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ABSTRACT

Telepresence offers considerable advantages in the remoteex-
ecution of maintenance assignments. In this work a telep-
resence system is presented that allows to perform assem-
bly tasks in remote and extensive environments. This sys-
tem comprises a telemanipulator with two anthropomorphic
7-DOF arms controlled by a hyper-redundant 10-DOF haptic
display. Dexterous manipulation capabilities are achieved by
employing 3-finger grippers at the teleoperator site and data
gloves at the operator site. An omnidirectional mobile plat-
form provides the teleoperator with locomotion abilities.The
platform motion is controlled via a specifically designed 3-
DOF pedal. In this paper a description of the overall teleoper-
ation system is given, and details and results of an experiment
involving locomotion, navigation and dexterous manipulation
are presented.

1. INTRODUCTION

Telepresence systems can be used to perform tasks in distant,
dangerous or badly accessible environments. Many appli-
cation scenarios like disaster operations, rescue and mainte-
nance tasks involve exploring an unknown terrain, moving to
the operational area, and finally conducting some sort of ma-
nipulation task. This mode of operation requires a highly inte-
grated telepresence system capable of moving freely around,
performing dexterous manipulation tasks, and conveying mul-
timodal feedback to the operator site.

Nowadays several bimanual telemanipulation systems ex-
ist to perform complex manipulation tasks in the remote en-
vironment, but most of them still exhibit severe limitations of
several kinds: Either they are limited to a few DOFs and/or
relatively small workspace, so that full spatial immersionis
not achieved, e.g. [1–4], or they suffer from the inability to
display stiff environments or to mount task specific end-effec-
tors. Only a few more advanced telemanipulation systems op-
erating in 6 DOF and using haptic interfaces as well as telema-
nipulators with human scaled workspace are known. In [5] as
well as in [6,7] a teleoperation system with 7 DOF exoskele-
tons used as haptic input devices and 7 DOF humanoid tele-
manipulators are presented. But as working with exoskele-

tons is very fatiguing these systems are very limited in their
performance (the entire range of human arm movements is re-
stricted and long time operations are not possible because of
the high weight of the system, see [8]).

Similarly different interfaces for the control of mobile ro-
bots have been investigated in the past. The most common
input device is a joystick or some kind of haptic interface for
the operator’s hand [9]. However, joystick control is not ap-
propriate for setups where the operator needs both hands for
telepresent manipulation. In these cases the joystick can be
substituted by a pedal which is operated by foot [10]. Other
approaches are based on gesture or speech recognition. These
systems offer only indirect control and thus do not allow fine
positioning of the mobile robot (e.g. [11]).

Issues created by an integrated solution of telepresent bi-
manual manipulation and locomotion are mostly neglected.
To the authors’ best knowledge only [6, 7] deal with such a
system using exoskeletons and a motion base as human sys-
tem interfaces and a humanoid robot as telerobot. But as
far as known the problem of contemporaneously locomotion
and manipulation of various objects is not solved yet for hu-
manoid robot systems, which restricts the applicability ofthe
overall telemanipulation system.

Here we present an integrated telepresence system with
visual, acoustic and haptic feedback which allows telemanip-
ulation with two arms in full 6 DOF. The telemanipulator is
placed on a mobile platform, therefore it can move around
and operate in an arbitrarily large remote environment allow-
ing simultaneous manipulation and locomotion.

In the following section a description of the overall teleop-
eration system is given. Subsection 2.1 describes the kines-
thetic input and slave devices as well as their bilateral cou-
pling. Subsection 2.2 continues with the description of a mul-
ti-fingered telemanipulation system, which enables dexterous
manipulation tasks. Subsection 2.3 deals with the stereo vi-
sion system. Subsection 2.4 covers the mobile base and the
control pedal used to move the teleoperator around in the re-
mote environment. Finally details and results of an experi-
ment involving locomotion, navigation and dexterous manip-
ulation are presented.



2. DESCRIPTION OF TELEOPERATION ROBOTIC
SYSTEM

A schematic overview of the complete teleoperation system
is given in Fig. 1. Basically systems for haptic telemanipu-
lation, systems which enable locomotion in the remote envi-
ronment, as well as visual and auditory systems can be distin-
guished. In the following these different components of the
overall teleoperation system will be described in more detail.
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Fig. 1. Teleoperation robotic system

2.1. Telemanipulation Master and Slave Devices

Accomplishing complex telemanipulation tasks requires mas-
ter and slave devices, which allow to manipulate in full 6
DOF. In the following a hyper redundant haptic interface, a
redundant 7DOF telemanipulator, as well as the coupling be-
tween both devices will be presented.

2.1.1. Haptic Interface

In order to enable intuitive telemanipulation the hyper redun-
dant haptic display VISHARD10 (Vi rtual ScenarioHaptic
RenderingDevice with 10 actuated DOF) is used as a hu-
man system interface. Its main characteristics are a very large
workspace free of singularities, a high payload capabilityto
accomodate various application specific end-effectors, fore-
seen redundancy to avoid kinematic singularities and user in-
terferences and the possibility for dual-arm haptic interaction
with full 6 DOF (again redundancy facilitates collision avoid-
ance between the two arms). In order to provide an effective
compensation of disturbances due to friction and to be able
to render inertia and mass, admittance control has been im-
plemented for this device. An appropriate inverse kinematic
algorithm enables a reasonable redundancy resolution. Fur-
ther details about the design concept, the kinematic model,
and the control of VISHARD10 can be found in [12–16].

2.1.2. Telemanipulator

The superior manipulation-dexterity of humans is a result of
the kinematic redundancy of human arms and the ability to
adapt their compliance to the current task [17–19]. Like many

other technical design solutions which have been inspired by
nature, an anthropomorphic bimanual redundant telemanip-
ulator has been designed. The telemanipulator consists of
two identical, human-scaled arms. Each arm consists of two
spherical joints with 3 DOF at shoulder and wrist, each, and
one revolute joint at the elbow, which results in 7 DOF, see
[20–22]. The redundancy of the slave is efficiently utilized
to fulfill additional kinematic or dynamic tasks, e.g. to avoid
singularities or joint limits and to increase the structural stiff-
ness of the arm in contact situations [23]. During telemanip-
ulation, the telemanipulator has to handle interactions with
unstructured rigid environments. For such reasons, a control
algorithm that guarantees compliant behavior during contact
is applied, see [23–26].

2.1.3. Telemanipulation Control Structure

The complete teleoperation control loop, a two channel con-
trol architecture, consists of the local controllers on themas-
ter and slave site, human and environment impedances, kine-
matic transformations, and the communication channel.

Fig. 2 shows the simplified teleoperation control structure
assuming perfect position tracking. Desired positionsxm are
sent to the teleoperator and the interaction forcesfd between
the teleoperator and the environment are fed back to the oper-
ator site.
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Fig. 2. Simplified teleoperation control architecture

2.2. Multi-fingered telemanipulation

In order to perform complex manipulation tasks the telema-
nipulator is equipped with two three-finger robotic grippers,
which can be used as a universal tool to grasp and manipu-
late objects. Using such universal grippers instead of specific
tools allows to operate in highly variable, unstructured, un-
known or dynamic working environments. As a part of a tele-
manipulation system the grippers are controlled by a human
operator. On this account human hand and finger motions are
measured using a data glove system and mapped to the grip-
pers. Sensed interaction forces are fed back to the operator
and displayed through a haptic display, an exoskeleton. Since
human hand and grippers have different kinematic structures,
appropriate mappings for forces and motion between the fin-
ger and the hand are required. Fig. 3 shows the resulting sys-



tem architecture. In the following their components shouldbe
presented in more detail.

Data Glove
(CyberGlove)

(CyberGrasp)

Position
positions positions

Force
forces

(BarrettHand)

Exoskeleton
Mapping

Mapping

3-finger Gripper

contact forces
measured

gripper fingerfinger

finger

Fig. 3. System architecture of the multi-fingered telemanipu-
lation system

2.2.1. Grippers

Two BarrettHands (BH) from Barrett Technology Inc. were
used [27] as grippers. TheBarrettHandhas three fingers with
four actuated degrees of freedom. Each finger consists of two
coupled joints driven by a single DC brushless servo motor.
In addition two fingers can rotate synchronously and symmet-
rically about the base joint in a spreading action. Each finger
is equipped with a strain gage joint torque sensor, for mea-
suring the torque externally applied about the distal jointover
a range of +/-1 Nm. Real time operation of the motors is
assured by a low level velocity controller. The high level con-
trollers as e.g. impedance control are realized on the PC using
MATLAB/Simulink Real-Time Workshop and RTAI Linux.

2.2.2. Data Glove System and Position Mapping

To capture finger and hand motions the data glove systemCy-
berGlovefrom Immersion Corporation, see [28], is used. The
data glove is equipped with 22 sensors located over or near
the joints of the hand and wrist. A resistive bend-sensing
technology is used to transform hand and finger motions into
real-time digital joint-angle data. These joint angles arethe
input for a kinematic human hand model which computes the
fingertip positions of the human hand. These fingertip posi-
tions are then mapped to the BH-fingertip positions by using
an appropriate fingertip mapping algorithm (see [29]), which
projects the human hand workspace on to the BH workspace.
Finally an analytical inverse kinematic algorithm allows to
compute appropriate joint angles for the gripper fingers, which
can be set by the local BH controller. Using this mapping
algorithm simple pick and place manipulation tasks can be
performed.

2.2.3. Exoskeleton and Force Mapping

In order to provide force feedback to the human operator the
CyberGraspsystem, an exoskeleton from Immersion Corpo-
ration, see [30], is used. The exoskeleton is attached to the
back of the hand and guides force-applying tendons to the
user’s fingertips. Desired force values are sent to the local
force controller provided by the manufacturer. Since each
finger is only equipped with one tendon only pull- but no

push-forces can be applied. Similar to the position mapping
algorithm, also a simple force mapping algorithm has been
implemented: As the position mapping is designed as finger-
to-finger mapping, the measured interaction forces can be di-
rectly fed back to the corresponding human finger.

2.3. Vision

The stereo vision system consists of two CCD firewire cam-
eras placed on a 3DOF pan-tilt-roll head, see [31] for techni-
cal details. The recorded video streams are displayed on the
head mounted display (HMD) carried by the human opera-
tor. Efficient low-latency real-time video is made possibleby
the use of a UDP-based, MPEG-4-compressed transmission
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 built in tracker (based on a hybrid technology
of inertia and ultrasonic tracking), which is used for control-
ling of the camera head motion, such that the user can look
around in the remote environment just by turning his/her own
head.

2.4. Locomotion

2.4.1. Mobile Base

The mobile base enables the user to move the teleoperator in
the remote environment. In order to make these movements
intuitive the mobile platform must have locomotion capabil-
ities similar to those of a human. Therefore we use an om-
nidirectional platform, which is operated in velocity control
mode. Because the operator uses both arms to control the
telemanipulator arms the desired velocity is input via a pedal.

The omnidirectional mobile base possesses four indepen-
dently driven and steered wheels. The controller of the plat-
form solves the redundancy of the platform and is optimized
to generate smooth motions without preplanned paths. A more
detailed description of the platform can be found in [32].

2.4.2. Control Pedal

As the operator uses both arms and hands to control the tele-
manipulator arms, the mobile base of the teleoperator cannot
be commanded in a classic way by means of a joystick. In-
stead, a 3-DOF pedal has been designed allowing the operator
to adjust the velocity of the mobile base using his/her foot.

A schematic view of the pedal is depicted in Fig. 4a. The
roll-, pitch-, and yaw-axis intersect in a single point in order
to increase the ease of use. A small deadband zone and a
progressive velocity curve have been implemented (Fig. 4b)
allowing smooth control of the platform.
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Fig. 4. a) Schematic view of the 3-DOF control pedal b) Map-
ping from pedal angleα to velocity componentvx

3. EXPERIMENTAL RESULTS

The experimental setup consists of a stationary human system
interface and a mobile teleoperator, see Fig. 5. The mobile
teleoperator is equipped with telemanipulator arms, a three-
finger gripper (BarrettHand) and a stereo camera head. To al-
low teleoperation in wide remote environments all these com-
ponents are mounted on a mobile platform. The stationary
human system interface comprises a data glove system (Cy-
berGlove), a haptic display (VISHARD10), a head mounted
display, as well as a control pedal. Due to the still missing
coupling mechanism between human hand and end effector
of the haptic interface no exoskeleton for finger force reflec-
tion is used in this experiment and the gripper is only po-
sition controlled by using a data glove. This missing cou-
pling mechanism must be able to disconnect the human arm
from the haptic interface in case of emergency. The required
electro-mechanical mechanism is still under construction, ex-
periments with finger force reflection will follow in the near
future.
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Fig. 5. Setup: a) stationary human system interface, b) mobile
teleoperator

In all our experiments the master and slave devices (hap-
tic interface, telemanipulator arm, data glove, gripper, control
pedal, mobile platform) communicate over the UDP network
with a sampling rate of 1kHz, which is the same as used for

the local loop controllers. The stereo camera system provides
stereo images with a resolution of 640x480 pixels and a frame
rate of approximately 30 fps, which allows a good visual im-
pression of the remote environment.
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Fig. 6. Path of the mobile platform from start to target posi-
tion

The experiment carried out involves locomotion, naviga-
tion and dextrous telemanipulation tasks and can be split into
two major parts. While the first part concentrates on loco-
motion and navigation, the second part represents a classical
telemanipulation experiment.

At the beginning the teleoperator is placed at an arbitrary
position in the experimental hall (see Fig. 6, start position)
and the human operator is asked to navigate the teleoperator
to the location of the telemanipulation setup (see Fig. 6, target
position) and to position the platform in an adequate manner
relatively to this setup. Fig. 6 shows the path from start to
target position recorded during this experiment. It shouldbe
noted that the path is very smooth, which indicates a good
navigation performance of the system.

Subsequently the human operator is asked to perform a
telemanipulation experiment, which can be summarized as
follows:

• pick up toy brick at one location,

• move brick to target,

• align brick with target,

• join brick with fixed brick at target position,

• retract hand from target.

Fig. 7 shows a sequence of snapshots taken during the ex-
periment. As it can be seen in these pictures, the experi-
ment was successfully performed. For a full length video,
seehttp://www.lsr.ei.tum.de/movies.

4. CONCLUSION

In this paper a telepresence system is presented which is ca-
pable of performing dexterous telemanipulation tasks in wide
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Fig. 7. Experimental task: a) initial position, b) pick up toy
brick at one location, c) move to target, d) align brick with tar-
get, e) join brick with fixed brick at target position, f) retract
from target

remote environments. The successful completion of a com-
plex experiment including locomotion of the teleoperator,nav-
igation, and an assembly task using a robotic hand shows the
versatility of the developed telepresence system. In the fu-
ture experiments using two hands to address control issues
related to closed kinematic chains as well as experiments us-
ing a bimanual mobile human system interface to improve the
perception of locomotion will be conducted.
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