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Abstract. This paper describes an approach to implementing a train ride simu-
lation system that is aimed at application to museum exhibits. A novel device 
was developed that presents the vehicle motion to a user in the standing state 
through the floor and assist strap. The prototype device has two degrees of free-
dom that enable horizontal translation of the floor and the strap. Using the  
device, a control algorithm to represent the lateral acceleration and rolling was 
investigated. An experiment proved that the change of track curvature presented 
by the algorithm can be recognized by the subject. 
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1 Introduction 

Application of virtual reality (VR) technology to museum exhibits is expected to en-
hance the understanding of content by visitors, and many investigations on practical 
applications have been carried out [1]. In museums that deal with technological top-
ics, there are many exhibits aimed at enabling visitors to understand the function and 
principle of a mechanical system. Even in traditional exhibits, such explanations have 
been given with best effect using not only schematic images but also interactive mod-
els that represent the essence of the mechanism. It is expected that VR technology 
will have a potential to improve such exhibits through intuitive, interactive, and rea-
listic presentations. 

The authors of this paper are interested in the presentation of the suspension me-
chanism of a train. Trains have mechanisms that attenuate the vibration and rolling 
motion of the train body, and differences in the mechanisms cause differences in the 
movements of the train body. Our aim is to give an intuitive explanation of these dif-
ferences. In general, there are two types of suspension mechanisms for trains: one 
type merely consists of springs and dampers that block vibration from the truck, while 
the other type also has a swinging mechanism to tilt the body depending on the  
centrifugal force. The latter mechanism is quintessential for investigations toward 
improvement of the ride quality and can be a topic for explanation in museums that 
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deal with trains and railways. Our research has attempted to apply VR technology to 
this topic. 

There are many systems that present the rides of various vehicles and have been in 
practical use [2]. Most such systems are designed to present the motion of the vehicle 
while the user is seated. This style is suitable for simulations of automobiles and air-
planes. However, in most cities the public modes of transportation, such as subways 
and buses, are frequently crowded, so people are often standing in the vehicle and 
holding an assist strap. In this style of riding, the contact between the human and the 
vehicle is localized to the floor and the strap. This means that the ride can be virtually 
presented by using an interface device that simulates only the floor and the strap. Of 
course, it is possible to represent the motion of the entire vehicle body using a motion 
base; however, this approach makes the system larger. Our study investigates another 
approach, with the interface limited to the floor and the strap, which enables a more 
compact implementation. 

2 Assist Strap Device 

When a person is standing and holding an assist strap while riding on a train, the per-
son is in contact with the train at the floor and the strap. The motion of the train is 
recognized by the person through the motions of the contact points. Our research 
deals with the simplest implementation, which has only two degrees of freedom for 
horizontal translations of the floor and the strap. By using this interface, presentation 
of lateral and rolling motions of the train is investigated. A schematic image of the 
approach is shown in Fig. 1. The lateral motion is represented by translations of the 
floor and the strap in the same direction. Conversely, the rolling motion is represented 
by translations of the floor and the strap in opposite directions, which is an approxi-
mation because the distance between the floor and the strap changes. 

Similar to the usual motion base system, our device is limited in the range of mo-
tion and cannot present a sustained lateral acceleration. It is necessary to substitute for 
lateral acceleration by leaning the user to exploit a component of gravity. For this 
method to work, it is necessary to provide an illusion of the rolling sensation that is 
different from the actual rolling motion. This illusion is realized through visual pres-
entation of a scene that provides the visual cues for a sensation of self-motion. Gener-
ally, such a visual cue is more effective when the field of view of the image is larger. 
 

 
Fig. 1. Presentation of vehicle motions 

(a) Lateral Motion (b) Rolling
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Fig. 2. Structure and implementation of device 

Based on the discussion above, a ride simulation system that combines motion with 
a visual display was implemented (Fig. 2). The floor and the assist strap were actuated 
by AC servo motors (NX820AA-J10, Oriental Motor). The rotation of the motor shaft 
was converted into translational motion by means of a timing belt. The maximum 
continuous and peak output forces were 204 N and 612 N, respectively, and the max-
imum velocity was 0.78 m/s. The action of the motor was managed through a motion 
control interface (PEX-H741444V, Interface). The visual display was implemented by 
means of front projection using a projector of short focal length (NP-U310WJD, 
NEC) and liquid crystal shutter glasses (3D Vision Pro, nVIDIA). The motion of the 
user's eye position was tracked using a magnetic sensor (Fastrak, Polhemus). 

In the control method described in the next section, it is assumed that the device is 
operated by commands with acceleration as the target value. Actually, the motion 
control interface accepts position and velocity targets but does not directly support 
acceleration control. To solve this problem, an algorithm was developed that com-
putes the position and velocity targets from the acceleration target. 

3 Presentation of Vehicle Motion 

A method for presenting the motion of a vehicle by using the system was investigated. 

3.1 Control Algorithm 

As stated previously, it is impossible to present sustained acceleration by using only 
translational motion. Hence, it is necessary to replace the lateral acceleration with a 
component of gravity by leaning the user. This method has been known as wash-out 
control and is commonly used in ride simulation systems [2]. The difference between 
our implementation and the previous systems is that it presents motion through only 
the floor and the strap. 

A person on a vehicle undergoes both gravitational and centrifugal accelerations 
(denoted by  and , respectively) as shown in Fig. 3. The angle between the direc-
tion of the total acceleration and the direction of gravity is expressed as follows: tan  
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Fig. 3. Acceleration and gravity 

If the vehicle is tilting by an angle , then the lateral component of the acceleration 
of the user is obtained as g sin cos  

To represent this acceleration by the component of gravity alone, the leaning angle 
should be 

. sin  

Actually, a previous study suggested that the angle .  causes an excessive sensation 
of lateral acceleration and that about 35% of  is sufficient for a realistic presentation 
[3]. Our system also employed this empirical parameter; hence, 

. sin 0.35
 

It is impossible to change the leaning angle instantly, since it takes time to move the 
mechanism. Thus, it is necessary to complement the lateral acceleration by using 
translational motion. The acceleration that must be imparted is computed as follows: 0.35 sin .  

Moreover, the translational acceleration causes a velocity, and so the motion must be 
decelerated, perhaps imperceptibly, after the leaning operation has been completed. 

In our control algorithm, the control methods were defined on the basis of the  
respective states of control. In the wash-out state, the leaning operation and the gener-
ation of lateral acceleration are performed in parallel. So that the operation is com-
pleted within a given constant time , the angular acceleration of the leaning,  , 
was determined as follows:      4 . /     0 /2   4 . /      /2  

In the deceleration state, the translational velocity is decreased by a constant decelera-
tion of = 0.05 m/s2. Finally, in the wash-back state the translation of the mechan-
ism is reduced to zero by a constant acceleration or deceleration of = 0.01 m/s2. 
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3.2 Discrimination of Curvature 

Presentation of lateral acceleration such as that experienced while passing along a 
curved track was examined. In the experiment, two types of track were assumed: 
A) a track where a section of constant curvature is directly connected to straight sec-
tions, and B) a track where the curvature changes gradually according to an easement 
curve (Fig. 4). The easement curve was defined using a clothoid curve in which the 
curvature changes in proportion to the distance from the beginning of the section. The 
vehicle in this experiment does not have springs or dampers and follows the track 
faithfully. The velocity of the vehicle, , is constant and the centrifugal acceleration 
at curvature  is calculated with . 

                       
(a) Track A                            (b) Track B 

Fig. 4. Track configuration 

As stated above, a visual presentation is essential for successful wash-out opera-
tion. The user receives cues on the position and orientation of his or her body relative 
to the vehicle. In our implementation, it is supposed that the user is standing at the 
front window of the vehicle. The user can see the internal wall and window frame of 
the vehicle as well as the view outside the window (Fig. 5). Since the user moves 
relative to the visual display, the image on the display is updated depending on the 
position and orientation of the user. 

 

 

Fig. 5. Visual presentation 

Straight
Section40

m

Straight
Section

Start

Constant
Curvature
Section

Start

Straight
Section

Straight
Section

Clothoid
Section

40
m

Clothoid
SectionConstant

Curvature
Section



194 T. Sasaki et al. 

 

This experiment focused on the discrimination of curvature through the presenta-
tion of acceleration. A method of constant stimuli was employed. The standard stimu-
lus was 3.0 × 10-3 m–1, while the comparison stimuli represented changes from the 
standard stimulus by ±1.8 × 10-3 m–1 in steps of 0.6 × 10-3 m–1. The velocity of the 
vehicle was 20 m/s (72 km/h); hence, the centrifugal acceleration due to the curvature 
was 1.2 ± 0.2 m/s2. Each comparison was reported through a binary choice (i.e., larger 
or smaller). The curvature and the direction of curvature (i.e., left or right) were 
changed in random order. Each subject performed five sets of comparisons, or 70 
comparisons in total. There were five subjects: three males and two females, ranging 
in age from 20s to 40s, all right-handed. Ear plugs and headphones playing white 
noise were used to eliminate auditory cues from the motors. The device was covered 
by a curtain to block outside light, and the glasses were hooded to restrict the field of 
view. Additionally, the subjects were asked to hold the assist strap with the left hand. 
The experiment was carried out using both track types. 

The discrimination characteristics obtained from the experiment are shown in 
Fig. 6. Gaussian distribution functions were fitted to the data from the leftward and 
rightward curves, respectively. Moreover, the point of subjective equality (PSE) and 
the just noticeable difference (JND) were obtained. The results suggest that there is a 
difference in the perception of leftward and rightward curves. This was more apparent 
for track type A but was not statistically significant. It is conceivable that the differ-
ence in the direction of acceleration on leftward and rightward curves produced a 
difference in the user's posture and this affected the perceptions of vehicle motion and 
curvature. 

4 Train Ride 

As an experiment toward a museum exhibit, a ride simulation system that presents the 
motion of a train based on a mechanical model was implemented. 

 
(a) Track A 

 

 
(b) Track B 

Fig. 6. Discrimination characteristics 
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4.1 Train Models 

Two mechanical models of trains were implemented (Fig. 7). One is for a normal 
suspension mechanism that supports the train body using springs and dampers. The 
other is for a so-called tilting train that has an additional mechanism for tilting the 
body depending on the curvature of the track. The mechanical parameters in these 
models were taken from the literature [4], [5]. In this simulation the lateral motion of 
the wheels relative to the track was not considered, and the wheels were assumed to 
move smoothly along the track. 

4.2 Evaluation 
 

Discrimination between the train models was evaluated for subjects experiencing the 
ride for curved tracks. Three types of track were designed: A) a track without an 
easement curve and without cant, B) a track with an easement curve but without cant, 
and C) a track with an easement curve and cant. Schematic images of the tracks are 
shown in Fig. 8. The cant is the difference in height between two rails to realize a 
banked turn. All the tracks were the same in terms of the maximum curvature 
(4.0 × 10–3 m–1) and the total length (490 m). Further, the velocity of the train was 
fixed at 20 m/s (72 km/h). 

In each trial, the subject experienced two rides and indicated whether the train 
models for the rides were the same or different. The combinations of the models 
(2 × 2 models) and the types of the track (3 types) were changed in a random order. 
Each subject went through three sets of combinations, or 36 trials in total. There were 
four subjects: four males, ranging in age from 20s to 40s, all right-handed. As in the 
experiment of Section 3.2, auditory cues were eliminated by ear plugs and head-
phones playing white noise, outside light was obstructed by a curtain, and the field of 
view was restricted by a hood. Additionally, the subjects were asked to hold the assist 
strap with the left hand. 

The proportion of correct answers for each track type is shown in Fig. 9. Generally, 
the proportion of correct answers was low. Even in the case of track type B, which 

 

 
(a) Normal train 

 

 
(b) Tilting train 

Fig. 7. Train models 
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had the greatest proportion of correct answers, the difference of the proportion from 
50% was not statistically confirmed (p < 0.1). The results suggest that the proportion 
increased in the order B > C > A, although the differences were not statistically sig-
nificant (p < 0.1). From these results, it is deduced that our train ride system could not 
sufficiently represent the differences between the models. One reason for this is con-
sidered to be that the differences in lateral acceleration between the train models were 
relatively small, which made it difficult to recognize the features of the models. 

 

5 Conclusion 

This paper reported our investigation of a train ride system that presents the motion of 
a vehicle through the floor and the assist strap. The control methods known as wash-
out and wash-back were introduced to represent sustained lateral accelerations. It was 
confirmed that the system is capable of presenting differences of curvature. However, 
it was difficult for subjects to discriminate between the train models. One of our fu-
ture tasks will be to clarify the reason for this difficulty. How to present the roles of 
the other mechanical parts of the train is also of interest in our research. For example, 
the roles of springs and dampers in the suspension mechanism will be understood 
more intuitively through experiencing the effects of these parts. 
 

 

 

 

 

Fig. 8. Track configurations and lateral acceleration 

Fig. 9. Discrimination of train model 
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