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ABSTRACT tons is very fatiguing these systems are very limited inrthei

Telepresence offers considerable advantages in the rexote performance (the entire range of human arm movements is re-
stricted and long time operations are not possible because o

ecution of maintenance assignments. In this work a telep=" . .
resence system is presented that allows to perform assem-e high weight of the system, see [8]).
bly tasks in remote and extensive environments. This sys- Similarly different interfaces for the control of mobile-ro
tem comprises a telemanipulator with two anthropomorphid0ts have been investigated in the past. The most common
7-DOF arms controlled by a hyper-redundant 10-DOF hapti#hput device is a joystick or some kind of haptic interface fo
display. Dexterous manipulation capabilities are achidwe  the operator's hand [9]. However, joystick control is not ap
employing 3-finger grippers at the teleoperator site and datPropriate for setups where the operator needs both hands for
gloves at the operator site. An omnidirectional mobile plat telepresent manipulation. In these cases the joystick ean b
form provides the teleoperator with locomotion abilitidhe  Substituted by a pedal which is operated by foot [10]. Other
platform motion is controlled via a specifically designed 3-approaches are based on gesture or speech recognitiore Thes
DOF pedal. In this paper a description of the overall teleope Systems offer only indirect control and thus do not allow fine
ation system is given, and details and results of an expatime POsitioning of the mobile robot (e.g. [11]).
involving locomotion, navigation and dexterous manipolat Issues created by an integrated solution of telepresent bi-
are presented. manual manipulation and locomotion are mostly neglected.
To the authors’ best knowledge only [6, 7] deal with such a
1. INTRODUCTION system using exoskeletons and a motion base as human sys-

tetm interfaces and a humanoid robot as telerobot. But as

Telepresence systems can be used to perform tasks in dista1n .
. . ar as known the problem of contemporaneously locomotion
dangerous or badly accessible environments. Many appli-

. L . . .—and manipulation of various objects is not solved yet for hu-
cation scenarios like disaster operations, rescue andtenain

nance tasks involve exploring an unknown terrain, moving toman0|d robot systems, which restricts the applicabilityhef

the operational area, and finally conducting some sort of maqverall telemanipulation system.
nipulation task. This mode of operation requires a hightg-n Here we present an integrated telepresence system with
grated telepresence system capable of moving freely arounyisual, acoustic and haptic feedback which allows teleprani
performing dexterous manipulation tasks, and conveying mu ulation with two arms in full 6 DOF. The telemanipulator is
timodal feedback to the operator site. placed on a mobile platform, therefore it can move around
Nowadays several bimanual telemanipulation systems eyand operate in an arbitrarily large remote environmeniallo
ist to perform complex manipulation tasks in the remote enlNd simultaneous manipulation and locomotion.
vironment, but most of them still exhibit severe limitatsoof In the following section a description of the overall teleop
several kinds: Either they are limited to a few DOFs and/orration system is given. Subsection 2.1 describes the kines
relatively small workspace, so that full spatial immersisn thetic input and slave devices as well as their bilateral cou
not achieved, e.g. [1-4], or they suffer from the inabiliey t pling. Subsection 2.2 continues with the description of &mu
display stiff environments or to mount task specific eneéeff ti-fingered telemanipulation system, which enables dexier
tors. Only a few more advanced telemanipulation systems opranipulation tasks. Subsection 2.3 deals with the stereo vi
erating in 6 DOF and using haptic interfaces as well as telemaion system. Subsection 2.4 covers the mobile base and the
nipulators with human scaled workspace are known. In [5] asontrol pedal used to move the teleoperator around in the re-
well as in [6, 7] a teleoperation system with 7 DOF exoskeleimote environment. Finally details and results of an experi-
tons used as haptic input devices and 7 DOF humanoid teleaent involving locomotion, navigation and dexterous manip
manipulators are presented. But as working with exoskeledlation are presented.



2. DESCRIPTION OF TELEOPERATION ROBQOTIC other technical design solutions which have been inspiyed b
SYSTEM nature, an anthropomorphic bimanual redundant telemanip-
ulator has been designed. The telemanipulator consists of
A schematic overview of the complete teleoperation systerwo identical, human-scaled arms. Each arm consists of two
is given in Fig. 1. Basically systems for haptic telemanipu-spherical joints with 3 DOF at shoulder and wrist, each, and
lation, systems which enable locomotion in the remote enviene revolute joint at the elbow, which results in 7 DOF, see
ronment, as well as visual and auditory systems can be distifi20-22]. The redundancy of the slave is efficiently utilized
guished. In the following these different components of theo fulfill additional kinematic or dynamic tasks, e.g. to ao
overall teleoperation system will be described in moreitleta singularities or joint limits and to increase the struckstiif-
ness of the arm in contact situations [23]. During telemanip
auditory  visual % § . ulation, the telemanipulator has to handle interactiorth wi
command microphones £°3 L. .
signals unstructured rigid environments. For such reasons, a@ontr
algorithm that guarantees compliant behavior during ainta
is applied, see [23-26].
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2.1.3. Telemanipulation Control Structure
locomotion mobile platform

The complete teleoperation control loop, a two channel con-
trol architecture, consists of the local controllers onriirees-
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 positispsare
sent to the teleoperator and the interaction forEgbetween
Accomplishing complex telemanipulation tasks requires-ma the teleoperator and the environment are fed back to the oper

ter and slave devices, which allow to manipulate in full 6ator site.
DOF. In the following a hyper redundant haptic interface, a..... ... ...

Fig. 1. Teleoperation robotic system

2.1. Telemanipulation Master and Slave Devices

redundant 7DOF telemanipulator, as well as the coupling beé- _Human | : Impedance| !
tween both devices will be presented. : i : : . :
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2.1.1. Haptic Interface E D%%Sr%eiésm :m d. O Elgqv';reodngﬁgt di
In order to enable intuitive telemanipulation the hyperured 2k LANT :
dant haptic display VSHARD10 (Virtual ScenarioHaptic ! H : :
RenderingDevice with 10 actuated DOF) is used as a hu- *===="""" VmpmTmTmTIIIT e S '

man system interface. Its main characteristics are a vegg la

workspace free of singularities, a high payload capabitty Fig. 2. Simplified teleoperation control architecture
accomodate various application specific end-effectong-fo

seen redundancy to avoic_i I_(i_nematic singularitieg gnd_mser oo Multi-fingered telemanipulation

terferences and the possibility for dual-arm haptic irtgom

with full 6 DOF (again redundancy facilitates collision @0  In order to perform complex manipulation tasks the telema-
ance between the two arms). In order to provide an effectivaipulator is equipped with two three-finger robotic gripper
compensation of disturbances due to friction and to be ablehich can be used as a universal tool to grasp and manipu-
to render inertia and mass, admittance control has been inate objects. Using such universal grippers instead ofipec
plemented for this device. An appropriate inverse kineenatitools allows to operate in highly variable, unstructured; u
algorithm enables a reasonable redundancy resolutiorr. Futnown or dynamic working environments. As a part of a tele-
ther details about the design concept, the kinematic modeanipulation system the grippers are controlled by a human
and the control of VSHARD10 can be found in [12-16]. 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 exoskeletorteSin
The superior manipulation-dexterity of humans is a result ohuman hand and grippers have different kinematic strusture
the kinematic redundancy of human arms and the ability t@ppropriate mappings for forces and motion between the fin-
adapt their compliance to the current task [17—19]. Likeynan ger and the hand are required. Fig. 3 shows the resulting sys-

2.1.2. Telemanipulator



tem architecture. In the following their components shdadd push-forces can be applied. Similar to the position mapping

presented in more detail. algorithm, also a simple force mapping algorithm has been
implemented: As the position mapping is designed as finger-
Data Glove | finger || position gripper finger to-finger mapping, the measured interaction forces can-be di

(CyberGlove) positions™ | Mapping positions __§ rectly fed back to the corresponding human finger.

3-finger Gripper
(BarrettHand)

Exoskeleton | _finger Force measured .
CyberGrasp) " forces Mapping contact forces 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 possibje

Two BarrettHands (BH) from Barrett Technology Inc. were the use of a UDP-based, MPEG-4-compressed transmission
used [27] as grippers. ThearrettHandhas three fingers with approach using the XviD-codec (www.xvid.org). Requesting
four actuated degrees of freedom. Each finger consists of twodependently encoded frames in case of packet loss on the
coupled joints driven by a single DC brushless servo motometwork ensures error resilience. The HMD is additionally
In addition two fingers can rotate synchronously and symmetquipped with a built in tracker (based on a hybrid technplog
rically about the base joint in a spreading action. Each fingeof inertia and ultrasonic tracking), which is used for cottr

is equipped with a strain gage joint torque sensor, for meding of the camera head motion, such that the user can look
suring the torque externally applied about the distal joirgr ~ around in the remote environment just by turning his/her own
a range of +/-1 Nm. Real time operation of the motors ishead.

assured by a low level velocity controller. The high leveh<o

trollers as e.g. impedance control are realized on the R usi

MATLAB/Simulink Real-Time Workshop and RTAI Linux. ~ 2.4. Locomotion

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

2.2.1. Grippers

2.2.2. Data Glove System and Position Mapping 2.4.1. Mobile Base

To capture finger and hand motions the data glove sy§tgm The mobile bas.e enables the user to move the teleoperator in
berGlovefrom Immersion Corporation, see [28], is used. Theth€ remote environment. In order to make these movements
data glove is equipped with 22 sensors located over or negﬂtwtl\/_e _the mobile platform must have locomotion capabil
the joints of the hand and wrist. A resistive bend-sensindlieS Similar to those of a human. Therefore we use an om-
technology is used to transform hand and finger motions int§idirectional platform, which is operated in velocity comit
real-time digital joint-angle data. These joint anglesthee Mode. Because the operator uses both arms to control the
input for a kinematic human hand model which computes th&!émanipulator arms the desired velocity is input via agbed
fingertip positions of the human hand. These fingertip posi- The omnidirectional mobile base possesses four indepen-
tions are then mapped to the BH-fingertip positions by usinglently driven and steered wheels. The controller of the- plat
an appropriate fingertip mapping algorithm (see [29]), Wwhic form solves the redundancy of the platform and is optimized
projects the human hand workspace on to the BH workspactQ generate smooth motions without preplanned paths. A more
Finally an analytical inverse kinematic algorithm alloves t detailed description of the platform can be found in [32].
compute appropriate joint angles for the gripper fingersclvh

can be set by the local BH controller. Using this mapping

algorithm simple pick and place manipulation tasks can b&-4.2. Control Pedal

performed.
As the operator uses both arms and hands to control the tele-

manipulator arms, the mobile base of the teleoperator ¢anno
be commanded in a classic way by means of a joystick. In-
In order to provide force feedback to the human operator thétead, a 3-DOF pedal has been designed allowing the operator
CyberGraspsystem, an exoskeleton from Immersion Corpo-to adjust the velocity of the mobile base using his/her foot.
ration, see [30], is used. The exoskeleton is attached to the A schematic view of the pedal is depicted in Fig. 4a. The
back of the hand and guides force-applying tendons to thmoll-, pitch-, and yaw-axis intersect in a single point irder
user’s fingertips. Desired force values are sent to the locdb increase the ease of use. A small deadband zone and a
force controller provided by the manufacturer. Since eaclprogressive velocity curve have been implemented (Fig. 4b)
finger is only equipped with one tendon only pull- but noallowing smooth control of the platform.

2.2.3. Exoskeleton and Force Mapping



the local loop controllers. The stereo camera system pesvid
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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3. EXPERIMENTAL RESULTS

The experimental setup consists of a stationary humanrayste I
interface and a mobile teleoperator, see Fig. 5. The mobile " 7,5 4 35 3 =25 -2 15 -1 -05 0 05
teleoperator is equipped with telemanipulator arms, aethre translation in x-axis/m

finger gripper (BarrettHand) and a stereo camera head. To al- i i
low teleoperation in wide remote environments all these-com’ 19+ 6- Path of the mobile platform from start to target posi-
ponents are mounted on a mobile platform. The stationar9On

human system in'gerfgce comprises a data glove system (Cy- The experiment carried out involves locomotion, naviga-
berGlove), a haptic display (8HARD10), a head mounted tion and dextrous telemanipulation tasks and can be spidit in

d|spl?y, as Wi" asa (t:)ontrol per:ial. Duhe t% '[hedStI”(;nISﬁSIanO major parts. While the first part concentrates on loco-
coupling mechanism etween human and and end e eCHotion and navigation, the second part represents a cssic
of the haptic interface no exoskeleton for finger force reﬂectelemanipulation experiment

t|_o_n is used in this expenment and the gripper IS pnly PO~ Atthe beginning the teleoperator is placed at an arbitrary
sition controlled by using a data glove. This missing cou-

i hani be abl i he h osition in the experimental hall (see Fig. 6, start posjtio
pling mechanism must be able to disconnect the human arlll, y e hyman operator is asked to navigate the teleoperator
from the haptic interface in case of emergency. The require

. Co ; the location of the telemanipulation setup (see Fig.rgeta
electro-mechanical mechanism is still under constructen P P( 9-9

) ith i ¢ flecti il follow in th position) and to position the platform in an adequate manner
]E:Juet[::l;ents with finger force reflection will follow in the near relatively to this setup. Fig. 6 shows the path from start to

target position recorded during this experiment. It shdagd
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:

mounted, 1 !
displa% X

e pick up toy brick at one location,

e move brick to target,

e align brick with target,

join brick with fixed brick at target position,

e 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-
Fig. 5. Setup: a) stationary human system interface, b) mobilenent was successfully performed. For a full length video,
teleoperator seehttp://www.lsr.ei.tum.de/movies

In all our experiments the master and slave devices (hap- 4. CONCLUSION
tic interface, telemanipulator arm, data glove, grippentrool
pedal, mobile platform) communicate over the UDP networkn this paper a telepresence system is presented which is ca-
with a sampling rate of 1kHz, which is the same as used fopable of performing dexterous telemanipulation tasks thewi



of the International Conference on Robotics and Automation
1990, pp. 1096-1101.

[2] N.Y. Chong, S. Kawabata, K. Ohba, T. Kotoku, K. Komoriya,
K. Takase, and K. Tanie, “Multioperator teleoperation of mul-
tirobot systems with time-delay: part 1 - aids for collision-free
control,” Presencevol. 11, no. 3, pp. 277-291, 2002.

[3] W.K. Yoon, Y. Tsumaki, and M. Uchiyama, “An experimental
teleoperation system for dual-arm space robotids{irnal of
Robotics and Mechatronicsol. 12, no. 4, pp. 378-383, 2000.

[4] A. Kron and G. Schmidt, “A bimanual haptic telepresence
system - design issues and experimental resusjteedings
of Int. Workshop on High-Fidelity Telepresence and Teleaction
jointly with the conference HUMANOIDS, Munic2003.

[5] S. Chang, J. Kim, J.H. Borm, and C. Lee, “Kist teleoperation
system for humanoid robot,” iRroceedings of the IEEE/RSJ
Int. Conf. on Intelligent Robots and Systerh899, pp. 1198-
1203.

[6] Hitoshi Hasunuma, Hiroaki Kagaya, Masao Takatori, Jun
Fujimori, Fumisato Mifune, Shigekazu Shikoda, Masami
Kobayasi, Toshiyuki Itoko, and Susumu Tachi, “Development
of teleoperation master system with a kinesthetic sensation of
presence,” irProc. of the International Conference on Arti-
ficial reality and TelexistengeNaseda University, December

1999.
Fig. 7. Experimental task: a) initial position, b) pick up toy [7] Susumu Tachi, Kiyoshi Komoriya, Kazuya Sawada, Takashi
brick at one location, ¢) move to target, d) align brick win-t Nishiyama, Toshiyuki ltoko, Masami Kobayashi, and Kozo In-
get, e) join brick with fixed brick at target position, f) ratt oue, “Teleexistence cockpit for humanoid robot contréid-
from target vanced Roboti¢ssol. 17, no. 3, pp. 199-217, 2003.

[8] A. Schiele and G. Visentin, “The esa human arm exoskeleton
for space robotics,” ir7th International Symposium on Ar-
remote environments. The successful completion of a com- tificial Intelligence, Robotics and Automation in Spabkara,
plex experiment including locomotion of the teleoperataw- Japan, 2003.
igation, and an assembly task using a robotic hand shows thg] D. Lee, O. Martinez-Palafox, and M.W. Spong, “Bilateral
versatility of the developed telepresence system. In the fu Teleoperation of a Wheeled Mobile Robot over Delayed Com-
ture experiments using two hands to address control issues munication Network,” inProceedings of the 2006 IEEE In-
related to closed kinematic chains as well as experiments us  ternational Conference on Robotics and Automati@riando,
ing a bimanual mobile human system interface to improve the ~ Florida, 2006.
perception of locomotion will be conducted. [10] D.G. Caldwell, A. Wardle, O. Kocak, and M. Goodwin,
“Telepresence Feedback and Input Systems for a Twin Armed
Mobile Robot,” IEEE Robotics & Automation Magazinpp.

Acknowledgments 29-38,1996.

[11] T. Fong, C. Thorpe, and C. Baur, “Advanced Interfaces for
This work is supported in part by German Research Foundation (DFG) Vehicle Teleoperation: Collaborative Control, Sensor Fusion
within the collaborative research center SFB453 "High-Fidelity Telep-  Displays, and Remote Driving Tools,Autonomous Robats
resence and Teleaction. The authors appreciate the help and scien- Vvol. 11, pp. 77-85, 2001.
tific input of Bartlomiej Stanczyk and Kwang-Kyu Lee. The out- [12] M. Ueberle, N. Mock, and M. Buss, “Towards a Hyper-
standing performance of our students E. Kirchensteiner, J. P. Mon-  Redundant Haptic Display,” ifProceedings of the Interna-

den, and C. Tiefenbeck in building the control pedal is highly ap-  tional Workshop on High-Fidelity Telepresence and Teleaction,
preciated. Special thanks go to J. Gradl, H. Kubick, T. Lowitz, jointly with the IEEE conference HUMANOIDS'200@unich,
and T. Stoeber for their excellent work during the robot construc- Germany, 2003.
tion phase. [13] M. Ueberle, N. Mock, A. Peer, C. Michas, and M. Buss, “De-
sign and Control Concepts of a Hyper Redundant Haptic Inter-
5. REFERENCES face for Interaction with Virtual Environments,” iRroceed-

ings of the IEEE/RSJ International Conference on Intelligent
[1] P.G. Backes and K.S. Tso, “Umi: An interactive supervisory Robots and Systems IROS, Workshop on Touch and Haptics
and shared control system for telerobotics,” Hroceedings Sendai, Japan, 2004.



(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

M. Ueberle, N. Mock, and M. Buss, “ViSHaRD10, a Novel
Hyper-Redundant Haptic Interface,” Bfroceedings of the 12th
International Symposium on Haptic Interfaces for Virtual En-

vironment and Teleoperator Systems, in conjunction with IEEL:[24

Virtual Reality 2004 conferen¢€hicago, IL, 2004, pp. 58—65.

M. Ueberle and M. Buss, “Design and control of a hyperredun-
dant haptic interface,” ifProceedings of the 9th International
Symposium on Experimental Robotics 2004 ISER28%a-
pore, 2004, pp. Paper—ID 130.

M. Ueberle, N. Mock, and M. Buss, “Design, control, and
evaluation of a hyper-redundant haptic interface Advances
in Telerobotics: Human Interfaces, Control, and Applications
R. Aracil, C. Balaguer, M. Buss, M. Ferre, and C. Melchiorri,
Eds. Springer, STAR series, 20@6,appear

T. Tsumugiwa, R. Yokogawa, and K. Hara, “Variable
impedance control based on estimation of human arm stiffness
for human-robot cooperative calligraphic task,” Fmoceed-
ings of the 2002 IEEE International Conference Robotics and
Automation Washington, DC, 2002, pp. 644—650.

Scott L. Delp Felix E. Zajac George Pappas, Deanna
S. Asakawa and John E. Drace, “Nonuniform shortening in
the biceps brachii during elbow flexionJournal of Applied
Physiologyvol. 92, pp. 2381-2389, February 2002.

F. A. Mussa-lvaldi, N. Hogan, and E. Bizzi, “Neural, mechan-
ical, and geometric factors subserving arm posture in humans.”
The Journal of Neurosciencgol. 5, no. 10, pp. 2732-2743,
October 1985.

B. Stanczyk and M. Buss, “Development of a telerobotic sys-
tem for exploration of hazardous environments,Pioc. IEEE

Int. Conf. Intel. Rob. Syst. (IROSendai, Japan, 2004. [30

B. Stanczyk, S. Hirche, and M. Buss, “Telemanipulation over
the internet: a tele-assembly experiment,” Rroc. of the

IEEE International Conference on Mechatronics and Robotics,[31]

MechRob2004Aachen, Germany, 2004, pp. 315-320.

B. Stanczyk and M. Buss, “Towards teleoperated exploration
of hazardous environments: Control and experimental study
of kinematically dissimilar master-slave structure,” \iDI-
Berichte Nr. 1481, ROBOTIKR004, pp. 657—664.

M. Buss, K. K. Lee, N. Nitzsche, A. Peer, B. Stanczyk,
and U. Unterhinninghofen, “Advanced telerobotics: Dual-
handed and mobile remote manipulation,” Agvances in

(25]

(26]

[27]

(28]

[29]

Telerobotics: Human Interfaces, Control, and Applications
R. Aracil, C. Balaguer, M. Buss, M. Ferre, and C. Melchiorri,
Eds. Springer, STAR series, 20@6,appear

B. Stanczyk and M. Buss, “Experimental comparison of in-
teraction control methods for a redundant telemanipulator,” in
Proceedings of the International Symposium on Methods and
Models in Automation and Robotics MMAR'2008iedzyz-
droje, Poland, 2005, pp. 677—682.

A. Peer, B. Stanczyk, and M. Buss, “Haptic telemanipulation
with dissimilar kinematics,” inProceedings of the IEEE/RSJ
International Conference on Intelligent Robots and Systems
Edmonton, Canada, 2005, pp. 2483-2487.

A. Peer, U. Unterhinninghofen, K. K. Lee, B. Stanczyk,
and M. Buss, “Haptic telemanipulation in extensive remote
environments,” inProceedings of the Joint International
COE/HAM SFB-453 Workshop on Human Adaptive Mecha-
tronics and High-Fidelity Telepresenc&okyo, Japan, 2005,
pp. 57-62.

Barrett Technology Inc. , “BarrettHand,”
http://www.barretttechnology.com/robot/products/
hand/handfram.htm, 2006.

Immersion Corp. , “CyberGlove Il Wireless Data Glove,”
http://www.immersion.com/3d/products/cybglove.php,
2006.

Stephan Einenkel, “Kalibrierung und Abbildung der men-
schlichen Hand auf einen dreifingrigen Greifer zur mehrfin-
grigen Telemanipulation,” M.S. thesis, Technische Univatsit
Miinchen, 20060 german

Immersion Corp. , “ CyberGrasp Exoskeleton,”
http://www.immersion.com/3d/products/cybgrasp.php,
2006.

H. Baier, F. Freyberger, and G. Schmidt, “A high fidelity in-
teractive stereo vision,” iProceedings of the 2001 Workshop
on Advances in Interactive Multimodal Telepresence Systems
Munich, Germany, 2001, pp. 33—-42.

] N. Nitzsche and G. Schmidt, “A Mobile Haptic Interface Mas-

tering a Mobile Teleoperator,” iRroceedings of the IEEE/RSJ
International Conference on Intelligent Robots and Systems
IROS Sendai, Japan, 2004.



