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Abstract 
We address the problem of teleoperating a mobile robot 
using shared autonomy: an on-board controller performs 
obstacle avoidance while the operator uses the 
manipulandum of a haptic probe to designate the desired 
speed and rate of turn. Sensors on the robot are used to 
measure obstacle range information. We describe a 
strategy to convert such range information into forces, 
which are reflected to the operator's hand, via the haptic 
probe. This haptic information provides feedback to the 
operator in addition to imagery from a front-facing 
camera mounted on the mobile robot. Extensive 
experiments in a real test environment with a user 
population show that the added haptic feedback 
significantly improves not only operator performance 
but also subjective presence.  

Key words: Haptics, Teleoperation, Presence, Mobile 
Robot 

1. Introduction 
Teleoperation is often employed in controlling mobile 
robots navigating in unknown and unstructured 
environments. This is largely because teleoperation 
makes use of the sophisticated cognitive capabilities of 
the human operator [1, 2]. 

However, for navigation in dynamic environments or at 
high-speeds, it is often desirable to provide a sensor-
based collision avoidance scheme on-board the robot to 
guarantee safe navigation. Without such a collision 
avoidance scheme, it would be difficult for the (remote) 
operator to prevent the robot from colliding with 
obstacles. This is primarily due to (1) limited 
information from the robot’s sensors, such as images 
within a restricted viewing angle without depth 
information, which is insufficient for the users’ full 
perception of the environment in which the robot moves 
[3], and (2) significant delay in the communication 
channel between the operator and the robot. 

On the other hand, the implementation of a collision 
avoidance scheme on-board the robot can cause conflict 
between the user’s actions and the movement of the 

robot. For example, consider a situation where the 
operator directly controls the movement of a mobile 
robot with a joystick and the robot is supposed to move 
forward when the user pushes the stick forward. Imagine 
that the robot is also programmed with a simple collision 
avoidance algorithm to avoid obstacles. If an obstacle 
exists in front of the robot, the robot may stop or turn in 
order to avoid collision, although the operator is clearly 
commanding it to move ahead. In this example, the 
conflict may not be a problem if the user can easily see 
the obstacles. If however, the obstacles are invisible due 
to a restricted viewing angle, the user might be confused 
since the robot does not move nor act according to the 
teleoperation commands. Such a conflict can have a 
negative influence upon subjective presence of the 
operator. We hypothesize that the conflict can be 
naturally resolved by exploiting another modality, e.g. 
such as haptic information, providing the operator with 
force feedback. 

In [4], we have proposed a haptic teleoperation scheme 
and have shown the effectiveness of the haptic feedback 
on navigational performance through an experiment in a 
virtual test environment. In this paper, we verify the 
effectiveness by conducting an experiment in a real test 
environment, and show the effectiveness on subjective 
(tele)presence. 

This paper is structured as follows. In Section 2, we 
describe related work in the area of using haptic 
information for navigation. In Section 3, we give a 
review of our force rendering algorithm and the 
implemented system. In Sections 4 and 5, we describe 
our experiment (in the real environment) and the results, 
respectively. Finally, we conclude with a summary in 
Section 6. 

2. Related Work 
Force feedback has long been used for precise remote 
control in the teleoperation of manipulators [5, 6]. 
Recently, with the spread of commercial haptic devices 
such as the PHANToM [7, 8], the CyberGrasp [9], and 
various force-feedback joysticks [10, 11], haptic 
information is being used in many areas of virtual 
reality, robotics, training and entertainment. Haptic 



   

feedback is usually used as a supplementary cue to help 
the user understand the virtual environment [12, 13, 14, 
15, 16]. 

For mobile robot navigation, Elhajj et al. [14, 17] 
proposed an event-based direct control with force 
feedback. This approach reflected the difference 
between the actual velocity and the desired velocity of 
the mobile robot to the operator as force feedback. It was 
difficult to perform precise navigation in a cluttered 
environment with their method, as the turn rate was not 
considered for force rendering and collision avoidance 
was automatically performed, which compelled the robot 
to stop at the distance of 0.5 m (too far) from the 
obstacles. 

A full range of advanced interfaces for vehicle control 
was investigated by Fong, Thorpe, and Bauer [18]. In 
particular, the HapticDriver [3, 18] had the same aims as 
ours. They used the force cube primitives modeled from 
the range information obtained by infrared sensors 
attached to the vehicle in order to compute the force fed 
back to operators. It was informally shown that the 
HapticDriver had improved obstacle detection and 
collision avoidance in vehicle teleoperation. 

Rösch, Schilling, and Roth [19] implemented a haptic 
interface using a force feedback joystick for the remote 
control of mobile robots. They used force sensors 
attached in the front of the robot in order to determine 
the magnitude of the force that would be fed back to the 
operator. In terms of the sense of presence, their 
approach was interesting in that the degree of how 
strongly the robot pushed obstacles was directly given to 
the operator in the form of force. Nevertheless, their 
approach was somewhat unreasonable to be used for 
safe navigation since the operator could feel the force 
only after the robot collided with the obstacles. 

A haptic teleoperation system was proposed by Diolaiti 
and Melchiorri [20]. In their approach, when the 
operator determined the direction and magnitude of the 
desired “velocity” of the robot with the haptic device, 
the force, computed from the obstacle map and the 
displacement of the haptic device, guided the operator to 
a safe trajectory. In terms of safe navigation, it was a 
good approach. In terms of precise control, however, it 
did not consider ways to turn in place. While many 
researchers proposed and implemented different 
approaches for haptic teleoperation of mobile robots, 
most of them have not shown the effectiveness of the 
respective approaches in formal experiments. 

3. Overview of the Haptic Teleoperation System 
for a Mobile Robot 
3.1 Force Rendering 

In the direct control mode, the user’s action is used to 
determine the speed and turning rate of the robot. A 
logical position (x, z) of the haptic probe designated by 
the user’s action is mapped to speed and turning rate as 
follows: 
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Note that the speed v is equal to 0 when the logical point 
is in the area where |z| ≤ b, and the turning rate ω is 
equal to 0 when the logical position is in the area where 
|x| ≤ b. This “deadzone” prevents movements of the 
robot due to small unintended user actions and tremors. 
k1 and k2 are proportionality constants. 

When the user determines the logical position, the force 
that the user should feel at that position is computed 
from the position information of the obstacles 
surrounding the robot. Range finding sensors attached to 
the robot obtains the position information of the 
obstacles represented as a list of distance values between 
the robot and the obstacles. 

We consider two kinds of forces (on the navigation 
plane): an “environmental” force and a “collision-
preventing” force. Let the environmental force and the 
collision-preventing force be represented by (Fe,x, Fe,z) 
and (Fc,x, Fc,z), respectively. The final rendered force (Fx, 
Fz) is given by: 

(Fx, Fz) = (max{Fe,x, Fc,x}, max{Fe,z, Fc,z})       (3) 

The environmental force prevents the robot from moving 
and turning towards obstacles by giving the user the 
distance information between the robot and the obstacles 
in a form of force. When the logical position of the 
interface is represented by (x, z), the environmental force 
Fe = (Fe,x, Fe,z) is given by: 
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The absolute value of the force due to an obstacle is 
inversely proportional to the distance di between the 
robot and the obstacle, and does not affect the robot 
when the distance is equal to or more than rmax. k3 and k4 
are the constants to adjust the magnitude of the force. 
We use k3 = k4 = 0.1, which are determined empirically. 

Although the environmental force prevents the robot 
from moving and turning towards obstacles to some 
degree, it does not guarantee that the robot will not 
collide with any obstacles. This is because the robot is 
modeled as a point, while, in actuality, the robot can 
have any shape and an obstacle is modeled as a polygon 
whose vertices are the scanned points obtained by the 
range sensors. To guarantee collision-free navigation, 
we introduce the collision-preventing force. 

The collision-preventing force is computed from 
possible-turning angles and the distances between the 
robot and the obstacles in the front and rear direction of 
the robot.  The possible-turning angles are the maximum 
angles by which the robot can turn without any collision. 
These angles have two types: the left (or 
counterclockwise) angle (δccw) and the right (or 
clockwise) angle (δcw) since the robot can turn both left 
and right. The distances between the robot and the 
obstacle in the front and rear direction of the robot are 
the maximum distances (dfront and drear) by which the 
robot can move forward and backward without any 
collision. 

When the logical position of the interface is represented 
by (x, z), the collision-preventing force Fc = (Fc,x, Fc,z) is 
given by: 
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The constant values k5 and k6 play the similar role to k3 
and k4 in Equations (4) and (5), respectively. A proper 
value for both of k5 and k6 is 0.3, which was determined 
empirically. 

Note that it is impractical to use the collision-preventing 
force alone since it may change suddenly when the robot 
moves and turns simultaneously. The collision-
preventing force should be used together with the 
environmental force, which plays a role to buffer sudden 
increase in force feedback. 

3.2 Implementation 

We implemented a direct control system for the 
Activmedia Pioneer 2-DX [21] mobile robots equipped 
with one SICK LMS-200 laser scanner for front 
coverage, eight Polaroid 600 series ultrasonic 
transducers for rear coverage and the Sony EVID-30 
camera. The laser scanner provides a scan resolution of 1 
degree, a coverage of 180 degrees, and a distance range 
of approximately 8m at a scan rate of approximately 
10Hz. We used the SensAble PHANToM as the force-
feedback device. 

The system used 2 PCs and an embedded PC in the 
Pioneer 2-DX. The control PC with the PHANToM was 
indirectly connected to the Pioneer 2-DX via the 
intermediate PC since the control PC did not support a 
wireless network connection in our setup. The network 
connections of the control PC to the intermediate PC and 
the intermediate PC to Pioneer 2-DX had 100Mbps and 
1Mbps bandwidths, respectively. 

In addition to force feedback, the system provided visual 
feedback of the image sequence captured by the camera 
attached to Pioneer 2-DX. The image update rate on the 
control PC was about 8Hz where the resolution of an 
image was 160 × 48 and each pixel was represented by 
256 gray levels. 

A physical position of the PHANToM was converted to 
a logical position (x, z), which was mapped to the motion 
parameters (speed rate v, turning rate ω) of the mobile 
robot. Although the PHANToM provided 3DOF 
position information, we ignored one DOF. In our 
implementation, a logical position was same as a 
physical position in the unit of millimeter but the y value 
was not used. The system uses b = 30.0, k1 = 20.0, and k2 
= 1.0 in Equations (1) and (2), and limits the working 
area of the PHANToM to 180 mm × 200 mm, so that the 
speed rate and the turning rate of the robot are at most 
1.4 m/s and 60 °/sec respectively. 

4. Experiment 
Three different methods of force rendering (independent 
variable) were tested and compared with one another in 
terms of users’ performance and their sense of presence 



   

in the actual remote world: 

● NF: No force feedback (k3 = k4 = k5 = k6 = 0.0). 

● EF-only: Using environmental force only (k3 = k4 = 
0.1, k5 = k6 = 0.0). 

● EF & CF: Using both environmental and collision-
preventing force (k3 = k4 = 0.1, k5 = k6 = 0.3). 

4.1 Real Test Environment 

A subject was required to remotely control a mobile 
robot navigate a real environment whose size was 3.65 
m × 6.86 m. Two snapshots of the real test environment 
are shown in Figure 1. 

The real environment had the two types of obstacles: the 
cylinder and the wall types. The obstacles were arranged 
in two different ways: scattered cylinders and straight 
rectangular walls. In the zone of scattered cylinders, the 
distances between cylinders ranged between 0.7 m and 
1.55 m. In the zone of the rectangular walls, the widths 
of wall openings were 0.65 m and the distance between 
the walls were 1.5 m. 

 

(a) With the robot on the start position. 

 

(b) With the robot near the goal flag. 

Fig. 1. Two views of the real test environment. 

Stage II: The subject receives the training for navigating in the virtual

Stage III: The subject carries out actual task making the real robot navigate

the subject is asked to fill out the questionnaire (Table 1).

environment using the same three interfaces (one trial for each method).
test environment. The environment is designed similarly to the real test

in the real test environment (one trial for each method). After each trial,

Stage IV: The subject is debriefed for further comments.

information form (including age, gender, and experiences in car-driving
and computer games).

about the experiment. Then, the subject is asked to fill out the personal
Stage I: The subject is briefly introduced to the teleoperation system and

 

Fig. 2. The experimental procedure. 

Table 1. The questionnaire used in the experiment. The 
category information was not shown to the subjects. 

No. (Category) Question 

1* (Force 
Perception) 

Do you think that there was any difference between the 
interface used in the previous trial and that in this trial ? 
(Please circle the answer.) Yes / No 

2** (Force 
Perception) 

Do you think that there was any difference among the 3 
interfaces ? (Please circle the answer.) Yes / No 

3 (Perceived 
Performance) 

How good do you think the interface for this trial was in 
terms of achieving the required task ? (Please rate with a 
score, in the scale from 0 to 100, where 0 represents 
“Never” and 100 represents “Very much”) 

4 (Presence 
Question 1) 

When you were performing this trial, how much did you 
feel as if you were in the environment ? (Please rate with a 
score, in the scale from 0 to 100, where 0 represents 
“Never” and 100 represents “Completely”) 

5 (Presence 
Question 2) 

When you think back about your experience in this trial, do 
you think of the environment more as images that you saw, 
or more as somewhere that you visited ? (Please rate with a 
score, in the scale from 0 to 100, where 0 represents 
“Images that I saw” and 100 represents “Somewhere that I 
visited”) 

6 (Presence 
Question 3) 

During the course of the experience in this trial, which was 
stronger on the whole, your sense of being in the remote 
environment, or of being in the laboratory ? (Please rate 
with a score, in the scale from 0 to 100, where 0 represents 
“In the laboratory” and 100 represents “In the remote 
environment”) 

*No. 1 was filled out after the 2nd and 3rd trials only. **No. 2 was filled out 
after the 3rd trial only. 

 
4.2 Experimental Design 

A subject was required to control the robot navigate the 
real environment from a start position to a goal position 
as safely as possible. The maximum speed and turning 
rate was limited to 0.14 m/s and 15 °/s, respectively, in 
order to reduce damage to the robot in case of a collision 
at the full speed. 

The experimental procedure is shown in Figure 2. A 
repeated-measure design was applied to the experiment. 
A subject made one trial of the task with each force 
rendering method, so that each subject made a total of 
three trials of the task. There was no break time between 
the trials. The methods were ordered differently for each 
subject in order to reduce the carry-over effect, and 
subjects were not notified of which method they were 



   

using. After finishing a trial, each subject filled out the 
questionnaire shown in Table 1. The set of the presence 
questions in the questionnaire was a modified version of 
that proposed in [22]. 

Each subject had a training session before the 
experimental session in order to learn how to use 
interfaces and to understand the task. In the training 
session, a subject made one trial of the task with each 
method. A virtual environment was used for the training. 
The virtual training environment was designed very 
close (i.e. with same types of walls and obstacles) to the 
real environment in order to make the subject waste less 
time in the navigation time in the actual experimental 
session. Figure 3 shows a view of the virtual 
environment used for training. 

In the virtual environment, a virtual robot was 
represented as a cube (like the bounding box of the real 
robot), and had a top-center-positioned virtual camera 
with the resolution of 640 × 480 and the field of view of 
45°, a front-facing virtual laser scanner, and a rear-
facing sonar array including 8 individual virtual sonars. 
The virtual range sensors were positioned at the same 
place as those of the real robot, and simulated with a ray 
casting method. Given the position, direction, speed and 
turning rate of the robot at time t, as P(t) = [Px(t) Pz(t)]T, 
D(t) = [Dx(t) Dz(t)]T, v(t) and, ω(t) respectively, the 
motion of the robot was modeled as follows: 
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∆t denotes the time interval between the previous frame 
and the current frame.  

Twelve subjects participated in the experiment. The ages 
of the subjects were between 23 and 37, and all of the 
subjects except two were male. 

 

Fig. 3. The virtual environment used for training. 

5. Experimental Results 
5.1 Analysis on Navigational Performance 

The following two dependent variables were measured. 

● The number of collisions between the robot and the 
environment (total, while moving forward, while 
moving backward, and while turning) 

● Navigation time from the start to the goal 

The results of the dependent variables are summarized in 
Figure 4 and Table 2. The within-subject ANOVA on 
the results revealed statistically significant differences 
among the methods on the total number of collisions 
(F2,22 = 5.49, p < 0.015). However, there was no 
significant difference on the navigation time (F2,22 = 
0.02, p > 0.98). 

For post hoc comparison, the SNK (Student-Newman-
Keuls) grouping test was performed for the total number 
of collisions. Figure 4 shows the results of the test (α = 
0.05). According to the test, NF and EF-only were not 
significantly different from each other, but EF & CF was 
significantly different from NF and EF-only. EF-only 
showed just a marginally greater reduction in the number 
of collisions than NF. It was because the subjects did not 
learn how to use EF-only sufficiently to make the robot 
avoid the collisions. We believe that EF-only should 
have shown a significantly greater reduction than NF 
provided that the subjects sufficiently understood how to 
use the EF-only or were trained more with EF-only. The 
collision-preventing force did not completely prevent the 
collisions. This was because the PHANToM generated 
forces that were too small to prevent user actions. 
Nevertheless, seven subjects were able to navigate the 
robot without any collision. 

As for the number of collisions in each motion, the 
results were similar to those on the total number of 
collisions except while moving backward. According to 
our observation in the experiment, the subjects tended to 
make the robot move backward only rarely and did so at 
a low speed after securing a sufficient room (by making 
the robot move forward). This and the relatively small 
number of collisions while moving backward explain 
why there was no significant difference. 

5.2 Analysis on Perceived Performance and 
Telepresence 

Two subjects answered ‘no’ for the 1st and 2nd 
questions of the questionnaire. For the rest of the ten 
subjects who answered ‘yes’, results for questions 3 
through 6 are shown in Figure 5 and Table 3. For all of 
the questions, the within-subject ANOVA revealed that 
there were significant differences among the methods 
(F2,18 > 4.10, p < 0.05). According to the SNK grouping 
tests, EF-only and EF & CF were significantly different 
from  NF,   but   were  not  significantly  different   from 
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(a) The number of collisions (total). 
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(b) The number of collisions (while moving forward). 
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(c) The number of collisions (while moving backward). 
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(d) The number of collisions (while turning). 
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(e) The navigation time. 

Fig. 4. The results on the objective task performance. 

Table 2. The mean and standard deviation of the results 
on the objective task performance, and their within-
subject ANOVA results. 

(a) The number of collisions (total):  
F2,22 = 5.49, p < 0.015 

NF 7.42 (8.53) 
EF-only 6.33 (9.16) 
EF & CF 0.83 (1.27) 

 

(b) The number of collisions (while moving forward): 
F2,22 = 4.25, p < 0.03 

NF 7.42 (8.53) 
EF-only 6.33 (9.16) 
EF & CF 0.83 (1.27) 

 

(c) The number of collisions (while moving backward): 
F2,22 = 2.47, p > 0.1 

NF 7.42 (8.53) 
EF-only 6.33 (9.16) 
EF & CF 0.83 (1.27) 

 

(d) The number of collisions (while turning): 
F2,22 = 3.97, p < 0.04 

NF 7.42 (8.53) 
EF-only 6.33 (9.16) 
EF & CF 0.83 (1.27) 

 

(e) The navigation time (sec.): 
F2,22 = 0.02, p > 0.98 

NF 7.42 (8.53) 
EF-only 6.33 (9.16) 
EF & CF 0.83 (1.27) 

 

each other. This means that the subjects felt that the 
force feedback methods had been better than no force 
feedback method in terms of the task performance and 
presence. Particularly, it is an interesting fact that the 
subjects felt significantly more present with the force 
feedback methods than with no force feedback method, 
although the force feedback methods indirectly1 gave the 
environmental information to the subjects. While there 
have been reports that direct or passive haptics improved 
the subjective presence [23, 24], this is one of the first 
results showing that the indirect haptics also enhanced 
presence. 

5.3 Correlation Analysis between Navigational 
Performance and Telepresence 

Figure 6 shows the result of the Pearson correlation 
analysis   among   the  number  of  collisions  (OP),   the 

                                                           
1 “indirectly” means “without a touch with the environment or the 
geometric models reproduced from the environment.” 



   

���� Group BGroup A

���
���
���
���
���
���
���

���
���
���
���
���
���
���

��
��
��
��
��
��
��

��
��
��
��
��
��
��

 0

 60

 80

 100

NF EF-only EF & CF

T
he

 p
er

ce
iv

ed
 p

er
fo

rm
an

ce

Force rendering methods

 20

 40

 

(a) The perceived performance. 
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(b) The presence question 1. 
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(c) The presence question 2. 
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(d) The presence question 3. 

Fig. 5. The results of the questionnaire. 

perceived performance (PP), and the presence scores 
(PQ1, PQ2, and PQ3). There were high correlations 
between OP and PP, and between PP and PQs. However, 
there was no correlation between OP and PQs. This is an 
interesting result because it is generally believed that 
whether high presence correlates to high user 
performance is task-dependent. However in this case, it 
was the difference in the haptic feedback that 
contributed more effectively on the user performance 
than on the user-felt presence. The provision of or 
different  styles of haptic feedback is usually treated as a 

Table 3. The mean and standard deviation of the results 
of the questionnaire, and their within-subject ANOVA 
results. 

(a) The perceived performance: F2,18 = 4.11, p < 0.035 

NF 53.0 (22.1) 
EF-only 69.5 (18.5) 
EF & CF 73.5 (10.8) 

 

(b) The presence question 1: F2,18 = 4.11, p < 0.035 

NF 50.5 (21.8) 
EF-only 64.0 (20.1) 
EF & CF 68.0 (14.2) 

 

(c) The presence question 2: F2,18 = 9.66, p < 0.01 

NF 44.0 (26.4) 
EF-only 58.0 (29.1) 
EF & CF 65.0 (25.3) 

 

 (d) The presence question 3: F2,18 = 9.40, p < 0.01 

NF 46.0 (24.2) 
EF-only 62.0 (26.9) 
EF & CF 68.2 (22.2) 

 

Uncorrelated (p > 0.05)

Perceived Performance
(PP)

Presence Score 1
(PQ1)

Presence Score 2
(PQ2)

Presence Score 3
(PQ3)

-0.37

-0.15
-0.01

-0.10

0.65
0.66

0.77

0.73

0.86

0.93

(OP)
The # of Collisions

Highly correlated (p < 0.05)  

Fig. 6. The result of Pearson correlation analysis (N = 
30) among the navigational performance (OP and PP) 
and the presence scores (PQ1, PQ2, and PQ3). 

presence cue and not as a differential in the task itself. 
We project that the provision of indirect haptics only 
marginally (even though statistically significant) 
improved presence because it acted as a local spatial cue 
(i.e. indirect detection of the wall in front of the robot) 
with respect to the perception of the whole space. In 
fact, this result is consistent with that of Marsh and 
Shamus who reported no differences in spatial 
perception when collision detection and response was 
used or not in a virtual navigational task [25]. It was also 
observed that with indirect haptic feedback, the users 
were somewhat more concentrated on using it effectively 
to avoid the walls (even though they were all told to 
avoid colliding with the walls). Such mental 



   

concentration could have the user perceive less of the 
surrounding physical environment, and hence result in 
less user-felt presence (although only marginal in this 
case). 

6. Conclusions 
In this paper, the effectiveness of the haptic feedback 
proposed previously in [4] was verified through an 
experiment in a real test environment. It is stipulated that 
the provision of forces (in one way or another) seems to 
promote the user’s sense of presence in the remote 
environment and helped the user navigate more safely 
with better cognition of the remote environment, 
especially with impoverished sensory feedback in other 
modalities (e.g. limited field of view, low resolution of 
camera image, and no sound). Contrary to our 
expectation, the task performance and user-felt presence 
were uncorrelated despite the task being spatial in nature 
due to its relatively marginal effect toward perception of 
the whole space, acting as a restricted local cue. 

Acknowledgement 
The authors would like to thank the Ministry of 
Education of Korea for its financial support toward the 
Electrical and Computer Engineering Division at 
POSTECH through its BK21 program. The authors also 
thank Nancy Haiyan Hu for assisting them with the 
experiment process. 

References 
[1] T. Sheridan. Telerobotics, Automation, and Human 

Supervisory Control. MIT Press, Cambridge, MA, 1992. 
[2] R. Murphy and E. Rogers. Cooperative assistance for 

remote robot supervision. Presence: Teleoperators and 
Virtual Environments, 5(2):224–240, 1996. 

[3] T. Fong, F. Conti, S. Grange, and C. Baur. Novel 
interfaces for remote driving: gesture, haptic and pda. In 
SPIE 4195–33, Proc. of SPIE Telemanipulator and 
Telepresence VII,, Boston, MA, 2000. 

[4] S. Lee, G. S. Sukhatme, G. J. Kim, and C.-M. Park. 
Haptic control of a mobile robot: A user study. In Proc. of 
IEEE/RSJ IROS 2002, Lausanne, Switzerland, October 
2002. 

[5] A. Bejczy and J. Salisbury. Kinematic coupling between 
operator and remote manipulator. In Advances in 
Computer Technology: Proceedings of ASME 
International Computer Technology Conference, pages 
197–211, New York, 1980. ASME. 

[6] B. Hannaford, L. Wood, D.A. McAffee, and H. Zak. 
Performance evaluation of a six-axis generalized force 
reflecting teleoperator. IEEE Transactions on Systems, 
Man, and Cybernetics, 21(3):620–633, 1991. 

[7] T. H. Massie and J. K. Salisbury. The phantom haptic 
interface: A device for probing virtual objects. In 
Proceedings of the ASME Winter Annual Meeting, 
Symposium on Haptic Interfaces for Virtual Environment 
and Teleoperator Systems Vol. DSC 55-1, pages 295–302, 
Chicago, IL, November 1994. 

[8] Sensable Technologies Inc. PHANToM 1.5. Retrieved 
Sep. 16, 2004, from http://www.sensable.com/products/   

phantom_ghost/premium15.asp, 1998. 
[9] Immersion Corp. CyberGrasp. Retrieved Sep. 16, 2004, 

from http://www.immersion.com/3d/products/cyber_gras 
p.php, 1998. 

[10] Immersion Corp. Impulse Engine. Retrieved Sep. 16, 
2004, from http://www.immersion.com/industrial/produ 
cts/impulse_engine2000.php, 2000. 

[11] Logitech. Force 3D. Retrieved Sep. 16, 2004, from 
http://www.logitech.com/index.cfm/products/details/US/E
N,CRID=12,CONTENTID=5016, 2000. 

[12] T. G. Anderson. A virtual universe utilizing haptic display. 
In Proceedings of the First PHANToM User’s Group 
Workshop, Dedham, MA, September 1996. 

[13] W. Aviles and J. Ranta. A brief presentation on the vrdts – 
virtual reality dental training system. In Proceedings of 
the Fourth PHANToM User’s Group Workshop,, Deham, 
MA, October 1999. 

[14] I. Elhajj, N. Xi, and Y. H. Liu. Real-time control of 
internet based teleoperation with force reflection. In 
Proceedings of IEEE International Conference of 
Robotics and Automation (ICRA ’00) Vol. 4, pages 3284–
3289, San Francisco, CA, April 2000. 

[15] M. L. McLaughlin, G. Sukhatme, C. Shahabi, J. Hespanha, 
A. Ortega, and G. Medioni. The haptic museum. In 
Proceedings of the EVA 2000 Conference on Electronic 
Imaging and the Visual Arts,, Florence, Italy, 2000. 

[16] M. A. Srinivasan and C. Basdogan. Haptics in virtual 
environments: Taxonomy, research status, and challenges. 
Computers & Graphics, 21(4):393–404, 1997. 

[17] I. Elhajj, N. Xi,W. K. Fung, Y. H. Liu,W. J. Li, T. Kaga, 
and T. Fukuda. Haptic information in internet-based 
teleoperation. IEEE/ASME Transactions on Mechatronics, 
6(3):295–304, September 2001. 

[18] T. Fong, C. Thorpe, and C. Bauer. Advanced interfaces 
for vehicle teleoperation: Collaborative control, sensor 
fusion displays, and remote driving tools. Autonomous 
Robots, 11(1):77–85, 2001. 

[19] Otto J. Rösch, Klaus Schilling, and Hubert Roth. Haptic 
interfaces for the remote control of mobile robots. Control 
Engineering Practice, 10(11):1309–1313, November 
2002. 

[20] Nicola Diolaiti and Claudio Melchiorri. Haptic tele-
operation of a mobile robot. In Proceedings of the Seventh 
IFAC Symposium on Robot Control (SYROCO 2003), 
Wroclaw, Poland, September 1-3 2003. 

[21] ActivMedia Robotics. P2-DX. Retrieved Sep. 16, 2004, 
from http://www.activrobots.com/ROBOTS/p2dx.html, 
2001. 

[22] M. Slater, M. Usoh, and A. Steed. Depth of presence in 
virtual environments. Presence: Teleoperators and 
Virtual Environments, 3(2):130–144, 1994. 

[23] H. G. Hoffman. Physically touching virtual objects using 
tactile augmentation enhances the realism of virtual 
environments. In Proc. of IEEE VRAIS ’98, Atlanta, GA, 
1998. 

[24] E.-L. Sallnäs, K. Rassmus-Gröhn, and C. Sjöström. 
Supporting presence in collaborative environments by 
haptic force feedback. ACM Trans. on CHI, 7(4):461–476, 
2000. 

[25] T. Marsh and S. P. Smith. Evaluating guidelines for 
reducing user disorientation when navigating in virtual 
environment. Technical Report YCS 332, Univ. of York, 
UK, 2001.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


