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Abstract— Analysis of direct teleoperation with force feedback  Analysis of force feedback in micro-level tasks [3] allowed
indicates that humans have difficulties perceiving the direction the design of a micro-gripper in which strain-gauge force
and amount of reflected force. Locally implemented force-based sensors are interfaced to a haptic arm to let the operator

reactive behaviors provide accurate and timely feedback to assist]c | th ing f d oul in th . Is. Thi
in replicating human skills and dexterity. The contact forces eel the grasping forces and pulses In the micro vessels. This

between the slave arm tool and the environment is analyzed System has been employed successfully to differentiate tiny
using three settings. First, the user-controlled teleoperation with samples (100 pico-meter width) of human skin which were
networked force feedback. Analysis of contact with the environ- freshly excised from the areas around the fingernails of three
ment indicates that the use of high force gain improves operator volunteers

sensitivity but may cause instability in pre-contact and post- . . .
contact phases. Second, programmed compliance at slave arm is Force-feedback is also employed in the Adaptive Impedance

used to selectively convert sensed forces into corrective motion to Control (AIC) at the slave arm as a shared-control strategy
minimize contact forces. Third, a supervisory mechanism based for teleoperation. Adaptive impedance control [4] provides

on a user-controlled active compliance behavior is proposed for a robot with the ability to interact flexibly in the uncertain
teleoperation. A user-controlled compliance loop at the slave arm (or unknown) environments. For instance, AIC may correct

improved contact stability and provided an effective supervisory . . L . .
control. Light and stiff arms are highly recommended to reduce the slight horizontal misalignments which arise due to the

the degradation in telerobotic synchronization caused by elas- uncertainties. Using a pre-planed insertion path, AIC reduces
ticity in linkage transmission and by the network delays. Force the jamming forces by finding the desired position adaptively
based compliance behaviors provide controllable compliance both to follow the optimal path from the current position; the
in amount and direction and (2) shorten feedback delays. optimal path is continuously updated based on environmental
Index Terms— Distributed application framework, reflected constraints.
force feedback, man-machine interface, Telerobotics. A task-oriented micro/nano space teleoperation system [5]
uses a mixture of direct and task oriented modes that are
activated using a set of visualization and manipulation tools
with some force monitoring. The high-level motion commands
Force-based reactive behaviors are essential in teleroboties used to avoid collisions. The approach is faster and safer
to assist in replicating human skills and dexterity at the remotgth higher accuracy than the direct teleoperation given the
work place. Analysis of the force feedback during the micrpresence of dominant electrostatic forces and the possibility
surgeries [1] indicate that typical forces on the microsurgicaf tool jams.
instrument tips during the retinal surgery are less than 7.5A six-axis force reflective hand controller (FRHC) [6] is
mN, which is below the threshold of the operator’s tactilevaluated using kinesthetic and stereo video. The operator
sensitivity. Unless these contact forces are properly amplifigehsition is mapped to slave arm both in position and velocity.
the surgeon will not be able to sense them. Thus, the surgdovaluation of a drill task indicates equal task times but
may operate with little or no tactile feedback which increasegith noticeably lower cumulative variance and peak forces
the potential of tissue damage. where either visual or kinesthetic force is used with stereo
The contact forces [1] measured at the tip of a microsurgioakion. Force feedback is particularly useful in the case of
instrument are used to control the motion at the micrometenobstructed camera view leading to a low fidelity views.
resolution for force-feedback of no less than 5 mN. The useln the deep space teleoperations, the usefulness of force
of force-feedback in remote endoscopic surgery [2] proved teedback is limited because of the time delay in getting
be beneficial. The slave manipulator accurately and quickiye feedback after performing the actions. To overcome the
mimic the movement of the master arm at low speed; and theexpected problems which may arise due to the time delays,
master arm satisfactorily reproduced the force. a sensor-based motion-planning [7] is proposed. A bilateral

I. INTRODUCTION
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control between a master arm and a graphical 3D slave ariXil;. The new arm controllable position vector is: AY,, =
Sequence of fine motions can be performed on a graphidd},(I — AM,;)T; + AT, if the operator hand is mapped to
slave arm which in turn provides the operator the feelingave tool (relative), or QNE,, = M (I—AM,) T+ ML AT,
of repulsive forces. The selected sequence is transmitiéthe operator hand is mapped to slave world frame (absolute),
to the remote slave arm which is supervised by a senseere M! = M¢M!. The new effector orientation matrix
based motion-planning algorithm under impedance contrétontrollable) become& M, = M!AM; M.
Peg-in-hole assembly is successfully accomplished using thisSThe PUMA reads current joint vecto# and computes
method [8]. effector positionE,, () and orientationM¢ (6). The target

In this paper, we study how force feedback can be useddffector position and orientation arg}! = E,(0) + AE,
program reactive behaviors to augment a networked telerobatind M = M¢ (0)AM,. The inverse kinematic modéi™ =
system. The contact forces between a slave arm tool and @he! (E;, M¢T) provides the joint vectod™ that moves the
environment is studied using (1) direct teleoperation with for¢eol by the commanded translatidsl’ and rotationA M. 0+
feedback displayed on the operator, (2) force-based reactivesent to slave arm motion controller. Incremental change in
compliance behavior at the slave arm, (3) active complianoperator hand framé?,, is superimposed on tool frame;.
as supervisory mechanism in networked teleoperation. For example, wherR,,, is tilted the remote tool frame; is

The paper consists of six sections. Section 2 presents thied by the same angle.
proposed telerobotic system. The evaluation of tele-operatign
with force feedback and complaint behavior are presented in

section 3. The implication on the design of telerobotic systems ' N€ used force sensor consists of two parallel plates
is presented in Section 4. We conclude in Section 6. (frame R.) andp; (frame R;) interconnected by three elastic
links. The motion ofp, with respect tg, is measured by a (1)

Il. TELEROBOTICSYSTEM translation vectoAS,, and_ (2) orientation matrixAM.. '!'he
) ) sensor structure allows finding.S. and AM, as functions
The most common telerobotic system is based on & Ma$-the six sensing signals. The sensor frame is located
ter arm station (MAS) and slave arm server station (SA%)etween R. and R;. An external force applied to the tool
which are interconnected by a computer network integrating ;ses a translation VectrT, = AS, + (AM, — I)M!T; to
bilateral motion, motion coordination systems, teleoperatiqfe ool frame origin and a changlaMt = MtSAMMfin R,

tools, stereo vision, and force feedback. Motion scalabilifyyiantation. Sincal/t = AM M. the tool deflection vector is
establishes a mapping from human scale to an arbitrary targeft _ MtSAM—lACT _ °

teleoperation scale (micro, nano, etc). The System perfor- ) ]
mance is measured by: (i) the extent to which teleroboti€s Active compliance
preserves human manipulative dexterity and (ii) the fidelity in Active Compliance (AC) is a control loop that is activated
translating the physical laws from one scale to another. by the remote operator. It consists of continuously sensing
The MACS and SASS are implemented in client-servéhe force exerted on the tool, evaluating a proportional force
architecture that reliably transfers stereo, force, and commeagrdor based on a desired force, and converting the error into a
data. Moreover, MACS and SASS use the distributed softwaesition increment to reduce the force error.
approach so that modification of a module in one station doesAC is a control loop that repeatedly converts the measured
not require any changes in the other station (i.e. the modditece into an incremental motion for the slave tool. The force
functions are distributed in different software components)F;) and moment(';) vectors are computed using vectdxg;
Specifically each module communicates with its counterpad M7 AM M. Using the passive compliance matrices for
using a standard inter-process communication system (MB#ear (/;) and rotational &) motion of the tool we compute
.NET remoting). the force £, = (fa, fy, f-)! = K;AT, and momentC, =
(CayCy,cz)t = K.AM, vectors.F; and C; are used to: (1)
display the reflected force feedback at the client station, and

The SAS consists of a 6-dof PUMA slave arm and-a () implement active compliance mechanism as a supervisor
dof wrist force sensor [9]. The kinematics of slave arm i§gnirol strategy.

represented by means of three frames: (1) a fixed world framerg, jncrease teleoperation flexibility the user may select

(R,) at arm origin, (2) an effector framefi(), and (3) @ getting up active compliance over a sub-set of tool axes while
user defined tool frameH;). The controllable frameéR. IS iher axes are kept under position control. In this case the
represented by it8 x 1 position vector E£,,(6)) and its § x 3) selected components of computed forEe and momentC,
orientation matrix {1;,(¢)), where? is the slave arm joint \eciors are fedback as elementary tool translatiol” (=
vector andw refers toR,,. The tool frameR; is user or system AF,) and rotation AM = BC,); where A and B are two

defined by its position vectdf; and orientation matrid/f; of 3. '3 giagonal matrices that determine the selected axes.
tool frame R; with respect to frameR.. The position of the

tool point is defined byl’, = E,, + M¢(0) M!T;. D. Master arm station (MAS)

The slave station receives a command from the master arnMAS has a graphical interface to set up its connection to
station to translate the tool franig by AT,, and to rotate it by SAS and to monitor its operations. To increase flexibility,
AM;. The operator motion can be efficiently mapped onto ttee set of button-controlled teleoperation functions are added
tool frame when the translation is specified in tool frame, i.eear the operator’s finger tip. The operator can use them

Mapping force feedback

A. Position and force mapping at slave arm
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conveniently to control the MAS. The teleoperation functionB. Brief telerobotic features

attached to these buttons are: (1) real-time rendering of theanaysis of telerobotic delays through three campus routes
operator motion, (2) indexing, and (3) space scalability. Eaghys carried out while streaming of video, force, and com-
of these functions are described in the following paragraphg,ands. A sampling rate of 120 Hz is achieved for force

Real-time rendering of the operator motion (master) and digredback and 50 Hz for operator commands. Stereo video
play of force feedback is implemented as follows. Renderifgansfer operates at a rate of 17 fps. Total reference delays
needs two major inputs: (1) the joint vector read from positiofr force and stereo are 8 ms and 83 ms, respectively. Overall
sensors and (2) force data coming from the remote sidgund-trip delay is 183 ms (5.5 Hz) when slave arm is operated
Arm kinematics model=,,(6) allows computing the current gt 10 Hz.
operator hand position vectoK ™ and orientation matrix  The effectiveness of the framework and concurrent execu-
M, where¢ is the arm joint vector. Using last referencesgion of its various computing and communicating threads has
X and M, it computes the variationdX = X* — X peen assessed in the experimentation of the following tasks:
and AM = M'M™ with respect to reference. MAS sendg1) peg-in-hole insertion, (2) assembly of a small water pump,
the above Computed variations to SASS as an incremer‘(@j Operating drawers’ (4) pouring of Water’ and (5) wire-
mOtion Command fOI’ the SIaVe tOOI frame. In addition, MA%Irapp”']g The above experiments involve the Comp|etenessy
transforms the received force feedback into motor torques af@dularity and flexibility of proposed telerobotic framework
applies them to the appropriate motors connected on the magiien rich and heterogeneous sensory data (video, force,
arm to display the force feedback on operator hand. and command) was exchanged between client and server. A

The indexing function allows the operator to change th&ummary of results [10] is as follows: (1) teleoperation tools
current reference position of the master arm to a desirage very effective and need to be developed, (2) advanced
convenient position. When the indexing function is presseghotion coordination reduces teleoperation time and operator
the system disables the transmission of operator movemeniéntal effort, (3) active compliance at server station is more
to the slave arm, and sets the master arm’s reference to #ffective than operator reaction using force feedback.
position chosen by the operator.

The scalability function is useful in performing fine move- Teleoperation with force feedback
ments. When this button is pressed, the increments in master )
position vector A X) and orientation matrix4 /) are scaled- [N direct teleoperation the operator uses a master arm to
down by a scaling factors] before transmitted to the slave(1) prescribe his hand motion to slave arm, and (2) display

arm. The calculation of the scaled position and orientatigiPordinated force feedback on the master arm motors to
vector is as follows. reproduce the tool force at the operator hand. Ideally contact

The variation in the operator hand orientation mated() teleoperation uses reflected fo_rce f_et_adl_aa_lck to allow the user
can be seen as a sequence of three euler angles\ & — operate on the environment while minimizing contact forces, a
Ro(as) Ry(ay)R.(a) = Ryy.(M), where R, is a rota- property thgt the humgn arm has h|_gh-f|deI|Fy through the use
tion matrix about axisu and R,,. is the product of three of natural visual, haptic, and force information. The operator

rotation matrices sets fah M. Since AM is known, solving has no training for the experiments and the recorded data

equationAM = R,,.(M) allows finding the three anglesis made from the early experimentation. The objective of
which is denoted bgj(a ay,a.) = R-L(AM). Using an this experiment is to study the teleoperation contact made
Ty Yy 2 - .

TYz : :
operator-controlled scale facter the scale function becomesbm"\“:“en the slave arm tool and the environment. There are

(AX,AM) = ((X* — X) s,nyz((R;;Z(A]vf)) % 5))). three contact phases: (1) pre-contact as the transfer from free-

To avoid singularities at-7/2, the three Euler angles areSPace to contact, (2) contact, and (3) pre-release as the transfer

computed for the variation in the operator orientation matr&Om contact to free-space. In addition the operator is provided
AM with a force display to watch the currently displayed three

components of force and moment. Following the contact phase
the operator was asked to exert and maintain a force of 1 N on
the target for no less than 3 seconds prior to release contact.
Internet teleoperation involves a large control loop extending
A. System configuration from the slave arm station to remote user is established
including the user reaction time, the mechanical latencies, the
The client and server are run on PCs having 2-GHz Intgbtwork communication delays, and processing overhead. The
P4 processor with 1GB DRAM and 512 KB cache. Aampling frequency of the local compliance loop is about 5
anthropomorphic, 6 dof, master arm is used with steel-wifg, que to the mechanical delays of the PUMA slave arm. A
transmission system. The slave arm is a PUMA 560 robgice feedback gain FFG is used to adjust the displayed force
arm. Each of client and server PCs is attached to a campfue to a proper sensitivity level for the operator. The master
network by using a 100 Mbps NIC card. The server PC igm can display up ta:15 N force in any direction which

interfaced to two Sony Handycam digital cameras using a 4fhresent the saturation level for any displayed force in excess
mbps FireWire PCI card. Both client and server PCs run undsf the above limits.

MS Window 2000. The server software uses MS Visual C++ Figyre 1 shows the interaction during contact between the

Vl\ylitsh\)NETl fcr:;mework 1.1. The server is implemented usingo| and (1) a rubber (Plots a and b), (2) a human muscle tissue
isual G#.

I1l. EVALUATION
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firmly engaged which amortizes the above vibrations. A high

N ““"‘“\ e | e T feedback gain and a fast contact may drive the telerobot out
10 W os | ‘ /(W of control, i.e. the master arm becomes instable which makes
| Force | o | Force | teleoperation quite poor. Stable contact for the rigid and sprin
N A ol (N) | Sop ' quite poor. the rig pring
ol \ _ oz |- - objects requires the use of moderate gains (less than 20) as
ol Ieks) sl oy 1 I‘me (fo) compared to the case of the tissue. However, higher gain values
B . provide finer sensing and earlier detection of contact but with
[ H_,LJH tmf

0 5 1(; 15 20
the potential of unstable teleoperation.
~/ Motion

c o (mm) D. Active compliance at the slave station

i J _ ., Tme(s)  *f J ., Time(s) Implementing active compliance (AC) at the slave arm
consists of activating a local loop, at the slave arm station, in
[ Motior (mm) which the measured tool force at a selected compliance center
) is converted into a corrective position or velocity. The result
O is a slave arm that acts as a 6 dof compliant mechanism that
continuously adjusts the tool position and orientation, at the
v : .. Time(s) compliance center (CC), to minimize the forces and torques
s s - 5= exerted at CC. For this the sensed force at the wrist is used
Fig. 1. Bilateral teleoperation with reflected force feedback to_ eyaluate the force exerted at a selected CC tool pOSit_ion'
Similarly, measured forces (torques) at CC are converted into
corrective translations (orientation). Thus CC can be set by
(plots ¢ and d), and (3) rigid body (plot e and f). For each d¢he remote user anywhere in the vicinity of the slave arm tool
the above three cases the plot shows the force measured aggiending on the task.
slave arm tool (p|0ts a, c, and e) and motion reaction (p|0tsAC |00p needs not be activated on all the three force and
b, d, and f) made by the operator at master arm to zero ihgee torque components. AC can be used to control any subset
displayed force feedback. of the six possible tool dofs so that the remaining dofs are left
In general, both the pre-contact and pre-release phases%ﬂ@er position or velocity control. Thus, AC can be activated
subject to instability represented by the vibrations shown in t& selective dofs while the other dofs are left under position
above figures. For low values of FFG (below 5) the operat6Pntrol, i.e. generated by (1) a local program, or (2) operator
does not properly feel the contact and teleoperate in quasi of@@tion through teleoperation. The compliance loop and the
loop fashion. For moderate values of FFG (from 10 to 20) tifeC location can be activated and controlled by the remote
force feeling is appropriate but with the instability shown i@Perator at the master arm station.
the pre-contact (also in pre-release). For higher values of FFGAC presents a supervisory mechanism to support networked
the teleoperation becomes dominated by instability which gleoperaton by creating a remote loop running at the slave
driving the operator. The operator needs to adjust the disp|ay€é§tion which substitutes for some of the operator interaction.
force gain to a proper sensitivity level in connection witdhis reduces the frequency of interaction between operator
overall system stability. In the contact phase the operator fe@fyd remote workspace which saves network bandwidth and
the wall effect as the master arm produces a repulsive forRéminates the potential of instability that might be caused by
constraining the operator motion in the direction that increaségnsmission delays and jitter.
the above constraints. The force displayed on the master arnfror teleoperation, AC is useful to provide the operator a
allows the operator to feel the mechanical impedance of tfgce compliant slave arm that is lead by the operator into
environment such as the e|asticity feature of some Objeé%ks (llke insertion or assembly) that create force constraints
like the spring or rubber for which the interaction forcavhich are locally canceled by the AC loop without direct
feedback was transmitted and reproduced into similar physiéaervention from the operator. Canceling the external force
constraints on the operator hand. constraints on the tool means that AC corrects the tool position
The instability and its vibration frequency depend on: (1) th@nd orientation to reduce jamming forces during insertion or
stiffness of the target, (2) value of FFG, and (3) total Systea&sembly or to reduce forces that occur during tasks involving
round-trip delay (RTD) of 183 ms. Note that the RTD doe§ontact with the environment.
not include the decision making time by operator. Therefore The AC at the slave arm station is studied here through a
the sensing-to-reaction rate or operator-tool interaction cani$6t Of experiments. Each experiment consists of 1) selective
exceed 5.5 Hz if we exclude the human factors which Vap_};:tivation of AC loop for some dofs while the other dofs are
from one operator to another. Stiff targets produce promi§ft under a trajectory control program, (2) exposing the slave
bouncing contact forces and therefore produce higher vibrati®fn tool to contact with the environment to create external
frequency (Figure (e-f)). The vibrations for rigid objects arforce constraints, and (3) plot the reactive motion and discuss
greater and faster than those of the rubber or the tissue. ContigcPerformance. The experiments are the following:
forces transmitted from the scene return a bouncing forcel) The tool frame is moved at constant speed in one
from the operator. This process continues until the contact is  horizontal direction while the vertical direction is under
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Fig. 3. Shared-control using active compliance and bilateral teleoperation

. . with reflected force feedback
force control with a desired force of 2N. A peg ended

with rolling wheel is attached to the tool. The wheel
hit an inclined plane (20 and the force regulation E. Teleoperation using AC

lead the tool _to C"”.‘b LS pla_n. A downward force Figure 3 shows the force feedback generated during tele-
componentFy is desired to maintain contact and the

. T . = operation while the force feedback was displayed on the
imotlor;i cgrfre”ct:zirrl] |str(1jef]:irr1e:d aﬁ:? _FAi(F d T Ftt)d E ‘; d operator and an active compliance control was activated at
s ?E’ﬁ N hotr? I'g te s.cto fac 'd; s€ eg e ah the slave robot. Figures 3-(a), (c), (e), and (g) show the force
setihrougn the client User Intertace. Figure -(a) sho easured at the tool during contact with a spring, rubber,
the measured force during the motion where the dynanﬂ

. . . gsue, and a rigid object, respectively. The corrective motion
force is very close to the desired value but with som g J P y

overshoot. Figure 2-(b) shows the measured force Wzgérned out by the active compliance in each of the above

the motion correction contains a dumping term defin ses are shown on Figures 3-(b), (d), (f), and (h), respectively.
’ nPing . e position correctiond\T" made by the active compliance
asAT = A,(Fy—F;)— A, F,, whereF, is the variation . '
in measurepd force and.. andA.. are two gain matrices controller are proportional to force error defined Af" =
The tool is manuall pmovedU to resg 2 sorin a'néxp(Fd—Ft),whereAp is a gain matrix. The corrections made
y p pring the active compliance controller are effective to reduce

instantly released. Figures 2-(c) shows the force mef%e contact forces. These corrections cause the contact force

ig:re:cgsn(;alésztrjt bg) tfrlneaZFe)”rl\)Q r?haecnggti\?gdct:ri F;;Sr:g 'return to the null zero level at different speed depending
controller acce)rdin AT — AyF , r thre n the contacted object. Slow and smooth return to zero is
9 = A(Fupring — F1), found in the case of the spring. However, in all of the other

E spring 1S the spring force e_xerted on the tool. Th hree observed cases some oscillations are taking place at
corrections made by the active compliance controll%r

iteratively reduce the resulting force (compliance) o quilibrium, i.e. at convergence of corrections or pre-release
y o 9 P /. ~phase. The largest oscillations are observed in the case of the
the tool. At equilibrium the tool converges to a positio

where the external force is null. figid object.

A weight of 0.8N is set on the tool causing a vertical

motion of the tool. A spring is placed in the motion !V. IMPLICATION ON THE DESIGN OF TELEROBOTIC
direction. When the tool (with weight) hits the spring the SYSTEMS

measured force is nearly zero due to balancing betweenn direct telerobotics the reflected force feedback is best
the gravity induced by the weight and the spring reactiafisplayed at the operator hand center to let the operator feels
to the above force as illustrated in Figures 2-(e) and (fe directional force and torque that are measured at the tool
show the transient force and the position convergenag. In real implementations, there are many imperfections in
respectively the reproduction of the force feedback like the accuracy of the
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sensor and its model, the master arm link inertia and gravitgshich avoid a non-linear and late operator reaction.
effects, and the elasticity introduced by the wire-based linkage.
The above effects make it difficult to the operator to accurately

determine the direction of the displayed forces/torques, apirect teleoperation with force feedback exhibits some

Cm'zal capability t_o ‘;”a',o'e ?jccuratg mongn corrftfectlonl.) Tr]ﬁstability due to linkage elasticities in pre- and post-contact
ysel master ‘Tm ":’j fesL?ne tr? reduce these e ect.s ec?)‘l’%eses. In addition accurate perception of directional force
|ths ast 3-revo uteh ofS have threed concurrenrt]_ rﬁtanolr(] aXsbdback s difficult to a human operator. A qualitative contact
that mter?eclt att el operz;tor_ ?n. cegter whic “mz; esh Waracterization is presented based on force feedback gain and
operator eels equal mechanical impedance in a ’F_e threSvironment impedance. To reduce environment variation an
hand rotations. Although the link weights were significantly .o 'compliance mechanism is proposed as a local reactive
reduced 39 tlhat fthe ma.s:?r arm °‘,’era” erlf]htle 3 Kgs ttB‘t?:.havior (loop) at the slave arm to minimize contact forces.
arr_:_whcan LSp ay orceh_W|t In"a maximum o q o N. It acts by converting sensed forces into corrective motion to
e anthropomorphic arm structure Is adequate as a M3z, eyternal forces. Active compliance is successfully used
machine interface but the elasticity of its long wwe—base&i,5 supervisory mechanism in networked teleoperation with
transmission create uncontrollable intermediate states (ISski0. teedback. The operator drives the slave arm, which is
the task—op.erator fransmission chgin such as the motor Shﬁ der active compliance control, and engages it in contact
and reduction whegls.' The following Series of event§ takﬁﬁth the environment. The selective and operational features
p!ace before transmission of operator reaction. IS receives e o reactive controller can be set up by the operator during
displayed force feedback from slave station and reacts bef?é?eoperation. This scheme resembles a two-level subsumptive

V. CONCLUSION

the operator due to the elastic transmission. IS reaction Sntrol

sampled by the master arm controller, transmitted through
the network, and reported by the server on the slave arm
motion. During the above back-pressure time, the reaction
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master arm samples reaction, and transmit it to slave station.

On the other hand, the master arm work space is relatively
large 600mm x 600mm x 600mm). Teleoperation tasks [1]
involving assembly tasks indicate that the operator frequently
uses the space indexing to re-map the operator dexterity area
(master arm) to current slave arm configuration. In othep
words, the effective master arm work space is ho more than
20% of the above master arm work space. A smaller master
arm with tight wire-based transmission is expected to reduce
the transmission elasticity, and consequently the oscillatioris]
during the pre-contact and pre-release phases.

Analysis of direct teleoperation with force feedback allowed
identifying four major problems. First, a human receivingl4]
force display has difficulties perceiving the direction and
magnitude of the displayed force. Second, stable contact
control requires complex management of many parametels
like the force feedback gain. Third, anthropomorphic master
arms have uncontrollable intermediate states which complicate
toleoperation. Fourth, the transmission delays lead to stop-anié}
wait teleoperation. Locally implemented force-based reactive
behaviors, like active compliance, provide accurate and timely,
feedback to assist in replicating human skills and dexterity. To
shorten the loop a reactive force control can be activated at
the slave site to provide some active compliance during direg
teleoperation. In other words, coarse slave motion is controlled
by the remote operator while highly interactive local force[g]
control produces the needed tool compliance that minimizes
contact force. In summary, the user leads the slave arm to
contact the environment while the local controller correct’
the tool positioning to minimize contact forces. The success
of AC reactive behavior is due to its locality which avoids
communication delays and its adaptation to sensed forces
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