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ABSTRACT: Increased speeds of trains can be achieved by

using tilting trains that decrease the lateral acceleration expe-

rienced by passengers on curves, thereby allowing trains to run

typically 25 30% faster on existing curved track and maintain-

ing good ride comfort. Unfortunately, motion sickness in tilting

trains is a major problem for some passengers. To investigate

the incidence of motion sickness and the extent to which dif-

ferent tilt compensation strategies influence its occurrence,

tests were conducted with a tilting train on a track with a large

number of curves. Eighty healthy volunteers were studied, se-

lected partly for their susceptibility. Three different cars were

evaluated during 3 test days, with each test ride lasting about

3 h. On four occasions per test ride, the subjects answered a

questionnaire concerning activities during the ride, ride com-

fort, ability to work and read, vegetative symptoms, fatigue,

sleepiness, nausea and well-being. Subjects estimation of av-

erage ride comfort and ability to work and read was good in all

conditions. However, 10% of the test subjects reported various

symptoms of motion sickness (SMS). A 55% degree of tilt com-

pensation of the lateral acceleration instead of the normal 70%

reduced the symptoms of motion sickness incidence (SMS!) by

25 40%. SMS! correlated poorly with motion doses, which in-

tegrates vertical or lateral acceleration but correlated well with

roll acceleration motion dose (r2 = 0.43, p < 0.001). For women,

riding backward (p < 0.001) minimized SMSI, but men were

insensitive to direction. Future railway design will have to opti-

mize tilt systems by both minimizing motion sickness and

avoiding excessive lateral acceleration or jerk. © 1999

Elsevier Science Inc.

KEY WORDS: Ride comfort, Motion sickness, High-speed tilting

trains.

INTRODUCTION

Railway companies throughout the world are looking for ways of
increasing train speeds and ride comfort. Because most countries
have a signi cant mileage of curved track, measures must be taken

to compensate for the lateral accelerations on curves if speed is to
be increased without detracting from comfort. The construction of
new railways with straighter tracks has been used in some coun

tries, but many railway companies have found this method to be

too expensive. A further alternative is to make car bodies of the

 

train tilt inward on curves [3]. It is believed to be favorable to

compensate for only parts of the centrifugal forces o _ the curves
[16,17]. This enables trains to travel typically 25 30'0 faster on
existing curved track. In Sweden, the preferred tilt compensation

strategy method for the XZOOO train has been to compensate for
about 70% of the lateral acceleration on curves.

Many modes of transport are associated with the occurrence of
motion sickness in susceptible individuals. These include tilting
trains [27,36]. When this involves a pilot in a military jet aircraft,

the implications are of course severe [1], but passenger discomfort
in airplanes is by no means a negligible problem [4]. The problems
are no less serious in space technology [8]. The most widely

studied area of motion sickness is the naval area, where the

importance of vertical low frequency oscillations was identi ed
[14,15,21 23]. Estimating the impact of different motion patterns

on the occurrence of motion sickness has been the subject of many
issues of work dealing with standardization [5,18].

In regard to railways, passenger ride comfort and discomfort on
curves have attracted much research [2,6,9,10,16,20,33,34], but

concerning motion sickness, a good understanding of the problem

is still needed [1 1,12,27,36]. A 1.00% compensation has been

found to be provocative for motion sickness in the Advanced
Passenger Train test in 1984 [7], and a recommendation for a tilt

compensation of two thirds (67%) has been given [16,17].
To investigate the incidence of motion sickness symptoms and

the extent to which different compensation strategies in uence the
occurrence of such discomfort, a full-scale test was conducted with

the Swedish tilting train X2000 in June 1995. The results of three
different compensation conditions were reported [11]. Earlier,

three other conditions had been tested in November 1994 [11].

MATERIALS AND METHODS

Test Subjects

Healthy volunteers were chosen, partly for their high subjective
sensitivity to nausea. The experiment was conducted in June 1995

using about 80 subjects who were mostly students from Linköping
University aged 20 30 years but also included some employees of

the Swedish National Road and Transport Research Institute and
Linköping University Hospital.

* Address correspondence to: J. Förstberg, Swedish National Road and Transport Research Institute, Railway Systems, SE 58195 Linköping, Sweden.

E mail: johan.forstberg@vti.se
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TABLE 1

DATA FOR TEST SUBJECTS IN THE TEST GROUPS

Test Group 1 Test Group 2 Test Group 3

in Car 1 in Car 2 in Car 4 Total

Number of Test Subjects 22 30 20 72

Percentage Female 45 50 45 47

Mean Age (y) 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 Sensitivityl 3.3 3.1 2.7 3.1
 

Sensitivity rated on a scale from I (no sensitivity) to 7 (very high

sensitivity).

In earlier experiments [1 l], women had reported two to three

times more symptoms of motion sickness than men. Therefore,
almost identical proportions of women and men in all test condi

tions and groups were used in this test (Table 1). The distribution

of self rated sensitivity to motion sickness is shown in Table 2.

The test subjects were instructed to read or work during the test
ride. They were also instructed to ride either forward or backward

during all test runs, which meant changing seat and direction
before the return trip. They could see each other and in some cases

talk to each other. About three quarters of the test subjects occu

pied window seats. No one became so nauseated so that it in u
enced another subjects.

Definitions

Tilt angle, tilt speed and tilt acceleration are the corresponding
angle, speed, and acceleration with which the tilt system can rotate

the car body with respect to the track plane. Roll angle, roll speed
and roll acceleration are the corresponding angle, speed, and
acceleration with which the car body rotates with respect to the
horizontal plane.

FORSTBERG, ANDERSSON AND LEDIN

TABLE 2

PERCENTAGE OF THE MALE AND FEMALE SUBJECTS SELF-RATED

SENSITIVITY TO MOTION SICKNESS

 

Rated Sensitivity
 

 

l 2 3 4 5 6 7

Percentage Male 27 21 34 13 5 0 0

Percentage Female 8 30 12 25 20 5 0
 

Track Characteristics

The test runs were conducted on tracks with large numbers of

curves between Järna (about 47 km south of Stockholm) and
Linköping (about 225 km south of Stockholm) (Fig. 1). The test

track is about 180 km long, with permitted Speeds of 180 200
km/h for about 85% of the track length. 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
speeds limited to 125 145 km/h. The test track was divided into

two segments at the station of Katrineholm, thereby allowing

evaluation of the results in four sections (test parts). The stations
of Norrköping and Katrineholm were passed at low speed.

Tilt System and Test Train

A car body tilt system is designed to lower the centrifugal
forces (lateral acceleration) experienced by the passenger by tilting

the car body inward on curves. The design is intended to enhance
ride comfort and has, in principle, no effects on safety or track
forces. On curves, a tilting train may travel at Speeds typically

25 30% faster than a normal non tilting train, if no other comfort
or safety limits are violated [2,3]. A schematic sketch of the tilt

system is shown in Fig. 2.
The test train used in this experiment was an X2000 train,

consisting of a power car and ve passenger cars. The test subjects
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FIG. 1. Map showing the railway lines (thick lines) between Stockholm and Linköping. Järna is about 47 km

southwest from Stockholm, Katrineholm about 134 km and Linköping about 225 km.
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Pendulum

Upper (tilting)
bolster

Hydraulic

cylinder

-~.~ Lower bolster

Bogie frame    
FIG. 2. Car body tilt function in the XZOOO. Hydraulic cylinders rotate the upper bolster

in respect to the lower bolster. Maximum angle between the two bolsters is about 8

degrees. Because of the exibility in the suspension system, the effective tilt angle is about

6.5 degrees. (From [3].)

were seated in cars I, 2 and 4. Measurement equipment was

located in the bistro car (Fig. 3).

Tested Con'zpensation Strategies

Three different tilt compensation strategies (A, F and G) were

tested in this experiment (Table 3). Earlier, four different condi

tions had been tested with a generally positive outcome for low tilt
compensations [l l]. The independent parameters for the tilt sys
tem were degree of tilt compensation, limitation of tilt speed

and/or acceleration. These limitations were aimed not to interfere
with the tilt motion necessary to tilt the car body in time but to
reduce tilt motions caused by track irregularities.

The design during this experiment was that of a Latin square.

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 4. This design was selected to minimize differences in age,
gender and sensitivity in the different test groups and also to

minimize in uence of the cars and its position in the train.

Evaluation

Before the test ride, the subjects answered a questionnaire
concerning age, sex, rated subjective sensitivity to motion sickness

and well being. Each test ride lasted about 3 h. After each quarter

of the test ride (about 45 min), the subjects answered another
questionnaire concerning activity, ride comfort, comfort distur
bances due to high levels of accelerations, jerks (rate of change of
acceleration), jolts, ability to work/read and vegetative symptoms

such as drowsiness, pallor, salivation, fatigue, sleepiness, dizziness

 

Towards Linköping
 

Test train configuration

Towards Järna
+

 

lSt class 
)

APower car I Ear No. 1 I I Car No. 2I par No. 3 I I Car No. 4 I ICar No. SIX

ISt class Driving

trailer
Bistro 2nd class  
 

FIG. 3. Test train con guration. Test subjects were seated in cars 1, 2 and 4.
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TABLE 3

VARIATION OF PARAMETERS USED IN THE TILT SYSTEM DURING

THE EXPERIMENTS

 

 

Lateral

Tilt Car Body Car Body Tilt Acceleration

Test Speed" Comp Tilt Speed Acceleration in Car
Conditions (%) (%) Limit (°/s) Limit (*)/sl) Body (ni/sl)

A +25 70 4 No limit" 0.6

F +25 55 4 4 0.8

G" +25 55 2.3 No limit 0.8
 

Compared with normal nontilting trains.

Typical maximum values.
" The car body tilt acceleration was not limited by the tilt system. Due to

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

maximum car body angular acceleration is estimated to be about 10 O/sz.

"Conditions A D were tested in earlier experiments. Condition E was

planned but never realized with limited car body tilt acceleration and 70%

compensation.

and nausea. They also scored their well-being on a ve-point scale

(I feel alright, I do not feel quite well, I feel rather unwell, I feel
bad, I feel very had), both at the beginning of the journey and after

each test part. The physical parameters of the train ride were
recorded for analysis of possible relations between accelerations

(linear and angular) in the train and symptoms of motion sickness.
In the evaluation of motions of the train, the concept of motion

dose was used:

T l/ 2

MSDVZ =- a,2,(t)a't (m,/SLS)

0

where MSDVZ is the motion sickness dose value and aw(t) is
frequency-weighted acceleration. Weighting lter, w], has maxi-

mal transmission between 0.1 and 0.3 Hz. The percentage of
persons who may vomit = Km >< MSDVZ (%) and Km = 1/3 for
a mixed population of unadapted male and female adults []4, 18].
Also their rating of well-being, or Illness Rating (IR: 0, I felt all

right; 1, I felt slightly unwell; 2, I felt quite ill; 3, I felt absolutely
dreadful. IR = 1/50 >< MSDVZ [14,21]), was adopted in this

experiment. The weighting function (wf) [18] has been used for all
calculations on motion dose from vertical, lateral and roll accel

erations.

Incidence of Motion Sickness Symptoms

The de nition of symptoms of motion sickness (SMS) was that
the subjects reported one of the following symptoms: dizziness,
nausea or I do not feel ne. If the subject did not feel ne at the

beginning of the test run, he/she was omitted from evaluation.

TABLE 4

DESIGN OF THE EXPERIMENT. EACH GROUP WAS TESTED OVER A

PERIOD OF 3 DAYS WITH DIFFERENT CONDITIONS TO MINIMIZE

BIAS BECAUSE OF DIFFERENCES IN SENSITIVITY ETC.

 

 

Day I Day 2 Day 3

Car 1 A F G

Car 2 G A F

Car 4 F G A
 

FORSTBERG, ANDERSSON AND LEDIN

TABLE 5

COMPARISON OF ESTIMATED RIDE COMFORT. PERCENTAGE OF

SUBJECTS COMPLAINING OF COMFORT DISTURBANCES DUE TO

LOW-FREQUENCY LATERAL ACCELERATIONS AND ESTIMATED

WORKING/READING ABILITY

 

Comfort Disturbances

from Lateral

Accelerations (%)

Estimated Working/

Reading Ability

Estimated

Ride Comfort

 

Condition A 4.1 58 4.1

Condition F 4.2 54 4.1

Condition G 4.2 54 4.2
 

" On a ve-point scale from very bad (1) to very good (5).

Percentage of the test subjects who reported this kind of discomfort.

No statistically signi cant differences were found.

Incidence of SMS (SMSI) is then calculated as the sum of reported
SMS from all subjects and over all test parts, divided by the total
sum of subjects and test parts.

Statistical Evaluation

The number of SMS in the above parameters was compared
between tested conditions using the chi square test [32].

RESULTS

Ride Comfort and Rated Working/Reading Ability

Test subjects reported good ride comfort (in average 4.1 4.2 on
a ve point scale) and about the same level of comfort distur-

bances in all conditions. They also rated their ability to read and
work as about 4.1 4.2 for these conditions (Table 5).

Symptoms of Motion Sickness

In the experiment, the two tested conditions with 55% com

pensation (F and G) showed a lower SMSI than condition A, but

only the condition G was signi cantly lower at the 5% level. The

reduction of SMSI was 25 40% compared with condition A (Table
6).

A chi square analysis shows that the differences between the
number of test subjects experiencing SMS in conditions A, F and

G is signi cant on the 10% level ()(2 = 4.94, df = 2, p 5 0.08),
but the difference between A and F is signi cant on the S% level
()(2 = 4.73, elf = 1,19 £ 0.029).

Differences in gender. Differences in the reported symptoms of
motion sickness and discomfort among gender are shOwn in Figs.
4 and 5. Women were found to score about two to three times as
high as the men on the items of nausea ( I don t feel well and

TABLE 6

PERCENTAGE OF SUBJECTS WITH SYMPTOMS OF MOTION SICKNESS

(SMSI) DURING THE TESTS, GIVEN AS INCIDENCE PER TEST PERIOD

(QUARTER OF THE 3-H TEST SESSION)

 

Con dence Interval

 

Condition SMS] (%) Approx. 95%

A 14.5 10.5 184

F 10.7 7.l l4.3

G 8.5 5.3 1 1.6

 



conditions A, F and G.

FIG. 5. Differences in symptoms of motion 31ckness and discomfort for men, women and the total group of test subjects summarized over
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TABLE 7

SMS AND SMS] FOR TRAVELING FORWARD OR BACKWARD FOR MALE AND FEMALE SUBJECTS SITTING AT A WINDOW SEAT OR NOT,

SUMMARIZED OVER THE CONDITION A, G AND F

 

  

 

Window Seat Non-window Seat"

Male For. Male Back. Female For. Female Back. Male For. Male Back. Female For. Female Back.

SMS 10 14 33 14 0 0 21 7

SMS] 6% 7% 20% 10% 0% 0% 38% 1 1%

x 0.06 4.77 10.3
[) NS 0.029 0.001

 

" Only about 25% occupied a non window seat.

For., forward; Back., backward.

SMSI ; Fig. 5). The women s SMSI score is about 12% higher

than for men (Fig. 4). Figure 5 also shows variations in other
symptoms of motion sickness. *

Riding forward or backward. Women show a large variation in

SMSI with the direction of travel. They scored significantly less
SMS] when riding backward (Table 7. For men, there was very

little difference. Being seated at a window may affect women but
not men regarding SMSI.

Correlation between self-rated sensitivity and symptoms. The

subjects rated their sensitivity to motion sickness before the test
runs on a seven point scale from 1 (none) to 7 (very large). Figure
6 shows the percentage of subjects with a certain rated sensitivity
experiencing SMS. For the regression line for men and women

together, the regression coef cient is high (r2 = 0.95). The distri-
bution of male and female subjects is shown in Table 2.

Time dependence. Analyzing the time pattern of SMS], the
incidence of discomfort was highest at the rst and last inquiries

during the 3 h ride (Fig. 7). According to the motion dose hypoth

esis of Lawther and Grif n [21], the SMSI would increase during
the course of the ride. Furthermore, the SMSI pattern in the course

of time is signi cantly different from a pattern with an equal

proportion of SMSI in each test part (X2 = 10.98, df = 3, p 5
0.012).

Motion Environment

In evaluating the motion environment of vertical, lateral and

roll accelerations, the weighting lter, w_,- [18], has been used for

calculating the corresponding motion doses.
Figure 8 shows both the motion dose from lateral accelerations

 

Symptoms of motion sickness

In uence of gender and subjective sensitivity
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g 10% , ' , - - Women

å 5% - x Regression line
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FIG. 6. Percentages (SMSI) of the subjects experiencing an SMS as a function of self rated sensitivity. Five percent of the male subjects rated their

sensitivity as 5 or 6. The corresponding proportion for female subjects is 25%.
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and from vertical accelerations. The motion dose for vertical

accelerations is displayed both as accumulated and per 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.
The motion dose from lateral accelerations shows an upside

down picture. Condition A has the lowest motion dose values and
condition G the highest. This corresponds well to the observation

that condition A has a higher compensation level of the lateral

acceleration than the other two conditions. The motion dose on test

part 1 and 4 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 nausea.

Figure 9 shows the motion dose of roll accelerations, where the

condition A now displays higher motion dose values than the other

two. The motion dose (due to roll acceleration) for test parts 1 and

4 shows higher values than the other two test parts, similar to the

lateral acceleration motion dose. However, roll motion doses for

condition A have greater values than the other two conditions. This

pattern is similar to the SMSI pattern in Fig. 7. This may indicate
that roll acceleration motion dose is one of the prime causes of

motion sickness in this case.

Regression analysis. To analyze the in uence of vertical, lat-

eral and roll accelerations on symptoms of motion sickness, a

regression analysis was performed. This analysis shows that the

lateral and vertical accelerations do not signi cantly contribute to

the explanation of SMSI. If these two factors are included, they
will appear with a negative sign, which is physically impossible. A

linear regression model (SMSI = a + B >< roll acceleration motion

dose) suggests an in uence of roll acceleration motion dose on

SMSI for the totalpopulation with a statistical signi cance of

F(1,34) = 25.24 and p < 0.001 (Table 8).
The corresponding regression analysis for female and male

subjects shows that women have a greater sensitivity than the total
population and men less sensitivity, but for men the regression

coef cient is rather weak (Fig. 10).

DISCUSSION

The mechanisms of motion sickness are not well known. The

most popular hypothesis is the sensory conflict theory [4,28 30],
whereas others have advocated that the motion sickness response

is a protective function for the integrity of the body [26,35]. It
seems clear that the vestibular organs are a necessary part of the

reaction [26].
Vertical accelerations alone within a frequency range of 0.1

0.3 Hz have proved to be provocative for motion sickness

[14,15,21,24], among others. Lawther and Grif n [21] suggested

TABLE 8

REGRESSION COEFFICIENTS FOR THE ROLL ACCELERATION

INFLUENCE ON SMSI, WITH 95% CONFIDENCE INTERVAL, VALID

FOR THE TOTAL POPULATION

 

Lower Upper

95% Conf. 95% Conf.

 

Coef cient Std error p Interval Interval

a (Constant) 0.055 0.034 0.116 0.12 0.014

B (Roll Acceleration) 0.317 0.063 <0.001 0.189 0.445
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FIG. 10. Regression curves from roll acceleration motion dose on SMSI for female, male and total population.

the concept of a cumulative motion dose for the evaluation and
prediction of motion sickness at sea. This corresponds fairly well
with earlier results [24]. A scale of corresponding illness, IR, has

also been suggested [21]. In this study, if 90% of subjects reported

I feel alright (this means that 10% reported not feeling well), this
would give an SMSI _>_ 10% and would correspond to an IR of

about 0.1.
Horizontal accelerations (longitudinal and lateral) have re-

cently been shown to be about twice as provocative as vertical
accelerations. (Golding et al. [13] suggested that longitudinal
acceleration is twice as provocative as vertical acceleration for a
person sitting upright. The Km in the motion dose formula is
changed to 1.41 X Km. Lateral acceleration is about as provocative

as longitudinal acceleration.) McCauley et al. [24] found no evi-
dence that roll or pitch motion combined with a vertical acceler-

ation altered the nauseogenicity of vertical accelerations. They
used fairly high levels of vertical accelerations, resulting in a
motion sickness incidence (vomiting incidence in a 2-h test) of

30 50 7c. Wertheim et al. [37] conducted several experiments to
refute McCauley et al. s hypothesis [24]. They showed that roll

and pitch motion alone can be nauseogenic and also that a small
amplitude of vertical acceleration ampli es nauseogenicity of the

roll/pitch motion.
In this study, the vertical and lateral accelerations are concur-

rent factors with roll acceleration instead of independent factors.

Also, roll velocity and roll acceleration are highly correlated. From
the performed tests and evaluations, it is dif cult to separate their

combined in uence, but it seems that roll acceleration motion dose

has the greatest in uence on SMSI.
In earlier investigations of motion sickness [14,2124], the

incidence of motion sickness (vomiting) was found to increase by

a factor approximately proportional to the square root of time.

Those studies used a relativity high and uniform acceleration level,
but this study used 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. [13] showed that subjects report recovery

times of 5 10 min of total rest after a 30-min test mn with
horizontal acceleration. The higher SMSI reported from the rst
and last part (in the current tests) probably indicates that this part

of the track is =more severe (nauseogenic) than the other part. This

also means that the results (SMSI) from different test parts are
more or less independent from each other, because the subjects
recovered from earlier motion doses. Different tracks (up and

down line) may in uence this further.
The effects of curve radius have not been investigated explic-

itly, because yaw acceleration has not been measured. Izu et al.

[19] reported that the nauseogenic effect of cross-coupled rotation
is proportional to gyroscopic angular acceleration. Gyroscopic
acceleration is de ned [19] as Gacc = -\P X (I), where W is
rotation about an earth-vertical axis (yaw) and (I) is roll velocity.
For a tilting train, the roll velocity in a transition curve has a

magnitude of typically 3 4°/s. The corresponding yaw accelera-
tion has a level of 0.8 1.3 °/s2 and on circular curves yaw speeds
of about 2.8- 4.1 °/s. The values given depend 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
ampli ed and may become a problem. The published papers from
Japan [27,36] do not mention this potential contribution as an

explanation of motion sickness in tilting trains, but it may be
important.

Conditions F and G both used a 55% degree of compensation,
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with the difference that condition F had a limitation on tilt accel

eration and G had a limitation on tilt speed. Despite the fact that
roll acceleration motion dose correlates well with SMSI, the con

dition G indicates a lower SMSI than condition F, although not

statistically signi cant. A limitation of the tilt acceleration means

that the tilt acceleration has to have a longer duration to achieve

the necessary tilt speed. If the tilt motion cannot start before the
transition curves is detected, this means also that the tilt speed has

to increase to complete the tilt motion in time. The roll acceleration
motion dose can in this case be increased despite a limitation of tilt

acceleration because of the needed higher tilt speed.
The eld of vision is probably of great importance for modi-

fying the nauseogenicity of motions [25]. Because the subjects
were able to look out of the windows, they were able to view a

horizon to stabilize their reference perception. Rolnik and Bles

[31] showed that an arti cial horizon 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 women traveling backward is possibly
due to this factor, because it is probably easier nd an object to
focus on when riding backward.

The activity (working, reading, talking) reported by the sub-
jects does not seem to correlate with SMSI, although some subjects

reported that if they had been reading for a while they had to stop
this activity because of nausea. The correlation between the sub
jects reported subjective sensitivity of motion sickness and the

reported SMSI seems quite good. However, the men seemed to
overestimate their sensitivity and women underestimate theirs at
the self-estimated sensitivity of 3 to 5 according to Fig. 6.

CONCLUSIONS

This study has evaluated SMSI experienced by healthy subjects

in a high-speed train using active tilting of the car body on a curve
to reduce lateral acceleration. On average, the subjects found the

average ride comfort in all test conditions to be good. By using a
lower degree 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. A limited tilt speed instead of a limited

tilt acceleration probably gives a higher reduction of SMSI. Inad
equate compensation levels may create ride discomfort due to 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 or about 12% higher SMSI for all
conditions. SMSI values, evaluated over a suitable length of time

or track, seems to be approximately proportional to motion dose of
roll acceleration.

The absolute levels of SMSI found are probably not directly

transferable to a normal population of train passengers because of
the selection of subjects (sensitivity, age, etc.). However, it is

likely that lower compensation and limited tilt speed also are
favorable in a more normal population of passengers.

FUTURE RESEARCH

Future research should analyze the in uence of lateral and

vertical accelerations, in addition to roll speed and roll accelera-
tion, on motion sickness. This should make it possible to minimize

complaints of discomfort and thereby enhance ride comfort and
ability to work on future high-speed tilting trains.
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