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Abstract

Telepresent tasks involve removal of the human operator from an immediate wort
ing area and relocation to a remote environment that offers the operator all neces
sary control features. In this remote location, the operator must be provided with
adequate feedback information such that the task at hand can be effectively exe-
cuted. This research explores the effectiveness of various feedback methods. More
specifically, graphical feedback in the form of video streamed images is compared
against rendered 3D models, the overall effectiveness of haptic feedback is analyze:
and the influences of sensory augmentation and sensory substitution are examined
This study involved 48 participants, each of whom executed a simple clockwork
assembly task under various feedback mechanisms. The results support the use of
3D models as opposed to live video-streams for graphical presentation, utilization
of haptic feedback (which was found to significantly enhance operation effective-
ness), and the use of sensory augmentation and substitution under specific circum-

stances.

I Introduction

Microsystems technology deals with manipulated objects that are less
than 1 mm in size or for which an assembly accuracy of less than 200 wm is
required. This kind of miniaturization is becoming increasingly important for
automotive, medical, and telecommunication components. Today, the assem-
bly process of these components is faced with at least two major problems: th
motor demand on the human operator is high due to the requirement of acct
rate results, and, to avoid any contamination, the human operator has to wor.
in a clean room. Both factors are a threat to good working conditions and cai
be avoided through the use of telepresent technology. In telepresent opera-
tions, the assembly process is performed by a slave manipulator controlled by
human operator located in an external environment. This remote assembly
changes several aspects of the working environment.

First, the visual presentation as well as the operator’s actions must be scalec
such that the user gets an impression of being in a “normally” sized environ-
ment. The scaling is not the only parameter that has to be adapted at the ope
ator end. The visual image can either be a camera-recorded real video stream
or a rendered 3D model. The video setup is easier to apply because no mode:
need to be created. Furthermore, no synchronization is necessary as there are
no reality drifts as observed in virtual models. In a 3D model, distracting infc
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Figure 1. Setup of the pilot experiment.

mation can be suppressed, and the viewpoint can be
changed easily. To determine the optimal visualization
system, the following experiment was conducted. At the
Institute for Machine Tools and Industrial Management
(hereafter referred to as the #wb), an experimental tele-
presence system for micro-assembly was realized. A
Bosch SR6 Turboscara robot was used at the teleopera-
tor end. A micrograsper was attached to the robot to
pick up microsized objects in a tweezer-like manner.
Between the grasper and the main body of the robot, a
six-DOF-force /torque sensor was fixed to measure the
contact forces. At the operator end, a PHANToM
1.5-6 DOF was used to apply the forces to the user and
to control the teleoperator. For the visualization, two
cameras were installed. One camera showed a bird’s-eye
view of the assembly scene, and the other camera dis-
played a side view. The grayscale video stream from the
two cameras was shown directly on the operator’s
screen. The 3D model for the virtual environment was
generated using a 3D CAD program that is usually ap-
plied for the development of complex new products.
The scene was displayed in a viewer program based on
the graphic APT Open Inventor, with which it was pos-
sible to display two views of the same scene simulta-
neously. The communication between the operator and
teleoperator utilized a CORBA communication frame-
work developed at the #wb (Reinhart, Anton, Ehren-
strasser, Patron, & Petzold, 2001).

The experimental task consisted of mounting an
hour-wheel onto the corresponding minute-wheel of
a wristwatch clockwork with a positioning accuracy of
20 pm (Figure 1). In total, the task was executed by

Virtual Enviroﬁment

60 participants who were divided into two groups,
each using the different visualization systems. To en-
sure comparable conditions, the viewpoints of the
virtual environment were fixed such that only one
bird’s-eye view and one side view were available. Each
trial started with the hour-wheel already grasped by
the gripper, and every participant had to repeat the
assembly operation three times, while the contact
forces, the position of the tool center point, and the
time to complete were monitored. Of special interest
are the results concerning completion times and aver-
age forces: visualizing the scenario with a virtual
model makes the assembly process not only faster,
but also decreases the contact forces compared to a
video image. In detail, the group using the camera
needed 50% more time in the first attempt and 30%
more time in the third. Also, the average contact
forces during the operation were 10 to 25% higher
than those for the virtual visualization group (Rein-
hart, Anton, Ehrenstrasser, & Petzold, 2001). Based
on these results, it was decided to use virtual visual-
ization in future experiments.

Scaling the scene and choosing the appropriate pre-
sentation matches only the visual feedback channel;
force feedback, which is also an essential part of a real-
world assembly, is not yet considered. Of course, the
most straightforward way to display forces is through a
haptic feedback device. However, in practice this is not
always easy to administer. In such cases, force feedback
can be substituted by, or augmented with, other senses

as discussed in Section 2.
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2 Sensory Substitution and
Augmentation

Humans are able to gather the same information
with more than one modality. Blind people, for exam-
ple, use their tactile sense to substitute visual informa-
tion, whereas deaf people substitute auditive informa-
tion with their visual sense. In the context of man-
machine systems, a common example of sensory
substitution is a park distance control system for cars.
Here, the remaining distance is provided through an
audio alert signal. In a similar manner, it is possible to
translate force information into visual or audio format.
Hereby both the intensity and the direction of a force
can be expressed by varying the loudness or the pitch of
a tone or by adapting a visual stimulus in length, bright-
ness, or color. Both cross-modal displays have proven to
be successful for virtual environment systems: Berga-
masco (1992) showed the effectiveness of a symbolic
visual arrow. Massimino and Sheridan (1994) as well as
Edwards (2000) demonstrated that audio signals are a
suitable substitute for force feedback. Lécuyer et al.
(2002) studied a combined audiovisual environment.
They found that, although the audio stimulus was ac-
cepted as a warning signal, it did not improve perfor-
mance. In addition, they noted that the applied visual
stimulus seemed to be too complex and was not helpful
either. In conclusion, although sensory substitution is
comprehensible to the operator, there exists the addi-
tional cognitive burden of transforming visual or audio
information into the force domain.

Another way of benefiting from intermodal coding is
through sensory augmentation. Here, haptic feedback is
not substituted but rather supported by force informa-
tion. Richard and Coiffet (1995), for example, displayed
haptic feedback together with an auditive force stimu-
lus. They found that this enhancement yielded better
results than presenting either the force or the audio in-
formation alone.

In this study, audio as well as visual force information
are examined in the context of sensory substitution and
augmentation. The audio output occurred each time
the operator caused a collision and sounded like two
metallic surfaces colliding. The visual output was de-

signed as a bar graph that displayed the strength and
direction of collision forces. Both displays were realized
in six different combinations:

o substitution: (1) visual + auditive (2) visual
(3) auditive
o augmentation: (1) haptic + visual + auditive

(2) haptic + visual (3) haptic + auditive

The authors assume that both outputs are suitable fo
displaying force information (Bergamasco, 1992; Mas-
simino & Sheridan, 1994). Although bar graphs are a
convenient way of providing detailed information and it
would seem natural to provide visual feedback in this
way, interpreting a bar graph is less intuitive than react-
ing to a collision sound (Lécuyer et al., 2002). For this
reason, the authors suppose that, when haptic feedback
is available, the visual information is neglected as being
too abstract and that optimum results will be achieved
with auditive augmentation only (Richard & Coiffet,
1995). However, when haptic feedback is missing, it is
likely that the operators will use all information availabl
(even when it is time consuming). Hence, it is assumed
that visual information augmented with audio informa-
tion will yield optimal results in the substitution condi-

ton:

o Assumption 1: Sensory substitution will be most
successful when visual and auditive force cues are
presented together.

o Assumption 2: Auditive augmentation can especiall:
improve the effect of haptic feedback.

3 Experimental Design

The three types of sensory information— haptic,
auditive, and visual force information—were systemati-
cally varied to study sensory substitution as well as sen-
sory augmentation (Table 1).

Based on the results of the first experiment, the visuz
scene was displayed as a virtual scenario. Therefore, the
operator end could be isolated from the remaining sys-
tem. Running the experiment as a simulation has the
advantage that unintentional disturbances that may be
caused by sensors or data transmission can be avoided.
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Table 1. Experimental Design: Each Condition (Cell) was
Presented to Six Participants

Auditive Visual Haptic
with without
with with 6 6
without 6 6
without with 6 6
without 6 6

Total number of subjects: 48.

Figure 2. Hardware setup for the experiments.

The underlying simulation system, Ve? (Virtual engi-
neering environment), which was developed at #wb, is
based on the commercial toolkits WTK for visual ren-
dering and Solid 3.1 for collision detection. The visual
rendering and collision detection are computed in paral-
lel to provide a fast system response and therefore high-
quality visual and haptic feedback. As the haptic control
device, a PHANToM is applied, which offers force feed-
back of up to 8.5 N s (Figure 2).

A pick-and-place task serves as the experimental sce-
nario. The subjects have to grasp a simplified virtual
gear wheel and attach it to a virtual gear shaft. If the

Figure 3. Experimental procedure.

PHANTOM cursor is in contact with the gear wheel, it
can be picked up with a button click on the PHANToM
stylus button. The subjects are then able to move the
grasped object in six degrees of freedom to place it as
required. Furthermore, a virtual fixture is offered, which
functions as a permeable anchor (and therefore does not
provide feedback). This additional helping aid increases
depth perception and facilitates navigation in the three-
dimensional virtual space (Figure 3).

Many of these features were explained and demon-
strated to the subjects. The operator (i.e., subject)
learned how to move the device, grasp the object, and
profit from the virtual fixture. However, the participants
were not explicitly told whether they would experience
a certain sensory feedback or not. Subsequent partici-
pants could run one test trial in which task performance
was not timed. Afterward, the task had to be performed
as fast as possible, and the time was measured from the
first movement of the device until a certain defined tar-
get area was reached. Finally, a presence questionnaire
was completed, which consisted of three subscales
(Scheuchenpflug, 2001). The first factor addressed the
sensation of being a part of the remote environment and
can be called “spatial presence.” The second factor re-
fers to the interaction with the control device and the
display and could be termed “quality of interface.” The
third factor is composed of items addressing “emotional

involvement.”



20 PRESENCE: VOLUME 3, NUMBER |

Table 2. ANOVA Results for the Presence Variable

ANOVA F-statistic Significance level
haptic 4.795* .03
auditive 0.358 .70
visual 0.293 .59
auditive X visual 0.004 95
haptic X auditive 0.053 95
haptic X visual 0.320 57

haptic X auditive X visual 3.749 .06

A significant effect (<.05) is observed only for the factor
haptic as marked by the asterisk.

4 Results

First, the correlation between the completion
times and the subjective presence scores was regarded. A
two-sided Neyman-Pearson test revealed a significant
negative correlation between both measures. In general,
this means that participants with a high sensation of
presence managed to complete the task quicker.

Next, the effects of audio, visual, and haptic feed-
back were examined through an analysis of variance
(ANOVA). Table 2 displays the values for the presence
scale. Although the results for the variable “time-to-
complete” are similar, a significant effect (significance
level < .05) could be detected for only the presence
variable. Here, a significant main effect for the factor
“haptic” (significance level .03) is observed, which indi-
cates that the participants feel more present when haptic
feedback is available.

Because the three-way interaction factor “haptic X
auditive X visual” almost achieved a significance factor
of .05, its interaction diagram is analyzed (Figure 4).

The left figure displays the results under the haptic
feedback condition and therefore can be interpreted in
terms of sensory augmentation. The highest sensation
of presence is obtained when force feedback is either
enhanced by a visual bar graph or (a) an auditive stimu-
lus. (b) However, sensation of presence decreases when
both augmentation displays are available, (c) although
augmentation always seems to be superior compared to
limiting feedback to the haptic channel (d).

with force feedback without force feedback
5 ? s
E |(b) =}
Q (C) [
o
§ - g
o 1|
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B £l
5 H

without  visual feedback  with without  visual feedback ~ wit
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Figure 4. ANOVA interaction diagram for sensory augmentation
(left) and sensory substitution (right). Both figures have to be
interpreted separately. The interaction effect is visible as both lines
do not run parallel.

The right figure displays the results when haptic feed:
back is not present and can therefore be interpreted in
terms of sensory substitution. When haptic feedback is
absent, the participants derive most benefit from a com-
bination of both auditive and visual cues (e), although i
has to be mentioned that this sensory substitution is no
much better than the absence of both visual and audio
force feedback (f). It is, however, important to remem-
ber that the user still receives “image feedback” in the
form of the rendered 3D model. An interesting result is
that either the auditive (g) or the visual substitution (h)
displayed alone seem to be more confusing than helpful

In summary, in this study a high sensation of presenc
goes along with good performance. In addition, haptic
feedback contributes significantly to the sensation of
presence. In situations in which haptic feedback is not
possible, audio and visual feedback together provide a
suitable substitute. Although this result supports the
author’s Assumption 1, the effect of this substitution is
not large and only little better than visualizing the scenc
solely. Especially interesting is that both cues seem to
interact and compete each other, while when displayed
alone each of them is experienced as a distractor and no
as an aid.

Besides this, haptic feedback should be enhanced by
either a visual or an auditive augmentation. In contrast
to the authors’ Assumption 2, more benefit is derived
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by the detailed visual display than the auditive display.
This means that the visual cue provides further informa-
tion, which cannot be felt immediately. For this reason,
it is likely to assume that the actual haptic feedback re-
quires further improvement to become more distinctive.
Finally, augmentation seems to be limited to one substi-
tution channel and cannot be applied according to the
notion of “the more, the better.”

5 Conclusions

In this study, the application of telepresence tech-
nology to micro-assembly tasks is examined whereby
special emphasis is placed on the design of the master
site. The first experiment studies whether the working
environment of the slave robot should be presented as a
live camera image or as a virtual image to the operator.
The second experiment concentrates on the haptic feed-
back channel. Should haptic feedback be substituted by
or augmented with other modalities? Therefore, occur-
ring collision forces are expressed as auditive as well as
visual output. As an experimental scenario, a pick-and-
place task was chosen. In terms of interface design, the
most important results can be summarized as follows.

o A virtual presentation outperforms a realistic camera
view when time-to-complete and applied contact
forces are regarded. This is because the virtual im-
age limits presentation to the most relevant ele-
ments for the task.

o The application of haptic feedback is recom-
mended. Although haptic feedback is less important
regarding time-to-complete, it seems to be an es-
sential contribution to the sensation of presence.
Furthermore, the best outcome is achieved when
haptic feedback is enhanced by either a visual or an
auditive augmentation.

o In cases in which haptic feedback cannot be pro-
vided, it is best to apply auditive and visual force
information together, although the effect of this
substitution is only little better than limiting the

presentation to pure visualization.

To focus interface design on more than the design of
feedback, various input devices and bimanual control
were studied in another recent experiment. Future work
will encompass a comparison of telepresent and real-
world micro-assembly.
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