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Abstract

This work addresses selected practical issues regarding the develpment of a telerobotic system
for 6 degrees of freedom (DoF) tasks. The system consists of a hyper redndant 10DoF haptic input
device ViSHaRD10 , a redundant 7DoF manipulator and a stereo vision system. The redundan cy
of the haptic input device is exploited to assure large convex workspaces and singularity free op-
eration. The anthropomorphic construction of the telemanipulator enable s intuitive manipulation
and increases theuser-friendliness of the overall system. As a practical benchmark an assembly
experiment in 6DoF for the case of a negligible time delay was performed. Issues regarding in-
verse kinematics, spatial interaction control, transparency, and int uitiveness of teleoperation are

discussed.
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1 Introduction

In teleoperation (TO) scenarios tasks are performed by a mechanical manipulatr (slave) controlled
remotely by a human operator provided with a force re ecting interface (haptic interface or master),
which enables the interaction with the remote environment, see Fig.1. In ordeito make the impression
more realistic, auditory and visual feedback are provided additionally.

Although many teleoperation systems exist nowadays, they exhibit severe lintations of several kinds:
limited degrees of freedom, limited workspace (due to small constructions of hapti input device or
telemanipulator or due to kinematic or algebraic singularities which restrict the size of the workspace),
the necessity of indexing/shifting techniques, the disability to display sti envir onments as well as
missing possibilities to mount task speci ¢ end-e ectors. The literature provides a considerable number
of teleoperation systems, which are limited to a few DoFs and/or relatively small workspace, so that full
spatial immersion is not achieved, e.g. [1]. Only a few more advanced telemanipuliain systems operating

in 6 DoF and using a telemanipulator with human scaled workspace are known. The arks [2], [3] present
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Figure 1: Teleoperation robotic system

a teleoperation system with 6 DoF haptic displays and telemanipulators. The hatic displays provide
only a small workspace such that indexing and shifting techniques are necessary, whi@re unnatural
and fatiguing to the operator. Moreover, due to the missing redundancy in the systemsingularities can
not be avoided by changing the internal con guration of the manipulators, such that the motion of the
device must be constrained and the workspace is reduced. The work [4] presented a combiratiof a 6
DoF haptic display and a 7 DoF telemanipulator. While the haptic input device is designedin such a
way that kinematic singularities can be ommitted, it is not clear how the telemanipulator redundancy is
used to handle kinematic singularities at the remote site. Because of the small evkspace of the haptic
input device even in this approach indexing and shifting techniques are required. Finally [bas well
as [6, 7] presented a teleoperation system with 7 DoF exoskeletons used as hapinput devices and 7
DoF humanoid telemanipulators. Both groups use measurements of the elbow angle a combination of
elbow angle, upper arm angle, and lower arm angle to solve redundancy at the remotetsi As reported
in [8], working with exoskeletons is very fatiguing since the entire range bhuman arm movements is
restricted and/or long time operations are not possible because of the high weght of the system. In
addition, mounting of application speci ¢ end-e ectors is extremely di cult.

At present, no telemanipulation system with human scaled workspace free of kineatic and algebraic
singularities, the possibility to operate in full 6 DoF using the redundancy of the human arm, the
possibility to mount task speci ¢ end-e ectors as well as the capability to display sti environments is
known.

In the following a teleoperation system of superior performance, which meetall these requirements is
presented. Sections 2 and 3 deal with the control of the haptic input device and the telemaniputar re-
spectively. Special algorithms are presented, which guarantee singularity & kinematic transformations
and stable interactions with sti environments. Sec. 4 shows the overall telenanipulation architecture.
In order to verify the practical application of the developed teleoperation sysem telemanipulation ex-
periments including haptic exploration and screw tightening were carried out, whichare described in

Sec. 5. Sec. 6 concludes with nal remarks and comments on future research.



2 Control of the Haptic Input Device

In order to enable an intuitive telemanipulation and to meet the requirements mentioned above, the
hyper redundant haptic display ViSHaRD10 (Vi rtual Scenario Haptic Rendering D evice with 10
actuated DOF) has been chosen as haptic display. Its main characteristics are Nery large workspace
free from singularities ii) high payload capability to accommodate variaus (application specic) end-
e ectors iii) redundant structure to avoid kinematic singularities and collisi ons with the human operator.
While details about the design concept and the kinematic model oiSHaRD10 can be found in [9], the
following sections deal with the control and the inverse kinematics algorihm used in the telemanipulation
experiments. Thereby the inverse kinematic algorithm guarantees a singulaty free workspace and the
proposed admittance control algorithm assures stable interaction with § environments (see [9] for

exact values of displayable maximum sti ness).

2.1 General Control Scheme

Realization of a human haptic interaction with a remote environment requires controlling of the motion-
force! relation between the operator and the haptic input device. This can be achieved by either
controlling of the interaction force of the device with the operator (impedance display mode) or the
device motion (admittance display mode).

In order to provide e ective compensation of disturbances due to friction we implemered an admit-
tance control strategy for ViSHaRD10 as illustrated in Fig. 2. The interaction force hext = [foy  ext]’
of the operator is measured by a force-torque sensor and subtracted frotm,, the reaction force of the
telemanipulator with the environment. According to the desired dynamics, the resultent force h is re-
lated to the reference end-e ector velocityx,. An algorithm for inverse kinematics resolution calculates
the reference joint velocitiesq, (see Sec. 3.2 for a slightly modi ed version of this control law for the
slave manipulator). Alternatively, the mapping of the end-e ector to the joint mo tion can be realized at
the position or acceleration level. The joint anglesq, are the reference input to a conventional position

control law, e.g. a computed torque scheme [10].
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Figure 2: Admittance control scheme

Admittance control is particularly well suited for robots with non-linearit ies and large dynamic prop-

1Throughout the article force stands for both, linear force a nd torque, while motion in terms of a generalization of

position, velocity, and acceleration refers to both, trans lational and angular motion quantities.



erties compared to the environment being displayed (more detailed analysis of hajat control schemes
can be found in [11]).

2.2 Inverse Kinematics

In order to assure a singularity free workspace an adequate inverse kinematialgorithm is required,

which uses the redundancy ofViSHaRD10 to avoid singular con gurations. The mapping

x=Jq (1)

relates the joint velocity g2 R" to the end-e ector velocity x 2 R™, whereJ is the m n Jacobian matrix
of the manipulator. If n>m the manipulator is said to be redundant with respect to the end-e ector
task. Such a system allows for a change of the internal con guration without @ianging the position and
orientation of the end-e ector so that the redundant DOF is used to avoid interior singularities and
enable collision avoidance with the environment and the human operator. In thé case a solution to the
inverse kinematics problem, the calculation ofg from X, is not uniquely determinable as there are fewer
equations than unknowns. To solve this problem for the haptic input deviceViSHaRD10 a so called
partitioned inverse kinematic solution, a combination of two di erent inverse kinematics algorithms,
inverse function and pseudoinverse contralis investigated.
Pseudoinverse control : Liegeois [12] proposes a solution to (1) that applies the Moore-Penrose

generalized inversel # of the Jacobian matrix:
a=J"x+[1 3]y (2)

The rst term is the minimum norm joint velocity solution, and[ | J*J ]d, is the homogeneous solution
of (1) to project an arbitrary joint velocity vector g, onto the nullspace ofJ . The homogeneous solution
is used to improve the device performance when choosing, to optimize a performance criterion H (q),

a scalar function of the joint angles. Using gradient projection method, redundancy carthen be solved

by substituting g, with  r H(q) resulting in
g=J3%x+[1 JI*J] r H(q): (3)

Inverse function : Another approach to solve the redundancy is to de ne a single inverse function
giving the joint coordinates for each point in a speci ed subset of the end-e ector spaceln contrast to
pseudoinverse control these algorithms are cyclic (every closed path in the end-e eatspace is tracked
only by closed paths in the joint space) avoiding unpredictable joint motions.

Fig. 3 shows the kinematic structure of the hyper-redundant device for the reference con guation
with all joint angles g de ned to be zero. A simple inverse function is de ned when controlling the

SCARA segment and joint 6 and 7 to mimic the operation of three prismatic joints.
y
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Figure 3: Kinematical model of ViSHaRD10

where x, vy, z is the end-e ector position with respect to the base coordinate system. Setting jait
angle 5t00s= G0 i4:1 G a unique solution to the inverse kinematics problem for the translational
movement is determined.

Using the above mentionedinverse function for the translational and the pseudoinverse control
for the remaining rotational movement of ViSHaRD10 a decoupling of the tranﬁlational from th:e
rotational motion is achieved. Under this assumptions and considering thatq,, = & & % Go

; P, P
with o5 = g+ _; G andgg = Og+ ¢ G (3) becomes
Oyt = er#ot! +[| JfotJrot] rot I Hrot Arot - (7)

Here ! is the rotational Cartesian velocity command and J o 2 R® # the Jacobian relating Ot tO!.
In order to avoid singularities the manipulability index m = m(J) as reported in [13] or the criterion

used in [9] can be chosen as a performance criterion.

3 Telemanipulator Control

The idea of transparent and intuitive telemanipulation begins with the kinemati c design of the tele-
manipulator. To achieve this goal, the manipulator placed on the remote site ha to reveal the same
physical characteristics as the human limb, so that the operator can drive itas he/she would move
his/her own arm, without being overwhelmed with a di erent kinematic structure. Ana lysis of human
limbs reveals, that the minimum number of DOFs used for their reproduction is 7. The resulting design
consists of two spherical joints with three DOFs at the shoulder and the wrist, axd one rotational joint
at the elbow. The analysis presented in [14] shows that this structure is als@ptimal in the sense of
size/workspace relation. The teleoperator arms are shown in Fig. 9, the deits and Denavit-Hartenberg
parameters are given in [15].

For real world applications, when the robot has to interact with the physical environment, it is nec-

essary to specify the suitable compliant behavior. The motivation to use acompliant control algorithm



was stated in the early works of [16{18]. The main reason is to improg the contact stability and to avoid
large contact forces. This is particularly important in sti and unstructur ed environments. Because
the manipulator is designed as a mechanically sti structure, it is necessary to applyadvanced control
strategies to achieve such a behavior.

The methods of compliant control fall generally into one of the following categories. The rst one is
based on the force measurement on the robot end-e ector and modi es its motion corregmdingly, see
Sec. 3.2. Since this method relies totally on the measured forces, only those DoFsaynbe controlled,
for which the force measurement is available. As the result, the control is aéte only in contact. The
null space motion of the redundant manipulator remains rigid.

The second method shapes the motor torques so that the robot internal compliance nyabe assured
independently from the contact state and the contact forces, as described in [15]18]. Itis also possible to
control the redundant DoFs in a compliant manner, using the augmented task space concept dessbed
below. The disadvantage of this method is that it requires a torque interfaceto the motors and a
perfect dynamic compensation of the robot. Since the available dynamic models arusually imperfect,
the control must compensate also for the modeling errors. In consequence, the robbgs to be tuned
quite sti for an acceptable tracking performance. Consequently, a combinationof the two mentioned

approaches is applied in this work.

3.1 Redundancy Resolution and Augmented Task Space Formula tion

One of the serious problems in pseudo-inverse based control described in Sec. 2.2 is non-régplatity
of the joint motion and the inability to specify the self motion in an open way. While at the operator
site the selfmotion does not a ect the manipulation performance, at the teleoper#or site a predictable
manipulator motion is very important. To solve this problem, a positi on-based inverse kinematics is
employed. The con guration control [15,19] makes the Jacobian square and uses for control in the
same way as for a nonredundant case. The (1 6) task space vectory is extended with a vector lying
in the null space of the Jacobian, which in this case has the following physical saning: if the position
of the shoulders, the wrist w and the end-e ector are xed, the elbow e is free to swivel about the axis
from the shoulder to the wrist, as shown in Fig. 4. The angle (q) parameterizes the self motion of the
manipulator uniquely, so that the IK function is given as a function of the extended task s%ace vectlor
Xe =[y; ]T . The resulting manipulator Jacobian J isredened asa 7 7 matrix J (q)= J; %ﬂ’ ,
where J is the classical 6 7 Jacobian. The motion of the elbow of the human operator may be tracked
and used as a direct input to the inverse kinematics, giving the operator the posbility to control not
only the end-e ector, but the whole kinematic structure of the slave robot. A suitable tracker to measure

the human elbow posture is currently being built as an extension of theviSHaRD10 input device.



Figure 4: Arm angle de nition

3.2 Quaternion - based Impedance Control

The core of the impedance control [17] is that instead of controlling positons and forces directly, it
controls the dynamic response of the robotic manipulator by establishing a irtual mass-spring-damper

system on the end-e ector, as given in (8)

M pPgc + DpPgc + K pPgc = (8)

where f is Cartesian force,M ,,, D, and K , are inertia, damping and sti ness matrices and Py, Pgc
and pg. acceleration, velocity and displacement.

Using force as input, the above equation may be solved fopy., pPy. OrF P4 and executed on the
manipulator by any motion controller. Since all the solutions are complimeriary, one have a wide range
of choices for dynamic and kinematic control.

Forward integration of (8) is straightforward and does not pose aty di culty. On the contrary, nding
a complementary description of the rotational motion is somewhat problematc. Rotational motion is
naturally described by the torque and rotational velocity ! . The problem is, the simple integraIR! dt
does not have a physical meaning and is unsuitable for the description of the rotatioal displacement
and rotational sti ness. The commonly used three parameter orientation represetations (Euler angles,
RPY angles, etc.) are also unsuitable due to the algebraic singularities at ceria workspace points
(see [15]), and geometric inconsistency with the rotational velocity. The unitquaternion Q = f ; gwas
chosen as the orientation description, as a singularity-free representatior2p]. The rotational impedance
is then given as

Mol g+ Dol det Ko ac = , 9

whereM 4;D o; and K 4 are virtual Cartesian inertia, damping and sti ness matrices for the orientation,

and

2ET (; YKo ; (10)

A
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1

m
1

| S(): (11)

The operator S () performs the cross product between two (3 x 1) vectors. The rotational velociy and



the unit quaternion are related by the quaternion propagation rule

=T (12)
= 2EG (13)

Using quaternions enables a singularity free transformation of torques to thend-e ector orientations.
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Figure 5: Impedance control strategy; 4; ¢, e are desired, compliant and end-e ector frames,h -

measured forces and torques

Applying the relations (8) and (9), the desired Cartesian trajectory 4 is modi ed according to the
measured Cartesian wrenchh = [f ]T to obtain a compliant trajectory, see Fig. 5. The frame . is

calculated for example on the position level as

pc = pd pdc; (14)
Qc Qd Qe (15)

where denotes the quaternion product. As a result, the robot dynamics is masked and replaced ke
desired mechanical impedance. Such a controller is active only in contact situationand only for those
DoFs, for which the force/torque measurement is available, otherwise the desed and the compliant
frames remain identical. To enable the control of the redundant DoFs in a compliah manner, the
Salisbury's sti ness controller is applied as the underlying motion controller. This method is based on
expressing the joint space sti ness and damping as a function of Cartesian stinesK y and damping

D ¢ according to [18]

K JTK J (16)

JTDJ (17)

Dj

and using them in a classical joint space control loop. The corresponding block dgaam is shown
in Fig. 6, where the Impedance Equation block represents the equations (8) - (15)IK is the inverse
kinematics solution, K ; and D are joint space sti ness and damping matrices,M is the manipulator
inertia matrix, H is the torque resulting from Coriolis, centrifugal and friction forces, G is the gravity
part, and is the motor torque. The matrices K y and D\ are diagonal, and have the property, that
the particular elements on the diagonal correspond to the task coordinates. The cadinates for which

the force/torque measurement is available are controlled in the outer loop, @ to achieve satisfactory
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Figure 6: Telemanipulator position based impedance control

tracking performance the gainsK  and D has to be set relatively high, as observed in [15]. Lower

gain for the coordinate makes the null space motion compliant.

4 Overall Control Structure

Fig. 7 shows the block diagram of the implemented teleoperation control, whih combines the control
of haptic input device and telemanipulator to a two-channel force position architecture. While for the
haptic input device the control algorithm as mentioned in Sec. 2 is implemented, the teleranipulator
is controlled according to the control scheme presented in Sec. 3. Desired positi® are sent to the

telemanipulator and the measured interaction forces are fed back to the operatosite. In order to
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Figure 7: Teleoperation control architecture

reduce complexity, the architecture shown in Fig. 7 can be simpli ed assuming perfecposition tracking
(Xm = Xr, Xs = Xgc ) of both devices, which results in the structure depicted in Fig. 8. Since motions in
all directions are uncoupled in the local controllers, such a system may be vieweak a set of independent
1DoF linear systems. Additionally, zero communication delay is considered. This sipli es the stability
analysis considerably, so that classical linear methods are used in combinationith xed models of
the human and the environment impedances. More sophisticated analysis consideringpissor/actuator
dynamics is subject to future work.

As reported in [21,22] using impedance control instead of a pure position ctol enhances stability

of the overall telemanipulation system, if the impedance parameters are chosem ian adequate manner.
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Figure 8: Simpli ed teleoperation control architecture

This allows to operate in sti er environments than possible using a pure paition controller. On the

other hand one can see that in contact, as a result of the impedance control, the referenpesition of the

teleoperator will be modi ed according to (8) and (9). Consequently, transparencywill be in uenced

by the parameter settings of the slave impedance control. The sti er the impedancecontrol of the

slave the smaller the position deviation and the better the real environmenél impedance is reproduced.
As already mentioned this stays in contrast to the stability behavior of the system. As a result the
impedance parameters must be chosen in such a way that a tradeo between stabilitand performance
can be achieved.

Transparency is also a ected by the master control, since perfect transparency requés the master
mass to be set to zero. However this is not possible because the minimum targetdrtia of the haptic
display is bounded by stability. Therefore in free space motion a minimal mas and inertia necessary
for stability of the master control will be felt. However, the goal of this work is to provide a realistic

feeling for the contact situations, and this task is little a ected by the master inertia.

5 Experimental Results

The experimental setup, see Fig. 9, consists of the haptic input devic¥iSHaRD10 [23], the 7DoF slave
manipulator and the stereo vision system. According to the bilateral control gructure, the motion of
the operator is read by the master device and sent as the desired position to thelave controller. The
measured contact forces are sent back as the input to the master control. The devices monunicate
over the UDP network with a sampling rate of 1kHz, which is the same as fotthe local loop control.
Both manipulators are built using commercially available components combinedith aluminium/steel
construction elements. The actuation torque is provided by DC-motors coupled wih harmonic drive
gears o ering zero backlash. The motors are actuated by PWM-ampli ers supplying acontrol of the

motor current at a bandwidth of 2.5 kHz. In order to permit force feedback control the devices are

10



equipped with a six-axis JR3 force-torque sensor providing a bandwidth of 8kHz aa comparatively low

noise level. The joint angles are measured by digital MR-encoders with a resoluin of 4096 counts per
revolution, resulting in a comparatively high position resolution when multiplied with the corresponding

gear ratio. The slave arm weights approx. 13.5 kg with a worst case pdgad of 6 kg. The maximum

reach (shoulder to force/torque sensor) is 0.86 m. The haptic display disposed a cylindric workspace
with a diameter of 1:7 m  0:6 m and a maximum payload of 7 kg. The weight of all moving parts is
24 kg.

The elbow angle is kept constant in all experiments, due to the lack (at the current stage) of the
hardware system for tracking of the motion of the operator elbow.

The vision system consists of two CCD cameras placed on a 3DoF camera head. Thecorded video
streams are displayed on the head mounted display (HMD) carried by the operato The HMD has a
built in tracker, which is used for controlling of the motion of the camera heal. Such a setup provides
the operator with a realistic visual information about the location of the objects, the environments, and
the telemanipulator. Here the anthropomorphic construction of the telemanipulator plays an important
role: the operator can drive it as if it were his/ her own arm. The visual information is useful not

only for motion generation, but also for handling the contact and minimizing the e ects of impact. The

i stereo camera head

Position

ﬁ

Force
-

Vision

\
ViSHaRD10 7 DoF Telemanipulator
Master Slave

Figure 9: Experimental system architecture
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experiment consists of three tasks:
tracking of the free space motion
haptic exploration of di erent materials (soft and sti ), see Fig. 10a

driving a screw with an aluminium tool, see Fig. 10b. This last experiment consts of three
phases: contact with extreme sti materials, a classic peg-in-hole operatio and manipulation in

a constrained environment.

soft sponge

aluminium cone

a) b)

Figure 10: Slave side: a) di erent materials for haptic exploration b) the screw and the screwdriver

Fig. 11 and Fig. 12 show the position and force tracking performance durindghaptic exploration of
di erent materials (see Fig. 10a). The shaded areas indicate the contact phases. Onean see that
during the free space motion the position tracking of the slave arm worksrery well, while in the contact
situation, as a consequence of the implemented impedance controller, the slave pii@n diers from
the master position. Please note, that as the force tracking is very good,His position displacement
in uences the displayed and felt environmental impedance in such a way that hard objects i@ perceived
softer then they are. As the master controller is of admittance type, which reacs on the human force

input, non zero forces during free space motion are necessary to change the actual end-e ectoogstion.

Fig. 13 and Fig. 14 show the position and force tracking performance whd the two screwing phases.
Screwing di ers from the simple exploration scenario as more than one translabnal and rotational
constraint is active at the same time. One can see that the position displaceméns quite small in
comparison with the displacement during the exploration experiments. Also can k noticed that the
force tracking is very good in all translational and rotational directions. As the y-direction represents
the actual screwing axis, torques around it should be interpreted as human torquénputs necessary to
change the robot end-e ector orientation. The active compliance introduced by the impedance control
of the slave arm emulates a human like compliant behavior when interacting vth the environment and

enables screwing without destruction of screw and environment.

12
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exploration exploration

The experiment movies are available at www.lsr.ei.tum.de.

6 Conclusion

The development of an experimental teleoperation system in 6 DoF with dissintar master-slave kine-
matics is presented. The requirements for the experimental task may be summazéd as follows: accurate
position control, dextrous free space motion, singularity robust kinematc transformations, and stable
environment contact. To satisfy these requirements, an admittance controkr on the master side and
a position based impedance controller on the slave were developed. To assure thmbal parametriza-
tion of the rotational motion and the environment interaction, the unit quat ernion representation was
applied. While the redundancy of the master manipulators was e ciently utilized to fulll additional
kinematical or dynamical task, e.g. to avoid kinematical singularities, the slave's redundancy is solved
using con guration control. As a benchmark of the developed system, a 6DoF tele-aembly experiment

was successfully performed.
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