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Preface 
This work constitutes a part of the research project Comfort disturbances caused 
by low-frequency motions in modern trains. This project is supported and financed 
by the Swedish State Railways (SJ), Adtranz Sweden, Swedish Transport and 
Communications Research Board (KFB) and the Swedish National Road and 
Transport Research Institute (VTI). The project is also a part of research program 
under supervision of Prof. Evert Andersson at the Royal Institute of Technology 
(KTH), Railway group.  

This report is also published at KTH as KTH-TRITA-FKT Report 2000:27. 
Parts of this study have already been published. The test subjects' responses in the 
report: Motion-related comfort levels in trains: A study on human response to 
different tilt control strategies for a high speed train (Förstberg, 1996a) and an 
extended version in Swedish (Förstberg, 1996b). The motion environment have 
been published in two papers: Influence of different alternatives of tilt 
compensation in motion-related discomfort in tilting trains and Influence of 
different conditions for tilt compensation on symptoms of motion sickness in 
tilting trains (Förstberg, Andersson & Ledin 1997, 1998). Other publications in 
the research project are listed in Appendix D. 
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Abstract 
Low frequency vertical accelerations can provoke motion sickness and nausea in 
ships and aeroplanes and probably, combined with horizontal (lateral) 
acceleration, also in cars and buses. However, tilting trains and banking 
aeroplanes generate roll motions, which may provoke motion sickness in motion 
sickness sensitive humans.  

Roll acceleration can contribute considerably to motion sickness when the low-
frequency lateral and vertical accelerations are small in amplitude. The weighting 
filter (wf) according to ISO 2631-1 for calculation of motion doses from vertical 
accelerations for prediction of motion sickness has been extended to be used for 
lateral (horizontal) acceleration as well as roll accelerations. 

Methods: Some seventy healthy volunteers (mean age 25 years, 45% females) 
were employed. They were tested in a high speed tilting train (X2000) with three 
different tilt control strategies during three days. Different ratios of tilt 
compensation were used, which means that subjects felt more or less of quasi-
static lateral accelerations on the curves but also different lateral jerks, roll 
velocities and roll accelerations. The test rides lasted about three hours, each way 
about 180 km. Four times per test ride the subjects answered a questionnaire 
concerning vegetative symptoms: fatigue, sleepiness and nausea. Discomfort was 
measured in symptoms of motion sickness (SMS), which is defined as at least one 
of the following symptoms: dizziness, nausea or not feeling well, provided that the 
subjects felt well at the start of the test ride. The train motion environment was 
monitored and recorded during the test rides. Motion doses, for prediction of 
motion sickness, were calculated from vertical and also from lateral and roll 
accelerations for the different parts of the test track. Over a certain part of the test 
track, about 15 km (5 min) long, where speed was constant and curve radii were 
about the same, frequency analyses (PSD-spectra) were calculated. Corresponding 
motion doses were also calculated from these PSD-spectra.  

Results: The conditions with 55% ratio of tilt compensation of the lateral 
acceleration (in the track plane) instead of the normal 70%, reduced the incidence 
of SMS (SMSI) by about 25–40% from about 15% to about 8–10% SMSI. No 
reduction of subjective ride comfort or working ability was recorded in these 
conditions with 55% compensation. Females reported SMSI rates about 10 
percentage units higher than males or 3–4 times higher than males. SMSI 
correlates fairly well with motion dose of roll acceleration (r2 = 0.43) but not with 
vertical or lateral motion doses. Regression analysis with motion doses calculated 
from the PSD-spectra gave similar results. A variation of the characteristics of the 
weighting filter when calculating motion doses (from PSD-spectra), does not 
produce better correlations. 

Conclusions: SMSI does not correlate to any greater extent with vertical and 
lateral motion doses, but instead correlates better with motion doses of roll 
acceleration in railway tilting environments. This means that an optimised tilt 
control system should reduce the motion dose from roll acceleration in order to 
minimise provocation of motion sickness. On the other hand, too small 
compensation ratios will cause discomfort by too large lateral accelerations. 
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1 Introduction 
Nausea and motion sickness are common but unpleasant side effects of travel. It 
can be more or less common in different transport modes. Sea sickness and car 
sickness are common words for queasiness at sea or in cars. Other transport 
modes have normally much lower percentage of passengers feeling ill. 
Conventional trains have a very low level of passenger queasiness but trains 
equipped with a carbody tilt system have raised this level. The tilt system rolls the 
carbody inward on curves and thus reduces the nominal level of lateral 
accelerations1 felt by the passenger and thus enhances the ride comfort. Therefore 
a tilting train may negotiate curves typically 25–30% faster than conventional 
trains.  

 
Hypothesis of motion sickness 
The mechanisms of motion sickness are not well known. The most popular 
hypothesis is the sensory conflict theory (Benson, 1988; Oman, 1982; Oman, 
1990; Reason, 1978; Reason & Brand, 1975), while others have advocated that 
the motion sickness response is a protective function for the integrity of the body 
(Treisman, 1977). It seems clear that the vestibular organs is a necessary part of 
the reaction (Money, 1991). 

The hypothesis of sensory conflict have been quite successful (Reason, 1978). 
It gives a qualitative explanation of motion sickness. Its main statement is: when 
information from the visual field, vestibular organ and the proprioceptive2 system 
is at variance with each other or with past experience, a provocation condition for 
motion sickness exists (Benson, 1988). This means for the motion environment in 
a tilting train that the following provocation conditions may exist: roll motion, 
caused by combined effect of cant and tilt, is at discord with the corresponding 
lateral acceleration or the visual input inside the car body is at discord with the 
motion clues. 

 
Models 
Vertical accelerations within a frequency range of 0.1 to 0.3 Hz have proved to be 
provocative for motion sickness both in laboratory and at sea trials (Griffin, 1990; 
Lawther & Griffin, 1986; McCauley, Royal & Wylie, 1976) among others. 
Lawther & Griffin (1987) suggested the concept of a cumulative motion dose for 
the evaluation and prediction of motion sickness at sea.  

Horizontal accelerations (longitudinal and lateral) have recently been shown to 
be about twice as provocative as vertical accelerations3 (Golding, Finch & Stott, 
1997; Golding, Markey & Stott, 1995). They suggested that the corresponding 
weighting filter for horizontal acceleration should be somewhat broader than the 
wf filter.  

Regarding roll acceleration (McCauley et al., 1976) found no evidence that roll 
or pitch motion combined with a vertical acceleration altered the nauseogenicity 

                                                 
1 The nominal level of lateral acceleration is a factor of the curve radius, train speed, cant and tilt 
angle. 
2 Information from muscles, joints etc about the position of the body. 
3 Golding suggests that longitudinal acceleration is twice as provocative as vertical acceleration for 

a person sitting upright. The factor Km in the motion dose formula is then changed to 1.41*Km. 

Lateral acceleration is about as provocative as longitudinal acceleration. 



8 VTI rapport 449A 

of vertical accelerations. They used fairly high levels of vertical accelerations 
resulting in a motion sickness incidence (MSI, vomiting incidence (VI) in a 2 h 
test) of 30–50%. At TNO in the Netherlands (Wertheim, Wientjets, Bles & Bos, 
1995) have conducted several experiments to prove that roll and pitch alone can 
be nauseogenic and showed that a small amplitude of vertical acceleration 
amplifies nauseogenicity of the roll/pitch motion.  

 
Motion environment in trains 
Random motions (disturbances from irregular tracks), more or less periodic 
accelerations (hunting) and accelerations caused by the horizontal alignment, cant, 
tilt angle and train speed, characterize the motion pattern in trains. Both the 
random and the periodic motions have mostly dominant frequencies above 0.5 Hz 
and may cause ride discomfort but, are of minor interest for provoking motion 
sickness. Instead the geometry of the curved track causes low frequency lateral 
and vertical accelerations, as well as roll and yaw motions. Of special importance 
are transition and super-elevation curves where the radius and cant change and 
thus change the nominal level of lateral acceleration.  

 
Comfort research in trains 
Regarding railways, passenger ride comfort and discomfort on curves have 
attracted much research (Harborough, 1986; Kufver, 1997; Sperling & Betzhold, 
1956; Suzuki, 1996; Suzuki, Shiroto, Tanka, Tezuka & Nakagawa, 1999). The full 
(100%) compensation of lateral acceleration has been found to be provocative for 
motion sickness in the APT (Advanced Passenger Train) test in 1984 (Chappel, 
1986) and a recommendation for a tilt compensation of 2/3 (67%) was given by 
(Harborough, 1986). Other authors who have published in this field are 
Hohnecker (1997), Weisser(1999) and Cléon (1986). Standardisation work have 
been committed by ORE and ERRI in the questions B153 and B207 (ERRI, 1989; 
ERRI, 1998; ORE, 1989) and this is now incorporated in the CEN prestandard 
ENV12299:1999 (1999). Internationally ISO have proposed two standards for 
comfort evaluation and guidance (ISO, 1996; ISO, 1999).  

 
Motion sickness research in trains 
Investigations of the incidence of motion sickness symptoms (SMSI) and to what 
extent different compensation strategies influence the occurrence of such 
discomfort, were done by the author with full-scale tests in November 1994 and 
June 1995. These tests were conducted with the Swedish tilting train X2000. 
Altogether six different tilting conditions were tested and the results were reported 
in Förstberg (1996a). 

Reports on motion sickness in Japanese tilting trains have been published by 
Ueno et al (1986) and Koyanagi (1985). Ohno (1996) presented an interesting 
state of the art paper and at the World Congress of Railway 99 (WRR'99) a study 
from France was reported by Cléon et al (1999). 
The present report covers the evaluation regarding the trains experiments 
performed after the publication of the Licentiate Thesis (Förstberg, 1996a), i.e. 
evaluation performed during 1997 and 1998. It is based on a paper in Brain 
Research Bulletin (Förstberg, Andersson & Ledin, 1998a) and a presentation at 
UK group meeting on human response to vibration held in Buxton, 1998 
(Förstberg, Andersson & Ledin, 1998b). 
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2 Test subjects and methods 
Comfort is a state of well-being and the absence from discomfort, stress or pain, 
modified from Richards (1980).  

 
2.1 Objectives of the test 
As part of the research project, a series of experiments was started in the autumn 
of 1994, in order to study some aspects of the human responses to motion 
environment such as ride comfort, ability to work and read and motion-related 
discomfort. Motion-related discomfort can be of two kinds: first, momentous 
discomfort caused by large accelerations, jerks, jolts etc., second, accumulated 
discomfort from low-frequency translational and angular acceleration that will 
cause headache, dizziness and/or nausea. The first type of discomfort is in this 
report called comfort disturbances and the second type of discomfort is more 
commonly called motion sickness.  

The objectives of experiments were: 
 To survey the human response regarding estimated ride comfort and 

comfort disturbances, symptoms of motion sickness (SMS) and rated ability 
to work/read for some alternative ways of controlling the carbody tilt 
system. 

 To describe the low frequency motion environment for a train with a tilt 
system in these conditions. 

 To find a model for influence of motion parameters on the incidence of 
symptoms of motion sickness (SMSI).  

 
The two last points are the main topic of the present report. The field tests were 

conducted with subjects in a train equipped with a tilt system (SJ type X2, 
commonly called X2000). The tests were conducted in co-operation with SJ and 
Adtranz Sweden during November 1994 and June 1995. Present report will have 
the main focus on the tests in June. 

 
2.2 Test subjects 
The train experiment was conducted in June 1995 using 70–75 test subjects and 
about half of them were females (Förstberg, 1996a)4. Subjects were mostly 
students from Linköping University (LiU) within ages of 20 to 30 years, but also 
included some employees of the Swedish National Road and Transport Research 
Institute (VTI) and University Hospital in Linköping (UH). Mean age of total test 
population was about 25 years. Some of them were chosen for high subjective 
sensitivity to motion sickness. Mean self-rated sensitivity for motion sickness5 for 
the subjects was 3.6 for females and 2.6 for males. Since sensitivity for motion 
sickness is declining slowly with age over 20 years of age and together with the 
partly selection of sensitive subjects that the test group might be somewhat more 
sensitive than a normal adult population.  
 

                                                 
4 An expended report of the train experiments has also been published in Swedish, as Förstberg 
(1996b).  
5 Sensitivity to motion sickness, rated on a scale from 1 (no sensitivity) to 7 (very high 

sensitivity). 
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The test subjects were instructed to try to read or work during the test ride. 
They were also instructed to ride either forwards or backwards during all test runs, 
which meant that they had to change seat and direction before the return trip. They 
were able to see each other and in some cases able to talk to each other. About 
three-quarters of the subjects occupied a window seat. No one became so 
nauseated so they vomited. 

In earlier experiments (Nov. 1994), females had reported two to three times 
more symptoms of motion sickness than males. Therefore, almost identical 
numbers of women and men in all test conditions and groups were used in this 
test, see Table 1.  
 
Table 1  Data for test subjects in the test groups  
 Test group 1 Test group 2 Test group 3 Total 
Number of test subjects 22 30 20 72 

Percentage female [%] 45 50 45 47 

Mean age  [years] 24 25 25 25 

Mean sensitivity, female 4.2 3.6 3.0 3.6 

Mean sensitivity, male 2.7 2.6 2.5 2.6 

Mean sensitivityi 3.3 3.1 2.7 3.1 

Remark: Sensitivity, rated on a scale from 1 (no sensitivity) to 7 (very high sensitivity) 

 
The distribution of self-rated sensitivity to motion sickness of the test subjects 

is shown in Table 2. 
 

Table 2 Percentage of the male and female subjects’ self-rated sensitivity to 
motion sickness. 

Rated sensitivity: 1 2 3 4 5 6 7 
Percentage male  [%] 27 21 34 13 5 0 0 
Percentage female  [%] 8 30 12 25 20 5 0 
 

 
2.3 Test train 
The test train used in this experiment was an X2000 train, consisting of a power 
car and five passenger cars. The test subjects were seated in cars no. 1 (test group 
1), no. 2 (test group 2) and no. 4 (test group 4). Measurement equipment was 
located in the bistro car, see Figure 1. 
 

Power car Car No. 1 Car No. 2 Car No. 3 Car No. 4 Car No. 5

Test train configuration

Towards Linköping Towards  Järna

1st class 1st class Bistro 2nd class Driving 
trailer

 
Figure 1 Test train configuration. Test subjects were seated in Car no. 1, 2 

and 4. 
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2.3.1 Tilt system  

A car body tilt system is designed to reduse the centrifugal forces (lateral 
acceleration) experienced by the passenger, by tilting the car body inwards on 
curves. The design is intended to enhance ride comfort and has small effects on 
ride safety or track forces. On curves, a tilting train may travel at speeds typically 
20–30% faster than a normal non-tilting train, if no other comfort or safety limits 
are violated (Andersson & Halling, 1999; Andersson & Nilstam, 1984; 
Andersson, von Bahr & Nilstam, 1995). A schematic sketch of the tilt system is 
shown in Figure 2. 
 

 
Figure 2 Tilt system in the X2000. Hydraulic cylinders tilt the upper bolster in 

respect to the lower bolster. Maximum angle between the two bolsters 
is about 8. Because of the flexibility in the suspension system, the 
angle between carbody and track planes is about 6.5. Source: 
Andersson et al (1995). 

 
 
2.3.2 Measurements 

The following motion quantities were recorded during the test runs, see Table 3. 
 

Table 3 Measured signals and positions during the test runs. 
Signals Car Position in carbody Units 
Lateral acc 1, 2 & 4 floor, middle [m/s2] 

Vertical acc 1, 2 & 4 floor, middle, left [m/s2] 

Vertical acc 1, 2 & 4 floor, middle, right [m/s2] 

Lateral acc 4 floor, over bogie [m/s2] 

Tilting angle  

(between bolsters) 

4  [] 

Train speed   [km/h] 

Km-position    
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Roll acceleration was measured as the difference in vertical acceleration 
)(z [m/s2] between right (r) and left (l) position in the car divided by the distance 

d [m].  
 

dzz lr /)(    [rad/s2] [1] 

 
Due to probable small misalignment between the accelerometers, it was not 

able to integrate roll acceleration to roll velocity with enough accuracy. 
 
 
2.4 Track characteristics 
The test runs were conducted on track with a large number of curves between 
Järna (about 47 km south-west of Stockholm) and Linköping (about 225 km south 
of Stockholm). The test track is about 180 km, with permitted speeds within the 
range of 180–200 km/h for about 85% of the length of the track. Curve radii 
varied mostly within the range of 1000–1250 m. A section between Linköping 
and Norrköping has some curves with radii of 440–800 m, with speed limited to 
125–145 km/h. The test round trip Linköping – Järna – Linköping was divided 
into four parts, with divisions at the stations of Katrineholm, Järna and 
Katrineholm. This was done for evaluation purposes. The stations of Norrköping 
and Katrineholm were passed at low speed due to the alignment and turnouts in 
the stations. At the station of Järna the train was stopped in 5–10 min before it 
was ready for departure. A map over the railway lines in the test area is shown in 
Figure 3. 

 

 

Abbreviations for 
stations: 
Gn  Gnesta 
Jn  Järna 
K  Katrineholm 
Lp  Linköping 
Nr  Norrköping 

Figure 3 Map showing the railway lines (thick lines) between Stockholm and 
Linköping. Järna is about 47 km south-west from Stockholm, 
Katrineholm about 134 km and Linköping about 225 km. 

 
 

Certain specific data (curves radii etc.) for parts of the track are specified in 
appendix B. Figure B-1 shows the part Järna – Katrineholm and Figure B-2 show 
the part Katrineholm – Norrköping. 
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2.4.1.1 Distributions 

A cumulative distribution of calculated nominal lateral accelerations in the 
carbody plane for the tilt conditions A and G6 is shown in Figure B-3. The typical 
maximum lateral acceleration for condition A is 0.5 m/s2 and for condition G is 
0.75 m/s2. The two test parts shown in the figures are very similar to each other, 
indicating no great differences of the distribution of lateral acceleration. Figure B-
4 shows the distribution of lateral jerk. Here the part Katrineholm–Norrköping 
shows higher values than the other part. The last 5% show very high values of 
lateral jerk, indicating that the curve transitions are shorter on this part. Figure B-5 
shows the corresponding distribution of roll velocity7. Here it is clear that the part 
Katrineholm–Norrköping has shorter transition curves generating higher roll 
velocities than the other test part. 

 
 
2.5 Tested compensation strategies  
Three different tilt compensation strategies were tested in June 1995, see Table 4. 
They were called A, F and G because earlier (Nov. 1995), four different 
conditions (A, B, C, D) had been tested with a generally positive outcome for low 
tilt compensations (Förstberg 1996a). The independent parameters for the tilt 
system were: ratio of tilt compensation, limitation of tilt velocity and tilt 
acceleration.  
 
Table 4 Variation of parameters used in the tilt system during the experiment 

(June 1995). 
Test 

conditions 
Speedi 

 

[%] 

Tilt 
comp 

[%] 

Max. tilt 
velocity 

[/s] 

Max. tilt 
acceleration 

[/s2] 

Typical max. lateral 
acceleration in car bodyii 

[m/s2] 

A + 25 70 4 no limitiii 0.6 

F* + 25 55 4 4 0.8 

G* + 25 55 2.3 no limit 0.8 

Remarks: * Conditions A-D were tested in earlier experiments. Condition E was planned but 

never realised.  

 i Compared with normal non-tilting trains. 

 ii Typical maximum values with dynamic contribution. 

 iii The tilt acceleration was not limited by the tilt control system. Due to inertia of the 

car body and stiffness of the suspension and dampers, the maximum car body 

angular acceleration was estimated to be about 10 /s2. 

 

The intention of limitation of tilt velocity was to reduce unnecessary tilt 
motions caused by track irregularities. The tilt motion necessary to tilt the car 
body in time determined the lower limit of the limitation of tilt velocity. The 
intention of the limitation of tilt acceleration was reduce the motion dose of roll 
acceleration. A too strong limitation of tilt acceleration would, however, cause an 
unstable tilt control system. 

                                                 
6 Conditions A, G are explained in section 2.5. 

7 The roll velocity is calculated as the total cant angle and the resulting tilt angle divided by the 

time in transition curve. 
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2.5.1 Test design 

The design during this experiment was of a Latin square type. This means that the 
test subjects were seated in the same car during the whole test and the different 
test conditions were rotated as in Table 5. This design was selected to minimise 
differences in age, gender and sensitivity in the different test groups, and also to 
minimise influence of the cars and its position in the train. Each group was tested 
over a period of three days with different conditions to minimise bias because of 
differences in sensitivity etc. 
 
Table 5 Test design of the experiment with a Latin Square rotation of test 

groups. 
 Day 1 Day 2 Day 3 
Car No. 1 (group 1) A F G 

Car No. 2 (Group 2) G A F 

Car No. 4 (Group 3) F G A 

 
 
2.6 Evaluation 
Before the test ride, the subjects answered a questionnaire8 concerning age, sex, 
rated subjective sensitivity to motion sickness, and well being. Each test ride 
lasted about 3 hours (Linköping – Järna and back again). After each test part (i.e. 
at passing the station of Katrineholm, at Järna and just before returning to 
Linköping), the subjects answered questionnaires: concerning their activity, 
estimated ride comfort, if they had any comfort disturbances, estimated ability to 
work/read, and if they had any motion sickness symptoms such as drowsiness, 
pallor, salivation, fatigue, sleepiness, dizziness and nausea. They also scored their 
well being (IR)9 on a five-degree scale, both at the beginning of the journey and 
after each test part.  

The evaluation of the above subjects’ responses were the main part of the 
earlier report (Förstberg 1996a) and present report will describe the motion 
environment and possible relations between motion quantities and motion 
sickness measured as SMSI, defined below. 

Incidence of motion sickness symptoms (SMSI) 

The definition of a subject having a symptom of motion sickness (SMS) is if this 
subject (feeling well at the start of the test run) has one of the following 
symptoms: dizziness, nausea or not feel well (i.e. reported something else than I 
feel alright). With other words; SMS = 0 if dizziness + nausea10 + IR = 0 else SMS 
= 1, if IR(at start) = 0. If IR(at start) 1, then the subject is omitted from further 
evaluation.  
 

                                                 
8 The questionnaires are displayed in the previous report (Förstberg 1996).  

9 The illness rating (IR) grades was: I feel alright, I do not feel quite well, I feel rather unwell, I 
feel bad, I feel very bad. 
10 Dizziness = 1 if subjects is feeling dizziness else = 0. The same is valid for nausea. IR = 0 for 

subjects feeling all right else IR > 0. 
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Symptoms of motion sickness incidence (SMSI) is the percentage of subjects 
having a SMS. It is evaluated over all test parts where the subject had participated 
in a specific tilt condition X. 



 



subjectsparts

subjectsparts
X s

sSMS
SMSI

,

,

)(

)(




  [%] [2] 

where (s) = 1 if subject s took part in tilt condition X else (s) = 0 
 
 
2.5.1 Motion dose and ride comfort evaluation 

In the evaluation of motion environment of the train, the concept of motion dose 
from (ISO, 1997) (Griffin, 1990; Lawther & Griffin, 1987) has been used, see 
Figure 4. Also their rating Illness Rating (IR), has been adopted in this 
experiment.  

The weighting function (wf) (ISO, 1997) for calculating motion dose has been 
slightly modified and replaced with a band-pass (BP) filter 0.08–0.35 Hz, see 
Figure 5. The reason for this is that the digital filtering in the time domain was 
easier with this filter than original wf-filter. The difference is small and are within 
the tolerance error marginal of the filter (ISO, 1997) up to 0.5–0.7 Hz. This filter 
has been used for all calculations on motion dose from vertical, lateral and roll 
accelerations from time signals, since no alternative filter exists for lateral or roll 
accelerations. 
 
 

Figure 4 Description of motion dose model and illness rating. 
 

Motion Sickness Dose Value MSDVZ  (according to ISO 2631-1, 1997): 

MSDVz = 

5.0

0

2 )( 








T

wf dtta  [m/s1.5],  

where awf(t) is frequency-weighted acceleration by the wf filter. Integration time 
T is between 20 min and 6 hours. 
 
Percentage of persons who may vomit = Km  MSDVZ  [%] with Km = 1/3 for a 
mixed population of unadapted male and female adults. 
 
Illness Rating: 0 = I felt all right, 1 = I felt slightly unwell, 2 = I felt quite ill, 
3 = I felt absolutely dreadful.  
 
IR = 1/50 * MSDVZ.  
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Comparison between used filter BP 0.08 - 0.35 for calculation of motion dose 
and the ISO-filter wf defined according to ISO 2631-1
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Figure 5 Comparison between ISO 2631 weighting filter wf (ISO, 1997) and the 

used BP filter 0.08–0.35 Hz. 
 
 
2.6.1.1 Motion doses 

Motion doses were calculated form time histories, in the following way. Each 
successive time record11 of the measurement signals (ay, az, c ) was filtered with 
the above defined BP filter and an r.m.s.-value was calculated. These r.m.s.-values 
were later stored in a new time history record, each individual r.m.s.-value was 
squared and then integrated. The square root of the integrated value for the last 
entered time history was then considered as an estimated value of the 
corresponding motion dose (md, MSDV) for the measured signal. 

 
5,0

2
5,,12.5 







 

N
rmsBPaMSDV  [m/s1.5, rad/s1.5]  [3] 

where aBP,rms,5 is the 5.12 s long BP filtered acceleration signal (lat, vert or roll) 
and N is the number of 5.12 s time records for the test run or test part. 

Motion doses calculated from PSD-spectra by multiply the spectra with a 
weighting filter (BP or wf), and calculate an r.m.s.-value over range of 0–5 Hz.  

 
 

2.6.1.2 Ride (dis)comfort – Wz ride index 

Ride (dis)comfort has been evaluated as Wz (Sperling & Betzhold, 1956) 
calculated per km and displayed as average value per test part. Wz can be 
calculated as follows: 

 Bfrms

T

Bf adtta
T

Wz ,

15.0

0

2 42.4))((
200













   [-] [4] 

                                                 
11 Time record of 1024 samples with 200 Hz sampling frequency gives 5.12 s 



VTI rapport 449 17 

where B(f) is the corresponding weighting filter for lateral or vertical acceleration 
and arms,Bf is r.m.s.-value over the time period T over frequency-weighted (B(f)) 
accelerations. Each successive time record of the time history was filtered with the 
Wz-filter (B(f)) and then r.m.s.-values were calculated for lateral and vertical 
accelerations over each km of the test track.  

Guidance on Wz numbers for accelerations in passenger cars 

The Table below gives guidance of Wz – ride index.  
 
 Ride index Wz   
 1  just noticeable 
 2 clearly noticeable 
 2.5 more pronounced but not unpleasant 
 3 strong, irregular, but still tolerable 
 3.25 very irregular 
 3.5 extremely irregular, unpleasant, annoying;  
  prolonged exposure intolerable 
 4 extremely unpleasant; prolonged exposure harmful 

 
 

2.6.1.3 Ride comfort and estimated ability to read/write 

Subjects estimated their average ride comfort and ability to work/read on a five 
degree scale from very bad (1) to very good (5). The subjects also estimated their 
comfort disturbances on a yes/no scale on the following quantities: strong lateral 
accelerations (side forces), lateral shakings, vertical shakings and uneven tilt 
motion. 

 
2.6.2 Frequency analysis (PSD–spectra) 

Power spectral density (PSD) spectra have been calculated, from an approximate 
5 min of time history. The acceleration signals were first low pass filtered at 5 Hz 
and then resampled from 200 Hz to 25 Hz. The frequency analysis used a 
Hanning window and a 1024 point transform, resulting in a frequency spacing of 
12.5/512 = 0.0244 Hz.  

The time histories were taken from a part of the test track between Katrineholm 
and Norrköping, where the allowed speed was 180 km/h and the train could 
maintain this speed, see Figure 20. The part chosen is “densely” curved with 
minimum curve radius about 1000 m.  

PSD-spectra from the return trip on the first day, were omitted because the 
train was braking and therefore vibrating with other frequencies and magnitudes.  
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3 Results 
Results concerning ride comfort and SMSI (section 3.1–3.4) have earlier been 
published in Förstberg (1996a, 1996b) but is repeated here for clarity and easier 
understanding. 

 
3.1 Ride comfort and rated working/reading ability 
The tested persons reported that the ride comfort was good (on average 4.1–4.2 on 
a five-degree scale) and about the same level of comfort disturbances in all 
conditions. They also rated their ability to read and work as about 4.1–4.2 for 
these conditions, see Table 6. The differences are small and non-significant. 
 
Table 6 Comparison of estimated ride comfort, percentage of subjects 

complaining of comfort disturbances due to low-frequency lateral 
accelerations and estimated working / reading ability. 

Tilt 
condition  

Estimated  
ride comforti 

mean (sdii) 

Comfort disturbances  
from lateral accelerations 

[%] 

Estimated  
working / reading abilityi 

mean (sdii) 
A 4.08 (0.20) 58 4.05 (0.23) 

F 4.22 (0.32) 54 4.12 (0.22) 

G 4.19 (0.27) 54 4.19 (0.23) 

Remark:  i On a five-degree scale from very bad (1) to very good (5).  

 ii sd Standard deviation of 24 groups of mean values (3 days x 4 parts x 2 genders). 

  No statistically significant differences between condition A, F and G were found. 

 
3.2 Symptoms of motion sickness 
In the experiment, the two tested conditions with 55% tilt compensation (F and G) 
showed a lower incidence of symptoms of motion sickness (SMSI) than condition 
A. The only statistical significant difference at 5% level was the diffence between 
condition A and condition G. The reduction of SMSI was 25–40% compared with 
condition A. See Table 7. No vomiting occured. 
 
Table 7 Percentage of subjects with symptoms of motion sickness (SMSI). 

Tilt 
condition  

SMSI 
[%] 

Confidence interval 

Approx. 95 % 
Relative to A 

A 14.5  10.5–18.4  100% 

F 10.7   7.1–14.3  74% 

G 8.5   5.3–11.6  58% 

Remark:  An 2-analysis shows that the differences between the number of test subjects 

experiencing SMS in conditions A, F and G is significant on the 10% level (2 = 4.94, df = 

2, p  0.08) but the difference between A and G is significant on the 5 % level (2 = 4.73, 

df = 1, p 0.029). 
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3.3 Differences in gender and riding forwards or 
backwards 

Differences in the reported symptoms of motion sickness and discomfort among 
gender are shown in Figures 6 and 7. Females were found to score about two to 
three times as high as the males on the items of nausea, I don't feel well and SMSI 
(Figure 6). The females’ SMSI score is about 12 percentage units higher than for 
males. 

Females also show a large variation in SMSI with the direction of travel. They 
scored significantly less SMSI when riding backwards, see Table 8. For men, there 
was very little difference. Being seated at a window or not, may affect women 
travelling forwards. This may indicate that the vision field (able to look fixedly at 
the horizon) has an influence on motion sickness, especially for females. 
 
Table 8 SMS and SMSI for travelling forwards or backwards for male and 

female subjects sitting at a window seat or not, summarised over the 
conditions A, G and F, and all test parts.  

  Window seat Non window seati 
 Male 

forw. 
Male 

backw. 
Female 

forw. 
Female 
backw. 

Male 
forw. 

Male 
backw. 

Female 
forw. 

Female 
backw. 

SMS 10 14 33 14 0 0 21 7 

N 172 200 168 140 46 34 56 64 

SMSI 6% 7% 20% 10% 0% 0% 38% 11% 

2 0.06 4.77 - 10.3 

P n.s. 0.029 - 0.001 

 Total 
Forwards 

Total 
Backwards 

Total 

SMS 64 35 99 

N 442 438 880 

SMSI 14.5% 8.0% 11.3% 

2  8.639  

P  0.003  

Remark:  i Only about 25% of the subjects occupied a non-window seat. 

 forw. = forwards, backw. = backwards, n.s. = not significant 
 
3.3.1 Correlation between self-rated sensitivity and symptoms 

The subjects rated their sensitivity to motion sickness before the test runs on a 
seven-grade scale from 1 (none) to 7 (very large). Figure 7 shows the percentage 
of subjects with a certain rated sensitivity experiencing SMS. For the regression 
line for men and women together, the coefficient of determination is high (r2 = 
0.95). The distribution of male and female subjects is shown in Table 2 but 48% 
of male estimated their sensitivity to 1 or 2 and 47% as 3 or 4. Female estimates 
38% their sensitivity to 1 or 2, 37% as 3 or 4 and 25% as 5 or 6. 
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Symptoms of motion sickness incidende (SMSI )
Approx 90 % confidence intervals, Tests in June 1995
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Figure 6 Differences in SMSI for men, women and the total group of test 

subjects for the different test conditions. Values are averaged over all 
test parts. 
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Figure 7 Percentages (SMSI) of the subjects experiencing an SMS as a function 

of self-rated sensitivity. 5% of the male subjects rated their sensitivity 
as 5 or 6. The corresponding proportion for female subjects is 25%.  

 
3.3.2 Time dependence 

Analysing the time pattern of SMSI, the incidence of motion sickness was highest 
at the first and last inquiries during the three-hour ride, see Figure 8. According to 
the motion dose hypothesis of Lawther and Griffin (1987), the motion dose is 
increasing with time and therefore also SMSI would increase with time, i.e. 
increasing during the course of the ride. This is true regarding vomiting incidence 
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(VI) for a ship during a cross i heavy weather. However, when considering 
fluctuating motion environment, this might not true. Here is probably a process of 
leakage of motion dose involved (Kufver & Förstberg, 1999).  

The recorded SMSI for the different test parts is higher for the first and the last 
of the test parts. This is significantly different from a case with an equal 
proportion of SMSI in each test part (2 = 10.98, df = 3, p 0.012). The difference 
in SMSI between the test parts Linköping – Katrineholm and Katrineholm – Järna 
corresponds to difference in track geometry standards and related nominal motion 
environment (c.f. section 2.4 and Appendix B).  
 

Influence of time on symptoms of motion sickness
Measured per test part
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Figure 8 Symptoms of motion sickness incidence (SMSI) measured for the 

different test parts. Travelling time is indicated. The test parts 
Linköping – Katrineholm and return may be more “severe” than the 
test parts Katrineholm – Järna and return. 

 
3.4 Motion environment 
The motion environment has been divided into two parts, first as general vibration 
levels measured as Wz (ride comfort) and second as motion doses for a possible 
correlation with SMSI. 

 
3.4.1 Ride index 

Ride (dis-)comfort (ride index) measured as Wz is a measure of the general 
vibration levels 0.5–20 Hz rather than a measure of ride comfort. Average Wz for 
lateral accelerations is about 1.95 and average Wz for vertical acceleration is 
about 2.05. This means very good Wz-values and that corresponds with good 
estimated ride comfort-values of from the subjects. The mean Wz per test part 
show more variation over the different test parts (<0.25) then for the different test 
conditions (<0.09).  
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3.4.2 Motion doses 

In evaluating the motion environment in terms of vertical, lateral and roll 
accelerations, the weighting filter BP 0.08–0.35 Hz approximating the ISO-filter 
wf has been used for calculating the motion doses from time histories. 

Figure 9 shows both the motion doses from lateral accelerations in the car body 
(MSDVY) and from vertical accelerations (MSDVZ). The motion doses for vertical 
accelerations are displayed both as accumulated over the whole test run and 
accumulated per test part. For motion doses generated from vertical accelerations, 
the differences between conditions A, F and G are very small, suggesting that the 
differences in motion dose from vertical accelerations are not responsible for the 
differences in actual SMSI for these conditions.  
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Figure 9  Motion dose from vertical accelerations accumulated over the test 

parts, and lateral and vertical motion dose per test part. 
 

The motion doses from lateral acceleration (MSDVY) shows a partly upside-
down picture in relation to recorded SMSI for the tilt conditions. Although the test 
parts Linköping – Katrineholm and Katrineholm shower higher motion doses per 
test parts, the condition A has the lowest motion dose values and condition G the 
highest. This corresponds well to the observation that condition A, which has a 
higher compensation level, will have lower perceived lateral acceleration than the 
other two conditions and therefore lower magnitude of the motion dose. The 
motion doses on test part one and four is higher than on the two middle parts, 
indicating that the test track between Linköping and Katrineholm is more severe 
in both directions in terms of nauseogenicity. This is in accordance with the 
distribution of nominal lateral jerk and roll velocities that the section Katrineholm 
– Norrköping has a higher portion of jerk and roll than the other test part (Figure 
B-4 and B-5).  

Figure 10 shows the motion doses of roll acceleration (MSDVRA), where 
condition A now displays higher motion dose values than the other two 
conditions. The motion doses (due to roll acceleration) for test parts 1 and 4 show 
higher values than the other two test parts, similar to the lateral acceleration 
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motion dose. This is in accordance with the recorded SMSI in Figure 8. This may 
indicate that roll acceleration motion dose is probably one of the prime causes of 
motion sickness in this case.  
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Figure 10  Motion dose from roll acceleration shown per test part. 
 
3.5 Regression and frequency analysis 
To analyse the influence of vertical, lateral and roll accelerations on SMSI, 
regression analysis was performed. This analysis shows that the lateral and 
vertical accelerations do not significantly contribute to the explanation of SMSI.  

A linear regression model (SMSI =  +   MSDVRA)12 suggests an influence of 
roll acceleration motion dose on SMSI for the total population with a statistical 
significance of F(1.34) = 25.24, p < 0.001, see Table 9. 
 
Table 9 Regression coefficients for the roll acceleration influence on SMSI, 

with 90 % confidence interval, valid for the total population. 
 Coefficient Std-error p 90% confidence. interval 

Lower b. Upper b. 
 (constant) -0.07 0.036 0.05 -0.13 -0.01 
 (MDSVra) 0.35 0.068 <0.001 0.24 0.47 
 

The corresponding regression analysis for female and male subjects shows that 
females have a greater sensitivity than the total population, and males less 
sensitivity, but for males the coefficient of determination13 r2 is rather weak, see 
Figure 11.  
 

                                                 
12 MSDVRA = Motion Dose Sickness Value (roll acceleration) 

13 The coefficient of determination show the goodness of fit between the regression of line and the 

samples (r2 = 1 for complete fit and r2 = 0 for no linear association). 
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Influence of roll acceleration motion dose on SMSI
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Figure 11  Regression models for the influence of roll acceleration motion dose 

on SMSI for female, male and total test population. 
 
3.5.1 Frequency analysis (PSD-spectra) 

Frequency analysis was done on a part (15 km  5 min travel) of the test track 
between Katrineholm and Norrköping, see Figure 20. Figure 12 shows PSD-
spectra for roll acceleration for the different tested tilt conditions. These show that 
tilt condition A has 50–80% higher magnitude than tilt conditions F and G in the 
most interesting range for 0.08–0.2 Hz and 30–40% higher for 0.2–0.5 Hz.  

More interesting, a non-tilt condition C shows magnitudes for below 1 Hz that 
are about 1/10 of the magnitude of condition A. This data was obtained during 
tests in Nov. 1994 with train speeds according to category B14. Corresponding 
train speed was about 145–160 km/h in contrast to 180 km/h for the tilting trains 
in this section. 

The Figure 13 shows a corresponding frequency analysis of lateral 
acceleration. Here the condition A has about the half the magnitudes up to 0.1 Hz, 
reflecting the lower quasi-static accelerations on circular curves than the other two 
conditions. Tilt motion enhances the magnitudes for roll acceleration at very low 
frequencies but reduces them for lateral acceleration. 

For vertical accelerations there are almost no difference between the three 
conditions (not shown here). 
 

                                                 
14 Category B is allowed to negotiate curves with ayt = 1,0 m/s2 (I = 155 mm), about 10% higher 

speed on curves than ordinary Category A trains. 
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Frequency analysis (PSD) - Roll acceleration
Comparison between conditions A, F, G and C (non-tilting) 
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Figure 12 PSD-spectra for roll acceleration for the different conditions A, G 

and F. 
 

Frequency analysis (PSD) - Lateral acceleration
Comparison between conditions A, F, G and C (non-tilting)
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Figure 13 PSD-spectra for lateral acceleration for the different conditions A, G 

and F 
 
3.5.2 Motion doses from PSD-spectra 

The interesting point is to calculate r.m.s.-values of the PSD-spectra using the 
weighting function wf . These r.m.s.-values are evaluated from a frequency 
analysis from about 5 min time histories and not the whole test run (about 40 
min). Table 10 shows these r.m.s.-values and their relative order compared to tilt 
condition A. The relative difference in SMSI between tilt conditions A, F and G is 
greater than the difference in the corresponding r.m.s.-values.  
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Table 10 R.m.s.-values for vertical, lateral and roll acceleration calculated 

from PSD-spectra using the weighting filter wf. 
 R.m.s.-values, wf-weighted,  

calculated from PSD-spectra 
Relative to tilt 
condition A 

 Cond. A Cond. F Cond. G Cond. F Cond. G 

Vert acc. [m/s2] 0,079 0,077 0,077  98%  98% 

Lat acc. [m/s2] 0,145 0,191 0,198  132%  137% 

Roll acc. [rad/s2] 0,0180 0,0163 0,0151  91%  84% 

SMSI - - -  74%  58% 

Remark: The tilt acceleration limited condition F displays higher r.m.s.-values for roll acceleration 

than the condition G (limited tilt velocity). This is probably due to a necessary longer acceleration 

phase resulting in a higher roll velocity, that generates a higher r.m.s.-values. 

 
Since motion dose also can be calculated from the r.m.s.-values as (Griffin, 

1990; ISO, 1997): 

 MSDVY = ay,wf,rms t 0.5  [m/s1.5],  [5] 

 MSDVZ = az,wf,rms t 0.5  [m/s1.5],  [6] 

 MSDVRA = rmswfc ,,  t 0.5  [rad/s1.5], [7] 

it is easy to compare motion doses calculated from time histories over the entire 
test part (about 40 min) by estimated doses based on the equations above and the 
r.m.s.-values calculated from PSD-spectra (about 5 min).  

An example of such a comparison for roll acceleration motion doses is shown 
in Figure 14. The regression coefficient  is not 1 but just about 0.8. Which 
indicates there is a 25% overestimation of roll motion doses calculated from the 
5 min part regarding the whole test part with a travel time of 40 min. In these 
40 min there is a passing of a station at low speed and some straight track sections 
that will not contribute to the accumulated motion dose.  

The coefficient of determination (r2) is high (0.90) and the relation is 
significant (F(1,13) = 127, p < 0.001). It is clear that the selected section for 
frequency analysis is quite “representative” regarding r.m.s.-values and MSDV, at 
least for roll acceleration. 
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Figure 14 Comparison between motion doses (MDSVra) calculated from time 

history (40 min) and from r.m.s.-values from PSD spectra (5 min).  
 

The next step is then to make a regression analysis between these calculated 
r.m.s.-values and the observed motion discomfort (SMSI), see Figure 15 and 
compare it with earlier regression (Figure 11). The outcome is that they are 
similar pattern. The largest difference is that the three lines have about the same 
inclination but different constants.  
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Figure 15 Regression analysis between r.m.s.-values of roll acceleration 

weighted by wf and symptoms of motion sickness (SMSI). 
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3.5.2.1 Alternative analysis 

Attempts have been made to improve the fit between weighted r.m.s.-values and 
SMSI, by testing some other weighting filters, for example band pass filters from 
0.04–0.5 and 0.04–1.0 Hz but these filters do not improve the coefficient of 
determination (r2). For example, for BP-filter 0.04–0.5 Hz, r2 = 0.34 and for BP-
filter 0.3–0.5, r2 = 0.32 compared with r2 = 0.50 for wf filter. 

Another point is to test whether roll acceleration or roll velocity is the main 
cause of motion sickness in this case. Unfortunately roll velocity and roll 
acceleration are concurrent factors and for the test conditions (A and G) they are 
highly correlated. A higher roll acceleration magnitude will cause a higher roll 
velocity magnitude. However, condition F with the limitation of tilt acceleration, 
this correlation is lower. A demand of a higher roll velocity can not meet with a 
higher magnitude of roll acceleration (because of the limitation) but instead the 
roll acceleration phase is increased in time instead. Therefore using condition F 
offers a possibility of testing whether any difference exists between provocation 
from roll acceleration or roll velocity, see Figure 16.  
 

Comparison between the influene of roll acceleration 
and roll velocity on SMSI

Condition F

Roll velocity
y = 16,67x - 0,13

r2 = 0,43

Roll acceleration
y = 24,18x - 0,23

r2 = 0,69

0%

5%

10%

15%

20%

25%

30%

0.01 0.011 0.012 0.013 0.014 0.015 0.016 0.017 0.018 0.019 0.02

 Roll acceleration and roll velocity, r.m.s. - values
(Phi a,rms,wf  , Phi v,rms,wf )  [rad/s2], [rad/s] 

S
ym

pt
om

s 
of

 m
ot

io
n 

si
ck

ne
ss

 in
ci

de
nc

e 
(S

M
S

I)
 

Roll acc.

Roll velocity

 
Figure 16 Comparison between the influence from roll acceleration and roll 

velocity on symptoms of motion sickness (SMSI). 
 

It looks like that roll acceleration has a greater influence of motion discomfort 
than the roll velocity but the number of points is to few to make any definite 
conclusion. 

Another interesting point, is the quite different relation between the r.m.s.-
values for roll acceleration and roll velocity for the leading car and the for the 
third car in the travelling direction. For the leading car there is a proportional 
constant between the r.m.s.-value for roll velocity and roll acceleration. If the 
r.m.s.-value for roll velocity is high then the r.m.s.-value for roll acceleration is 
high. However, for the third car in the travelling direction the tilt angle signal is 
time delayed through a low-pass filter with variable frequency response. This 
means that the roll acceleration is limited and there is no relation between r.m.s.-
values for roll acceleration and roll velocity, see Figure 17. 
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The number of symptoms of motion sickness is less in the middle and rear part 
of the train compared with the leading cars (Förstberg, 1996b). 

 

Relation between roll acceleration and roll velocity 
regarding the leading car and the third car in the  travel direction 
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Figure 17 Relation between roll acceleration and velocity for the leading car 

and the third car in the travel direction. 
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4 Discussion and conclusions 
In the present train study, the independent factors are the lateral acceleration in the 
horizontal plane and tilt compensation ratio. The horizontal acceleration is a factor 
of curve radius and train speed. The vertical and lateral accelerations in the car 
body as well as the roll motion are factors of the curve radius, train speed, cant 
and tilt compensation ratio. The regression analysis strongly indicates that roll 
motion is the main cause of this motion sickness in the tilting trains. Roll velocity 
and roll acceleration are highly correlated. From the performed tests and 
evaluations, it is difficult to separate their combined influence but it seems that 
roll acceleration motion dose has the greatest influence on SMSI.  

In earlier investigations of motion sickness (McCauley 1976, Lawther and 
Griffin 1987, Griffin 1990) the incidence of motion sickness (vomiting) increased 
by a factor approximately proportional to the square root of time. Those studies 
utilised a relativity high and uniform acceleration level, while the present study 
utilised fairly low and intermittent provocation levels with frequent pauses, for 
example when passing a station at low speed or on longer stretches of straight 
track. Therefore, the subjects were possibly able to recover at the lower 
provocation levels. Golding et al. (1995) has shown that subjects report recovery 
times (i.e. back to zero nausea) of 5–10 min of total rest after a 30 min test run 
with horizontal acceleration. These times are shorter than the time constant of 
about 10 min found at the simulator tests for investigating nausea/motion sickness 
from horizontal and/or roll motions (Förstberg, 1999).  

The higher SMSI reported from the first and last test part (in the current tests) 
indicates that these part of the track is more severe (nauseogenic) than the other 
parts. The nominal lateral jerk in the train plane and nominal roll velocity caused 
by superelevation ramps have higher magnitudes on the Norrköping – 
Katrineholm – Norrköping track sections than the corresponding values for the 
Katrineholm – Järna – Katrineholm track sections. This also indicates that the 
results (SMSI) from different test parts are more or less independent from each 
other, since the subjects have recovered from earlier motion doses. A model for 
estimating nausea when leakage is present under fluctuating conditions has been 
put forward by Kufver and Förstberg (1999). 

The effects of curve radius have not been investigated explicitly, since yaw 
acceleration has not been measured. Izu et al. (1996) has reported that the 
nauseogenic effect of cross-coupled rotation is proportional to gyroscopic angular 
acceleration. Gyroscopic acceleration is defined according to Izu et al. as 

 
accG ; where   is angular velocity about an earth-vertical axis (yaw) 

and   is roll velocity. For a tilting train, the roll velocity in a transition curve has 
a magnitude of typically 3–5/s (for the combined roll motion caused by increased 
cant and tilt motion). The corresponding yaw acceleration has a level of  
0.8–1.3/s2 and on circular curves yaw velocity has a level of 2.8–4.1/s. The 
values given are dependent on the radius of curve: lower values correspond to a 
radius of about 1000 m and the higher values to about 500 m. This means that on 
smaller radius curves, the radial nauseogenic effect of cross-coupled rotation is 
amplified and may become a problem. Normally the roll motion alone is on a 
magnitude much greater than the gyroscopic angular acceleration. Appendix C 
gives some information and details on translational and angular motion levels. 
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The papers from Japan (Ohno 1996 and Ueno et al. 1986) do not mention this 
potential contribution as an explanation of motion sickness in tilting trains.  

Conditions F and G both employed a 55% ratio of compensation, with the 
difference that condition F had a limitation on tilt acceleration and G had a 
limitation on tilt velocity. Despite the fact that roll acceleration motion dose 
correlates well with SMSI, the condition G indicates a lower SMSI than condition 
F, although not statistical significant. A limitation of the tilt acceleration means 
that the tilt acceleration phase has to have a longer duration in order to achieve the 
necessary tilt velocity. If the tilt motion cannot start before the transition curves is 
detected this also means that the tilt velocity has to be increased (i.e. higher than 
the nominal tilt velocity) in order to complete the tilt motion in time and minimise 
time delays. The roll acceleration motion dose can in this case be increased, in 
spite of a limitation of tilt acceleration because of the higher tilt velocity needed 
for the minimising the time delays. If the tilt acceleration phase can be centred 
around the start and end of the transition curve as in the middle and rear end of the 
test train, then the SMSI can be lowered.   

The field of vision is probably of great importance for modifying the 
nauseogenicity of motions (Money, 1970). Since the subjects were able to look 
out of the windows, they were able to view a horizon in order to stabilise their 
reference perception. Rolnick and Bles (1989) showed that an artificial horizon 
(fast rotation laser point) or a visual reference through windows can reduce 
motion sickness symptoms and performance decrement while working in a closed 
tilting room. In this study, the decrease in SMSI among females travelling 
backwards is possibly due to this factor, since it is probably easier to find an 
object to focus on when riding backwards.  

The activity (working, reading or talking) reported by the subjects does not 
seem to correlate with SMSI, although some of the subjects reported that if they 
had been reading for a while they had to stop this activity because of nausea. The 
correlation between the subjects’ reported subjective sensitivity of motion 
sickness and the reported SMSI seems quite good. However, the males seem to 
overestimate their sensitivity while females underestimate their sensitivity. 

Motion-dose values (MSDV) calculated from PSD-spectra on a representative 
part of the test section will give result in accordance with motion doses calculated 
from time histories, but PSD-spectra will offer a way of better understanding the 
difference between the tested conditions. 

 
4.1 Conclusions 
The present study has evaluated SMSI experienced by healthy subjects in a high-
speed train utilising active tilting of the car body to reduce lateral acceleration 
during curving. The subjects have found the average ride comfort in all test 
conditions to be good. By using a lower ratio of compensation (55%) instead of 
the normal (70%), a reduction of up to 25–40% in the number of test persons 
reporting SMSI was found. Inadequate compensation levels may create ride 
discomfort due to by high lateral acceleration levels and a high rate of change of 
lateral acceleration. The female subjects reported two to three times as many 
symptoms as the males.  

The absolute levels of SMSI found are probably not directly transferable to a 
normal population of train passengers, because of the selection of subjects 
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(sensitivity, age etc.). However it is likely that lower compensation and limited tilt 
speed also are favourable in a more normal population of passengers. 

SMSI values, evaluated over a suitable length of time or track, seem to be 
approximately proportional to motion dose of roll acceleration (MDSVRA). 

 
4.2 Future research 
Future research should analyse the influence of lateral and vertical accelerations 
on motion sickness, in addition to the influency of roll speed and roll acceleration. 
All ride comfort aspects including discomfort caused by motion sickness, must be 
regarded. This should make it possible to minimise complaints of discomfort and 
thereby enhance ride comfort and ability to work on future high-speed tilting 
trains.  
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Appendix A Terminology and definitions 

A.1 Abbreviations  

A.1.1 Organisations etc 

Adtranz Adtranz Sweden. DaimlerChrysler Rail Systems, A global supplier of 
railway equipment. In this report, Adtranz is the Swedish train 
manufacturer, Adtranz Sweden, Västerås.  

Banverket (BV) Swedish National Rail Administration, Borlänge. 

BR Former British Rail, London. 

BRR Former British Rail Research, Derby.  
BSI British Standards Institution, London. 

CEN European Committee for Standardization, Brussels. 

DB (DBAG) Deutsche Bahn AG. German Railways, Frankfurt/Berlin. 

DIS Draft International Standard. A draft standard issued by ISO and 
valid for two years. 

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 Linköping University, Linköping. 

RTRI Railway Technical Research Institute, Tokyo. 

SBB Schweizerischen Bundesbahnen (Federal Railways of Switzerland), 
Bern. 

SJ Statens Järnvägar (Swedish State Railways), Stockholm. 

UH University Hospital, Linköping. 

VTI Swedish National Road and Transport Research Institute, Linköping. 

A.1.2 Miscellaneous 
acc. Acceleration. 

BP Band pass filter. 

CNS Central nervous system. 

Conf. See confidence (statistic). 

Dead zone  If the response y = 0 if the source signal x |x|  a then a is called a 
dead zone. 

H, Hor.  Horizontal. The horizontal plane is parallel to the horizon. 

Lat. Lateral 



Appendix A 

A-2 VTI rapport 449A 

LP Low-pass filter. 

MSI Motion sickness incidence.  [%] 
 MSI normally means vomiting incidence (VI) within 2 h. 

md motion dose, see MSDVZ . 

MSDVZ Motion Dose Sickness Value (in vertical direction). Defined by 

MSDVZ   2/1
2
, dta wfz ,  where az,wf  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). 

P Probability 

PCT Passenger dissatisfaction on transition curves (Harborough, 1986). 

PDE Passenger dissatisfaction on discrete events (Harborough, 1986). 

Pitch Rotation about the lateral (y) axis.  [rad], [] 

r.m.s. Root mean square. A measure of signal power. r.m.s. = 

2/1

0

21









T

dta
T

 

Roll   Rotation about the longitudinal (x) axis (). [rad], [] 
 Reference plane is the horizontal plane. The roll angle of the car body 

in indicated as c. 

Sqrt Square-root 

Vel. Velocity 

Vert, vert. Vertical 

VI Vomiting incidence, see also MSI. [%] 

wf, wb, wk, wd Weighting filters for motion sickness, vertical acceleration (railway), 
vertical acceleration and lateral acceleration according to ISO 2631-1.  

Yaw Rotation about the vertical (z) axis. [rad], [] 
( x ), ( x ), ( x ) First, second and third time derivative of (x). 

A.2 Track and vehicle quantities 

Bogie The part of the vehicle, where the wheelsets, suspension and parts 
of the tilt system are located. 

Car The train is divided in different car (coaches or vehicles). 

Car body The main part of the vehicle, where passengers compartments 
and/or cargo are located. The car body rests upon the bogies. 

Car body tilt See tilt. 

Cant Cant (D) is the height difference between the upper surfaces of the 
two rails in wheel-on-rail systems, at the same longitudinal position. 
In curves, the outer rail is set higher than the inner rail to minimise the 
effect of centrifugal force. The cant is positive if the outer rail is 
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higher than the inner rail. Cant can also be called superelevation (UIC, 
1995). Cant is normally measured in mm but can given as 

 an angle. [m, mm, rad, ] 

Cant deficiency  Cant deficiency (I) is the difference between the existing degree of 
superelevation and the degree required to fully eliminate the effect of 
centrifugal force at maximum allowable speed. Reduced 
superelevation may be necessary for technical reasons (switching) or 
for avoidance of excessive superelevation for slow trains, such as 
freight trains (UIC, 1995). [m, mm] 

 Cant deficiency can also be measured as an angle. [rad, ] 

Cat A train A normal non-tilting train with a maximum permitted cant deficiency 
of 100 mm, according to Swedish regulations. 

Cat B train A non-tilting train with a maximum permitted cant deficiency of 155 
mm, corresponding to a curving speed in order of 10% higher than Cat 
A train, according to Swedish regulations. 

Cat S train A tilting train with a maximum permitted cant deficiency of 245 mm, 
corresponding to a curving speed in order of 25% higher than Cat A 
train, according to Swedish regulations.  

Compensation ratio Tilt compensation ratio (kc) is to what degree the lateral acceleration 
in the track plane (ayt) is reduced in the car body (ayc).  

 kc = 1 - (ayc / ayt )  [-] 

 It can also be expressed as the degree of compensation 

 kc = [1 - ( ayc / ayt)]100 [%] 

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

Effective roll factor The quotient between the lateral acceleration in cabin and lateral 
acceleration in the track plane: fr = (ayc / ayt ) = 1 + s , where fr = 
effective roll factor and s = roll coefficient. 

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 turn-out or track 
alignment faults, causing comfort disturbances to the passengers. Both 
jerks and jolts are usually 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 acceleration [m/s2] over a certain period of time (normally 2 s). 

Lateral acceleration Acceleration perpendicular to the direction of motion, caused by 
centrifugal forces as the vehicle moves through a curve, or by defects 
in track configuration. The impact of lateral acceleration on 
passengers can be reduced or even eliminated by proper cant in 
curves.  

The component of lateral acceleration acting parallel to the car body 
(ayc) floor can be called free lateral acceleration. It has an impact on 
passenger comfort, and, in curves, the free lateral acceleration can be 
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reduced by superelevation of the track and by an active car body tilt 
mechanism (UIC, 1995). 

Nominal Parts of the signal that depends on train speed, designed track 
alignment and cant. The rest of the signal is then called dynamic.  

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 Sometimes also passenger comfort, i.e. the human response to 
dynamic motion quantities, such as vibrations. 

Ride (dis-)comfort The technical evaluation of ride discomfort. This can be done 
according to different standards as Wz (Sperling and Betzhold 1956), 
ISO 2631-1 (ISO 1997), CEN ENV 12299 (CEN, 1999). 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 index Evaluation of ride (dis-)comfort according to Wz or the British Ride 
Index. 

Ride quality  Human evaluation of the average comfort of the ride on the scale very 
poor to very good. However, many refers this as passenger comfort or 
ride comfort.  

 (Numerical value used to quantify ride comfort. Forces and 
acceleration generated in the bogie and in the coach (with a distinction 
made between horizontal and vertical elements) are added and 
weighted (UIC, 1995). 

Roll coefficient See effective roll factor.  

Stations Jn = Järna, K = Katrineholm, Lp = Linköping, Nr = Norrköping,  
Gn = Gnesta. 

Superelevation See cant. 

Superelevation ramp A superelevation ramp is a section of the track where the cant changes 
gradually. (According to many standards of many railways companies, 
a superelevation ramp should normally coincide with a transition 
curve.) 

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. See also Appendix A.4. 

Tilt angle The angle between the car body plane and track plane (c). [rad, ] 

Tilt velocity Time derivative of tilt angle (  c ). [rad, ] 

Tilt acceleration Time derivative of tilt angle velocity (  c ). [rad, ] 

Tilt compensation See compensation ratio. 

Tilt condition A set of different alternative parameters for controlling the tilt system 
and speed of the train, as used in the tilting train experiments, see also 
tilt conditions in A1. 
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Track irregularity The difference between the actual track position and the designed 
position. The mismatch between actual and designed position could 
involve horizontal alignment, gauge, vertical alignment and/or cant. 

Track plane The track plane is a function of the longitudinal distance. The 
instantaneous direction of the track centre plane defines the x-axis 
with the track plane, while the y-direction within the track plane is a 
tangent to the designed positions of the top surfaces of the two rails. 

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

Vehicle A conveyance that transports people or objects 

x, y, z directions When evaluation the ride comfort, the directions refer to the car body 
(vehicle body); the x and y- directions are longitudinal and lateral 
directions parallel to the floor, while the z-direction is perpendicular to 
the floor 

A.3 Statistical 

Chi-square (2)  In the 2 test the observed numbers is compared with the expected  
test  numbers under a null hypothesis (H0). The test statistic is: 

  2
2


 ( )O E
E

i i

ii

 

 where  Oi = the observed number of cases in the ith category, 1  i  k 
  Ei = the expected number of cases in the ith category, 1  i  k 
  k =  the number of categories 
  
 Degrees of freedom df = k - 1.  

Confidence interval A confidence interval for a parameter x with a confidence degree of 
y%, is an interval wherein the true parameter xtrue, of the true 
population, is located y times out of 100. 

Coefficient of determination A measure of goodness of (linear) fit of a regression 
model. It is 1 for total fit and 0 for no linear association 
between the dependent and dependent variables. 

Hypothesis testing H0 is called the null hypothesis and is a hypothesis of “no effect”. It is 
formulated in the express purpose of being rejected. If it is rejected, 
the alternative hypothesis (H1) is supported. The alternative hypothesis 
is the operational statement of the experimenter’s research hypothesis. 
The significance level  is the probability, when in fact the hypothesis 
H0 is true, to reject H0 and accept H1 (Siegel & Castellan, 1988). 

Regression coefficient Coefficient in a regression model. 

Significance level The probability of rejecting the null hypothesis (H0) when H0 
is in fact true.  

Test design In what order the conditions appear in the test for the 
different groups. 
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A.4 Notations 

a Acceleration. [m/s2] 
ay Lateral acceleration. [m/s2] 
ayc Lateral acceleration i car body plane. [m/s2] 
ayH Horizontal (lateral) acceleration. [m/s2] 
ayt Lateral acceleration in track plane. [m/s2] 
az Vertical acceleration. [m/s2] 
df degrees of freedom. 
f  Frequency.  [Hz] 
fn Relative frequency. 
fr Effective roll factor fr = ayc / ayt  [-] 
g Gravitational acceleration (9.81).  [m/s2] 
H0 Null hypothesis. 
H1 Alternative hypothesis. 
kc Tilt compensation. [-] 
Km Constant in the formula MSI = Km * MSDVZ ; Km  1/3 ,according to (Griffin, 

1990; ISO, 1997; Lawther & Griffin, 1987). 
L Length. [m] 
md Motion dose, see MSDV 
MSDV Motion Sickness Dose Value = motion dose [m/s1.5, rad/s1.5] 
N, n Number of observations.   
p Probability of hypothesis H0 to be true. If H0 < , then H0 is rejected and the 

alternative hypothesis H1 is accepted. 
r Correlation coefficient. 
r2 Coefficient of determination.  
s, sd Standard deviation of a sample. 
T, t Time. [s] 
v Velocity. [m/s] 
V Speed. [km/h] 
X , m Mean of a sample. 
 Significance level. 
,  Regression coefficients. 
, phi Roll angle. [rad, ] 
 Mean of a population. 
  Angular frequency. [rad/s] 
2  Chi-square test. 

A.4.1 Indices 
  (Example) 
a acceleration 
c car body (ayc) 
c circular curve  (Lc) 
H Horizontal (ayH) 
l leakage (cl) 
part test part 
r resulting 
r roll (MSDVra) 
t track (ayt) 
t transition curve  (Lt) 
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v velocity 
x longitudinal (ax) 
y lateral (ay) 
z vertical (az) 

A.4.2 Others 
a Acceleration [m/s2] 
f  Frequency.  [Hz] 
Km Km = 1/3, MSI = Km * MSDVZ  (according to Lawther and Griffin 1987). 
L Length [m] 
m meter 
MSDV Motion Sickness Dose Value 
s Seconds 
T, t Time. [s] 
v Velocity [m/s] 
V Velocity, Speed [km/h] 
, phi Roll motion 
  Angular frequency. [rad/s] 
( ), ( ) First/second time derivative of (). 

A.4.3 Statistical 
df Degrees of freedom. 
fn Relative frequency. [ ] 
N Number of observations.  [ ] 
p Probability to be true. 
r2 Coefficient of determination.  
sd Standard deviation of a sample. 
t Parameter from Students t-distribution. 
X  Mean of a sample. 
 Significance level. 
,  Regression coefficients. 
 Mean of a population. 
2  Chi-square test. 

A.4.4 Indices 
 (Example) 

a acceleration 
c carbody (ayc) 
c circular curve  (Lc) 
l leakage (cl) 
part test part 
r resulting 
r roll (MSDVra) 
t track (ayt) 
t transition curve  (Lt) 
v velocity 
x longitudinal 
y lateral 
z vertical 
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A.5 Tilt system 

Tilt angle, tilt velocity, tilt acceleration is the corresponding angle / velocity / acceleration 
with which the tilt system rotates the car body with respect to the track plane.  
 
Roll angle, roll velocity and roll acceleration is the corresponding angle / velocity / 
acceleration with which the car body rotates with respect to the horizontal plane. 
 
For definition of angles and directions of acceleration, see Figure A-1. 
 

Angles and accelerations of a tilting train

Accelerations of a tilting vehicle
when curving:

ayH = v 2/R
az = g

Notations: see below.
Note: Directions of  the lateral
accelerations are in reality in the
opposite direction. In the figure
they are drawn as they are
experienced as forces.

Horizontal plane
D

2b t

t
c

c

ayH ayt ayc

ar azazc

 

Figure A-1 Definition of angles and accelerations. Track cant is t. Tilt angle of the car 
body is c. Total roll angle is c = t + c to the horizontal plane. Vertical 
acceleration perpendicular to the horizontal plane is az,, lateral acceleration 
parallel to the horizontal plane is ay and the resulting acceleration is ar. 
Lateral acceleration in the car body plane is ayc. 

Notations with reference to Figure A-1.  

A.5.1 Angles 

  = roll angle (referring to the horizontal plane).   [, rad] 

t = angle between the horizontal plane and the track plane. [, rad] 

c = angle between the horizontal plane and the car body plane. [, rad] 
  =  roll angle velocity. [/s, rad/s] 

  = tilt angle (referring to the track plane).  [, rad] 

 c = car body tilt angle. [, rad] 

c  = car body tilt velocity (tilting velocity).  [/s, rad/s] 
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A.5.2 Track and vehicle parameters 
2b = the lateral distance between the two wheel-rail contact patches,  [m] 

  2b = 1 500 mm for standard gauge track (1 435 mm). 

D = cant (superelevation) of the track (measured at the distance of 2b). [m], [mm] 

I = cant deficiency, the difference of the D needed to get a  [m], [mm] 

  zero lateral acceleration in track plane (ayt = 0) and the actual cant D 

R = horizontal curve radius. [m] 

v = speed. [m/s] 

V = train speed [km/h] 

A.5.3 Accelerations 
g = gravitational acceleration, g = 9.81. [m/s2] 

ayH = lateral acceleration parallel to the horizontal plane, ayH = v2 / R. [m/s2] 

ayt  = lateral acceleration parallel to the track plane,  [m/s2] 

  ayt = (v2 / R)cos(t) - gsin(t)  v2 / R - gD / 2b. 
ayc  = lateral acceleration parallel to the car body plane,  [m/s2] 

  ayc = (v2 / R)  cos(c) – g  sin(c). 

az = vertical acceleration perpendicular to the horizontal plane, az = g [m/s2] 

azc = vertical acceleration perpendicular to the car body plane. [m/s2] 

azc = v2 / R  sin(c) + g  cos(c) 
ar = resulting acceleration ( 22

zyr aaa  ). [m/s2] 

 
The tilt compensation ratio (kc) is to what degree the lateral acceleration in the track plane 
(ayt) in circular curves under quasi-static conditions is compensated by the tilt, i.e. 
ayc = ayt (1 - kc). The resulting lateral acceleration is the lateral acceleration (ayc) felt by 
passengers. 

A.5.4 The car body tilt system 
A car body tilt system normally consists of the following basic principal parts. Example taken 
from X2 tilt system (Persson 1989): 

1. A sensor for lateral acceleration in the leading bogie of the train. The signal is low-pass 
filtered before being transmitted onwards to the tilting computer located in each car. 

2. The tilt system’s computer calculates a lead value from the lateral acceleration 
measured in the leading bogie, the position of the car in the train to delay the tilt 
movement to the right moment, desired tilt compensation, other tilt control parameters 
and the train speed. 

3. An actuator (pneumatic, hydraulic or electric) tilting the car body in relation to the 
bogie.  

4. A controller comparing the actual car body tilt value with the lead value. 

 
Some parameters of the tilt system are possible to vary in order to change the characteristics 
of the system. Table A-1 shows some possible variations of parameters in the tilting system. 
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Table A-1 Possible variation of parameters in the tilt system. Examples of normal values 
are from X2000 original settings. 

Parameter Amplitude of  
variation 

Normal value Units 

Compensation of car body tilt 0 - 100 70 [%] 
Car body tilt velocity 0 - 4 4 [/s] 
Car body tilt acceleration 0 - 10 10i [/s2] 
Remark: i  The car body tilt acceleration is not limited by the tilt control system, however the suspension system together with 

inertia of the car body limits the tilt acceleration to an estimated value of 10 - 15 /s2. 

 

A.5.5 Track formulas 
Formulas for approximate relations calculated from track parameters are shown below 
(Kufver 1997a; Kufver 1997b). 
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where: 

2b =  Distance between the contact patches between wheel and rail  [mm] 

fr = Effective roll factor  [-] 

g =  Gravitational acceleration   [m/s2] 
c = Car body (vehicle body) 
D =  Cant   [mm] 

I =  Cant deficiency   [mm] 

Lc = Length of circular curve  [m] 

Lt = Length of transition curve  [m] 

R =  Radie  [m] 

ayt =  Lateral acceleration in the track plane   [m/s2] 

ayc =  Lateral acceleration in the car body (vehicle) plane   [m/s2] 

yca  = Lateral jerk in the car body (vehicle) plane   [m/s3] 

v =  Speed   [m/s] 

V =  Speed   [km/h] 

  =  Roll angle  [rad], [°] 

  =  Roll velocity  [rad], [°/s] 
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Appendix B Description of the track 

Figure B-1 and B-2 shows the horizontal curvature between Järna – Katrineholm and 
Katrineholm and Norrköping. Katrineholm – Norrköping is about half the length between 
Katrineholm – Linköping. 
 

Järna - Katrineholm
Horizontal curvature, down line
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Figure B-1 Track description Järna – Katrineholm. Permitted speed for tilting trains is 
180 km/h. 
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Katrineholm - Norrköping
Curvature and speed 
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Figure B-2 Track description Katrineholm – Norrköping. Permitted speeds are indicated 
in the figure. Notice that the vertical scale differs from Figure B-1. 
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B.1.1 Distribution of lateral acceleration, jerk and roll velocity 
The figures B-3, B-4 and B-5 show the cumulative distribution of lateral acceleration 
(carbody plane), lateral jerk and roll velocity, respectively. 
 

Cumulative distribution of lateral acceleration
Calculated from curve data
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Figure B-3 Lateral acceleration in carbody for the two test tracks and the conditions A 
and G. 

Cumulative distribution of lateral jerk
Calculated from curve data
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Figure B-4 Lateral jerk in the carbody for the two test tracks and the conditions A and G. 
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Cumulative distribution of roll velocity
Calculated from curve data
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Figure B-5 Roll velocity for the two test tracks and the conditions A and G. 
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Appendix C Calculation of theoretical values of motion 
parameters in transition curves  

Calculation of different motion parameters, such as lateral and vertical accelerations together 
with roll and yaw motions, in typical transition curves. Data for these transitions curves are 
displayed in Table C-1. Regulations for speed etc in curves are those given by the Swedish 
National Rail Administration, Banverket (BV).  
 
With the type min means a curve with minimum radius for the circular curve for a given speed 
for X2 ( cat S1) and maximum cant (D = 150 mm) and also with minimum length of the 

transitions curve, according to the formula: Lt = IV 
1000

5.3 . Exception is the first transition 

curve, where the curve radius has been increased from 299 m to 302 m in order to get 
maximum cant deficiency for Cat A trains.  
 
With the type typical means typical curves from the test line between Järna and Katrineholm 
(Cat S speed 180 km/h) and from the curvaceous line between Alingsås and Göteborg with 
radius from 300 – 500 m. 
 
No dynamic effects are considered, i.e. values are calculated from track data and train speed 
only. If dynamic effects are to be considered, other analysis methods has to be taking into 
account, such as multi-body simulation. 
 

Table C-1 Data for the investigated transition curves. 
Type Radius 

 
 

[m] 

Lt 
 
 

[m] 

Cant 
 
 

[mm] 

Speed 
Cat A 

 
[km/h] 

Speed 
Cat B 

 
[km/h] 

Speed 
Cat S 

 
[km/h] 

Cant 
def. 

Cat A 
[mm] 

Cant 
def. 

Cat B 
[mm] 

Cant 
def. 

Cat S 
[mm] 

Min 302 84 150 80 85 100 100 132 241 
Typical 572 123 150 110 120 135 100 147 226 
Min 586 120 150 110 120 140 94 140 245 
Min 968 154 150 140 155 180 89 143 245 
Typical 991 181 150 145 160 180 100 155 236 

 

C.1 Test train conditions  

Table C-2 shows the suggested test conditions for the two train tests in Nov 1994 and June 
1995. The conditions B, C and D is not reported in this report, see (Förstberg, 1997a; 
Förstberg, 1997b). 

                                                 
1 Cat A Passengers trains and freight train with I  100 mm, Cat B passengers trains with curve-optimised 
bogies, I  155 mm and Cat S, tilting train, with I  245 mm. 
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Table C-2 Suggested test conditions for train test 
Test  
condition 

Test 
speed 

Comp. 
ratio 

Tilt velocity 
 

[/s] 

Tilt acc. 
 

[/s2] 

Typical max. quasi-
static lat acc in 

carbody 
[m/s2] 

A Cat S 0.70 4 (normal) no limiti 0.5 
B Cat S 0.40 4 no limit 1.0 
C Cat B no tilt - - 1.2ii

C´ Cat S no tilt - - 1.8ii

D Cat S 0.70 2 no limit 0.6 
E Cat S 0.70 4 < 2 0.6 
F Cat S 0.55 2.3 4 0.8 
G Cat S 0.55 4 no limit 0.8 
Remark:  i  No limitation in tilt control system but physical limitation to about 10 – 15 [/s2] due to inertia and properties of 

the tilting system. 
 ii 20% increase of lateral acceleration caused by swaying of the carbody outwards. 

C.2 Yaw velocity and acceleration 

Yaw motion may be of interest when curve radii is very small. Yaw velocity only depends on 
curve radius, train speed and additionally for yaw acceleration also transition curve length. 
The different test conditions are, for these cases, uninteresting. Table C-3 shows the different 
condition for the chosen curves for cat B and cat S trains. The increase in yaw velocity is in 
the range of 12 –17% and for yaw acceleration in the range of 26- 38%.  

Yaw velocity in circular curve:   = d / dt = 
R

V


50  

Yaw acceleration in transition curve:   = d2 / dt
2 = ( ) / (time in transition curve) =  

= 
tLR

V





2

6.3

50  

There  = yaw angle [], V = train speed [km/h], R = radius [m] and Lt = length for transition 

curve [m]. 

Table C-3 Yaw velocity and acceleration for the defined curves. 
Radius 

[m] 
Yaw vel. 

Cat B 
[/s] 

Yaw vel. 
Cat S 
[/s] 

Increase 
 

[%] 

Yaw acc. 
Cat B 
[/s

2
] 

Yaw acc. 
Cat S 
[/s

2
] 

Increase 
 

[%] 
302 4,48 5,27 17,6 1,3 1,70 38,4 
572 3,34 3,76 12,5 0,90 1,15 26,6 
586 3,26 3,81 16,7 0,91 1,23 36,1 
968 2,57 2,89 12,5 0,63 0,80 26,6 
991 2,55 2,96 16,1 0,71 0,96 34,9 

 
Thus there is an increase of yaw velocity of in the range of 12 – 15% and for yaw acceleration  
in the range of 25 – 35%. There is a substantial increase of levels of yaw motion for a tilting 
train. 
 

The threshold value for detecting angular acceleration are in the range of 1-2 /s
2
 , when the 

rotation motion is lasting about 2 – 3 s (Guedry, 1974). This means that yaw motion is 
probably detected for tilting trains in curves less than about 600 m and for Cat B train less 
than about 500 m. 
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C.3 Roll velocity and acceleration 

Roll motion is shown to be very important in provocation of motion sickness in present work. 
Roll velocity for a tilting train is the sum of two roll motions. One is generated by the track 
inclination and the other generated by the tilt system and the vehicle suspension system. 
Therefore the roll angle (and velocity) are limited by the track regulations, since both cant (D) 
and cant deficiency (I) are limited and the tilt system generates a tilt angle that is usually 
proportionally to the cant deficiency. The tilt system could also limit the tilt angle. 
 
For Swedish regulations the following apply (Banverket, 1994): 
For Cat S:  
dI / dt  1000Lt / (3.5 * V), which corresponds to dI / dt  80 mm/s. Corresponding limits for 

Cat A and Cat B are 46 mm/s and 55 mm/s, respectively.  
 
dD / dt  1000Lt / (4 * V), which corresponds to dD / dt  70 mm/s. Corresponding limits for 

Cat A and B are the same as for dI / dt.  
 
This means that roll velocity is limited to about 1,9 /s from cant and 3 /s from cant 
deficiency. If the tilt system compensates about 70% the roll velocity is reduced, due to tilt, to 
about 2,1 /s, see also Table C-4. 
 

Table C-4 Maximum roll velocity as function of the test conditions for min curves 
Test  

conditions 
Comp.  
ratio 

Roll velocity 
[/s] 

A 0.70 4.0 
B 0.45 3.1 

C (Cat B) 0 1.6 
C´ (Cat S) 0 1.9 

D 0.70 < A  
E 0.70  Ai 

F 0.55   Gi 
G 0.55 3.6 

Remark. i Roll velocity in this case depends how the roll acceleration is lowered and the time used for the 
smoothing of roll motion. If all the roll motion is contained in the transition curve than roll velocity 
must by higher than in condition A. 

 

The threshold of a angular acceleration is 1- 2 [/s2] for a duration of the acceleration of 1 – 
2 s, (Guedry, 1974). The increase of roll velocity from Cat B to Cat S train is in the order of 
250% for compensation ratio 0,70; 220% for compensation ratio of 0,55 and 190% for 
compensation ratio 0,4.  

C.4 Lateral acceleration and jerk 

The maximum lateral acceleration and jerk are independent of the curve radius, given that the 
maximum speed is used according to regulations. Due to time delay for the steering trailer 
coach (if it is leading) the maximum lateral acceleration and jerk are increased. See table C-5 
for maximum lateral acceleration and jerk for the different test conditions. No dynamic effects 
are considered. 
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Table C-5 Maximum lateral acceleration and jerk for the different test conditions  
 Maximal values. quasi-static conditions. time delay 0.65 s 

Test 
condition 

Comp. 
ratio 

Lat. acc. 
 

[m/s2] 

Lat. acc. 
Trailer coach 

[m/s2] 

Lat jerk 
 

[m/s3] 

Lat. jerk 
Trailer coach 

[m/s3] 
A 0.70 0.5 0.7  0.16 0.40 
B 0.45 0.9 1.0 0.29 0.44 
C 0i 1.0 1.0 0.26 0.26 
C´ 0i 1.6 1.6 0.52 0.52 

Dii. Eii 0.70  A ?  > A ?  
F. G 0.55 0.7 0.9   

Remarks:  i If the tilting system is inactive than lateral acceleration and jerk values are about 20% higher. 
 ii A simulation is necessary to calculate these conditions. 

 

C.5 Quasi-static change in vertical acceleration 

The quasi-static change in vertical acceleration (accz) in a circular curve depends on cant, 
cant deficiency, tilt compensation ratio: 

accz = v
2
/R sin (t + c) + g  cos (t + c) - g ,  

There v, train speed m/s; t, angle for the track plane in reference with the horizontal plane 
and c, angle for the carbody plane in reference with the track plane. Table C-6 shows 
examples of quasi-static change in vertical acceleration. 
 

Table C-6 Vertical acceleration for some of the test conditions. 
Test  

conditions 
comp. 
ratio 

Vertical acc. 
[m/s2] 

A 0.7 0.32 
B 0.4 0.30 

C (Cat B) 0 0.15 
C´ (Cat S) 0 0.21 

 
Caused by the tilting there is also a lift of the seats by about 230 mm at the outward side of 
the carbody. This generates a vertical speed of about 0,07 m/s and a vertical acceleration of 
about 0,3 m/s2 if the acceleration takes part over a period of 0,25 s. 

C.6 Considerations for motion sickness 

Regarding a curvaceous route with typical duration in transitions curves about 3 s, duration in 
circular curves about 4 s and then duration in the ending transition curve 3 s. The total time 
length for the passage of a curve is than about 10 s. In this case, the impact on the motion 
dose value is maximum, because the weighting filter (wf) is 1 for frequencies in the range of 
0,1 to 0,25 Hz. If the route has curves in about 50 % of its length, a corresponding motion 
dose can be estimated. 

Motion dose = 

2/1

0

2 )(












T

w dtta
f , or = Ta wfrms,  , where T is the time of the journey 

In this case the arms can be estimated to 0.5  0.32 / 2   0.11 [m/s2].  



Appendix C 

VTI rapport 449A C-5 

(0.5 =50% of the time, 0.32 value for condition A in Table C-6, 1/ 2  transfers a peak-value 
to r.m.s.-value) 
 
According to Griffin (1990) then the mean illness rating and the predicted number of 
vomiting can be calculated, see Table C-7. 
 

Table C-7 Motion doses, percentages of people feeling unwell or vomiting according to 
Griffin (1990). 

Min 
of  
travel 

Motion 
dose 

Percentage 
feeling 
unwell 

[%] 

Predicted 
number 

of vomiting 
[%] 

10 2,8 6% 1% 
20 3,9 8% 1% 
30 4,8 10% 2% 
45 5,9 12% 2% 
60 6,8 14% 2% 

120 9,6 19% 3% 

 
Any influence of roll, yaw motion or lateral acceleration may then be added to these numbers. 
Any model for how this can be done is for the moment not available.  
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Appendix D Other publications 

In this research project the following reports have been publicised: 
 
Förstberg, J. (1994). Comfort disturbances caused by low-frequency motions in modern 

trains. VTI notat 71-94.  

Förstberg, J. (1994). Comfort disturbances caused by low-frequency motions in modern 
trains: A project description. VTI notat 36-94.  

Förstberg, J. (1996). Motion-related comfort levels in trains: A study on human response to 
different tilt control strategies for a high speed train. Licentiate Thesis. TRITA-FKT 
report 1996:41 (Also published as VTI Särtryck 274 –1997 

Förstberg, J. (1997). Rörelserelaterad komfortnivå på tåg: Inflytande av olika strategier för 
korglutningen med avseende på åkkomfort - prov utförda på snabbtåget X2000. VTI 
Meddelande 801. (Also published as TRITA-FKT report 1996:17).  

Förstberg, J., & Ledin, T. (1996). Discomfort caused by low-frequency motions: A literature 
survey of hypotheses and possible causes of motion sickness. VTI Meddelande 802A. 
(Also published as TRITA-FKT report 1996:39).  

 
Major contributions to seminars and international papers are: 
Förstberg, J., Andersson, E., & Ledin, T. (1998). Influence of different conditions for tilt 

compensation on symptoms of motion sickness in tilting trains. Brain Research 
Bulletin, 47(5), 525-35. 

Förstberg, J., Andersson, E., & Ledin, T. (1997). Influence of different alternatives of tilt 
compensation in motion-related discomfort in tilting trains. Paper presented at the UK 
group meeting on human response to vibration, Nuneaton (England). 

Förstberg, J., Andersson, E., & Ledin, T. (1997). Influence of different conditions of tilt 
compensation on motion and motion-related discomfort in high speed trains. Poster 
presented at the 15th IAVSD Symposium, Budapest (Hungary). 

Förstberg, J., Andersson, E., & Ledin, T. (1998). The influence of roll acceleration motion 
dose on travel sickness: Study on a tilting train. Paper presented at the 33rd meeting of 
the UK group on human response to vibration, 16th - 18th Sept. 1998, Buxton 
(England). 

 
Popular publications from the project are: 
Förstberg, J. (1995). Comfort disturbances caused by low-frequency motions in modern 

trains. Nordic Road & Transport Research, 1995(1), 16-17. 

Förstberg, J. (1998). Varför kan man bli åksjuk när man åker tåg? Föredrag vid SVIBs 
Vibrationsdag 1997, Stockholm och seminarium för järnvägsmekanik 1998, Göteborg. 
VTI Särtryck 296, andra utgåvan. 
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