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Abstract. In a telemanipulation system a human operator controls a
remotely located teleoperator by a human system interface. In this w ork
the e�ects of varied human movement control on task performance and
feeling of telepresence by using such systems are analyzed. While it is
well known that humans are able to coordinate and integrate multiple
degrees of freedom the focus of this work is on how humans utilize rota-
tional degrees of freedom provided by a human system interface. For the
analysis a telemanipulation experiment with varying freed degrees of free-
dom has been conducted. The results indicate that rotational movement s
are performed intuitively by the human operator without considering the
e�ciency of task performance.

Keywords: human movement control, task performance, feeling of telep-
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1 Introduction
In human machine systems such as telepresence and teleaction the human oper-
ator controls a remote teleoperator via a haptic interface. Since in such systems
most tasks require the control of multiple degrees of freedom (d.o.f.) using this
haptic input device, research has been done regarding human motor control, i.e.
investigating humans' ability to integrate and coordinate multiple d.o.f .

In three-dimensional space, human movement control can be described by
six d.o.f., consisting of three translational and three rotational d.o.f. as shown
in Fig. 1.

2 State of the art
Early studies about human movement control often showed poor human perfor-
mance which has been attributed to the lack of humans' ability to coordinate
movements in multiple d.o.f. Especially for tracking tasks with multi ple d.o.f.
control devices, it has been reported that high human coordination performance
in one dimension leads to more tracking errors in at least one other dimension
[1{3]. From these results it was concluded that for human operators the ability
of goal-oriented coordination of multiple d.o.f. is limited.
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Conversely, later multidegree of freedom tracking studies showed that this
limited ability of coordination found in earlier studies was likely due to the
restrictions of human system interfaces at that time. With well designed inter-
faces, human operators were able to integrate and control both translational and
rotational movements simultaneously [4{7].

Aside from this ability of simultaneous coordination, some researchers found
that it was much easier for subjects to control translational than rotati onal
movements. Therefore translational movements could be performed more e�-
cient than rotational movements, whereas the degree of e�ciency depended not
only on humans' coordination abilities, but also on the task and the respective
human system interface [7{9].

In addition, in order to compose coordinated motoric units, the human loco-
motor system including a high number of d.o.f. behaves as if there was actually a
much smaller amount of d.o.f. This has been referred to as the degrees-of-freedom
problem [10, 11]

Design guidelines arisen from these results suggest that in telepresence and
teleaction systems, the human system interface should only provide that move-
ment dimensions which are required to complete a task successfully. Furthermore,
it has been advised to give as much visual depth information as possible to the
human operator, since with an increasing number of visual depth cues a better
movement coordination has been found [7].

However, from the research regarding human movement control it stays un-
clear how especially rotational d.o.f. which are provided by a human system
interface are utilized by a human operator. Because coordination and integra-
tion of both translational and rotational movements are possible, rotary motions
can be regarded as general motion units of humans. According to this view, ro-
tational movements are performed intuitively by the human operator wit hout
considering the e�ciency of task performance (cf. [12]).
In regard to the �nding that rotary motions are less e�cient performed than
translational movements, it can be suggested that rotational movements are
generally avoided by a human operator to achieve a better task performance.

In order to test these two views against each other and to investigate the
human operator's usage of rotational movements that are provided by a human
system interface, a telemanipulative task was realized which could be more e�-
ciently performed using only translational movements, but evoked the intuitive
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usage of rotary motions whereby the number of d.o.f. was varied. Furthermore,to
the authors' knowledge no research has been conducted investigating the e�ects
of the provision of several d.o.f. on the feeling of telepresence, which can be de-
�ned as the feeling like one is actually "there" at the remote site of manipulation
[13].

Regarding the human task performance the following hypotheses were gained
from previous research reported above:

1. The task should be more e�ciently performed by the human operator with
a lesser number of provided d.o.f.

2. When human movement control is driven primarily by intuition, provided ro -
tational movements should be exploited by the human operator. Accordingly,
the feeling of telepresence should be higher with the possibility of rotatory
motions. Contrary, when human movement control is driven by e�ciency of
task performance, rotational movements should be avoided by the human
operator, the feeling of telepresence should be equal or less when providing
rotary motions.

3. With an increasing amount of visual depth cues, the human task performance
should become better.

3 Method
In order to test the hypotheses proposed in the former section, an experiment
was conducted whereby the human performance and feeling of telepresence with
movement control in three, four and six d.o.f. provided via a haptic human
system interface within a telepresence system were compared. Additionally, the
amount of visual depth cues was varied by two di�erent modes of visual feedback.

3.1 Experimental setup
The experiment was conducted with a teleoperation system located at the Insti-
tute of Automatic Control Engineering of the Technische Universit•at M•unchen.
The experimental setup is shown in Fig. 2, a schematic overview can be found
in 3. The system consists basically of components for bimanual and multi�n-
gered haptic telemanipulation and di�erent types of stereo vision systems. Two
hyper redundant haptic interfaces ViSHaRD10 [14] are used to control a dual
arm redundant 7DOF telemanipulator [15] located at the remote site. Both de-
vices, haptic interface as well as telemanipulator, are characterized by their large
workspace, high payload, as well as redundancy to avoid kinematic singularities
and user/object interferences. Using di�erent control algorithms the number of
degrees of freedom can be changed to meet the actual task requirements. Hereby
information about position and interaction forces is provided by encoders anda
force-torque sensor (JR3) mounted at the tip of each robotic arm. In order to
allow �ne-manipulation the telemanipulator is additionally equipped with two-
�nger grippers (Schunk, PG70), which can be controlled by the human operator.
On this account human �nger motions are measured using a data glove system
(CyberGlove) and mapped to the grippers. Finally also �nger-interaction forces
are measured by using strain gauges and displayed through a haptic display,
an exoskeleton (CyberGrasp). In order to provide an e�ective compensation of
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Fig. 2. Experimental setup: operator site (a-c), teleoperator site (d)

disturbances, position based admittance control has been implemented for both
devices. Finally they are combined into one telemanipulation system by using a
force-force bilateral telemanipulation architecture.

The stereo vision system consists of two CCD �rewire cameras placed on a
3DOF pan-tilt-roll head, for technical details see [16]. The recorded video streams
are displayed either on a head mounted display (HMD; NVIS nVisor SX, res-
olution 1280 x 1024) carried by the human operator or on a stereo projection
wall by using a stereo-projection system. In the latter case subjects had to wear
3D-glasses to get a 3D impression (see [17]). E�cient low-latency real-timevideo
is made possible by the usage of a UDP-based, MPEG-4-compressed transmis-
sion approach using the XviD-codec (www.xvid.org). Requesting independently
encoded frames in case of packet loss on the network ensures error resilience.
The HMD is additionally equipped with a magnetic built in tracker, which is
used for controlling of the camera head motion, so that the user can look around
in the remote environment just by turning his/her own head. In case of using
the stereo-projection-wall a �xed view has been used.

3.2 Procedure

In a �rst step the participants were assisted in putting the data-gloves and the
exoskeletons for the �nger force-feedback. After coupling the hands to the haptic
displays they got a short brie�ng in the usage of the haptic input devices. In
the condition "projection wall" the participants had to wear 3D-glasses, in the
condition "HMD" a head mounted display was used for visual feedback. In the
latter case the eye base was adjusted in order to gain a good 3D view for each
participant. After the adjustment to the system, the participants had to perfo rm
four training sequences were they learned to execute the task appropriately. In
this training phase, the provision of either three, four or six d.o.f. served as
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Fig. 3. Teleoperation system overview

between-subjects factor. In the case of 3 d.o.f only translational movements
were provided, in the case of 4 d.o.f. a rotation around the x-axis ("roll") was
additionally freed. Finally, in the case of 6 d.o.f. motions in all translational
and rotational dimensions were possible. This was done in order to determine
whether the participants retain the established strategy of task execution during
the subsequently following experimental trials, when di�erent numbers of d.o.f.
are provided.

After these four training sequences the participants performed six experimen-
tal trials, in which they executed the same task as already done in the training
phase. During the experimental session pink noise was presented over closed
headphones in order to mask any sounds made by the system. Each condition
of d.o.f. (3, 4 vs. 6) was presented two times to each participant. The order was
balanced sequencially across participants. The participants were instructed to
try out the available movement dimensions, i.e. the number of provided d.o.f.,
before executing the experimental task.

The experimental task consisted of the repair of a pipe burst by using a
clamp as shown in Fig. 4. First the participants had to grasp the clamp with
their right hand, i.e. the right gripper of the telemanipulator, respectively. Then
the participants had to move the clamp over the two tube ends (phase 1). At the
begin of each trial both tube ends were aligned to each other and could be moved
afterwards by the subject. After accomplishing the positioning of the clamp over
the tube ends, the participants should grasp the red knob at the left end of
the clamp and turn the green wheel by the right hand in clockwise direction
(phase 2). The LED on top of the clamp was switched o� automatically when
one round was accomplished. After each trial the two tube ends as well as the
wheel was returned to the initial position by the instructor. The task induced
di�erent degrees of motions. While the positioning of the clamp required only
translational movements, the turning of the wheel was constructed in such a way
that it was more intuitive to use the fourth rotational d.o.f. to turn t he wheel.
However, the wheel could also be turned using only translatory motions when
simply pressing against the circumferential grooves. This translational movement
strategy was more e�cient than the rotational movement strategy, since the task
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Fig. 4. Experimental task: repair of a pipe burst, phase1: a-d, phase2: e,f

could be performed in a shorter time using only translational movements. The
participants were not informed at any time how to perform the task, therefore
they had to create their own strategy of how to accomplish the positioning of
the clamp and the turning of the wheel.

After each experimental trial the participants were requested to rank the
following three questions, which were adapted from the presence questionnaire
from [18], on a scale from 1 to 7, where 1 meant "very weakly" and 7 "very
strongly", in order to determine their feeling of telepresence:

1. How natural did your interaction with the environment seem?
2. How well could you move or manipulate objects in the remote environment?
3. How strongly did you feel immersed in the remote environment?

At the end, the participants �lled out a questionnaire that included a query of
biographical data on items such as age, gender, handedness, amount of expe-
rience with virtual environments and telepresence systems, and the amount of
hours spent playing 3D computer games per month.

3.3 Design
For each experimental phase whitin each trial and each participant, the task
completion time in s, the covered distance in m (derived from the actual postions
of the human operator), the average exerted force in N, the average exerted
torque in Nm, the angle and the axis of rotation in rad, the ratings for the
feeling of telepresence (averaged across all three questions), and the applied task
execution strategy served as dependent variables. Since the greatest amount of
the task had to be performed by the right hand, only the data for this hand were
considered.

The independent variables were the number of freed d.o.f. during the training
session (3, 4 vs. 6), the mode of the visual feedback (projection wall vs. HMD) as
between-subjects factors and the number of freed d.o.f. during the experimental
session (3, 4 vs. 6) as within-subjects factor (3x2x3-design).

3.4 Participants
Sixteen subjects participated in this experiment. They were between 20 and
34 years old (mean 26.25 years, standard deviation 3.96 years). Eightsubjects
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were female, eight male. All were right-handed. Fifteen participants had none to
middle experience with virtual environments or telepresence systems, one par-
ticipant a high degree of experience with such systems. The average time spent
playing 3D computer games was stated to be 2.64 hours per month (standard
deviation 5.54 hours, range from 0 to 20 hours). Half of the participants had
visual feedback by using the projection wall, the other half by using the HMD.
Six subjects had training sequences with 3 d.o.f., six with 4 d.o.f. and four with
6 d.o.f.

4 Results
The task completion time, the covered distance and the average exerted force
served as e�ciency measures, whereas the average exerted torque and the angle
and axis of rotation were the measures for the usage of rotary motions. The
feeling of telepresence was assessed by taking the average of the three rating
questions.

None of the biographical data collected showed a relationship to either of
the dependent variables. The descriptive data for the dependent variables for
each independent variable can be found in Tab. 1. Regarding the task execu-

Table 1. Descriptive statistics: Means for the dependent variables for each independent
variable.

Factor Level Time Distance Force Torque Angle Axis Telepresence
[s] [m] [N] [Nm] [rad] [rad]

d.o.f. during 3 88.45 1.97 2.60 0.71 0.00 0.00 4.23
exp. session 4 101.05 1.83 2.36 0.83 0.25 0.06 4.81

6 106.31 1.93 2.23 0.30 0.27 0.07 4.90

Visual HMD 95.78 1.68 2.07 0.63 0.17 0.04 4.56
feedback projection wall 101.43 2.14 2.72 0.60 0.19 0.04 4.73

tion strategy of the participants, two general patterns could be observed for
each experimental phase. Concerning the positioning of the clamp over the tube
ends, the clamp was oriented either horizontally or vertically (see Fig. 5. Regard-
ing the turning of the wheel, in the condition with three d.o.f. provided, only
translational movements could be used to turn the wheel by pressing against
the circumferential grooves. With both four and six d.o.f., respectively, the us-
age of the rotational movements was only possible when the clamp has been
oriented horizontally. In the four d.o.f. condition, the wheel was turned using
rotatory motions in 17 of the entire 32 cases of each d.o.f. condition, in 15 cases
only translational movements have been used turning the wheel. In 12 of the
15 cases, the clamp has been oriented vertically. Accordingly, in the six d.o.f.
condition the wheel was turned by rotations in 15 of the 32 cases, in 17 cases
by translational movements. Here, in 14 of the 17 cases the clamp was oriented
vertically. Additionally, the number of freed d.o.f. during the training session
had no e�ect on the participants' choice of the strategy during the experimental
session regarding the turning of the wheel. These results suggest that rotary mo-
tions are used intuitively and exerted frequently when possible. In order to test



8 E�ects of varied human movement control

Fig. 5. Used strategies of the participants. Left: horizontal orientation of clam p. Mid-
dle: vertical orientation of clamp, �xing of wheel by pushing against gro oves. Right:
vertical orientation of clamp, �xing of wheel by rotation

the hypotheses established in Section 2, a multivariate three-factorial analysis of
variance with repeated measurements with the between-subjects factor mode of
visual feedback (projection wall vs. HMD) and the within-subjects factor num-
ber of freed d.o.f. during the experimental session (3, 4 vs. 6) and the e�ciency
measures, the measures for the usage of rotary motions and the averaged ratings
of the feeling of telepresence as dependent variables was computed. According to
Hypothesis 1, there should be a main e�ect of the number of freed d.o.f. during
the experimental session on the e�ciency measures. Considering Hypothesis 2,
when human movement control is primarily driven by intuition with e�ects on
the feeling of telepresence, main e�ects of the factor number of freed d.o.f. on all
dependent variables are expected. If the movement control is primarily driven
by e�ectiveness of task execution, there should be no e�ect of the factor freed
d.o.f. on either dependent measure. Since the visual feedback using the HMD
yields more visual depth cues, especially head tracking, the factor mode of visual
feedback should show a main e�ect on the e�ciency measures (Hypothesis 3).

The main e�ects as results of the computed analysis of variance are shown
in Tab. 2. As can be seen from Tab. 2, the number of freed d.o.f. showed only

Table 2. Main e�ects as results of the computed MANOVA

Source df F � 2 p Source df F � 2 p

Between subjects Within subjects
Number of Time 2 1.33 .09 .28 Visual Time 1 0.18 .01 .68
freed d.o.f. Distance 2 0.23 .02 .80 feedback Distance 1 10.11* .42 .01

Force 2 4.33* .24 .02 Force 1 5.74* .29 .03
Torque 2 42.30* .75 < .00 Torque 1 0.33 .02 .57
Angle 2 47.85* .77 < .00 Angle 1 0.33 .02 .57
Axis 2 17.17* .55 < .00 Axis 1 0.00 .00 .97

Telepresence 2 4.36* .24 .02 Telepresence 1 0.12 .01 .73
Error 28 Error 14

*signi�cant ( � =5%)

an e�ect on the exerted force, but not on the other e�ciency measures task
completion time and covered distance. According to Tab. 1, the exerted force
becomes smaller with additional freed rotational d.o.f., contrary to the predic-
tion, the task was not performed more e�ciently with decreasing numbers of
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d.o.f. as stated in Hypothesis 1.
The factor freed number of d.o.f. had signi�cant e�ects on all measures for the
usage of rotary motions and on the feeling of telepresence. Therefore, rotational
movements are primarily exerted intuitively. The participants tended to exert
the familiar rotary motions regardless of the e�ciency of task performance.
The factor mode of visual feedback showed main e�ects on exerted force and
covered distance. The human task performance for these two dependent vari-
ables was better when wearing a HMD than in the condition with the projection
wall. It can be concluded that the additional visual depth cues provided by the
HMD led to the better task performance, Hypothesis 3 was therefore con�rmed.

5 Summary and Conclusion

An experiment regarding the e�ects of varied human movement control via a
haptic human system interface in a telemanipulation task on human performance
and feeling of telepresence was conducted. In contrast to earlier studies, it could
be shown that providing all six d.o.f. for movement control in three-dimensional
space led to a better task performance compared to providing a lesser number
of d.o.f. The participants were able to integrate translational and rotational
movements very well, they used the rotary motions intuitively in a coordinated
manner. Furthermore, providing the full range of three-dimensional movements
had a bene�cial e�ect on the feeling of telepresence, the participants felt more
immersed when having the possibility to control all six d.o.f. Therefore, for high-
quality human system interfaces and telepresence systems as used in this study,
it is bene�cial to allow movement control for all d.o.f. to the human operat or.
Since in this experiment only the "roll"-rotation was required, further studies
aim at reappraising these results with di�erent devices and telemanipulative
tasks, which require di�erent rotational movement patterns.

Moreover, an increasing amount of visual depth cues comprised by a HMD
as opposed to a projection wall improved human task performance. It can be
assumed that this e�ect is in large parts due to the head tracking which was
present in the HMD condition, but not in the condition with the projection wall.
However, what particular visual depth cues lead to this improvement remains
unanswered.
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