632 .349934 68.97869 .000000 
Intercept 4  4.000 3.47707 .432557 64.61609 .000000 
CONDITION 1.000 5.000 .41102 .445893 .84971 .356633 
CONDITION 2.000 6.000 -.21060 .410796 .26283 .608181 
CONDITION 3.000 7.000 -1.00592 .398910 6.35889 .011679 
CONDITION 4.000 8.000 -1.07134 .416554 6.61469 .010114 
CONDITION 5.000 9.000 .83662 .488544 2.93255 .086810 
CONDITION 6.000 10.000 .02972 .417970 .00506 .943304 
TURN 1.000 11.000 -1.20054 .403981 8.83141 .002961 
TURN 2.000 12.000 -.31519 .407305 .59883 .439024 
TURN 3.000 13.000 .48180 .449044 1.15120 .283299 
TURN 4.000 14.000 .15438 .428499 .12981 .718632 
TURN 5.000 15.000 .70554 .495065 2.03104 .154115 
TURN 6.000 16.000 -.19026 .430884 .19497 .658809 
Scale   1.00000 0.000000   
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Appendix B  Motion sequences 
Below there are examples of different motions used in the motion sequences with 
100% lateral acceleration (condition 1 – 4). Lateral acceleration, velocity and 
displacement are in horizontal plane.  
 
 Short  Long motion sequence 
Maximum lateral acceleration:  1.1 m/s2 1.22 m/s2 
Maximum lateral velocity:   1.98 m/s 1.77 m/s 
Lateral displacement:  5.94 m 5.46 m 

Short motion sequence 

Lateral acceleration in horizontal plane 
Short motion sequence
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Figure B-1 Lateral acceleration in horizontal plane, velocity and displacement for the 
short motion sequence. 
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Long motion sequence 

Lateral acceleration
In horizontal plane. Long motion sequence
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Figure B-2 Lateral acceleration in horizontal plane, velocity and displacement for the 

long motion sequence 
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Long wave irregularity 
This motion was repeated twice in order to shift the cabin back again to the zero 
position. Time distance between execution of the two sequence 3 were about 5s.  
 

Lateral motion - Sequency 3
Long wave irregaularity
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Figure B-3 Lateral acceleration, velocity and displacement for a long wave 

irregularity (motion sequence 3). 
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B.1 Measured signals in cabin 
Figures B-4 to B-6 show 2 Hz low-pass filtered signals measured by two 
accelerometers (lateral and vertical) and a gyroscope inside the cabin mounted on 
the cabin floor. 
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Figure B-4 Test condition 1 (H100R0). Lateral and vertical acceleration measured in 

the cabin. No roll motion.  
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Figure B-5 Test condition 3 (H100R75). Lateral and vertical acceleration measured 

in the cabin.  
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Figure B-6 Test condition 3 (H100R75). Roll velocity measured in the cabin and 

integrated roll angle.  
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Figure B-7 Test condition 4 (H100R100). Lateral and vertical acceleration measured 

in the cabin.  
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Figure B-8 Test condition 4 (H100R100). Roll velocity measured in the cabin and 

integrated roll angle.  
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Figure B-9 Test condition 7 (H0R75). Lateral and vertical acceleration measured in 

the cabin.  
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Figure B-10 Test condition 7 (H0R75). Roll velocity measured in the cabin and 

integrated roll angle.  
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Figure B-11 Test condition 14 (H100R75). Lateral and vertical acceleration measured 

in the cabin with no vibrations added. 
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Appendix C  Vibration signals in the 
cabin 
Vibration signals from measurements from earlier test with X2000, which was 
used in the test, to generate vibrations in the cabin. The Figure C-1 shows lateral 
and vertical acceleration in the car body of the train passing two curves on the line 
between Katrineholm and Järna. The accelerations between 15 and 22 s were then 
used for generating the vibrations added to the motion environment in cabin. 
These signals were band-pass filtered with 0.5 Hz and 15 Hz for be able to adjust 
the signals to the driving system of the simulator. Also the end of the filtered 
signals was adjusted for maintaining the same level, see Figure C-3 and C-4.  
 
Figure C-2 shows the tilt angle and the total roll angle integrated from roll 
velocity together with roll velocity. Original measurements were made by SJ 
laboratory and then just a small part of these registrations were transferred into 
MATLAB – files. The vibration signals for the cabin were generating with 
MATLAB by VTI. 
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Figure C-1 Measured lateral and vertical accelerations in the X2 car body, excerpt 

from earlier test. 
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Figure C-2 Tilt angle from tilt system and roll angle (integrated from roll velocity) and 

measured roll velocity.   
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Figure C-3 Vertical position and acceleration of the added vibrations, filtered (red) 

and non-filtered (blue) 
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Figure C-4  Lateral position and acceleration of the added vibrations, filtered (red) 

and non-filtered (blue) 
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Appendix D  Cabin layout 
Schematic drawings from rear and side are shown i Figure C-1 and C-2. 
 

  
Figure D-1 Rear view drawing of the cabin. 

 

Figure D-2 Side view drawing of the cabin. 
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Pictures show the interior layout of the cabin, see Figure C-3 and C-4. 
 

 
Figure D-3 Interior view of cabin showing subject working with questionnaire. 

 
Figure D-4 Interior layout of cabin. View from entrance door showing subject working 

with questionnaire. 
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Appendix E  Instructions and 
questionnaires 
Examples of instructions and questionnaires, that been used in the test, are shown 
below. All instructions and questionnaires were given in Swedish. 
 
 

Instruction to test subjects  
 
The objective with the test is to investigate comfort and discomfort (nausea) from 
typical motions in trains. You are going to ride in a special cabin with two seats, 
where you can read and work and also answer some questions each 5 minutes. 
The motions are combinations of motions side-ways and roll.  
 
Occupation: You should read when you are not working on the questionnaires.  
 
Questionnaire: The different pages in the questionnaire are filled on request from 
the test leader. Answer as careful as possible. Marking of the letter p is done along 
the rows and you shall try to mark as many as possible during 1 min. Put a mark 
on the row where you were when the time is out.  
 
You are going to estimate your possible nausea on the scale below; with light 
symptoms means, tiredness, headache, pallor, sweating or light dizziness.  
 
 No symptoms 

Light symptoms but no nausea 
Light nausea 
Moderate nausea 
Strong nausea 

 
Strong nausea: If you experience strong nausea, please let the test leader know 
that, so we can stop the motion and let you out. It is not meant that you are going 
to feel so bad that you might vomit.  
 
Emergency stop: Please, do not use it unnecessary. Tell the test leader, and when 
he/she will stop the motion and you can get out, if you want. Stay in the seat until 
the test leader has opened the door. Only then you can leave the cabin. 
 
Important:  
When the test is over, please be seated until the test leader comes and opens the 
door. Remember to walk backwards down the steps and hold on with both hands.  
 
You are taking part on your own will and get paid. If you don’t want to go on with 
the test or the test series, please let the test leader know, so we can get a substitute.  
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Examples from a questionnaire 
 
Test in the simulator  
 
The objective of this test is that we want a comparison between typical motions in 
a tilting trains. You are going to answer a number of questions and it is important 
that you answer according to our own standpoints. Your answers are naturally 
confidential. Answer with a tick in the appropriate answer box or write your 
answer on the marked line. 
  
 
 
Name: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
 
Date: 
 
1. Are you   
 Man   ! or  
 Woman   !?  
 
2. Born year: . . . . . .   



 

VTI rapport 450A E-3 

Background information 
 
3.  Do you feel rested?  ! Yes  !No 
 
4.  What and when did you last eat? Big meal Only a sandwich  Nothing 
 0-2 hours before test start ! ! ! 
 more than 2 hours ago ! ! ! 
 
5.  How often have you travelled with following transport modes during the last 
year?   X2000 Normal train 
 Aeroplane 
 0 times, (never) ! ! ! 
 1-2 times ! ! ! 
 3-6 times ! ! ! 
 7-12 times ! ! ! 
 more than 12 times ! ! ! 
 

6. How often have you felt motion sickness in the following transport modes 
during the last five years?  

 No times Some times A number of times 
 Car ! ! ! 
 Bus ! ! ! 
 Ship ! ! ! 
 Aeroplane ! ! ! 
 Normal train  ! ! ! 
 X2000 ! ! ! 
  
8. How do you feel just now in general 
 I feel fine ! 
 I do not feel fine !  because of what: . . . . . . . . . . .  
 

9. What is your own estimation of your sensitivity to motion sickness?  
Try to estimate your sensitivity on a scale from 1 to 7, where 1 means you 
are totally insensitive and 7 that your sensitivity is very large. Mark your 
sensitivity on the scale below: 
 

 None   Very large 
 1 2 3 4 5 6 7  
 

10. Have you taken anything that might influence your normal sensitivity to 
motions (like medicine, nausea pills etc.)?   

 !  Yes, if yes, what . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. . . .  
 !  No  
 

11. Do you consider yourself having a normal vestibular system?  
 !  Yes,   
 !  No, if no, what . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. . .  
 
12.  Other comments or information. 
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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Have you answered all questions? Thanks in advance! 
 
 
Mark every p that you find in a minute’s time! Pretest 
Please look along the rows. 

y h q p w o z z n y s u d s e d y s r y m i b z p z u w f v d f n t y c n n a l
j x t i a m o w n n p g q l b a r r n d x h l f b d u y h y l t d t g x k p g u
f y z t u t k f s x k u a k z y r o b l d f a p c o d h d g l v c p b q r c l b
e s b a q j m a e i u l d c z g o t a f p c q b x q l w d u y a k z e p o z h b
x j r z o c b r z r u j m c e k f z y r g i f z k e y o t s n w w q p p j t g k
i u g x n u j j p u l u n z e w w r h f p i x m k l r z y l b s l s q b j j a c
h b i f b j c f u p j f o t g l r z n j l v b t z v l i i n x k r p u q l g i j
t o x n x n t c w g p k t w f n m c v f t k o d b z q d n f j m n s q b p l h g
s r e a w z t h y o u p l z h g u z h t c p r y o l a h t q b w y g l e g s u g
l t t g w r p u b j y o a p g j g b z u l k b d t i a i t t o l h l d c d m g t
a e i l s l o k e y k g p w v o y e s q o c w x o e b z k y s e i a i s b u n b
n s q i z a v w z m o v z l z u t h z l s x w p v w x o s d z w p t i w f u v h
z o x e i g e z t l f l m a p u h x k s t h x r r f n k j l w t t f w s s p u x
g g y f u c n c q s z b o k n n m z o a s p h z u w s p h i y d m a s e d r d h
y l b j m z x r z h l w b x k m n r q u o d b t q x e x t m f p t t p i i q n g
i q k h v c f z d l h h k w p w o a t f r z n v o w w q l m i a c p f c g j f a
r h p c n m f k b j s m w l l r i g f p y c q l i y q f c t x a k o j x m b e c
k h s e l i x b p l l l w v j s w r u q j z b r p i f z v f l s y s x s u e m m
g w b a p m t i i h x v j e v f y j s g j g g b s r f k q c d m y e f q u j p g
x l p x n x s r f s w i f c b a s a v c p h s i a a n f t o e b h z k g y m f f
x t v m x h p h w h f d n o x p b i n j q u i e y h v j i m s d r t w o x a e n
b t g d o e d w h e z b a t t q g p x i r g g w q n n k y c q b x z t o w p e e
h c x y v o g b y m d y b t u b v y e f r x a h x h h n t g f n j v t p k t u q
l v z k l z i r j r t q p w l h k z t g r k t l p a r z m g e l j q m c u g g j
d z n i u s z j c z v w k u h k s g n k m m j v v f k h x y g p p q v i d y j t
n n y c l o z e d w w v j c k i p i t a n f s f e j d v p g v t i b q r x o o y
o z c n j l x u j m s p l c z y r f c y j w m i c p t d n m m s e u k r x y f k
x n i o w y o y t b c q m q w c n m f f e c k n l h q l z l y p s v a p c a v l
u t k j t m s n u k z o p a k d d w v c i c d m h p j y l w v c j c k f b h y u
a n z f y m a v w g d x h z i p r q p q h u o e c z n i q g q t j j d d v n z k
r p k l h a b h t t r c x q k n t n n z q i t f r y a j g f e p g r w b o h e i
s d v u j e m u d n s l p o p s u f s k h h h m k y m i b a b b r n h t a d u n
d z b g x p c k x t l q y q m h y v t h q v h h v d t z q o m s g p u h u c f j
y t r y k v z d r v x m p g e l v i u h p j v q s e h t w t q w h c k j h z k n
x y g l i y d t s o m p j g c p r a v f b e k y t u l z v o s m u j s f t u t r
h g j y o a p u u r u f b p o o u m g s q g i q c i h d h u w v h q r v o f f j
y m z u m g a a r g w k b v p m i r a e w d r d i i z p v s i s w h z t d k s a
s x t l d n g y a d p k k k h l f v r m s s u k f r d t w e t w d t q b k t j p
d p w s s n t s x y w k d f l p o b u n k i l r d l c l j l t j w d o s f z k v
b z p d z h x n f f k j c t j p d i z e e x h n f m k k j a u o e x k n c g v x
i j k p l x k m g d d n j j l x e h o z g h q s p z y d d w b t m z x n a a r u
f o p z j v j c c a u y j e f u r y f v b z h t o f o u k x e k p o u o b v d m
d y b l h p e i v v e i r j i b s x v y a n l z i w v k p v t y o t g g s o m t
g p w i e t z p h o g a k m i w n e x m w j k l e c w x y h x t c u v q e o g z
a u l o r w s m c t g p v q i g j k z o e g j s k f o e b i c l p q j d u q i b
s u n i j m g j u u l u s h s c s z l u u y s i q y l h p d g p v t g m u w n z
o h b w v h h f l p y k c u o a q c l d o c p d a q c t j r a q v v o f c o h n
s k r p k y m h r w i f j g c p n b d y l q j b n g u u d n v t g g h c d j z d
u e o s v u l q b x n p t l y v z a v a b v z p x o s u o h d k u g n s g a g i
n z d k e s n p k k w o t n r d w f f r g x w d k y c t m c h f c y t x m p l j

 
    
Test-leaders notes  
Number of rows: 
Number of p’s: 
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Answer as accurately as possible! 31 min 
 
If this was a train, how would you have classified the ride comfort?  
 Very good ! 
 Good ! 
 Neither good or bad ! 
 Bad ! 
 Very bad ! 

 

If you think there were any comfort disturbances, what do you think they were 
caused by?  Shakings and jolts in lateral (side-ways) ! 
 Shakings and jolts in vertical  ! 
 Large acceleration in side-ways ! 
 Uneven tilting motions ! 
 Something else, specify ! 
  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
 
How would you regard the ability to work / read on the train? 
 Very good ! 
 Good ! 
 Neither good nor bad ! 
 Bad ! 
 Very bad ! 
 Do not know ! 

Comments: . . . . . . . . . . . . . . . . . . . .  

 
Regarding nausea, I have just now  

No symptoms ❏  
Light symptoms but no nausea ❏  
Light nausea ❏  
Moderate nausea ❏  
Strong nausea ❏  

Other observations that can be of use (yawings, tiredness, headache, pallor, cold 
sweating, salivation, drowsiness, dizziness, can able to read etc.): . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . .  
 
How do you feel just now (physically)? 

I feel fine ! 
I do not feel quite well ! 
I feel rather bad (miserable) ! 
I feel bad (miserable) ! 
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Test procedure 
Questions about estimation of nausea and illness were given each 5 minutes from 
1 min up to 41 min after test start. The p-deletion tests were undertaken each 10 
minutes, from 0 to 40 min from test start plus a pre-test sample. Comfort and 
discomfort were judged at 16 and 31 min after test start and the ability to 
work/read was judged at 31 min at the end of the test ride.  
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Appendix F  Complementary results 
F.1 Distribution of nausea ratings 
Table F-1 shows Kolmogorov-Smirnov tests for the distribution of NRmean, 
NR26 and NR31, if they are normally distributed. 
Table F-1 One sample Kolmogorov-Smirnov test of Normal distribution for subjects’ 

estimated parameter nausea for different times.  

  NR26 NRmean 
N  42 42 
Normal parametersa.b Mean 1.357 1.270 
 Std. deviation 1.246 1.2412 
Most extreme difference Absolute 0.199 .205 
Kolmogorov-Smirnov Z  1.811 1.329 
Asymp. significance (2-tailed)  0.003 0.058 
Remarks: a  Under the assumption that the tested distribution is normal 
 b  Calculated from data 
 
The tested distribution is not normal (p ≤ 0,0003) for subjects’ estimated nausea 
rating NR26 but for the parameter NRmean the normal distribution can not be 
rejected (however it is considered unlikely to be true).  

F.2 Correlations 
Earlier correlation analysis showed that correlation between age and self-
estimated sensitivity is weak (r = –0.18; p ≤ 0.25, N = 42). Mean sensitivity in age 
between ages 20 – 25 years is 3,2 and 26 – 30 years are 3,0.  
 
Table F-2 shows the correlations between nausea ratings (NR26) and previous 
experience with nausea in different kinds of transport modes. The correlations are 
aggregated from both test part I and test part II, altogether 75 subjects.  
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Table F-2 Spearman rank correlation between nausea experienced from different 
transportation modes and nausea ratings in the test (NR26). All subjects 
in part I and part II are used (75 subjects). Significance is 2-tailed. 

Spearman's rho Gender Sens. Travel 
exp. 

Age MS car MS bus MS 
ship 

MS 
plane 

MS tot MS 
train 

MS 
X2000 

Gender Corr.         
 Sign.         
Sens. Corr. 0.188         
 Sign. 0.106         
Travel Corr. -0.001 0.131        
exp. Sign. 0.996 0.263        
Age Corr. -0.009 -0.094 0.002       
 Sign. 0.940 0.425 0.989       
MS car Corr. 0.277 0.525 0.147 -0.478      
 Sign. 0.016 0.000 0.208 0.000      
MS bus Corr. 0.312 0.507 0.116 0.028 0.439      
 Sign. 0.006 0.000 0.320 0.814 0.000      
MS ship Corr. 0.384 0.170 0.141 -0.019 0.153 -0.069     
 Sign. 0.001 0.145 0.229 0.868 0.189 0.554     
MS plane Corr. 0.108 0.234 0.060 0.031 0.272 -0.002 0.328    
 Sign. 0.359 0.043 0.610 0.791 0.018 0.985 0.004    
MS tot. Corr. 0.418 0.671 0.221 -0.133 0.722 0.635 0.445 0.409    
 Sign. 0.000 0.000 0.057 0.255 0.000 0.000 0.000 0.000    
MS train Corr. 0.149 0.356 0.068 -0.027 0.322 0.468 0.085 0.158 0.580   
 Sign. 0.202 0.002 0.559 0.818 0.005 0.000 0.470 0.175 0.000   
MS X200 Corr. 0.108 0.397 0.314 0.058 0.189 0.198 0.052 0.023 0.494 0.153  
 Sign. 0.358 0.000 0.007 0.622 0.107 0.090 0.662 0.847 0.000 0.192  
NR26 Corr. 0.266 0.410 0.320 -0.256 0.444 0.298 0.199 0.185 0.462 0.126 0.255 
 Sign. 0.021 0.000 0.005 0.027 0.000 0.009 0.086 0.112 0.000 0.282 0.028 
Remarks:  

MS car: Previous experience with motion sickness in cars. 
 MS bus: Previous experience with motion sickness in buses. 
 MS ship: Previous experience with motion sickness in ships. 
 MS plane: Previous experience with motion sickness in aeroplanes. 
 MS train: Previous experience with motion sickness in trains (non-tilting). 
 MS X2000: Previous experience with motion sickness in tilting trains (X2000). 
 MS tot. Previous experiences with motion sickness in all above transport 
modes. 
 NR26: Nausea Rating at 26 min. 
 Sens.: Self-estimated sensitivity to motion sickness 
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F.3 Results from test conditions 

F.3.1 Results after the first turn  
Kruskal-Wallis tests after the first test run (first turn) show that both condition and 
sensitivity are significant variables on nausea ratings (NRmean and NR26) but that 
gender is not, see Tables F-3 – F-4  
 
Table F-3 Test statistics for Kruskal-Wallis test for sensitivity. 

Sensitivity NRmean NR26 
Chi-square 
df 
Asymp. Sign. 

11.95 
4 

0.02 

10.84 
4 

0.03 
Kruskal Wallis Test. Grouping Variable: Sensitivity 
 
Table F-4 Test statistics for Kruskal-Wallis test for gender. 

Gender NRmean NR26 
Chi-square 
df 
Asymp. Sign. 

3.50 
1 

0.06 

3.13 
1 

0.08 
Kruskal Wallis Test. Grouping Variable: Gender 
 
A pairwise comparison between the genders is shown in Table F-5. 
Table F-5 Pairwise Comparisons between genders. Dependent Variable: NR26. 

  Mean Difference 
(I-J) 

Std. 
Error 

Sign. 90% Confidence Interval for 
Difference 

(I) Gender (J) Gender    Lower Bound Upper Bound 
Male Female -0.75 0.34 .03 -1.32 -,0.82 

Female Male 0.75 0.34 .03 0.182 1.32 
Remarks : Based on estimated marginal means 

*  The mean difference is significant at the 0,1 level. 
a  Adjustment for multiple comparisons: Bonferroni. 
b  An estimate of the modified population marginal mean (J). 
c  An estimate of the modified population marginal mean (I). 

 

F.3.2 Results from all trials (turns) 
Table F-6 shows analysis of variance with the transformed response variable 
sqrt(1+NR26) instead of NR264.  
 

                                                 
4 This is done to stabilise the variation of a variable. The standard deviation should be the same for 
a particular variable for different categories with different means. 
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Table F-6 Analysis of variance on nausea ratings as a transformed variable 
(sqrt(1+NR26)) with respect to condition and gender. Turn and sensitivity 
treated as covariates. 

Source Sum of Squares df Mean Square F Sign. 
Corrected Model 9.122 15 0.608 6.264 1.05E-10 
Intercept 16.375 1 16.375 168.672 0 
Sensitivitya 2.395 1 2.395 24.669 1.52E-06 
Turna 0.786 1 0.786 8.101 0.005 
Gender 0.602 1 0.602 6.199 0.014 
Test condition 3.223 6 0.537 5.534 2.64E-05b 

Gender * condition 0.812 6 0.135 1.394 0.219 
Error 18.349 189 0.097   
Total 369 205    
Corrected Total 27.471 204    
Remarks:  r2 = 0.332 (Adjusted r2 = 0.279). 
 a Variable entered as covariate.  
 b A Tukey and Tamhane post hoc test shows that NR for conditions 3 and 4 are 

significantly different from NR for conditions 5 and 7 (p < 0.01). 
 
Figure F-1 shows the observed means for nausea ratings (NR26) for the different 
test conditions and gender. Figures F-2 and F-3 show the marginal means for male 
and female subjects with increasing roll motion along the x-axis and increasing 
lateral acceleration along the y-axis. 
 
 

Nausea ratings, comparison between test motions
Observed means from 205 test runs. 90% confidence interval
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Figure F-1 Observed means for nausea ratings (NR26) aggregated over all test runs 
in test part I. 
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Figure F-2 Estimated marginal means for nausea ratings (NR26) for male subjects 

and different test conditions. 
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Figure F-3 Estimated marginal means for nausea ratings (NRmean) for female 

subjects for the different test conditions. 

Sensitivity 
Nausea ratings (NR26) with condition, sensitivity and gender as independent 
variables and turn as covariate are shown in Figure F-4 and F-5. The problem is 
that sensitivity and gender are not truly independent, since they are partly 
concurrent. Females show a higher sensitivity. 
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Figure F-4 Estimated marginal means for NR26 separated in male subjects with 

different sensitivity and for different test conditions. 
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Figure F-5 Estimated marginal means for NR26 separated in female subjects with 

different sensitivity and for different test conditions. 

The corresponding ANOVA (Table F-7) shows that gender is no longer 
significant when sensitivity is entered as an independent variable. This model has 
a r2 – value of 0.48, which is better than the previous models. Sensitivity and 
gender are concurrent variables and not really independent.  
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Table F-7 Analysis of variance on NR26 as dependent variable. Condition, 
sensitivity and gender entered as independent variables and turn as 
covariate. 

Source Sum of Squares df Mean Square F Sign. 
Corrected Model 116.567 56 2.082 2.429 0.000 
Intercept 40.921 1 40.921 47.752 0.000 
Turna 3.935 1 3.935 4.592 0.034 
Condition 18.011 6 3.002 3.503 0.003 
Sensitivity 21.343 4 5.336 6.227 0.000b 
Gender 2.857 1 2.857 3.334 0.070 
Condition * sens. 21.965 24 0.915 1.068 0.387 
Condition * gender 5.779 6 0.963 1.124 0.351 
Sens. * gender 3.848 2 1.924 2.245 0.110 
Cond. * sens. * gender 6.613 12 0.551 0.643 0.803 
Error 126.828 148 0.857   
Total 373 205    
Corrected Total 243.395 204    
r2 = 0.479 (Adjusted r2 = 0.282)  
a Variable entered as covariate.  
 A Tukey and Tamhane post hoc test shows that NR for sensitivity 2 are significantly different 

(lower) then NR for sensitivity 3 (p < 0.01). 4 (p < 0.01) and 5 (p < 0.05).  

F.3.3 Nausea percentage 
Tables F-8 show percentage of subjects with any symptoms of nausea (NP26) and 
an analysis of variance. Gender and test conditions are entered as independent 
variables while turn and sensitivity are entered as covariates. Note that gender is 
not significant although test condition, turn and sensitivity are so. 
 
Table F-8 Observed and estimated means for nausea percentage (NP26).  

 Observed means Estimated marginal 
meansa 

Condition Male Female Total Male Female Total 
1 23% 53% 41% 29% 47% 38% 
2 50% 44% 47% 51% 42% 47% 
3 62% 76% 71% 62% 74% 68% 
4 58% 68% 65% 63% 67% 65% 
5 36% 25% 31% 37% 30% 33% 
6 23% 55% 38% 23% 55% 39% 
7 15% 20% 18% 19% 16% 17% 

Total 38% 51% 45% 41% 47%  
a Evaluated at covariates appearing in the model: turn = 3,47 and sensitivity = 2,91. 
 

F.3.4 Results from subjects taking part in all seven turns 
Figure F-6 shows the observed means from the subjects taking part in all seven 
turns, 20 subjects altogether. Tables F-9 shows regression models for all 20 
subjects together and Table F-10 for females only. All regression constants are 
significant except for the constant terms. The regression model for males was not 
significant. 
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Nausea ratings (NR26 ), comparison between test motions
Observed means. Only subjects taking part in all 7 turns. 90% confidence interval
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Figure F-6 Observed means for nausea ratings (NR26) for those subjects taking part 

in all seven turns. 

Table F-9 Regression model for all both males and females for nausea ratings 
(NR26) 

 Unstand. Coefficients t Sign. 95% confidence interval for B 
 B Std. Error   L. bound U. bound 
(Constant) -0.288 0.360 -0.801 0.425 -0.999 0.423 
Gender 0.387 0.166 20.331 0.021 0.059 0.716 
Sens. 0.335 0.084 30.982 0.000 0.169 0.502 
Turn -0.116 0.040 -20.869 0.005 -0.196 -0.036 
Remark:  Dependent variable NR26 
 r2 = 0.20; F(3.139) = 11.5; p < 0.001 
 
Table F-10 Regression model for females for nausea ratings (NR26) 

 Unstand. coefficients t Sign. 95% confidence interval for B 
 B Std. Error   Lower bound Upper bound 
(Constant) 0.712 0.407 10.747 0.085 -0.100 10.523 
Sens. 0.375 0.101 30.691 0.000 0.172 0.577 
Turn -0.201 0.062 -30.266 0.002 -0.324 -0.078 
Remark:  Dependent variable NR26 
 Selected only cases which gender = 2 (female) 
 r2 = 0.25; F(2.76) = 12.1; p < 0.001 
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F.4 Ride comfort and work / read ability 
Figure F-7 and F-8 show the dependence of estimated ride comfort and ability to 
work and read on nausea. 
 

Estimation of ride comfort regarded to nausea ratings
After 31 min.  90% confidence interval

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

NR26 = 0 NR26 = 1 NR26 = 2 NR26 = 3 NR26 = 4

Nausea ratings (NR26 )

Es
t. 

m
ar

gi
na

l m
ea

ns
 fo

r r
id

e 
co

m
fo

rt

Male

Female

Regression line

Neither bad
or good

Good

Bad

Very bad

Regression:
Est. of comfort =3,1 - 0,50*NR26  + 0,56 (if female)
r2 = 0,27 

 
Figure F-7 Estimation of ride comfort at 31 min as a function of nausea ratings 

(NR26). 

 

Abiltity to work with respect to nausea rating
After 31 min.  90% confidence interval
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Figure F-8 Estimation of ability of work / read as a function of nausea ratings 

(NR26). 
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Regression line:  
Comfort/work ability = cc + cNR·NR26 + cG (if female) 

Coefficients are in Table F-11. 
Table F-11 Regression coefficients for regression of estimation of comfort and work 

ability with 90% confidence intervals.  

 Comfort 
(31min)  

95 % confidence 
interval 

Work 
(31min) 

95 % confidence 
interval 

  Lower b. Upper b.  Lower b. Upper b.
Cc 3.09 2.69 5.45 3.63 3.29 3.97 
CNR -0.50 -0.62 -0.38 -0.58 -0.68 -0.48 
CG 0.56 0.31 0.82 0.34 0.12 0.57 
 
Figure F-9 shows the observed means for estimated ride comfort at 16 and 31 min 
together with ability to work and read. The observed means are influenced by 
nausea ratings and are there somewhat lower than estimated marginal means with 
NR26=0. 
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Figure F-9 Observed means of estimated ride comfort and ability to work and read. 

 
Other comfort measurements 
Measurements have been made with old equipment, that was made to measure 
ISO 2631 comfort according to the old wg vertical weighting filter and wd for the 
lateral accelerations, see Figure F-10 for weighting filters. Table F-12 displays 
r.m.s. - values (comfort values) calculated over 60 s (1 cycle of the motion 
sequence) for some of the test conditions.  
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Table F-12 R.m.s.-values for some of the conditions in the test, weighted according 
to ISO standard 2631 filters wg (vertical) and wd (lateral). 

 Condition 1 
L100R0 

Condition 3 
L100R75 

Condition 7 
L0R75 

Condition 1
L100R0 

Condition 3 
L100R75 

Condition 7
L0R75 

 weighted weighted weighted unweighted unweighted unweighted 
Lateral r.m.s. 0.062 0.069 0.067 0.622 0.262 0.519 
Vertical r.m.s. 0.104 0.264 0.218 0.137 0.322 0.271 
Lateral max 0.277 0.324 0.315    
Vertical max 0.494 1.176 0.92    
 
According to ISO 2631-1 (ISO, 1997) weighted r.m.s. - levels (marked with 
italics) below 0.315 m/s2 are considered as not uncomfortable.  
 
Comfort disturbances PCT 
The corresponding comfort disturbances caused by curve transitions for seated 
passengers are calculated with the British PCT standard (Harborough, 1986). This 
is done with the designed lateral acceleration and roll velocity for sequence 1 and 
2. In Table F-13 and F-14 the resulting PCT are shown. Tested conditions are 
marked with Italics.  
 
Table F-13 PCT estimated from the sequences 1 and no dynamics. Transition time 

1,2s. Seated passengers. 

Roll angle 
roll velocity 

 
Lateral acc. 

0 
0 

[º]. [rad] 
[º/s]. [rad/s] 

3.4 (0.06) 
3.0 (0.05) 
[º]. [rad] 

[º/s]. [rad/s] 

4.8 (0.08) 
4.0 (0.07) 
[º]. [rad] 

[º/s]. [rad/s] 

6.4 (0.11) 
5.3 (0.09) 
[º]. [rad] 

[º/s]. [rad/s] 
1.1  [m/s2] 12.8 3.1 1.2 1.8 
0.825  [m/s2] 8.2 1.0 1.2 1.8 
0  [m/s2] 0.0 0.7 1.2 1.8 
 
Table F-14 PCT estimated from the sequences 2 and no dynamics. Transition time 

1.8s. Seated passengers. 

Roll angle 
Roll velocity 

 
Lateral acc. 

0 
 

[º]. [rad] 
[º/s]. [rad/s] 

4.0 (0.07) 
2.2 (0.04) 
[º]. [rad] 

[º/s]. [rad/s] 

5.4 (0.09) 
3.0 (0.05) 
[º]. [rad] 

[º/s]. [rad/s] 

7.2 (0.13) 
4.0 (0.07) 
[º]. [rad] 

[º/s]. [rad/s] 
1.224  [m/s2] 11.7 2.3 0.7 1.1 
0.918  [m/s2] 7.3 0.4 0.7 1.1 
0  m/s2] 0.0 0.4 0.7 1.1 
 
High perceived lateral accelerations for the passengers give relative high values of 
PCT but high roll velocity give relatively low values of PCT.  
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F.5 Comfort weighting filters 
Figure F-12 shows the frequency weighting curves according to ISO 2631-1 and 
British Standard Institute (BSI, 1987; ISO, 1997). 
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Figure F-10 Frequency weighting curves for comfort evaluation. 
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