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Abstract— This paper describes the design and operation of a high bandwidth of the MLD while gaining the large workspace
coarse-fine teleoperation system with bilateral force refigion. of the arm.
The system uses a 6-DOF magnetic levitation device (MLD) g control of such a 12-DOF coarse-fine slave by a single

master to control a 6-DOF fine-positioning MLD slave mounted 6-DOF ¢ ¢ int i hall G I
on a 6-DOF coarse positioner arm. Coarse-fine teleoperation >~ master presents an interesting chalflenge. tsenerally

expands the workspace of the slave MLD while retaining its the coarse slave arm will have much poorer position reso-
frictionless characteristics, fine position resolution ad high Iution and much lower bandwidths than the fine slave MLD.

bandwidth. Several modes of operation are explored. In undteral  Sybsequently, the dynamic characteristics of the MLD earri
coarse-fine mode (UCF) the master controls the wrist positio 5., may have significant deleterious effects on desiregsyst

which in turn controls the coarse positioner. In master deatand behavior 41, H by th f rat trol. indexi
rate control mode (MDRC) the master position controls the ehavior [4]. However, by the use of rate control, indexing,

coarse positioner velocity while wrist position is used to eflect and variable compliance it is possible to effectively netdie
contact forces to the master. In symmetric bilateral contrd desired characteristics of the slave MLD.

(SBC) mode the wrist and master servo to each other's positis |n this paper we demonstrate a force-reflecting teleopmrati
providing force refle(_:tlc_)n dur_mg fine manlpula_tlon. Operation of system designed using two MLDs of differing design and a
each system mode is investigated during a simple assemblysta conventional 6-DOF manipulator. The system was designed
for psychophysical studies of system transparency [5]. We
describe several modes of operation along with preliminary
Teleoperation systems enable persons to interact with enyérformance results. Finally, whereas previous studia® ha
ronments at a distance, allowing the performance of dangerdooked at device characteristics [2], [3], [6], we will pess
or difficult tasks. They also provide a means for scaling humaesults obtained for a simple teleoperated assembly task.

forces and motions up or down to levels not achievable withou
mechanical assistance. II. SYSTEM COMPONENTS ANDDESIGN

I. INTRODUCTION

While information flows from the user to the environmenf. Overview
through the teleoperation system, information flow from the 11, telemanipulation system is made up of three distinct

environment to the user is also important. Visualization Qfavices: a master. a slave wrist. and a slave coarse motion

the workspace is vital and force reflection has been showndg,ice. The master and slave wrist use Lorentz levitation to
reduce task performance time and excessive force levela whe

added to a teleoperation system [1].

An ideal teleoperation system should be able to operate interaction handie
over a large workspace with fine position resolution and also
supply realistic haptic feedback to the user. Unfortuyatel
these qualities are difficult to find in a single device. Poesi
studies have shown that magnetic levitation devices (M)LD’s
provide backdriveability, zero static friction and highsitton
and force bandwidths [2]. They have been used previously
in the design of systems similar to the one described in this
paper [2], [3]. In these systems, master and slave MLD's®* ™"
were identical and the slave was carried on a conventional
manipulator arm. By attaching a fine motion slave MLD
to a coarse motion conventional arm it is possible to take
advantage of the superior position resolution, low frictand Fig. 1. Lorentz magnetic levitation master cut-away viendebign.
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provide high position and force bandwidths and to eliminate
static friction [2]. Both wrist and master are capable of 6-
DOF motion. Since the wrist has a limited range of motion,
it is carried on a 6-DOF PUMA 560 robot arm, effectively
extending its workspace to that of the PUMAS. The resulting
system has a 6-DOF master driving a 12-DOF coarse-fine
slave.

B. Telemanipulation Master

The master device is responsible for commanding slave
position and/or rate and for providing force feedback fréwm t
slave’s environment to the user. Ideally, the master shioane:
high position and force bandwidths, fine position resohutio
and a wide range of impedance. Six DOFs are necessary to
emulate the forces and torques encountered in realistic 3D
assembly tasks. The magnetic levitation master device insed
this system, shown in Fig. 1, provides such a platform [7].

The magnetically levitated part of the device, the flotos ha
six coils embedded in a hemispheric aluminum shell enclosed

. . . . . . . R '
within fixed magnet assemblies. Current in each coil intisrac | HapticMaster | /A 8 A S

. . . . Controller — | Magnetic Levitation
with the magnetic fields of the enclosing magnets to produce ampxr200+ | Ap|e 6 s |  Haptic Master

an arbitrary force/torque wrench on the flotor, and thenamnto ¥ p— *
attached manipulandum and the operator’s hand. Three LEDs abortation
on the flotor are sensed by fixed optical sensors and provide v { _Coarse-Fine Slave
. . . . . . 6 |
position resolutions of 5-1@m depending on location in the | Coasefine = | D/a . LA | Magic wrist
workspace. Because of the low flotor mass and freedom from AMDXP2000+ | A/D|< s
| S —

static friction, high position bandwidth((125 Hz at+3 dB) is
achieved [8]. Maximum stiffness is approximately 25 N/mm| ... R E—
in translation and 50.0 Nm/rad in rotation [8]. 6-DOF motion Mo fe>|  PUMAUninate t:f\ PUMA

of the handle has a range &f12 mm in translation ane-7° ) "\\ s ]
rotation in all directions. The master has a PD controllat th

runs at 1 KHz on a dedicated processor. Gains have beﬂ_ﬂ 4. Coarse-fine telemanipulation system componentsirfiodmation
optimized for maximum stability and performance. flow.

C. Telemanipulation Save Device

The telemanipulation slave device in our system is shown f@Pablilities. In our system, the wrist is attached to thdingo
Fig. 2. The IBM Magic Wrist is a 6-DOF fine motion deviceMount of the, PUMA 560 industrial robot (Fig. 3).
that can be attached to the last link of a conventional robot t 1he slave’s flotor is levitated by six Lorentz actuators

give the robot extraordinary compliant motion and positign arranged at60° intervals around a horizontal ring. Each
actuator has a line of action 45° with respect to the vertical

axis of symmetry. The wrist’s fixed stators are attached o th
distal link of the PUMA 560 arm, whereas the coils of each
actuator are contained in the thin, hexagonal flotor shéle T
position of the flotor with respect to the stator is sensed by
optical beams projecting from the stator to position-segpsi
photodiodes attached to the inside of the flotor. The flotor
has a motion range of5 mm in translation andt4°® in
rotation, a position resolution of approximatelyin, and a
position bandwidth of about 40 Hz [6]. It has a 1 KHz PD
controller running on a separate processor. Gains have been
optimized for maximum stability and performance. A small,
pneumatically-activated gripper mounted on the wrist ifes
an end effector.

The coarse positioning robot is controlled by a Motorola
VME 162-23 computer running RCCL/RCI software [9]. The
Fig. 2. Magic Wrist slave device. controller communicates with the PUMA via its Unimate




controller. Wrist and PUMA motions are synchronized by x7axis erfor (master - slave)
a high level manager running on the same processor as tt | T:;;‘;E,i’.’i;{;";j;ﬁ{;:‘m’L
wrist controller. The manager communicates with the PUMA ¢ , )
at approximately 60 Hz. W \
A graphics workstation, the master and the coarse-fine slav - -
are interconnected via Ethernet, providing a central poinf | y-axis error (master - slave)
for user control of the various system components. Fig. 4
shows a block diagram of their interconnections. Two chénne .
are available for interprocessor communication: a rediabl :
command channel which operates at 100 Hz and a high spe¢
data channel which operates at 1 KHz. Workstation command 2-axis error (master - slave)
to the master and slave use the former, while master and sla
exchange position/orientation information using theelatt .
During a teleoperated assembly task a video camera prc*® °
vides realtime visualization of the field of operation. \@de ,
data is transmitted over IEEE 1394 Firewire and displayec ° Q2o 40
using open source Coriandesoftware.
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= z-axis error (master-slave)

= master z-axis position
T

Fig. 5. Error in wrist position during square wave input tostea (scaled
IIl. M ODES OFOPERATION with offsets removed). Position of the master is shown féerence.

Our system has been operated and tested in several differe~*
modes. Depending on the mode, the position of the master ¢ ¢
of the slave may be used to provide rate control of the PUMA.
The master’s position may also be used to control the pasitio
of the slave wrist and, in modes providing force reflection,
the position of the slave wrist provides position controttod
master. 2

4

A. Unilateral Fine Teleoperation

microns
o

The simplest mode of operation is one in which the slave
wrist servos to a scaled-down master device position. The
coarse positioner does not move. This mode does not provid |
force reflection to the user and allows motion only within the
wrist’s limited workspace. It provides a way of testing the -s
fidelity of the system’s fine movement capabilities.

A 1Hz square wave was used to drive the master along eac
axis and the position of the wrist and master were recorded ¢ ° Secbnds 2
50 Hz. As can be seen in Fig. 5, tkendy axis appear more

underdamped than theaxis. Underdamping may be due tdi9- 6. The slave wrist tracks a very small amplitude squaaeevinput from
the master in the axis. The master’'s unscaled wave amplitude is.20 at

the gripper which is Symmetrical about tlzeaxis but alters 0.5 Hz while the slave’s is approximately . The scaled master position
the center of mass from the center of forces along the oth@n.333) is shown for reference.

axes.
Both the wrist and master have position resolutions on the
order of micrometers. Micromanipulation is therefore jillss the lighter wrist. The wrist force shows more underdamping
using a suitably scaled-down master position to drive tHstwr than the master since its gain settings leave it more contplia
A 0.5 Hz square wave input of 20m amplitude was used to than the master.
drive the master. The wrist position was servoed to one thigj
of the master position. As can be seen in Fig. 6, the subséquéen
movement of the wrist accurately follows the master. The It is possible to extend the limited workspace of the wrist
small fluctuations in master and slave are likely due to noi¥éthout sacrificing its position resolution. By having the
in the master and wrist position sensors. PUMA track the center of the wrist's workspace, the wrist can
During unilateral fine teleoperation, the forces required £€ moved to any positioX ,; within the PUMAS considerable
servo the wrist to the master’s position were measured. & savorkspace [3]. Small motions of the wrist flotor, within a
in Fig. 7, a large transient force is exerted on the mastdreat distancer,, from its workspace center result in no motion

start of the square wave, while a much smaller force drive§the PUMA. However, once the wrist moves outside of this
spherical deadband, the PUMA is activated (see Fig. 8). The

Lhttp://www.tele.ucl.ac.be/PEOPLE/DOUXCHAMPS/ieeea@riander ~PUMA is rate controlled until the wrist moves back within

=+ Slave wrist z—axis position
— Master z—axis position (x 0.333)
Il

Unilateral Coarse-Fine Teleoperation (UCF)
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Fig. 9. Coarse-fine teleoperation with 0.5 mm diameter wdesidband.

Fig. 7. Y-axis forces generated by the master and slave wrist durikig 1
square wave input. The mastgaxis position is shown for reference.

C. Master Deadband Rate Control (MDRC)

A small deadband of radius, can be placed about the
center of the master’s workspace instead of the slave wirist’
A The PUMA is then controlled by the master’s position in the
master workspace. While the master flotor remains outside it
deadband, the PUMA moves under rate control. The wrist does
not move from the center of its workspace:

Xsd = P7 (3)
p o— { g(llxmll) i (|zml > 7rp; @)

if |xmll < 7p.

The deadband allows the user to stop PUMA motion. If it
were not present, the user would need to position the master
exactly at its center point to hold the PUMA steady. The
motion of the PUMA has no effect on the master, therefore,
Fig. 8. Cross-section of magnetic levitation device wodcgpand deadband. oy safety purposes, a small centering force is applied éo th

flotor. This force brings the master back into the deadband,
stopping PUMA motion if the user accidentally releases the
the deadband. The position of the wrist flotor with respect toaster’s manipulandum.
its workspace center is based on a scaling factoand the  The centered slave wrist has a compliance dependent on
master position:,,,. While the wrist is outside the deadband, és gain settings. It can still be moved by contact forces.
scaling functionf (||c,x.,||) determines the PUMA's velocity, If its position is used to control the master’s position, it
P. The master can thus be used to move the wrist and PUMénctions as a variable compliance force-torque sensor and
simultaneously: provides force reflection to the user. Because of the fine
position resolution of both MLD’s, the user can feel small
surface details encountered by the wrist while being rtsuli
to coarse motion with the PUMA.

Xsa = CpTm + P, (1)
p o_ Fllepzml) 0 (lep@m|l > Tw; @ D. Coarse-Fine Teleoperation with Symmetric Bilateral Con-
o 0 if lepzml| < 7. trol (SBC)

Unilateral coarse-fine control can be extended to provide
A deadband of diameter 0.5 mm was implemented on otlre user with the ability tofeel objects and surfaces with
system. Fig. 9 shows the resulting behavior. A small wrishe master, while they are being manipulated by the slave.
displacement outside of the deadband results in a large PUNBmmetric bilateral force reflection between master angesla
motion, while, inside the deadband, motion resolution riesa is implemented by passing position/orientation informiati
on the order of micrometers. between their respective servo loops. Each MLD then servos
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Fig. 10. Master and wrisg-axis position during a SBC task.

to the other’s position (see Fig. 10). In our system, the user
switches between UCF and SBC mode by indexing, but it is
possible to use both modes at once.

IV. ASSEMBLY TASK RESULTS

To test the functionality of our system in a real world
environment, an assembly task was performed using UCF,
MDRC, and SBC modes . A pneumatically-driven gripper,
attached to the slave wrist, grasps a4Legd™ block. The
user moves the ¥4 block into position above another block,
orients the block correctly and snaps it into place (see Fiy. Fig. 11.  Wrist and gripper during block placement task.

During UCF mode operation, there is no force reflection
and the user must rely on vision to perform the task. Both
MDRC and SBC modes provide force reflection, however
MDRC permits only coarse motion while SBC mode allows
both coarse and fine motions. Users should therefore find the
task harder in UCF and MDRC than in SBC mode. Greater
task difficulty may result in longer completion times. Large T B c
forces may be applied when no force reflection is available. E O Ve A

While formal analysis with naive users has yet to be
performed, our experience with the system appears to confirm
these hypotheses. Representatheis position and force data 2t !
can be seen in Figs. 12, 13 and 14. E oA T

Referring to Figs. 12, 13 and 14, tkexis force in all three -2f
modes remains fairly constant, counteracting gravityermio
contact between block and surface. Figure 12 shows result: .
from the UCF task during the final stage of assembly. The 2|
PUMA arm approaches the surface (A) and the block makes -1
contact (B). Several large force oscillations occur prthe -380 ‘ :
block snapping into place (C) since the user is working with !

Ea00f I { I 4

only visual feedback. ! ! ‘

During the MDRC task (Fig. 13), the user contacts the -%; 20 T — 20 T,
surface (A) vigorously and large oscillations in force accu
The lack of fine position control prevents the user from mgkirfFig. 12. Z-axis position of master, slave wrist and PUMA and forces on
gentle contact and once attached (B) the block is pulled lave wrist during UCF assembly task. A) PUMA moves towang$ase. B)

. . rface contacted. C) Block snaps into place.

again as the user struggles with the coarse control of the
PUMA. It should be noted that in both UCF and MDRC modes

multiple attempts were required to accomplish the task.
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force reflection could prove useful. SBC combines coarse-
fine manipulation capabilites with bilateral force reflecti

to allow the user to both manipulate and feel environment
details at high resolution. This mode should prove useful in
planned psychophysical studies of system transparenay. Th
fine positioning capability available in SBC mode could mov
useful in investigating micro-assembly tasks with scalgd u
force-reflection.

Formal studies of operating parameters such as system
position and force bandwidth would help to characterize the
system and the haptic feedback it provides [10].

The stability of the system and techniques for cancelling
or isolating the effects of PUMA dynamics on the slave wrist
motion need further study. Alternative control schemeshsuc
as sliding control [11] or impedance control [12], [13] migh

be implemented.

Fig. 13. Z-axis position of master, slave wrist and PUMA and forceslanes
wrist during MDRC assembly task. A) Block touches surfacg.BBck in
contact with surface. C) PUMA withdraws from surface aftirck released.
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Fig. 14. Z-axis position of master, slave wrist and PUMA and forces on
slave wrist during SBC assembly task. A) Block contactsaaaf B) Block
snaps onto surface. C) Block locked to surface. (PUMA isxedeoff.) [6]

The SBC task (Fig. 14) shows the user smoothly approacipy,
ing the surface (A), and snapping the block onto the surface
(B) after minimal adjustment. The ability to feel contactdes g
and to simultaneously make fine adjustments in alignment Iim[
its contact time with the surface and reduces force oscitiat

This task was accomplished in just one attempt. (0]

V. CONCLUSION [10]

We have demonstrated a teleoperation system which re-
tains the high frequency and fine positioning capabilites Bt
MLDs while expanding their workspace by several orders of
magnitude. UCF mode allows 12-DOF coarse-fine teleopeiz]
tion using a 6-DOF master without indexing between coarse
and fine manipulation. MDRC mode provides 6-DOF coarses
telemanipulation using rate control with a compliant wrist
Further study to evaluate trading-off fine position confarl
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