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Abstract—This paper discusses the design concept of a explored and employed for haptic interface kinematics.
hyper-redundant haptic interface with 10 actuated degrees- The only kinematically redundant haptic devices known
of-freedom (DOF). The kinematical redundancies allow a {5 the guthors are exoskeleton constructions, off-thé-she

signi cantly larger workspace, while reducing the overall . . .
device size. Moreover, an increase in a variety of dexterity redundant industrial robots, and the 7 DOF DLR light-

measures and a singularity robust redundancy resolution can Weight robots [6] which are, however, not speci cally
be achieved. Numerical studies comparing the performance of designed for haptic applications.

local redundancy optimisation techniques are presented. Be-  |n order to offer a haptic device allowing high force
e meris 2 tasks in large volumes we designed the hyper-edundan
' system VSHARD10 (Virtual ScenarioHaptic Rendering
Device with10 actuated DOF). This design is based on the
experiences obtained from a non-redundant haptic device
Haptic interfaces are force feedback devices enablingiSHARD®6 previously developed [7]. Both devices em-
bidirectional human system interactions via the sense @floy a force-torque sensor for active force feedback contro
touch. Being able to exert and react to the operator'so shape the device dynamics. Directed towards versatility
motions and interaction forces they are used to mimic thand extensibility the objective is to provide a testbed and
dynamic behaviour of virtual or remote environments inexperimental environment for a rapid evaluation of haptic
virtual reality and telepresence systems. Although inmece applications.
years haptic devices have been successfully implementedThis paper is organised as follows. Section Il briey
in various task domains including e. g. medical and surgicakviews the requirements and state of the art of haptic hard-
VR systems [1], rehabilitation, tele- and micromanipwati ware also discussing the use of kinematic redundancies.
[2], telemaintenance, virtual prototyping, scienti c ue-  Section Il presents the system design ofSHARD10
isation [3], and education [4], their enormous applicatiorand section IV basic control strategies along with the
potential does not seem to be exhaustively investigated amgerse kinematics solution techniques. Section V present
exploited. a construction possibility for virtual environments based
The exploration of novel applications is often impairedmethods for visual and haptic rendering. Finally numerical
by the unavailability of qualied haptic hardware. Sce-studies evaluating the performance of local redundancy
narios involving operations in large regions are e. g.elittl optimisation techniques are presented in section VI.
studied mostly due to the fact that commercially available
haptic devices suffer from comparatively small workspaces Il. KINESTHETIC DEVICE DESIGN
Among the reasons fpr this is the.design r'ationale o Requirements
most interfaces to provide low dynamic properties. A large
workspace seems to be contrary to this requirement because®n ‘ideal’ haptic device provides for a large variety of
it usually leads to large and heavy interfaces with reduce@@ptic applications a completely transparent interfadbeo
mechanical stiffness. A possible solution to this problenfeémote or virtual environment, i.e. the user cannot detect
is the introduction of actuated kinematic redundanciesdny difference to the interaction with real objects. The
These can be exploited for the avoidance of interiofr@nsparency and versatility of haptic devices is affetted
singularities allowing for signi cantly larger workspage & number of design criteria characterising its performance
without increase of the device size. Besides the increase of Dynamic properties:In unconstrained motion (e.qg.
workspace the redundant kinematical DOF offer a potential  free space simulations) no force generated by the
for operator collision avoidance and improvement of the  natural device dynamics should be felt by the operator.
dynamic properties and output capability. Even though  Accordingly, the mechanical device impedance, i.e.
redundancies have been successfully introduced in indus- the inertia, mass, and friction, should be minimised.
trial robot designs, see e.g. [5], this concept is onlydittl An additional signi cant lowering of the dynamic

I. INTRODUCTION



properties can be achieved by active force feedbadkstance the "Rutgers ankle” orthopedic rehabilitaticketin
and/or acceleration control. face [12] or the Laparoscopic Impulse Engine (Immersion)
Stiffness: The maximum stiffness of virtual walls a with a kinematical design and output capability matching
haptic device is able to render is dependent on thexactly the requirements of minimally invasive surgical
mechanical rigidity and the stiffness of the achievablesimulation.
stable control. The control stiffness is enhanced by For general tool based applications the PHANToM de-
an increase of the mechanical damping (friction)yvices (SensAble Technologies) developed at MIT [13] are
the sampling rate, and the resolution of the senthe most widely used. They are available in a variety of
sors and actuators [8]. The mechanical rigidity alssizes and 3 or 6 actuated DOF. Offering low dynamic
affects the device frequency response. The exibil-properties they are able to render free-space in a high-
ity of the mechanical structure may result in non-quality. The haptic display of stiffness is, however, liett
collocated exible modes degrading the device closeddue to the low physical damping present in the joints.
loop bandwidth and active force control performanceAnother passive design with disturbance forces very close
if not compensated by dedicated control laws, se¢o the human perceptual threshold is the Freedom 6S (MPB
e.g. [9]. To realise an accurate positioning as wellTechnologies), the commercial version of Freedom 7, see
as a wide output bandwidth the backlash of the joinf14]. As a result of their wide frequency response they are
components has to be low. capable of displaying tactile information by providing hig
Output capability: The device output capability by frequency vibrations. These vibrotactile stimuli allonpha
means of maximum force, velocity, and accelerationic exploration of virtual objects by using a tool. However,
de nes limits for the haptic interactions that can bea realistic direct interaction with the user's nger or hand
rendered. It was for instance found that the abilitycannot be realised; for instance the human discrimination
to display impulsive forces e.g. from impacts andof small scale shapes requires distributed tactile stimuli
hard contacts is strongly related to the deceleration Another de ciency of these interfaces is the lack of
capability [10]. Moreover, a low output capability force measurement. As a consequence they cannot be used
can reduce the performance of active force feedbador applications that fundamentally require the device to
control because actuation saturation may reduce thender an admittance. An example for such an application
closed loop robustness. is a bone drilling training scenario where the surgeon
WorkspaceThe decision for the number of the DOF should learn to apply a dedicated constant force to the drill
and the size of the workspace mainly affects the rangel5]. Commercial devices providing force sensing are the
and variety of applications the interface can be applie®ELTA Haptic Device (FORCE dimension) [16] and the
for. VIRTUOSE 6D (Haption). Both provide force feedback in
Extensibility: Besides the workspace and the outpusix DOF with increased (but still moderate) force capapilit
capability the most in uential factor for the versatility compared to the PHANToM 1.5/6 DOF device.
of the device is its extensibility. The addition of A common de ciency of these commercially available
complex end-effectors requires suf cient mountinghaptic devices is their comparatively small workspace
space and torque capability to compensate for thand low force capability forbidding e.g. large ergonomic
payload. studies and the display of stiff immovable walls during
Safety: If the application calls for a large interface assembly and disassembly simulations. One of the reasons
with high output capability careful attention has tois that the design rationale to have low dynamic properties
be payed to safety measures ensuring that a computer contrary to other requirements as versatility or large
or device malfunction does not result in user injury.workspace.
A common and comparatively reliable procedure is For haptic realisation of tasks requiring a large
to cut off the motor power in case joint velocities workspace and high force capability often off-the-shelf
go beyond a given threshold which usually happen@dustrial robots are used [17], [18]. These robots are,
when the system becomes unstable. However, offeringowever, not optimised for interactions with humans; the
a limitation of the kinetic energy this method alsoforce capability exceeds by far the strength of a human
degrades the dynamic performance. and the mechanical stiffness is much larger than required
It is intuitively clear that these requirements are comtrar for haptic applications. Consequently, these devices show
and one has to balance amongst them Human perceptiiafjor de ciencies regarding dynamic properties and safety
thresholds can be used to establish general design guidgspects. Interfaces with human matched force capability
lines [11], but hardware limitations usually necessitéie t and workspace, i.e. devices lling the gap between pas-
de nition of task speci ¢ requirements. sive designs and industrial robots, are uncommon and
rarely available. Two of the very few examples are the
B. State of the art Excalibur device [19] with very high peak stiffness and
Nowadays, kinesthetic haptic interfaces are commethe HapticMASTER (FCS Control Systems) [20] showing
cially available for a wide range of application areas. Ingood performance regarding deceleration capability. Both
order to provide maximum performance a variety of highlyprovide 100 N continuous force in 3 DOF but in a rather
specialized devices has been developed. This includes ftimited workspace.



The following summarises some of the well known attrac-
tive features available in redundant kinematical designs.
WorkspaceThe redundant DOF can be used to avoid
interior singularities. This can drastically increase the
100 workspace while simultaneously reducing the device
size.
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%7 100 -100 ¥ Dynamic propertiesThe selfmotion can be controlled
to maximise inertial performance criteria and to re-
Fig. 1. Workspace o¥ISHARD6 duce friction forces at the end-effector.

Output capability:Also feasible is the maximisation
Another approach to provide a large workspace com-  of performance criteria affecting the output capabil-
bined with high force are exoskeleton constructions with ity as e.g. force/velocity transmission or acceleration
jointed linkages xed to the operator. A drawback of capability.
arm exoskeletons is that they tend to be quite complex Collision avoidanceRedundancies offer an increased
and encumbering as for instance the SARCOS dexterous potential for collision avoidance with the environment
master. The fact that exoskeletons are rmly attached to  and human operator.

the user causes comfort and safety problems. Although these attractive features kinematical redundan-
cies are rarely used for haptic devices. A possible explana-
tion is the increased cost and complexity of the mechanical
One of the reasons for the limited workspace of mos§esign. To control the redundant DOF a computational
haptic devices is based on the kinematical design whichugmentation is unavoidable. Also, the introduction of
is almost exclusively non-redundant (equal number Ofdditional joints seems to be contrary to the objective
actuated joints and DOF at the end-effector). Large aiof low inertia and high stiffness. The potential reduction
eas of the workspace are often not available for haptigf the device size relaxes these disadvantages. Moreover,
simulations due to the existence of interior singularitiesthe removal of the interior singularities allows to operate

Singularities are positions in space where the robot loosgg workspace regions with increased stiffness and output
a DOF. Whereas in common industrial robot applicationgapability.

it is frequently allowed to drive the robot through such
singularities it is necessary to circumvent these location lll. DESIGN OFVISHARD10
in haptic systems for the following reason: around thesé. Design rationale
positions the dynamic properties of the robot degrade due The main design objective for the new hyper-redundant
to the fact that high joint velocities only produce smallhaptic interface is to provide a versatile haptic display
endeffector velocities in certain directions. This resifta  with distinct advantages compared to existing solutions
signi cant impairment of the end effector output capalyilit with respect to applicability for a variety of applications
regarding acceleration and velocity. Because the device cgarge workspace free of singularities; high payload to
be moved by the human operator at will motions alongaccommodate various application speci ¢ end-effectors as
these directions cannot be avoided by trajectory planning.g. surgical tools like drills [1] or scissors, to mounttiiec
methods. stimulation actuators for combined kinesthetic and tectil
To illustrate the effect of interior singularities the feedback; offer redundancy to avoid user interference; pro
workspace of YSHARDG, a 6 DOF haptic interface [7], vide dual-arm haptic interaction with full 6 DOF capability
can be viewed. Fig. 1 shows the singularity free translatagain redundancy facilitates collision avoidance betwee
tional working volume allowing arbitrary orientations of the two arms).
the end-effector in the range &60, 90 , and 360 for This versatility is advantageous as it provides a bench-
the angle of roll, pitch, and yaw, respectively. Althougk th marking testbed for the development and feasibility stsidie
working area is comparatively large an area in the centasf novel haptic applications. When new applications are
of the workspace is not available for haptic interaction dueleveloped, which require a certain workspace or force
to interior singularities. Singularities are also the meas capability, the proposed redundant device can be con-
for the limitation of the angular workspace. It is in generalstrained to these speci cations by appropriate controller
true that an angular workspace 80 around each axis design; this includes the development of dedicated inverse
is not achievable for non-redundant 6 DOF robots. kinematics algorithms incorporating the speci c needs of
These fundamental limitations of non-redundant manipthese applications. Once the new haptic application has
ulators are the motivation for the design of an haptideen rudimentarily developed usingSHARD10 and the
interface with actuated kinematical redundancies. Thedeasibility is veri ed, a tailored, highly specialised hap
systems allow for a change of the internal con gurationdisplay can be developed.
without changing the position and orientation of the end- Subsequent investigations will have to tackle novel re-
effector. This kind of motion is calledull-space movement dundancy exploitation techniques specic to the goal of
or selfmotion A well directed control of the selfmotion haptic human-device interaction and therefore very differ
may contribute to increase the overall system performancent from the known redundancy control methods in the

C. Kinematic redundancies



literature. Main difference is that the trajectories ar¢ no
known in advance as the device can be moved by the
human operator at will. Furthermore, the human comfort
has to be considered. We expect for instance that the device
selfmotion has to be simple to understand and anticipated
by the operator. Unpredictable motions are likely to dis-
comt the user by creating the feeling to interact with an
unpredictable piece of hardware.

force sensor

,,,,,,

B. Standard 7 DOF anthropomorphic arm designs Fig. 2. Typical 7 DOF Fig. 3.  Hyper-redundant haptic

. . . . . anthropomorphic  robot device MVSHARD10
Our rst considerations regarding the kinematic de- g, pomorp

sign of a redundant interface have been focused on the
class of standard kinematical designs consisting of a 3-
jointed spherical shoulder, a single elbow joint, and a 3the hyper-redundant design with 10 DORSHARD10, is
jointed spherical wrist. These arms can be described &epicted in Fig. 4, the link length design is summarised in
anthropomorphic after [21]. Exemplarily, a con guration Tab. I. It shows the reference con guration with all joint
with a wrist in roll-pitch-roll con guration is illustratd ~angles ; dened to be zero. In Fig. 5 the prototype is
in gure 2. The strength of these mechanisms is the siz&hown in a typical operational con guration.
of the workspace which is optimum for 7 DOF robots o lg
in terms of the ratio of the arm length to the working Ze
volume. The translational workspace is a sphere with an C“’ e A A R
interior singularity at the center. The angular workspace |9| XE

is 360 around each axis since singularities in the wrist & . 7
can be avoided by rotating the elbow around the line from ,_ Qo° SﬁC

the shoulder to the wrist. A kinematic analysis of the 8 \
design shown in gure 2 is presented in [22]. Among the X8 e
drawbacks we identi ed for 7 DOF anthropomorphic arms ~—* l2 Ls b Lsn lev

are: T e R . N
S ¢ N £5

1oy dyr o dbyr o s

Gravitational load: Only the rst joint axis is de-
signed to be vertical for arbitrary positions and ori-
entations of the end-effector. As a consequence hig
motor torque is required to compensate for gravita- Fig. 4. Kinematical model o¥/1SHARD10
tional load.
Interior singularity: The singularity in the center of  The rst ve joints are arranged in a SCARA con g-
the workspace impairs the dexterity and thus theration with vertical axes avoiding the need for an active
performance of the device when moving the endcompensation of gravity. This segment is assigned for the
effector close to the shoulder. An elimination of thispositioning of the end effector in the-y-plane. Although
singularity requires at least two additional redundana SCARA segment with three links is suf cient for the
joints placed between the shoulder and the wrist.  elimination of the singularity in the center of the planar
Safety:The most critical de ciency is the selfmotion workspace we decided for an arm with 4 revolute joints
of anthropomorphic 7 DOF arms, the rotation of the(4R) for two reasons: First, it is well known that the 4R
upper and forearm. Especially in case of operatingrm provides improved dexterity compared to the 3R arm
with the end-effector close to the shoulder the elbow{24] and second, the avoidance of user interference is much
orbit may deeply intrude into the operator's workspacesimpler to achieve.
bearing the risk for severe conicts between the Alternatively we weighed up the use of a 2 DOF linear
elbow joint and the user. The safety aspect can baxes design for the positioning in they-plane as this
solved by using a 4-jointed roll-yaw-pitch-roll wrist as also provides an interior singularity free workspace. This
described in [23]. Then the position of the elbow carmechanism, however, suffers from a signi cantly reduced
be controlled to prevent collisions with the operatorworkspace; two prismatic joints with a length of one meter
as singular wrist con gurations can be avoided witheach are required to achieve a workspacelof 1 m?
the selfmotion of the redundant wrist. This 8 DOFwhereas an 4R arm with a total length of two meters can
solution, however, intensi es the de ciency regarding provide a sphere with radius 2 m. Moreover, as the base
gravitational load signi cantly. of the 4R arm is less bulky it is better suited for two arm
. ] o simulators with two haptic devices.
C. Haptic device description Joints 6 and 7 are assigned to adjust the height of the
In order to circumvent these de ciencies of anthropo-end-effector. One simple inverse kinematics solution for
morphic arms we nally decided for a mechanism withoutthem is the imitation of a prismatic joint by means of
a 3-jointed spherical shoulder. The kinematic structure afiot changing the end-effector position in tley-plane.




TABLE |
LINK LENGTH DESIGN OFVISHARD10

5 m Link i Length
e e
o=

l1=1l=13=14 0.25m

Ish = Ig 0.47m

Isy 0.71m

le = 17 0.212m

lg 0.15m

l10 0.15m
TABLE I

TARGET SPECIFICATIONS OFVISHARD10

Property Value
workspace cylinde? 1:7m  0:6m
360 for each rotation
peak force 170 N
peak torque pitch, yaw: 13Nm
roll: 4:8Nm
) ) o translational velocity > 1m/s
Fig. 5. Bimanual haptic display SHARD10 maximum payload 7kg

mass of moving parts  23kg

The decision for two revolute joints over one prismatic
joint is amongst other things due to the fact that off-the-

shelf 'prismatic joi_nts matching'our requirements regaydinyyith the kinematical design of NSHARD10 has been
velocity, mass, stiffness, velocity, and zero backlasHttou 1 provide the option to partition the inverse kinematics
not be found on the market and modularity of the rOtat'Ona]!)roblem into two separate problems: the inverse kine-

joint components is kept. matics for the positioning and the orientation stage. This
Joint 5 is used to prevent singular con gurations in thecan decrease the computational power required for the
wrist formed by joints 8, 9, 10. Despite tending to anredundancy resolution signi cantly. The decoupling of the
increased wrist size we decided for a yaw instead of rolyansiational from the rotational movement is achieved
orientation for joint 8 to obtain decoupling of the wrist when controlling joint 6 and 7 to mimic the operation of
con guration from the end-effector height. This mechanismg prismatic joint. The distance between joint axis 10 and
has a singularity when the axes of joint 8 and 10 have thj%int 9 is 0:1 m providing suf cient mounting room for
same orientation which has to be avoided by a rotatiognd-effectors of moderate size. The link length design (see
of joint 5. An inverse kinematics algorithm for a similar taple |) gives an overall system size similar toSHARD6
kinematic design providing bounded and well-conditioneqsee gure 1). The dexterous workspace, however, which
joint rates for arbitrary angular velocities of the end-is g cylinder with? :7 m  0:6 m, is signi cantly larger.
effector has been presented in [25]. The actuation torque is provided by DC-motors coupled
The axes of joint 5, 8, 9, 10 intersect at one poiniith harmonic drive gears offering zero backlash. The
which is located 5 cm in front of the force-torque sensoimoment stiffness of the gears in the SCARA segment is
(assuming that the motion of joint 6 and 7 is controlledincreased by additional bearing support in order to avoid
accordingly). This enables the operator to grip the enddamage due to de ection in the harmonic drive component
effector at the point where the angular DOF are mechaniets. The motors and the gears have been selected to meet
cally decoupled from the translational ones as for examplghe target speci cations summarised in Tab. Il. In order to
desired for simulations involving direct haptic interacts  permit force feedback control the device is equipped with a
with the nger or hand. Alternatively, the user can holdsix-axis JR3 force-torque sensor providing a bandwidth of
the device at a point behind to simulate the exploration 0§ kHz at a comparatively low noise level. The joint angles
a virtual environment with the tip of a tool. The bene t are measured by digital MR-encoders with a resolution of
of such a mechanical decoupling of the angular from the 096 counts per revolution, resulting in a comparatively
translational DOF is twofold. First, it results in reducedhigh position resolution when multiplied with the gear oati
natural dynamics of the orientational DOF and second, th@arying from 100:1 to 160:1.
torque capability of the actuators can be chosen to match
the capability of a human wrist. Coupled designs usuallyp- Safety measures
tend to an unnecessary large torque capability requiring For such a large interface with high output capability
additional safety measures. careful attention has to be payed to safety measures ensur-
The mechanical realisation of this kinematical desigring that a computer or device malfunction does not result in
is without joint angle limits and possibility for collision user injury. On this account appropriate safety mechanism
between parts of the structure. One important goal pursudthve to be developed. An integrated circuit takes care of a



safe work with the haptic display. The operation princigle i drawback is the reduced capability for the display of low
based on a watchdog and a shut-off mechanism dependiilgpedances.

on joint velocities. The watchdog ensures that the real- Since the specications of MSHARD10 in terms of
time process is running and signals are updated accordingbrkspace and force capacity pose limits to the reduction
the implemented control strategies. In case of a comput@f the natural device dynamic properties an operation in
crash the watchdog mechanism stops the application. The admittance display mode is preferred as illustrated in
protect the operator against unpredictable very fast mstio gure 6. The interaction forcé ., of the operator is mea-
of the haptic display a shut-off mechanism dependingured by a force-torque sensor. The virtual environment,
on joint velocities is provided. Thereby a joint velocity modelled as admittance, relates the measured force to the
threshold can be set by adjusting time unit and countindesired end-effector velocityy. An algorithm for inverse
velocity of a so called reference counter. A second parallé&dinematics resolution (see Sec. IV-B) calculates the ddsir
working counter counts the occurring encoder impulses. fbint velocities 4. The desired joint angleg, are then
the counted encoder impulses exceed the counter readitige reference input to a conventional control law, e.g. a
of the reference counter the application stops immediatelgomputed torque scheme [26].

Furthermore in case of emergency motors are bypassed and

act as brakes. Finally several emergency stop buttons and <ensors
a dead-man's button are provided (for bimanual operation
the dead-man's button can be accomplished as foot-pedal). [Viwal 1% [ inverse 1% R1% E_ L @[ haptic J
model [ |kinematics _|j-_ controller = A interface
IV. CONTROL OFVISHARD10
A. General control scheme force torque § e

The haptic simulation of a human's bilateral interaction
with a virtual environment requires the control of the
motion-force relation between operator and robot. This can |t has to be noted that the virtual environment does not

be achieved by either controlling the interaction force ohecessarily need to be implemented as an admittance. A

the device with the operator (impedance display mode) Gfommon variation to the scheme above is to compare the

the device motion (admittance display mode). force output of a virtual impedance with the measured force
In the former approach, also called impedance displagind then to transform the error through an admittance into

mode, the robot acts as impedance and the human as adngife desired velocity (position-based impedance control).
tance. In other words the robot accepts the human's motion

input and gives force output according to the impedance oé
the simulated environment. Impedance controlled devices’
do not necessarily require force measurement, frequently The mapping
simple open loop force control schemes are used. Force
feedback, however, reduces the disturbance forces due

to the natural device dynamics signi cantly. Impedance,iaq then-dimensional joint velocity vectog to them-
control usually used for light and highly bade”Vabledimensional end-effector velocity vectar:, whereJ is

devices provides good results in rendering low impedance%e m  n Jacobian matrix of the manipulator. #f>m

A drawback of thes? algorithms is that a dedicated shap_wme manipulator is said to be redundant with respect to the
of the closed loop impedance error due to natural deV'and-effector task and m DOF are available to solve the

dynamics is hard to obtain as it strongly relies on theredundancy on the condition thdt is full rank. In this

accuracy of the dynamic model. For robots with conS|d—Case the range space bfis the entireR™ and then m

erable anisotropic 'dyrllamics t'he operatqr will usually geﬁimensional null space is spanned by the fastm input
a somewhat peculiar impression at low impedance hapt\?ectorsvi of the matrixVV , which can be found by the

Fig. 6. Admittance control scheme

Inverse kinematics

Xg=Jd 1)

dlsplayj ) ) . singular value decomposition
Admittance control is particularly well suited for robots
with hard non-linearities and large dynamic properties J=u VvT - @)

compared to the virtual environment being emulated. In

this display mode forces are measured and motion is COMhere =[S 0] is them n matrix with S containing the
manded, i.e. the robot acts as admittance and the humgpgylar values ; of J on its diagonal. As) approaches
as impedance. Accordingly, a force sensor is required fggnk de ciency the singular value,, tends to zero and

admittance control. The high gain inner control loop closeghe end-effector velocity produced by a xed joint velocity
on motion allows for an effective elimination of nonlinear yjine with vm decreases. At singular con gurations, i. e.

device dynamics as for instance friction. Contrary to l@apti, = yank(J)  m, joint velocities along the last r input
displays driven in the impedance mode it is thus possiblgingylar vectorss; fall into the nullspace ofl, meaning
to render an isotropic closed-loop dynamic behaviour iRn5t no end-effector motion is achieved.

order to provide the operator a more "natural feeling”. The



1) Pseudoinverse control: in the direction of the singular vecton; considering
As proposed by Whitney [27] redundancy resolution canhat the joint-velocities satisfkgk, 1. Equation (9) is
be done, by nding joint velocitieg) that minimiseq"' q  called the manipulability ellipsoid. The volumé&, of the
subject to (1) using the Moore-Penrose generalized inverseanipulability ellipsoid is then given with
J* of the Jacobian matrix, which yields -

2 =1

Although the motion is pointwise optimal in a least square§ harem is the dimension of the manipulability ellipsoid
sense, meaning tha't the joint velocities are kept as smaj|,q ( ) the Gamma function. By comparison one can see
as possible, there is no guarantee that the manipulatgfy the manipulability measure de ned in (6) provides a
avoids singular con gurations. In order to solve this prob-pea5re for the volume of the ellipsoid. The directional
lem L|ege0|s.[28_] proposed the additional usage of theparacteristics of the input-output transmissivity iswho
nullspace projection oper?]tor ever, not evaluated. Another de ciency is that translation
@) and rotational manipulabilities are not distinguishalfe.

order to overcome these de ciencies new manipulability
to project the joint velocitiesy,, de ned by a suitable measures have been suggested by Hetray. [31]. Apply-
choice of some side criterion, onto the nullspacd offhe ing the well known condition number
potential functionH (q) depending on the joint anglag max
can be used as a side criterion, which has to be extrem- ()= min (11)
ised using the gradient minimisation or maximisation of
potential elds. Thus the joint velocitieg, can be de ned as a measure of the directional uniformity 8f, they

a=J"xg : ©) Vin )= — @ (10)

i
a=3%xe+ | J*J g ;

as de ned a new manipulability measure with
4= rH(q) ©)
_ _ _ m= Jm S ): (12)
A vast variety of such side criterld (q) has been proposed J)

n the I|terature_. Hoopeet al. [2.9] list 3.0 crlﬁerla cover- Partitioning of the weighted Jacobidh into orientational
ing the evaluation of the manipulator inertial, geometric,

) S and translational parts
compliance, and kinetic energy performance as well as the
distance from physical constraints. VE 3, _

In order to avoid singular con gurations often a potential e 5 o
function evaluating the manipulability of the device is . ' _ . N
applied. The term manipulability can be understood as &€y de ned the translational and rotational manipulaili

de nition of how easily and uniformly the manipulator Mmeasure to be

(13)

can move around the workspace. Yoshikawa [30] rst Vi (3) Vin (31)
introduced a quantitative measure of manipulability as ~ Mtvm = 30 and  mgym = 3 ') ; (14)
- v !
w= detdJT= ;5 il o (6)  respectively. Applying these measures as side criterion

for (5), one aims at a simultaneous minimisation of the
condition number and maximisation of the volum¥,
of the ellipsoid.

The combination of multiple optimisation criteria is
such that "¢ 1; (7)  easily achieved by the formulation of one single composite
G max performance index as for example by using the weighted

one can get further insight into the shape of the suBgeff ~ SUmM
realizable end-effector velocities:=. Using the normalised

joint velocities, (1) can be rewritten as

Xe = IW 1y ®) \(/:vrtilzrrieaw\i/ a>I u()ez;\re the weighting factors an@, normalised
whereW g = diag(1=q; may) is then n weighting matrix Determining the joint velocities according to (4) phys-
and § = JW ! the weighted Jacobian matrix. With ical limitations to the maximum joint rates have to be
the singular value decomposition of the weighted Jacobiagonsidered to ensure that the manipulator can follow the

where ; is a singular value obtained by the SVD (2)Df
w can be used as a potential functibin(q). Introducing
normalised joint velocities

q_:

= wiCr(q) + W2Co(q) + 111+ WpCr(a);  (15)

according to (2) thé k, norm of ¢ follows as commanded trajectory. Equation (4) can be rewritten as
2 2 —
X'Ezl + i+ X'Ezm 1 : (9) g._ g.p + g.h (16)
1 m

where g, is the minimum-norm solution andy, the
wherexg = U "xg. As ; is the maximum singular value, homogeneous solution. Based on constraints on the joint
the maximum end-effector velocitye.max= 1 iS achieved rates a bound on the step lengttcan be determined [32].



With g; andgq,, being the lower and upper bound on theHere! is the rotational Cartesian velocity command and
velocity for jointi one can write J 10t2 R® 4 the Jacobian relating,., to ! . This partitioned

) solution reduces the computation signi cantly.
imin = MInf(dy  dip)=Uin s (A Dip)=din 417)

pmax = Maxf(dy  dp)=din;(d dip)=Ain GL8) V. VIRTUAL ENVIRONMENT
fori = 1;:::;n. Thus, the lower and upper bounds on The construction of virtual environments for haptic ap-
ensuring admissible joint rates are given by plications is carried out in two steps, namely the visual
and the haptic rendering. Once realised the graphic repre-
mn = Maxf imin; 2miniiil nmind  (19)  sentation (visual rendering) it must be lled with physical
max = MINT 1mae 2max:i: nmad: (20) "meaning” by haptic rendering. This section rst deals
with the basics of graphic programming, then a method
2) Inverse function: for haptic rendering is explained considering a virtuallwal

Another approach to solve the redundancy is to de ne & €xample and nally the concrete realisation of a more
single inverse function giving the joint coordinates fockea COMPIex virtual scenario is introduced.

point in a speci _ed subset of the end-effecto_r space. In COMA. Visual rendering

trast to pseudoinverse control these algorithms are cyclic
(every closed path in the end-effector space is tracked onl

. . .- ; r DirectX) are available for modern graphic applications.
.by closed_ paths in the Jo!nt_sp_ace) avoiding unpreQ|ctabIs13.he instruction set of these libraries allows programming
joint motions. Whereas it is in general not possible to

. . : .—and graphic rendering of 3D models. In a rst step the
de ne such a single inverse function for the whole six . : .
aphic objects (shapes, texts or pictures) are generated.

r
DOF end-effector space no matter how much redundar%[I . : .
joints are used (see [33] for a proof) this approach may b en the context is established with the help of appro

L L . priate attributes which describe how the representation
rewarding in case the application does not require such . . .
fendering) of the graphic objects shall happen. At last
large workspace.

A simple inverse function can be de ned when control-,the lrepresentation of these objects provided with context
ling the SCARA segment and joint 6 and 7 to mimic thelS triggered.

Nowadays professional program libraries (e. g. OpenGL

operation of three prismatic joints: The basic concept of most graphic applications is the
y 3 y scene graph [34]. This data structure is a directed acyclic
L= arccos o 5 2= 2arccosj1 +2; (21) graph with one root node, see gure 7. All objects, qualities
X X and dependences of the elements contained in a scene are
sTarccosy- 1 2 4= 2arccos$ *25 (22 Gescribed by this graph. Several of these scene graphs can
6 = arccos - ;= 26 (23) be summarized in one scene database to complex virtual
s scenarios. The basic element of this database is the node. It

wherex, vy, z is the end-effector position respective thedescribes the form of an object (e. g. sphere, cube, cylinder
coordinate systeshB g de ned in Fig 4. Setting joint angle etc.) or its attributes (e. g. colour, transformation, tgh
510 5= 50 i4=1 i a unigue solution to the inverse etc.). A node can be part of a group, which combines
kinematics problem can be determined. The choice for thieirther nodes. The qualities of a node or a group (e. g.
constant s affects the location of the interior singularity translations) can be passed on to hierarchically subaeina
of the angular workspace. nodes. The scene graph is rendered from above to below
and from left to right. A node lying on the right inherits the
gualities of the previous nodes. For the description of an
object and its qualities the order of the nodes in a group
is important. Nodes on the right take on the qualities of
the nodes added before or overwrite these if they have the
same type as the already inserted one. The object form
describing node must be laid out as the latter after the
qualities describing nodes.

3) Partitioned inverse kinematics solution:

A decoupling of the translational from the rotational
movement of VSHARD10 can be achieved when con-
trolling joint 6 and 7 to mimic the operation of a prismatic
joint with 7 = 2 4. Then the inverse kinematics for
these joint is given by (23), where is the end-effector
height. De ningq,, to be the vector of the rst four joint
anglesJy, the2 4 submatrix of the manipulator Jacobian
obtained by removing row 3 to 6 and column 5 to 10, andB. Haptic rendering

Vxy the vector containing the end-effector position in the Besides visual rendering, forces and torques caused in
X-y-plane, the solution for the joint rates of joint 1 to 4 isthe virtual environment must be simulated. Haptic displays
# # allow to touch, feel and manipulate virtual environments.
= + . . . .
Gy = Ve +IT Ty Iyl oM Hy Gy s (24) As shown in [35] successful virtual environments must
By setting g, = B9 10 with 5 = 5+ 01_‘fe_r haptic prir_nitive_s_ like _springs, rubber bands, irerti
i4=1 jand 5 = g+ i7:6 . the inverse kinematics friction or non-llngar|t|es (ylrtual walls). .
for q,., is decoupled from the translational movement: !N order to provide haptic feedback in harmony with the
virtual environment, collisions with virtual objects mumst
Qiot = J fm! +[I 3 fot.] rot] rotf HrotQror: (25) detected [36]. Some free software solutions are available (



viscous mass

translation attributes shape

Fig. 7. Scene graph

g. SWIFT++, SOLID, VCollide). For simple con gurations Fig. 8. Virtual labyrinth
it is possible to determine the distance of two objects or the

penetration depth in real time. However, problems occur idgampled position is deeper inside the wall than the actual
more complex scenarios, where multiple vertices of onenanjpulator position and the force is calculated to high.
object can collide simultaneously with the surface of arpe virtual wall becomes active and generates energy.

second object. As the collision detection and the haptic The mathematical description of the wall corresponds

feedback uses discrete time steps, unrealistic osciligtio o the already introduced condition. Within the watl €
might occur. Alternatively to the collision detection soft x . the reacting force is calculated to

ware, simple if-then-conditions are suf cient for simple

scenarios. The nonlinear transition between free motion fwa = Kwan (X Xwai ) + Bl Vx (27)
and contact with a solid wall is described like: with the wall Stiffnesskwa” and the damp|ng coef cient
IF virtual wall THEN condition ELSE free motion byai . For free motion follows with the damping coef cient

. i .y biee and the manipulator speed:
This condition causes a very sudden transition of the

kinematic conditions. Therefore a wall can be used as a ffree = Drree Vx: (28)

benchmark for performance comparisons between haptics shown by [37] typical sampling rates for probing the

interfaces. This method for construction of virtual envi-conditionx < x 4 are about 300 to 1000Hz. Furthermore

ronments reaches its limits at more complex objects sinqgsteresis can be introduced to dispel chatter and improve
the programming effort rises excessively. But a V'rtualperceived hardness.

wall can be implemented easily using this simple con- ] ) )

dition. The practical realisation contains, however, som&- Implementation of a virtual labyrinth

dif culties: Especially very stiff walls tend to vibration For the implementation of the visualisation the open
at the moment of contact. Non-passive behaviour of thisource library Open Inventor for Linux is used. A detailed
kind doesn't match the experiences which an operatantroduction can be found in [39]. The controller is imple-
knows from real walls. This phenomenon called chattemented in Matlab/ Simulink using Real-Time Workshop.
depends on a various number of factors like haptic interfacéhe virtual scenario consists of stiff walls, a damping and
device properties, human' s impedance, controller desig® spring zone (see gure 8).

unmodelled system dynamics and/or sensor signal quanti- The resulting labyrinth gets combined of rectangles with
sation. Whereby some of these mechanism can be avoidptede ned dimensions. Through this the corner coordinates
by informed mechanical design, others are more dif cultcan be used as well for building the visualisation as for the
to avoid. The main problem presents the time-discretd-then statements of the haptic rendering. The visuatisat
realisation of the virtual wall [37] and the resultant energ requires only the actual position of the ball (hand posjtion
losses arising due to delays (e.g. zero-order-hold opaati transmitted. No feedback needs to be sent since the haptic
and asynchronous switching times (possible asynchrony oéndering takes place inside the control loop. gure 9
wall threshold crossings with sampling times) [38]: Theshows a typical implementation of a virtual environment,
reaction forcef which counteracts the manipulator from modelled as admittance, which relates the measured force

the virtual wall is calculated to to the desired end-effector positianThe forces measured
by the force torque sensdr reduced by the re ection
f=k x+by (26)  forcesf, are multiplied with the inverted mass matrix. The

resulting positions are transmitted to the visualisation and

with the stiffnessk of the virtual wall the penetration depth . .
serve as desired values for the position control loop (see

X, the damping coef cientb, and the manipulator speed
Vx. When driving into the wall the sampled manipulator gure 6). . . . . .
position is closer to the wall surface than the manipulator The haptic rendering (?f the V'”“?' environment is cal-
itself and thereford is calculated to low compared with culated through the nonlinear function

a real wall. By contrast while moving out of the wall the f, = KX)x+ B(x;X) x: (29)



5 —> The translational and rotational performance indices have
been combined to one optimisation criterion after (15).
All these experiments have been conducted for the full
and the partitioned inverse kinematics solution approach.
A violation of joint velocity constraints has been avoided
by keeping the step length within the bounds given in
(19) and (20).

It has to be noted that a comparison of the results has to
be acted with caution since they are highly dependent on
the choice of the step length and the weighting factors

The ball is supervised for the collision detection. TheWi. For these experiments we normalised the performance
spring force of the wall rises proportionally with the indices by the average of the maximum performance value
penetration depth. The damping is independent of th@mong a set of end-effector positions and orientations. Due
penetration depth, but it iS, however, dependent on th@ this normalisation we decided to WE|ght the translationa
movement direction of the ball. To avoid sticking whenand rotational performance equal wity = w, =1. By
|eaving the wall damp|ng is 0n|y active if the Speed of th@xperimentaﬁon we found that the normalisation also re-
ball is directed towards the wall. To nd the appropriatesulted for all side criteria in a similar maximum step length

stiffness of the wall we calculate the transfer function)F(s Not producing selfmotion oscillations. Thus we set 1
in these experiments. This procedure allows for a rough

Fig. 9. Admittance implementation of a virtual environment

F(s) = 1 : (30) comparison of the different inverse kinematics solution
ms? + bs+ k approaches, minor deviations can, however, change when
The natural frequencyo of the System is ne-tuning the norma”sation, We|ght|ng faCtOI’S, and Step
r length.
o= k (31) The end-effector has been commanded to follow a cir-
m cular trajectory in thex-y-plane at a velocity of 1 m/s
and the global damping with joint axis 1 at the center while keeping the orientation
and height xed. This procedure has been repeated for a
d= _8:; (32) set of radiir; ranging from 0.05 m to 0.8 m. The initial
2m % end-effector position is given witlxg = ri, yo =0 m,
p_ andz, = 0:36 m respective the coordinate systdr g
With the optimal global dampingl,,r =  2=2  0:707 dened in gure 4. The initial con guration of the joint
we get the optimal stiffness angles is given with » 4 § 7 8 9 10 =
7 5 2 0. Setting they-position
Kopt = om (33) of Jomt 3 posmve (elbow-up con guration) the angles of

o _ o joint 1 and 3 are well ,ge ned. The joint angle 5 is then
for shortest transient time and thereby little vibratiorteew  getermined by 5 = - AU
touching the wall. Figure 10 shows for the full inverse kinematics solution
approach the progression of the rotational and translaition
manipulability indices when the end-effector follows the
To Compare the full with the partitioned inverse kinemat'[rajectory W|th radiui):g m. One can see that the nonopti_
ics solution approach we carried out different numericapised solution technique drives the system in a rotational
simulation experiments: We started with an evaluation of 8ingularity whereas all side criteria can effectively et
set of inverse kinematics solution strategies. Based on thg,ch con gurations. It is also evident that optimisations
results of this evaluation we studied the device perforraanosubject to the manipulability considering directional cha
by means of manipulability for a couple of end-effectoracteristics and the conditioning number produce similar
trajectories. Additionally we analysed the dependency ofesults. This observation goes along with the outcome of

VI. NUMERICAL SIMULATION EXPERIMENTS

different end-effector heights and velocities. the other experiments con rming that these criteria are not

For the evaluation we considered the fO”OWing set Oﬁirecﬂy opposed. Also a comparison of the performance

inverse kinematics solution strategies: regarding the condition number shows similar results for
nonopt: pseudoinverse control, see (3), the three optimisation approaches.

man.: maximisation of the translational and rotational The results for the partitioned solution technique given in
manipulability Vi, (§v) and Vi, (§1), see (10) and gure 11 clearly reveal the decoupling of the translational
(13), from the rotational DOF; the rotational manipulability
dir. man.: maximisation of the translational and rota-index of the nonoptimised solution is not changing as the
tional manipulability considering the directional char-commanded orientation of the end-effector is xed; the
acteristics, see (14), rotational stage is decoupled from the selfmotion of the
cond.: minimisation of the translational and rotationalSCARA segment. Because the movement of joint 6 and 7
condition number, see (11) and (13). can also be used to change the position inxhgplane



12 xX16

8, L.l q s erated with the end-effector in regions close to the basis

.EO'S;‘ e P o] =1, %n%% /f W?:g fﬁ without signi cant impairment of the translational manipu

G 06 | 000 s grorg { Nl lability; the mean value is almost the same for trajectories
By 5 0.8 ‘l

Soz2 fa 4 g"iﬁ"sﬂan_ 1 Soaooes? the end-effector velocity of 1 m/s resulted in joint rates
% T s s s Close to maximum.
tisl tsl Comparing the full solution with the partitioned solution
Fig. 10. Manipulability index at full inverse kinematics stbns for i gures 12 and 13 exposes inferior results for the
different inverse kinematic solution strategies;0:8 m . . . .
decoupled motion for this set of experiments. For a fair
evaluation of these two approaches one has to consider
that the difference in performance is highly dependent
on the trajectory, the end-effector velocity and the ihitia
manipulator con guration.

Eoa o o @ o6 ISE‘:{J 00000000, with a radius 000:05m, 0:2 m, and0:4 m. In no experiment
c . >} \‘ Soq

ol sod

0.2
0

I
i

o
o

o
13}

|y
o

nonopt.
man.
dir. man.
cond.

o o
© ©
]
ol rod

rot. man. index

=

e
o

trans. man. index

nonopt. —
man. -

nonopt. —
man. -

o
~

o
o
[

2 3 2 3
t[s] t[s]

Fig. 11. Manipulability index at partitioned inverse kinetina solutions
for different inverse kinematic solution strategies;0:8 m

[y
o

[y
o

=}
13
]

rot. man. index
o
(%]
|

trans. man. index

o
S}
o
o

0.6 058 005 02 06 0.8

the translational manipulability index is affected by the P P r fm]
orientation of joint 6 and 7. For the partitioned solutionFig. 12. Mean value of manipulability index at full inversenéimatics
approach this orientation is not changed by the selfmotiofP!ution for a set of radii
of the translational stage. This explains the almost sinu; LS (oo™
soidal progression of the translational manipulabilitgér. § man. -
In the optimised solutions the orientation of joint 6 and 7 isz 10 -
changed by the selfmotion of the orientational stage during [ u T u
the rst 0.3 seconds resulting in the "phase difference”s
when compared to the nonoptimised solution. It can also
be seen that the optimisation prevents the SCARA segment °* °2 Py 20 0° e )
to be driven in adversarial con gurations as coming aboutig. 13, Mean value of manipulability index at partitionedusion for
att=3:6s. a set of radii
In gure 12 and 13 the device performance by means of
manipulability is compared for trajectories with diffeten To analyse the dependency on different end-effector
radii. In all experiments the simulation has been stoppebieightsz a circular trajectory has been repeated at the end-
when the end-effector completed one circle except for theffector heights; =  0:3m, zz= 0:15m, andzz=0 m
trajectory withr = 0:05m. Since the end-effector velocity With v =1 m/s (note that positive heights produce equal
is set to 1 m/s jus0:31 seconds are required to completeresults due to symmetry).
one circle withr = 0:05m. This is approximately the time  The end-effector has been commanded to follow at
period required for driving the device into a more dexterousonstant velocityw = 1 m/s a circular trajectory with radius
con guration. Hence the simulation time has been extende@4 m in thex-y-plane while keeping the height and orien-
to 1 s allowing for a more meaningful comparison of thetation xed. The initial end-effector position is given it
optimised with the nonoptimised solution. x=0:8m,y=0 m such that the end-effector is at the center
These results show that in case of the full inversef the x-y workspace when half of a circle is traversed
kinematics solution for all trajectories the rotationakvadl  (see Fig. 14). The initial con guration of the joint angles i
as the translational manipulability can be improved whegivenwith 4 o 10 = 0 0 3 0. Setting
applying additional side criteria. It is important to ad@th joint angles 6, 7 according to (23) = % + 4, 8= ¢, and
the nonoptimised solution drives the orientation stage tthe y-position of joint 3 positive (elbow-up con guration)
singular con gurations for a radius d@:4 m, 0:6 m, and the angles of joint 1 and 3 are well de ned.
0:8 m. For the partitioned solution the improvement of the By experiment we determined suitable weighting fac-
translational manipulability index is less signi cant. &h tors for the translational and rotational performance with
reason for this is the decision to set the initial con gupati Wyans = 1 and wyo = 2. The maximum step length for
of the SCARA segment close to optimum. Accordingly,the full solution not producing selfmotion oscillationssha
the pseudoinverse solution produces results similar to tHeeen found by experiment with=2:1; for the partitioned
optimised solution. Needless to say that less dexterouwlution we used yans= rot=0:53.
initial con gurations will give a larger benet for the  The results for the optimised full inverse kinematics
optimised solution. solution given in Fig. 15 shows that a largely increased
The results also con rm that the interface can be optranslational dexterity for end-effector heights distantn
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IS ——man.,v=1 m/s &( N.
0.8 —~man,v=0:1misq £ M
= ——nonopt. 8
z=0 m. The explanation is that the algorithm drives link 0.7 ‘ 2‘ 3‘ 2 %0, s 3 4

6 and 7 in an "outstretched” con guration (i, e. getting rad] [rad]
j 7i small). For initial con gurations close ta=0 m the Fig. 18. Optimised partitioned solution for different erffieetor veloc-
manipulator is trapped in a local minimum preventing thidties,z=0:3 m
more dexterous "outstreched” con guration but resulting
in a motion of joint 6, 7 similar to the partitioned solution. Figure 17 and gure 18 show the progression of the
Consequently, a comparison of the full with the partitionednanipulability indices when the end-effector follows the
solution (see gure 16) gives at=0 m an almost identical Same circular trajectory at different velocitigs= 0.1 m/s
progression of the manipulability. andv =1m/s and an end-effector height=0:3 m (the

To interpret the translational manipulability results forresults for the nonoptimised solutions are independent of
the optimised partitioned solution (see gure 16) one hahe velocityv). Please note, that the partitioned solution
to consider that the selfmotion of the SCARA segment i@Pplies a manipulability index based dgy to optimise the
decoupled from the end-effector height; the side criterioPCARA selfmotion, see (24), whereas the index to evaluate
used for the optimisation of the null-space movement of€ translational manipulability at the full solution ajgsl
the translational stage is basedbg, only (dependent on 0 Jxyz, see (14).
joint angle 1 to 4). Thus, the motion of the SCARA jointsis The results for theoptimised full solutionshow that
identical for all three trajectories (which also holds foet the optimised device selfmotion can effectively prevent
wrist joints). The translational manipulability index stro ~ Singular con gurations. The progression of the transtzaio

in gure 16 app”es to the rst three rows of (dependent manlpulablllty atv = 1 m/s illustrates that Optimised
on joint angle 1 to 7). Pseudoinverse control is a local inversion technique not

necessarily giving results superior to the nonoptimised
11 20 solution. The bene t of the optimisation is, however, more
f\ signi cant whenv is decreased. Both observations also

x
x 3]
g 10 2 15 i hold for the optimised partitioned solution.
% 0.9 é 10 1/ \ / A comparison of the results of the partitioned inverse
E o' 5=030m y @EIX solution with the full inverse solution technique exposes
B 08 —~ z=015m | § 0° %%z/ MR a signi cant potential for performance improvement when
07 — 2=0.00m ~ 00 e N solving for all 10 DOF simultaneously. The reason is that
0 2 3 4 0 2 3 4

in the full solution the movement of joint 6 and 7 is
[rad] [rad] not only used to adjust the end-effector height but also
Fig. 15. Optimised full solution for different end-effectdreights, to increase the Workspace in tlxey-plane. Moreover by

v=1mis driving link 6 and 7 in an "outstretched” con guration one
11 L 03 can obviously increase the maximum velocity in height.
3 10 S % fﬁ%&& ﬁ It should be noted that such con gurations result in an
£ f‘f = 02 o increase of motor torque required for the compensation
é 09[ g %\J of gravitational load. The main disadvantages of the full
= 08 —-z=030m |4 01 1Y solution seem to be the increased computational effort and
2 rolm g the coupling of the translational and rotational selfmetio
o7, 2 3 4 00, 2 3 4 The coupled motion may be more dif cult to understand

rrad] [rad] and anticipate for the operator. As a consequence the full
Fig. 16. Optimised partitioned solution for different erfteetor heights, SO'_Ut'O_n Seems to be mor_e “kel_y to_ discomfort the user,
v=1m/s which is subject to further investigations.



VIlI. CONCLUSIONS

In this paper we proposed the introduction of actuated
kinematical redundancies in kinesthetic haptic hardwargg]
design to overcome performance limitations of non-redun-
dant interfaces due to internal singularities. We presbntqlo]
the kinematical design of a highly versatile haptic inteefa
VISHARD10 with 10 actuated DOF offering a large
workspace free of singularities and high force capability[ll]
The goal of this prototype is to provide a benchmarking
testbed for the development and feasibility studies of hové12]
haptic applications. We described the basic control siyate
of the prototype along with inverse kinematics solution3
techniques. It turned out that the kinematical design alow
for a decoupling of the translational from the rotational 14]
device movement enabling the partitioning of the inversé
kinematics problem in two subproblems that can be solved
separately to reduce computational effort. A comparison
of this partitioned solution approach with the full solutio
reveals a signi cant potential for performance improvemen([15]
when solving for all DOF simultaneously with the cost
of increased joint velocities. The simulation results also
show the benet in terms of increased manipulability andz1e6]
effective singularity avoidance when applying techniqiaes
optimise the device selfmotion. Furthermore we presente[&n
a construction possibility for virtual environments based
methods for visual and haptic rendering. Future work will
include further in-depth studies of redundancy explatati
techniques specic to the goal of haptic human-device
interaction, the implementation of dynamic model control[19]
algorithms, the implementation of tactile actuators, dred t
development of novel haptic applications e.g. dual handegy;
open surgery

(8]
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