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Chapter 8

A M OBILE HAPTIC INTERFACE FOR BIMANUAL
M ANIPULATIONS IN EXTENDED REMOTE /VIRTUAL
ENVIRONMENTS
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Institute of Automatic Control Engineering

Technische Universit Minchen

Abstract

The concept of a new mobile haptic interface for unconségimimanual manipu-
lation is presented. This device, which has been developthe &ligh-Fidelity Telep-
resence and Teleaction Research Centre, Munich, Germidmysdocomotion and
haptic interaction at the same time. In contrast to mostiegidaptic interfaces, it
is therefore not restricted to desktop applications but afsables bimanual manipula-
tion tasks with high interaction forces in extended remotantual environments. The
design of this mobile haptic interface is based on a modyistesn consisting of two
components: two haptic interfaces and a mobile platform.|&thie haptic interfaces
only cover parts of the human arm workspace, the mobile gratfextends these to
arbitrarily large remote environments. A special desigth@mtrol concept of the hap-
tic interfaces makes it possible to decouple translatifnoah rotational movements.
This decoupling helps to significantly simplify the contedgorithms which handle
the interaction between the single components. The molaiteopm which carries the
two haptic interfaces must be positioned in such a way treafrtanipulability of both
haptic interfaces is maximized. Different optimizationastgies are presented and
compared. The motion of the mobile platform must be syndezhwith the control
of the haptic interfaces in order to hide the platform mofimm the operator. Finally,
experimental results are presented.
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1. Introduction

Haptic interfaces can be described as bidirectional human-system-get®rf®n the one
hand they provide the operator with force/torque information from virtnaémote envi-

ronments and on the other hand they are used to read the motion/forcefitipribperator.

In recent years haptic devices have received a lot of attention: Tuedftheir way into
applications such as medical training, rehabilitation, virtual prototyping, tejesy tele-

maintenance as well as micromanipulation.

However most existing haptic interfaces are limited in their degrees of freédw.f.),
have only a small workspace or/and a low output capability (velocity, aatala, and
force/torque capability). Thus tasks which require 6 d.o.f. manipulations vign ih-
teraction forces (high output capability) in extended remote or virtual emmients (big
workspace) are not possible.

In order to overcome these limitations, a concept for a new mobile haptic iceehnts
been developed. The mobile haptic interface consists of two different maipanents:
two haptic interfaces and a mobile platform. While the haptic interfaces only paves
of the human arm workspace, the mobile platform extends these to arbitragiyriemote
environments.

Possible applications for such a system are e.g. the control of a mobilegsdémpin
a telepresence scenario or the haptic exploration in extended virtuabeménts as e.g. a
virtual museum, see Fig. 1.
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Figure 1. Application scenarios of a mobile haptic interface: teleoperatistersy(left),
exploration of a virtual museum (right)

This paper is structured as follows: The following Section 2. starts with i@wegf
the state of the art in the field of stationary and mobile haptic devices. This sedgtlo
be followed by a design rationale and description of the new mobile hapticdnterSec-
tion 4. presents different control algorithms which have been applied toethalevice and
Section 5. reports some experimental validation results. Finally, Sectioméluces the
paper and shows directions of future research.
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2. State of the Art

In the past years, the interest in the development of haptic devices fastiete applica-
tions has dramatically increased. A huge number of different kinds dfchdevices has
been developed and partly commercialized. But almost all of these devieesagion-
ary devices with quite a small workspace and a moderate force level. én tardihcrease
the workspace of such devices, usually hand controlled input devicdsas a joystick
or mouse are used [8] or some indexing technique is applied. If contrifidogperator’s
hand is not possible, as in the case of bimanual manipulation, these deaitedso be
substituted by a special kind of foot pedal [2, 14].

Since the operator can not move around, none of these approacivetepa proprio-
ceptive perception of locomotion. As shown in [3], such incomplete or faigprioceptive
cues result in a deterioration of the natural orientation and navigatioritiéipa of a hu-
man operator.

More realistic locomotion interfaces such as treadmills and tracking systefmsrfan
operator locomotion can be found in the field of virtual reality applicationgsé&rsystems
allow the human operator to freely move around in the remote environmentobobtd
provide any force feedback information. Thus, simultaneous manipulatibtoaomotion
is not possible.

A known approach to circumvent this problem and allow simultaneous manipulatio
and locomotion is to use body grounded haptic interfaces such as exoskeldut as
reported in [16], working with exoskeletons is very fatiguing since thgeasf human arm
movements is restricted and/or long time operations are not possible be¢dahsehigh
weight of the system. In addition, mounting application specific end-effea@xtremely
difficult.

A much more advanced locomotion interface has been proposed in [1@ndlater
adapted in [4]. They mounted a stationary haptic interface on a mobile platfirmoe in
this case the weight of the haptic interface is fully supported by the platfoermphkrator
fatigue can be significantly reduced. But these systems allow only ordetdamanipulation
and their haptic interfaces are limited to either 3 or 4 d.o.f. In [12] the first biralamobile
haptic interface for haptic grasping in large virtual environments waspted, but again
haptic interfaces with only 3 d.o.f. were used.

The research presented here focuses on the development of a bimmentila haptic
interface with the ability to manipulate in full 6 d.o.f. Since the design is based on two
independently controlled modules - mobile platform and haptic interfacegieliaerfaces
with at least 6 d.o.f. are required. In addition a high output capability andveith is
necessary to represent stiff environments.

Stationary haptic interfaces that achieved a sufficient development staunostly
characterized by highly lightweight mechanical designs requiring noeaftirce feedback
control to provide a good backdrivability. E.g. the PHANToM family [9] beds to that
kind of systems. Only a few devices, e.g. the PHANToOM Premium as well aSEWFA
Haptic Device [5] show an improved but still moderate output capability. Asdthéce
workspace and therefore also the device size increase force sénsiagessary to com-
pensate for the increased friction and inertia. The HapticMASTER [20} sxample for
such a haptic device which provides 100 N continuous force, but is limitedito.B The
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6 d.o.f. device Mirage F3D-35 Haptic System [15] satisfies the forceinmgents (peak
forces of about 100 N), but is limited to a quite small workspace. The meoanadd haptic
interfaces are the Virtuose 6D40-40 with 30 N continuous force and &space of the
human arm reach as well as the INCA 6D of Haption with 40 N continuoufand an

almost unlimited operational workspace. While the former is too bulky to be mduwmte
a mobile platform, which is necessary for unconstrained bimanual manipyldimiatter

seems to be only suitable for one handed operations.

In order to fill this gap a new bimanual admittance type haptic interface called
VISHARD?7 has been developed, which is mountable on a mobile platform. Thus it is
not restricted only to desktop applications but also enables bimanual mditpukesks
with high interaction forces in extended remote or virtual environments.

3. System Setup

The mobile haptic interface comprises two haptic interfaces with seven denfrfeedom
VISHARDY7) each covering the most important working range of the human armseThe
two haptic interfaces are mounted on a mobile platform which extends the wsalgpace

to arbitrarily large environments. Using this setup, the operator can frealg around in
the virtual or remote environment and interact with it at the same time. An ovebfithe
complete system is shown in Fig. 2. It represents a typical application scevizre the
operator is immersed in a remote or virtual environment by wearing a headedadisplay
(HMD). This section provides a description of the single components, hafgidaces and
mobile platform, and specifies their connections.

cable guide

head tracker

platform tracker
head mounted display

left and right end-effectors

power electronics
left and right ViSHaRD7
onboard computers

mobile platform

Figure 2. Hardware setup in a typical application scenario.
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3.1. Haptic Interfaces

The kinematic structure of one of the haptic interfaces, callecBNARD7 (Virtual Sce-
nario Haptic Rendering Device with 7 actuated d.o.f.), is illustrated in Fig. holvs the
reference configuration with all joint anglgsdefined to be zero. The corresponding link
length design is summarised in Tab. 1. Fig. 4 shows a typical operatiorfadwation.
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Figure 3. Kinematic model of MGHARD?7.

The first joint has been designed as linear axis and enables vertical motioR -
direction. Joint 2 and 3 are arranged in a SCARA configuration and altmiipning in
the x x-yn plane. As known in the literature, the maximum manipulability of such a two-
link planar arm can be achieved for a construction with equal joint lengthgs, the link
lenghts two and three have been sébte- I3 = 0.35 m.

The SCARA part is in a singular configuration when link 2 and 3 are collingance,
configurations near the base have to be omitted. Joint 4 is used to prawguias con-
figurations in the wrist formed by joints 5, 6, and 7. Singularities in the wriseavhen
the axes of joint 5 and 7 are collinear, which can be avoided by a rotatimintf4. An
adequate inverse kinematics algorithm guarantees singularity free operatio

VISHARDY7 has been designed in such a way that joint 4, 5, 6, 7 intersect inla sing
point, where the angular d.o.f. are mechanically decoupled from the trianslones. As
already mentioned in [19], such a mechanical decoupling of the angolar thie trans-
lational d.o.f. has several advantages: The natural dynamics of theatiomal d.o.f. is
reduced and the torque capability of the rotational actuators can benctoosetch the ca-
pability of a human wrist so that no additional safety mechanisms are reglirédte case
of designing a mobile haptic interface consisting of two independently woddngponents
(haptic interface and mobile platform) such a construction can furthermgmnéicantly
simplify the algorithms which take care of the interaction between these two c@njson
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Table 1. Link length design of
VISHARDY

Link ¢ Length

l 0.6m
lo =3 0.35m
lyn =1l 0.2155m

e 0.3411m
l5 0.082m
l7 0.0654 m

Figure 4. Typical operational configuration.

The link length design guarantees a reachable workspace of almostcglivader with
radius and height of 0.7 m. Thereby, possible collisions with the arm itselfrenplatform
are considered. In contrast to this reachable workspace, the sateificof the dextrous
workspace of the device are given in Table 2.

The actuation torque of all rotational joints is provided by DC-motors coupli¢il
harmonic drive gears offering zero backlash. For the linear axisyiasuide Actuator
of THK has been chosen, which guarantees high rigidity and high agcufabrushless
DC-motor, which carries the whole weight of all movable parts, is used te this linear
axis. Since brushless DC-motors usually have better thermal propertiesdhgarable
DC-motors this results in a more compact design. An additional brake holdsatite
interface in a fixed position when no motor currents are provided. While @ihidtors
of the rotational joints are supplied by Copley amplifiers configured in torgaée, the
brushless DC-motor is driven by a 4QEC servo amplifier DES 70/10 of maratar with
sinusoidal commutation and digital current control.

In order to permit force feedback control, the device is equipped with-axd&xJR3
force-torque sensor providing a bandwidth of 8 kHz at a comparatigelyoise level.The
joint angles of the rotational joints are measured by digital MR-encodersawitsolution
of 4,096 counts per revolution, resulting in a high position resolution when rhettipvith
the gear ratio. The position of the linear axis is measured at the drive endiby a
Scancon Encoder with a resolution of 30,000 counts per revolution (guae encoder).
The combination of a slope of 10 mm/round of the linear axis and a maximum motx spe
of 5,370 rpm allows translational velocities of up to 0.895 m/s. The maximum phgba
the linear axis is 340 N and can be calculated considering the limit of the @venagie of
the motor, the slope of the linear axis, and the mass of all moving parts.

Matlab/Simulink Real-Time-Workshop is used to automatically generate code from
Simulink models, which is then executed on a RTAI real time operating system. Aiso
run with a sampling rate of 1 kHz. Data acquisition is performed by using $&ans$626
PCI-I/O boards.
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Table 2. Target specifications of YSHARD7

Property Value
=0.6m
transl. workspace =01lm @ %
r1=0.2m
ro = 0.6mM
rot. workspace pitch, roll: £360°
yaw: +60°
peak force vertical: 533 N
horizontal: 155 N
peak torque pitch, yawt1 Nm
roll: 4.8 Nm
trans. velocity vertical0.895 m/s
horizontal:1.1 m/s
rot. velocity* pitch, yaw:4.3 rad/s
roll: 8.9 rad/s
trans. acceleration verticad:2 m/s’
horizontal:13.5 m/s’
rot. acceleratioh pitch, yaw: 183 rad/$

roll: 318 rad/$
maximum payloatt 34 kg
mass of moving parts ~ 13 kg

*

numbers refer to a device controlled by inverse function,
see Sec. 4.1.1.
** calculated for zero steady state human operator input force

3.2. Mobile Platform

The mobile platform of the mobile haptic interface is used to position the hapticdnesrf
in such a way that their workspace is not exceeded. Therefore, thieenpddtform must
follow the motions of the human operator. Consequently, it must be able to marg/in
direction and turn around its own axis. An omnidirectional mobile platform id tséulfill
these requirements.

An omnidirectional, holonomic platform offers the highest degree of maaraiility.
Most holonomic platforms are based on Omni-Wheels or Meccanum-Wheelsrinici-
ple these wheels consist of small rollers or cones mounted on the circuiceeséa larger
wheel. This allows the wheels to be driven like a standard wheel but it Bdsesssidewards
movements with low friction. With a proper wheel arrangement, true omnidiredfibalo-
nomic behavior can be achieved. The disadvantage, however, is thiaethdarities in the
shape result in noise and vibrations during platform motions. These vihsadie very
distracting in a device designed for haptic interaction.

An alternative design consists in using a platform with four conventionakhwhich
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can be independently driven and steered. This also allows omnidirectiareuvering
with low vibrations but at the cost of non-holonomic constraints. In ordeeatize abrupt
changes of the driving direction the wheels need to be turned in the negtialire This
can lead to delays in the realization of a given desired trajectory. Howievéhre given
application, small deviations from the desired trajectory can be comperisatbd haptic
interfaces.

Figure 5. Hardware setup of mobile platform without payload

Following the above outlined rationale, an omnidirectional platform basedwrcbn-
ventional, independently driven and steered wheels is employed as drage fmobile
haptic interface (see Fig. 5). The developed platform has a maximum plagfcabout
200 kg. Maximum speed is around 1.5 m/s, maximum driving power is 600 WuFRber
details on the mechanical design, the reader is referred to [6].

4. Control Design

The objective of the presented mobile haptic interface is to allow haptic intemaatio
locomotion at the same time. These two requirements can be attributed to the twendiffe
hardware components haptic interfaces ViSHaRD7 and omnidirectional npdiferm,
respectively. As the dynamic properties of haptic interfaces and mobileoptatiffer
significantly, their motions can be regarded as decoupled. Thus, theriemodf the desired
environment admittance is solely performed by the haptic interfaces. In ttlisrsehe
control algorithms of the two different components - haptic interfaces aridlenglatform

- are presented and the coordination between them is discussed.

4.1. Control of ViSHaRD7

Realization of a human haptic interaction with a remote environment requirésoleon
ling of the motion-force relation between the operator and the haptic interfatais
can be achieved by either controlling the interaction force of the device wétloplera-
tor (impedance display mode) or the device motion (admittance display mode).

In order to provide effective compensation of the disturbances duediofr and
the natural device dynamics, an admittance control strategy has been imfddnfien
VISHARDY. In contrast to impedance control, which is frequently used for ligtiteghly
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backdrivable devices, admittance control is particularly well suited footowith high dy-
namics and non-linearities. The high gain inner control loop closed on mdkwvsgor an
effective elimination of the nonlinear device dynamics. Interested reas®yshave a look
at [17] for a more detailed analysis of haptic control schemes.

In admittance control the minimum target mass and inertia of the haptic display is
bounded by stability: When the human operator touches the device andpaee mo-
tion should be rendered, the device needs to accelerate very quickly.adain implies
very high control gains, which cause potential stability problems duriregdpaice motion.
Thus in free space motion a minimum mass and inertia necessary for stabilityro&#ter
control have to be implemented. While the minimum mass is realized in form of a double
integrator

fn=Mrin, (1)

the implementation of the minimum rotational ineriM ; is based on the well known
Euler's dynamical equations of rotation, see [13] for more details. Thigemdgnamics
relates the interaction fordB.y to the reference end-effector velocity. An algorithm for
inverse kinematics resolution calculates the reference joint velogitieShe joint angles
g, finally are the reference input to a conventional position control law, iagdependent
joint controllers or a computed torque scheme.

@ Gr qr Motion T

Master Inverse . m Haptic
O— > mal Controller »(f)_»
JT

\

Dynamics Kinematics Display

| Fe

Figure 6. Admittance control scheme.

4.1.1. Inverse Kinematics

The inverse kinematics, the mapping of the end-effector to the joint motiorheaither
realized on the position

q=f(z) )
or on the velocity level.

q=f(x)), @)

wherebygq, g € R are the joint angle and velocity ang « € R™ the end-effector posi-
tion and velocity. Since for VSHARD7 n > m the manipulator is redundant with respect
to the end-effector task. This redundancy allows changing the inteonéiaration with-
out changing the position and orientation of the end-effector. This impliesithaenique
solution for the inverse kinematics problem given by (2) and (3) can heede

To solve this problem for the haptic input deviceSHARD7 a simple inverse func-
tion for the whole haptic interface has been defined, which decoupleddtiamal from
rotational movements and thus simplifies the interaction with the mobile platform.
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A simple inverse function is defined when using the following mapping from giAt
gles to Cartesian positions:

27
= [— 4
o = (o5)= @
z? + y?
= arctan2(y,z) + cos ! | ——2—— |, 5
_ 2 + 32
g3 = cos ! <1 — 212y > + (6)

where (, y, z) is the end-effector position with respect to the haptic interface base coor
dinate systenty, ¢; are the joint angles of theth joint, and!l is the link length of link 2

and 3. By setting joint angle 4 @, = g4 — Zf’:z ¢:, @ decoupling of translational and
rotational motions can be achieved. It should be noted that this speciasénfterction
implies a singular configuration at the point= y = 0, which has to be omitted.

For the rotational part an inverse kinematics solution operating at the anvgldaity
level has been applied. In a first step the time derivative of the endt@fferientation
(given by means ofzz-Euler-anglesa, 3, v]) can be calculated from the angular velocity
of the end-effectow g:

. cos sin

é 0 GoB  “eosp

6 =120 sin 7y coS 7y wp. (7
: 1 — sin fcosy  sinFsin~y

v cos (3 cos (3

Choosing the Euler-angles in such a way that they correspond to therjgjieisas, g¢
andq; the inverse function for the rotational part is given with:

g5 = Q, (8)
g6 = _5 + 77/27 (9)
@ = 7 (10)

This inverse kinematics solution has a singular configuratiorfer k7 /2 with £ € N,
which however can be easily avoided by introducing a joint limitationfor

4.2. Control of the Mobile Platform

The mobile platform is operated in velocity control mode. As the operator motamsot
be reliably predicted, a control scheme which does not rely on a pregagrath is used.

The kinematic structure of the mobile platform is depicted in Fig. 7a. The controlle
of the mobile platform needs to ensure the coordinated motion of all wheelalliveheel
normals must be either parallel or intersect in a single point. The respeadiael config-
urations are called admissible wheel configurations (AWC). All AWCs @arepresented
on the surface of a unit sphere and can be described by using twdcsplagles: the
azimuth angle; represents the direction of the translational motion and the altjude
measure for the relative amount of rotational motion. In Fig. 7b the unitrsphedel is il-
lustrated. All configurations on the equatgr=€ 0) correspond to pure translational motion
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Figure 7. (a) Kinematic model of the mobile platform (b) Unit sphere reptaten of
wheel configurations.

while configurations at one of the poles+£ +7/2) represent pure rotational motion. The
absolute motion speed is described by a generalized velocity

A desired velocity in Cartesian coordinates= (&, y, @&) is first translated into the
triple (n, ¢,w). This triple is then used to calculate the desired steering anglasd wheel
velocitiesy; of the four wheels € {1...4} by solving

v, < COoS ©; ) :w< cos ( cosmn — KGYg; sin > , (11)

sin @; cos( sinn + Kgxr; sin ¢

where(zg;, yr;) are the coordinates of wheekith respect to the platform center point. For
translational motionsw| is equal to the translational velocity|; for rotational motions,
|kqw| is equal to the angular velociqym Finally, the desired steering angles and wheel
velocities are implemented by the local controllers in each wheel-module. A mdept
description of the mobile platform control can be found in [11].

4.3. Position Optimization of the Mobile Platform

The core idea of the presented mobile haptic interfaces consists in using ktile piat-
form to position the two haptic interfaces at the optimal position in the environniérmet.
position is optimal when it provides the operator with maximum manipulability at all times.
Therefore, a mathematical description has to be derived which calculategtimal plat-
form position. This optimal position is calculated in the platform coordinate syste.

it represents a relative position which can be easily transformed to theedigdatform
velocity by a linear P-controller. The desired velocity is the control input éopilatform
controller described in the previous section.

In order to simplify the optimization problem, only the planar degrees of freeai®
considered. This is possible because the mobile platform can only pgpfanar motions,
i.e. translations inc— andy—direction and rotations around theaxis. Furthermore, the
planar degrees of freedom are also decoupled in the kinematics of ttie inggrfaces (cf.
Fig. 3). Consequently, only the joint anglesandgs of both arms are needed to compute
the optimal relative platform position.
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4.3.1. Manipulability Measure

When maximizing the manipulability of the haptic interfaces, different types ofipoan
lability and different manipulability measures can be considered. Most imybytane
can distinguish between force manipulability and velocity manipulability. In theéor
case, the configuration dependent ability to exert forces is measuhedeas in the latter
case the ability to generate velocity is described. In a device with serial kilossach as
ViSHaRD7, the force manipulability cannot degenerate. In contrast, tbeitgemanipu-
lability degenerates close to singular configurations (see [21]). Torerehe optimization
strategy is designed to maximize the velocity manipulability of the haptic interfaces. T
this end, a manipulability measure based on a singular value decompositionlattigan
is used.

The manipulability of the haptic interfaces is bounded by the maximum joint veloci-
ties. The resulting maximum velocities in Cartesian space are computed usitag tiéah
J (g2, q3) of the SCARA part of ViSHaRD7. The smallest singular vatyg(q2, g3) of
J (g2, g3) is commonly used as a measure of manipulability. It describes how fast the end
effector can move in an arbitrary direction without allowing the joint velocitigs g3)
to leave a unit circle. Therefore, maximizing the smallest singular vajugy-, ¢3) also
maximizes the allowable Cartesian velocity of the end-effector.

The Jacobian is defined by:

s R\ ([ —lasin(ge) — l3sin(ge +q3) —lzsin(ga + g3) 12
=% ) -(; l | )
e e 2008(q2) +l3c08(g2 +q3)  l3c08(q2 + q3)

In order to calculate the maximum Cartesian velocities with respect to the given ma
mum joint velocitiesjs yqz, 43,maz, @ SCaled Jacobian is used:

R = diag(q2,ma$7 q3,ma$)7 (13)

¢ = R7'¢,whereq = (q2,¢3)", (14)

Jg = (JR)G=Jq, (15)
ot q2 max 0

< 0 q3,max > ( )

The smallest singular valug,, (g2, ¢3) of the scaled Jacobiaﬁ(qQ, g3) is the maximum
speed with which the manipulator can move in an arbitrary horizontal directile e
joint velocities stay within the given constraints.

Fig. 8 shows the planar velocity manipulabiliy, () of one ViISHaRD7 for all reach-
able end-effector positions. It is affected by angle only. Thus, the manipulability is
constant on circles around joint 2 and the maximum manipulability is given ocla @iith
Topt = 42 cm.

4.3.2. Maximizing Manipulability

As shown in the previous section, the manipulability is optimal when the endteffpo-
sition is located on a circle with radiusg,;. This criterion yields a solution for the optimal
anglegs of both haptic interfacesq,o andq;; should be chosen in such a way that their
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Figure 8. Manipulability and circle with maximum manipulability in the base coordinate
system of ViSHaRD7. On the dashed circle the manipulabilityx) is maximized.

minimum distance to the joint limits is maximized. This is achieved when both joint an-
gles,q2 andgo, are equal. The resulting configuration is symmetric and the corresponding
platform position can be obtained by simple geometric calulations: the platformmbaus
aligned parallel to the connecting line fram to xr and its center point must lie on the
perpendicular bisector of the connecting line (see Fig. 9).

Figure 9. Geometric solution for optimal platform positioning.

The end-effector positionsy, andx g are used to compute the connecting vedtand
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midpointx .

d = xp—xr, a7

TN = %' (18)

The vector from the optimal platform positiatip,o: to the midpointz as is obtained
by calculating its direction which is perpendiculardgpointing away from the platform
and the optimal distance,,;:

n = —— Xe, (19)

d| —dp\?
— Wﬁ_(ﬂ ), o0

Finally, the optimal platform positio® p,op: is calculated:

L P,opt = LM — Topt * T (21)

As the platform can only perform planar motions, theomponent of p, ¢ is ignored.
The optimal platform orientatiottp . is identical to the direction of the normal vecter

wP,opt =/n (22)

4.3.3. Including Human Arm Workspace in Optimization Strategy

The approach presented in the previous section always convergesmdiguration of the
haptic interfaces which provides the operator with the maximum velocity manipiylab
This solution works well for slow motions of the operator where the dynanfitiseoplat-
form can be neglected. In this case, the end-effector positions willyalwa close to the
points of optimal manipulability. For fast operator motions, however, the molzitéopm
cannot reposition the haptic interfaces fast enough to avoid a signiflegréidation of the
manipulability. For even faster motions, the end-effectors can reach threlages of the
admissible workspace.

It is, therefore, desireable to take the different dynamics of human matitmgon-
sideration. Analogously to the motions of the mobile haptic interface, human matons
be decomposed into fast motions of limited range which are performed by tErsgms
only and slower, but unlimited motions performed by using the legs. Accotditids idea,
the mobile platform should always be positioned in such a way that the tuogkspace
of the human arms is mostly covered by the workspace of the two haptic irgsrfabis
optimization goal requires maximizing the overlap between the workspaces bfithan
arms and the haptic interfaces. However, this optimization problem canrsuihzed in
real-time due to its high complexity. Furthermore, the human arms can geneatitios
far higher than the maximum velocities of the haptic interface in almost any coatfig.
But then, only moderate velocities are used in typical application scendrtbe aobile
haptic interface.
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Figure 10. a) Workspace of human right arm in shoulder height (solijldine approxima-
tion by a semicircle (dashed line) b) Mapping from actual to effectiveadfettor positions.
The point of origin is coincident with the shoulder of the human arm.

Therefore, a simplified approach to take the human workspace into aéspuesented.
Fig. 10a shows the computed workspace of the human arm based ori@qdigal model
(see [7]). The relevant workspace can be well approximated by a iseleic

If the operator holds the end-effectors close to the workspace boaadé his/her own
arm, the respective haptic interface does not need to provide the full nratige in the
direction of this boundary. To this end, the position optimization describeddn4sg.2.
is no longer applied to the actual end-effector positisasandx g, but instead to shifted
end-effector positions, andx’;. The method for obtaining these effective end-effector
positions is illustrated in Fig. 10b: end-effector positions in the outer redighnt-gray)
are moved to the border of the inner region (dark-gray). In the inmgomeno change is
applied.

The advantages of this approach can be seen in figure 11: In condititve @perator
holds the end-effectors close to his/her body. Consequently, his/imsr @n only per-
form small position changes away from the mobile platform, but large positianges in
direction of the mobile platform. To account for this asymmetry, the mobile platierm
positioned farther away from the end-effectors (¢fy — 2/, in Fig.10b). Condition c)
shows the opposite condition, where the operator arms are fully extemdetthe haptic
interface is positioned closer to the end-effectors {gf. — z/; in Fig.10b). Condition b)
represents the nominal case without position mapping.

Including the human arm workspace in the position optimization strategy aifiemn-
tages when the operator often makes fast motions using the full workephisgher arms.
However, if the operator performs abrupt motions using his legs, themeahce can in
some cases be deteriorated because the haptic interfaces are usetbdlusevorkspace
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Figure 11. Mobile platform positioning for different arm postures: ajtlams, b) neutral
position, c) extended arms.

limits. Furthermore, it should be noted that including the human arm workspgcées
the position of the operator to be tracked. In most application scenariag]jditenal effort
can be neglected because the position of the operator is already neede@tdly position
the teleoperator or avatar.

4.4. Overall Control Structure

The complete control structure of the mobile haptic interface is illustrated in BigThe
interaction forces with the operator are measured for both hands bg/ttangque-sensors.
The controllers of the two haptic interfaces implement the desired master dyasing
an admittance control structure. The resulting end-effector positiortsaasformed to the
platform coordinate system and used to calculate the optimal platform poditieractual
end-effector positiong g, «z, are transformed to account for limitations of the workspace
of the human operator as described in the above subsection. From ffextives end-
effector positionse’y, «’, the optimal platform positiont p,op: is determined through
simple geometric calculations. The desired optimal platform position is transfiotone
a desired velocity by employing a linear P-controller, and some non-lingatitaming
elements like a small dead-band zone and a velocity and acceleration limitelly, Rivex
desired velocityt p op¢ is input to the platform velocity controller.

5. Experimental Validation

In this section experiments are described which have been conductedeintorvalidate
the designed system. The mobile haptic interface is employed in tasks like egdbmge
environments, performing local manipulation, carrying objects over laggarttes, etc.
The evaluation is conducted using a virtual reality (VR). The evaluationisaskmove
an object along a predefined path which is presented in the VR. The trgjéstchosen
such that it includes straight walking, arcs with different curvaturel, @azigzag course
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Figure 12. Overall control structure of the mobile haptic interface.

resulting in abrupt changes of the walking direction. This experiment is suitiéd for
assessing the maneuverability of the mobile haptic interface.

5.1. Setup

The experiments require an extensive virtual environment in which thetmpenoves us-
ing the mobile haptic interface. Therefore, they are conducted in a labpeteironment
of approx. 5 m x 5 m which is fully covered by an acoustic tracking system allowing
to record motions of operator and mobile haptic interface. The resolutioredfabking
system is about 1 mm. The operator wears a head mounted display (HMD) gikigs
visual feedback according to the current operator position and gasgion. The scene is
displayed with a resolution of 1280.024 pixel at a framerate of 30 Hz. The visual render-
ing of the virtual environment is performed on the onboard computers ahtigle haptic
interface. This reduces the cabling effort.

The virtual room only contains some structured walls which the operatdsre®rient
himself/herself and a structured floor with the desired trajectory (see Big. 1

Figure 13. Floor of virtual room with commanded trajectory.

The test persons are instructed to move along the path starting fromSagtast and
accurately as possible. During the movement on the circle, the object mosehtated to
the end pointZ, resulting in a sidewards movement of the test person. The experiment is
carried out with persons without any prior experience in the use of hapgifaces as well
as with persons who are acquainted with the use of haptic devices.
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5.2. Results

During the experiment the travelled path of the operator is recorded in YRlicmtes. Two
exemplary trajectories taken from an unexperienced and an expeatieseeare shown in
Fig. 14. Obviously, there is a significant training effect in using the mobitibianterface.

The total travelled distance is 21.2 m for the unexperienced subject abanifer the
experienced subject. The difference is caused by the smaller path deviatid the smaller
circle radius for the experienced user. The task execution times for \gadkimg the path
are 74 s and 81 s, respectively. The observed results are in aocerdéth the general
experience that operators who are used to employing haptic interface®teperate more
slowly but also more precisely. The resulting average speed is betweertdand 0.29 m/s
which is equivalent to speeds up to a quarter of normal walking speemtias of execution
times between telepresent and direct task execution are typically aboyeHif:fatio of
4:1 is comparatively low.

a) b)
Figure 14. Travelled trajectory: a) unexperienced subject, b) exprxiesubject.

6. Conclusion

A mobile haptic interface allowing simultaneous haptic interaction and naturahiation
in arbitrarily large remote or virtual environments has been presentedieMime combines
the ability to operate bimanually in full six degrees-of-freedom, high intenad¢ticces and
torques, and the useability in extensive scenarios. While devices exgdt also provide a
solution to one of the mentioned criteria, no other system has been previiwasinted in
the literature which integrates all these aspects into a single device.

For this mobile haptic interface a modular design concept consisting of tweretiff
main components - two haptic interfaces and a mobile platform - has beerspthphile
the haptic interfaces only cover parts of the human arm workspace, thiéerptaiform
extends these to arbitrarily large remote environments. The presented desigontrol
concepts of the haptic interfaces enable a decoupling of translationatétational move-
ments, which significantly simplifies the control algorithms which handle the interac
between haptic interfaces and mobile platform. In order to ensure a goddutaaility of
the haptic interfaces the mobile platform has to be positioned appropriatetydifisrent
optimization strategies to position the mobile platform have been investigated: Wile th
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first approach, based on the maximization of the manipulability of the two haptitaoés,
is suitable only for slow motions of the human operator, the second appatscncludes
the human workspace in the optimization strategy and thus can also be ufzesd éprerator
motions. The experimental results clearly show the good maneuverability oétetoped
system.

Future research challenges are a more detailed evaluation of the mobileihtzptace
and the integration into a teleoperation scenario.
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