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SUMMARY

This paper presents a new haptic device based on a
parallel structure that can be used as a master interface in
a teleoperation or haptic control architecture. The basic
idea of a haptic device is to serve force and/or position
reflection to the operator; at the same time that is being used
by the human operator to input the required commands.
The original mechanical structure of the presented system
implies important advantages over other existing devices.
The mechanism is a modification of the 6-d.o.f. Gough
platform where the linear actuators have been replaced by
cable-driven pantographs. Avoiding the use of reduction
gears by means of cable transmission allows a wide sensing
bandwidth. Some experimental indices comparing the
performance of the presented device are presented. The
paper shows the geometrical model and the kinematic
analysis used on the control algorithms of this interface. The
hardware and software architectures used on the system, and
the control schemes implemented on a multi-axis board, are
detailed. This setup provides an open control architecture
that allows the implementation and experimentation of
several bilateral control schemes. The integration of the
haptic device in a teleoperation simulator is shown. This
simulator includes virtual robotic slaves and its dynamic
interaction with the virtual environment. Finally, the results
obtained in the virtual objects manipulation experiments are
shown. A classical force-position bilateral control scheme
was used for these experiments.

KEYWORDS: Haptic devices; Parallel robots; Bilateral
control; Teleoperation; Mechanical design.

1. INTRODUCTION

In a telerobotic system the operator wants to receive as
much useful information of the remote environment as
possible. The interaction between operators and robots to
carry out a task was described by Goertz.! Several authors,
like Hannaford,? Burdea,’ or Sayers4 have shown that if
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the contact force of the slave robot with the environment is
reflected to the operator, the tasks could be more efficiently
carried out. Tactile or kinesthetic exploration of remote or
virtual environments need a mechanical interface that allows
the operator to interact with the remote zone. The haptic
interfaces are used wherever the using of only visual feedback
can introduce unacceptable manipulation errors. Besides, one
of the main objective of a haptic device is to be transparent
to the operator, so the own inertia, fricction and weight of the
device must not be felt when using the interface.’

On other hand, the increase of the computational capacity
of new processors has renewed research interest in parallel
robots. The special characteristics of this kind of robots make
them suitable for many applications, as for example, machine
tools,® robot manipulators’ or climbing service robots.®
Especially interesting is the application of parallel structures
as haptic devices. Several examples, like the Gough based
platforms for surgery applications,” 3 degrees of freedom
spherical mechanisms,'® cable driven mechanisms'! or
mechanisms with legs of several links, !> HapticMaster!® have
been presented in the last few years. All these devices try to
exploit the special characteristics of parallel structures, like
low inertia, high rigidity, compactness, precise resolution and
high load/power ratio, as compared with serial mechanisms.
However, some of these parallel haptic devices that have been
developed still have disadvantages, such as small workspace
or narrow bandwidth.

The haptic interface presented in this paper, named
Magister-P  (Spanish acronym: Maestro Genérico para
Interfaz en estructuras Teleoperadas) (Fig. 1) (Patent N°
P200302351), is a modification of a 6 degrees of freedom
Gough-Stewart platform where the linear actuators have
been replaced by cable-driven pantographs. The movable
base of the designed joystick is the inferior one, thus the
resulting design becomes an ergonomic device, showing to
the operator a free collision workspace (as the mechanical
structure stays overhead), and at the same time, the static
balancing torques required to “mask to the operator” the
gravity effects over its own links are decreased. Besides that,
the device shows an equilibrium position when no forces
are acting on the system. Because of the special mechanical
configuration of the joints, such a haptic device has several
advantages: It has 6 programmable degrees of freedom, a
large workspace, low inertia, high bandwidth, and easy use.
The use of a non slip-cable transmission between the actuator
axis and the rotation of one of the links of the pantograph
(marked with 1 in Fig. 1) increase the mentioned advantages
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Fig. 1. CAD model of the designed prototype.

of parallel mechanisms as haptic devices, because of the
absence of gearbox transmission.

With the aim of testing the designed haptic device, a com-
plete virtual robotic teleoperation environment has been
developed. The dynamic model of any robotic slave (serial
or parallel) can be modelled on this simulator. The use
of virtual simulators provides a powerful tool for the
realization of teleoperated tasks. Burdea® shows different
application areas of the virtual reality with teleoperation en-
vironments. For example, geometrical and kinematic simu-
lations allow an increase of the performance of aiding-tools
in several applications, like the mechanisms CAD design
of Hollerbach et al.,'* the augmented reality on poor visual
feedback environments studied by Lin and Kuo, ' predictive
displays on communication time delays environments'® or in
tools for the training of operators.!” Nevertheless, adding
a full dynamic environment that includes the complete
dynamic model of the slave device and its interaction with
other objects allows one to realize more complex simulations,
for example to follow a path inside an environment where a
force field is acting over all the links of the slave. The main
characteristic of this simulator is to include an open loop
model of the slave, so that any bilateral control teleoperation
scheme can be implemented between the master and the
slave.

In this work a new open control haptic interface is
presented. This interface includes a mechanical device, a
hardware setup and the algorithms and libraries developed
to use this interface in any haptic or teleoperated system.
Besides, an application of peg-in-hole insertion task using
this interface with a virtual haptic environment is shown. The
arrangement of two open control subsystems (the operator-
master subsystem and the slave-environment one) allows
an experimentation of control strategies with 6 degrees of
freedom devices. In this paper a classical force-position
scheme is used.

The remainder of the paper is organized as follows: Firstly,
the kinematic analysis of the presented device is presented.
The inverse kinematic problem (IKP) and the forward
kinematic problem (FKP) are solved, and a geometrical
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relation between the Cartesian generalized forces and the
joint forces is obtained. Section 3 shows the system
architecture and explains the implementation of different
work-modes of the Magister-P, working as an impedance
display (rendering forces to the operator) or working as an
admittance display (rendering motion to the operator). Some
performance characteristics of the developed interface are
shown in section 4. The next section shows one application
of the haptic interface working with a teleoperated tasks
simulator, when a general scheme of the developed software
tool is reviewed. Such simulator software allows one to
generate virtual worlds where the dynamic objects can be
manipulated, and the reaction forces are calculated. Finally,
some results obtained, when using a force-position scheme
between the haptic interface and the simulator are shown.

2. KINEMATIC ANALYSIS

The kinematic analysis of the proposed 6-URS (Universal-
Rotational-Spherical) platform is based on a modification of
the algorithms of the 6-UPS (Universal-Prismatic-Spherical)
platform.

2.1. Framework

For the kinematic analysis of the platform, only 13 parts have
been considered, because the adding of the transmission links
of the pantographs does not give additional information to the
kinematic model and extends the vectorial equations. This
assumption must be reviewed for a dynamical modelling.
Fig. 2 shows the used model.

Using Euler parameters to represent the orientation, each
body need seven generalized coordinates, leading to 91
generalized coordinates for the 13 parts to completely
define the display. The sum of the constraints imposed by
the spherical, the rotational and the universal joints, and
the constraints imposed by the normalization of the Euler
parameters, give a total of 85 constraints. The difference are
the degrees of freedom of the mechanism (see table I).

2 LinkO

-
UZ?GVB/‘I

—
UX?SVSH

Fig. 2. Geometrical model.
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Table I. Kinematic model of 6 URS platform.

Generalized coordinates

13 bodies 13 x7=091
Constraints

Spherical 6x3=18
Universal 6x4=24
Rotational 6x5=30
Normalization of Euler parameters 13x1=13
Sum: 85
Degrees of freedom 91-85=6

The movement of the device is defined by the time variation
of the angle C between the even and odd links. This is
equivalent to the imposition of actuators constraints to the
rotational joints, hence the six degrees of freedom will be
completely determined.

To solve the kinematics of the mechanism, a reference
system must be assigned to each link.

The upper base, that is fixed, is named as “/ink 0” and its
reference system Sy (considered inertial). The S(;A“ vectors
localize the application points of the universal joints A,, and
are referenced to Sy by the expression

- -7
T'pase COS ((I’l - 1)% + %0)
So™ = | Fpase sin (n — DZ +2)
i 0
=1,3,5
. AT (1)
T'base COS ((l’l - 2)§ - 7)
83" = | roase sin (2 — 2% — %)
i 0
n=2,406

where &, defines the angle between two consecutive joints
and ry,s is the separation radius of the joints from the origin
of the reference frame.

The lower base or joystick is named as “/link I” and its
reference system S;. The S’lB" vectors localize the application
points of the spherical joints B, and are related to S; by the
expression

B 14 T
Tjoystick COS ((l’l — 2)§ + %)
ST = | Fioysiiek sin (0 — 2)% + &)
L 0 i
=1
~ n 3,5 o @
Tjoystick COS ((l’l — 3)§ — 7)
B — Fioystiek sin ((n — 3)% — &)
L 0 )
n=2,406

where §; and rjoysiick are defined as for link 0.
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2.2. Inverse kinematics
To find the unique solution of the IKP problem, the distance
between the A, and B,, anchor points is used.

Given the position and orientation of the “link 1” joystick,
by a vector q; = [ry, p1]” where r; = [x;, yi, z1]7 is the
Cartesian position and p; = [ep, e, ez, e3]” are the Euler
parameters, or q; = [ry, o), Bi, yi]” if the orientation
is given with the 313 Euler angles. The distance between
the universal and spherical joints can easily be obtained
by:

B, _ Ba
Ta.B, =1+ A1s;" — s 3)
where Aj is the rotation matrix given the orientation of

“link 1”. Getting the norm of r4 g,, the solution is shown
by equation (4) (see Fig. 2).

B2 L (A2 2
C, = arccos <(BC) + (Ag Erm(rAan) > 4
2(BC)Y(AC)

2.3. Forward kinematics

To solve the forward kinematics (FKP) of a URS platform
is to establish the relations between the command vari-
ables of the angles C and the resultant position of the end
effector.

Several methods for geometric calculation of forward
kinematic of 6 d.o.f. parallel platforms can be found in
specific literature. Some of them allow one to obtain the
possible solutions through the use of polynomials that
result of the geometric modelling of the kinematic chains
of the platform, for example, in Merlet'® the 16 possible
solutions for a 6 d.o.f. platform are calculated. Lazard
and Merlet,'”” and Danescu and Dahan®® prove that the
direct kinematics of the Gough-Steward platform have 12
possible solutions. Nair?! suggests a systematic method to
obtain the minimal polynomial equations for certain cases of
parallel platforms. With this method he obtains a solution of
polynomials of 8 degrees, although for a general 6 d.o.f.
robot, the method of Nair arrives at polynomials of
144 degrees. For the general case of a 6 d.o.f. platform,
Lazard and Merlet prove that the maximum number of
solutions is 40. On other hand, Dasgupta®? suggests an
approximation that reduces the problem to three equations
plus one more equation of constraints that must be satisfied
by the triplet of solutions and must be resolved by numerical
methods.

In this section a numerical method based on the initial
estimation of the generalized coordinate vector g; will
be proposed. In general, a 6-d.o.f. URS parallel platform
is formed by 13 links that constitute the arms and the
movable base. Then the generalized coordinates vector will
be represented as: q = [q1, q2, q3, - - -, q13]glxl, where q; is
the generalized coordinate system of the end effector and
q2, q3, - - -, q13 correspond to the links that form the arms.
In general, each link is defined by a generalized coordinate
system where: g; = [rap,, Pil’ withrag, = [x;, yi, z;]” and
the Euler parameters: p = [ef, ¢}, €5, €417 = [eo, e”].

The first step to assign the reference systems to the even
and odd links, an auxiliary reference system composed by
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(a) Case |

Fig. 3. Two possible configurations for solving the inverse kinematics.

the vectors u, and uy is obtained.

o Ak u, x Sﬁ‘“ )
© o Iram fJuz > sg=]

and the angles B, and C, of each arm are solved using the
cosine theorem.

Vectors u,_even are part of the reference systems of the even
links; 2, 4, 6, 8, 10 and 12, and are obtained by a rotation of
the vector u, around vector uy.

u? = (Rot(uy, (B ) X u, (6)

z_even

To obtain the vectors Uy even, tWO possible situations must
be considered. Fig. 3 shows that the third component of U _even
can be positive or negative (considering null the z coordinate
of the B, points), meaning that the vector Uy even 1ays above
or beyond the vector sp™ (whose third component is zero).
So the expressions to get Uy eyen are

An
u’ X S,
0
u;_even = TR if u(3);.even > 0 @)
”uz even < SO
or
S x u?
0 .
u;_even = f]even ,  ifu3)zeven <0 ®)
”S X Wy even i
n _n n
Uy even = Uz even X Ux even ©)

Vectors u,_4qq are part of the reference systems of the odds
links; 3,5,7,9, 11 and 13, and are obtained rotating (7 — C,)
the vector U, eyven around vector Uy even.

u;l_odd = (Rot (ux_even, (7 — Cn)) X Uz _even (10)

An
XS
n _ z_odd 0
Uy odd = . (1 1)
[y
n __ 40 n
l'ly_odd = Uy oqd X Ux odd (12)
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(b) Case Il

Once each link has its own reference system, the des-
cription of the kinematic chain of the 6-URS device, is based
on the constraint vector:

®*(q)
P (q, C(t)) =0 (13)
" @ |,

¢(q7 t) =

where ¢%(q)72x1 = 0 is the vector of the 72 holonomic
constraints imposed by the universal (4), rotational (5) and
spherical (3) joints. P (q, t)¢x1 is a vector of 6 constraints
imposed by the actuators, that in this case are functions of the
command joint variables for which the forward kinematics
will be calculated. ¢F(q)13x:1 is a vector of 13 constraints
due to the norm of the Euler parameters.

Besides the constraint vector, the differential relation
between the generalized coordinates is expressed by the
Jacobian matrix of the constraint vector, that in this device is
given by the following 91 x 91 matrix.

ég
do(@) = | 9P (14)

P
¢‘1 91x91

where ¢‘f are the differential terms of the holonomic con-
straints, ¢;’ are the differential terms of the constraint actua-

tors, and ¢f are the normalization terms. All the terms of this
Jacobian matrix are calculated using the following primitives:

,',‘,-=[ fi’ f)i] =[ r,,2¢ ]
;=[0,2pi]

where the G; is the Euler matrix defined in Haug®® as G; =
[—e, —€ + epl3x3] , and the terms for the displacement (¢, )
and orientation (¢, ) are obtained with the expressions of the
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Table II. Differential terms.
Ori fon o b,
¢ (a;, a;) 0 0 al AT A a" AT A;a)
¢'(P Py -1 1 A5 —A;5;

table II for the case of a parallelism constraint o (a;, aj) or
a spherical constraint ¢*(P;, P;).

As mentioned before, to calculate the forward kinematic
solution we start from an approximated generalized
coordinates vector q;, and the command values Cn(t) (in
case the forward kinematic solution depends only on the
command variable). For these effects, it is common to use
the Newton-Raphson method.

¢qu(i) — _¢(q(i)’ t)

o (16)
where ¢, is the Jacobian of the vector of constraints and
qY*D is the next time step of the FKP problem.

2.4. Cartesian forces to joint forces mapping
In order to obtain the forces supplied to the operator, the
relation between the joint forces exerted by the actuators
and the Cartesian force supplied at the end-effector (“/inkl”)
must be known. This relation must be evaluated for each pose
of the device.

Using the reference frames explained before, if [f, n]” are
the forces and torques on the “/ink 1, and N, are the torques
generated by the actuators on the rotational joints,

6
f=) Uyevenx BC x Ny (17)
n=1
6
n=>) (s{"uyeven) x BC x Ny (18)

n=1

the relation between the applied forces on the actuators and
the Cartesian forces on “/ink 1" is expressed in equation (19).

f -
[n] =J")'F

1 2 n
Uy even Uy even T Uy even F
B1 1 B2 2 Bn n
ST X Uy even S X Uy even " S1 X Uy even
(19)

3. OPEN CONTROL ARCHITECTURE

Some of the more relevant characteristics of the designed
device are the ability of working as an impedance or
as an admittance display, and to present an open control
programmable architecture that allows the implementing of
any bilateral control scheme. To obtain those characteristics,
a open hardware architecture and several software tools have
been developed.
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This section shows the functioning of the Magister-P and
the system architecture of the whole interface.

3.1. Hardware scheme

The system hardware architecture has been built on a general
purpose multiaxis board (dSpace model DS1103PPC),**
that is equipped with a real time Motorola PowerPC 604e
processor and with a slave-DSP subsystem based on the
Texas Instruments TMS320F240 DSP microcontroller. The
board is allocated on the ISA bus of the workstation computer.
All the simulation software and the visualization interface
are programmed over the workstation PC. Communications
between the PC-Workstation and the PowerPC 604e
microprocessor are made using the dSpace Clib libraries,
which control the access to the DS1103PPC memory. Both
the lecture of the optical encoders, the calculation of the
control signal, and the management of the linear servo
amplifiers are carried out in the PowerPC microprocessor.
Fig. 4 shows the scheme of the designed architecture for the
control of the haptic interface.

The six 24V DC motors are managed by 4-Quadrants
linear controller power amplifiers. Those amplifiers are set
on current control configuration mode (torque control), so
they supply a proportional torque to the command voltage.

The forces and torques applied by the operator are obtained
by a six-d.o.f. force/torque sensor (JR3 sensor) located on the
end-effector (joystick link), and the signal is read by the own
communication board.

« PC Workstation

Force sensor Application
. [
library -

Control Simulator

- User function Engine -
. Interface [+——>| library [**
< ISABUS >
" DS1103PPC Host Global -
. Controller Board Interface DRAM
.

o [ s
640e " |Communic

L] ation
board

N N
. < GLOBAL BUS > Slave

\J 14 DSP slavele] O [u
- features
. -
Timer
U © DP RAM "
. nit |
- DAC Incr. -

. <
1
converter

14 bits channel =

16-32 bit I/O BUS

. = = o
= o = = = = ® = = = = ®
. .
|__.|Linear Controlle Encoder
4-Quadrant
| [Linear Controller Encoder
4-Quadrant [l
| [Linear Controllei 4—» Encoder Jr3
4-Quadrant <+—| Force/Torque -
L Linear Controllerl e[ DC motorl Encoder |} Sensor .
4-Quadrant
P (— [ -inear Controllerq—,[DC motorl Encoder | .
4-Quadrant
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.
ITM-Hn—9O>»=

o

Fig. 4. Magister-P Open Control Architecture.
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3.2. Software tools
An ANSI-C library (MBIlib — multibody library) has been
developed for the implementation of the control algorithms
in the multiaxis board. The kinematic model explained in
section 2 is programmed in this library. All the code for the
necessary matricial operations of the previous algorithms
have been also included in MBIib library. Additional C
or C++ libraries cannot be used because of the PowerPC
compiler tool.

Programming and management of the control algorithms
on the DS1103PPC board is done using the dSpace RTlib
libraries and the cited MBIlib libraries.

RTlib. The resources of the DS1103PPC board are managed
by the dSpace Ind. RTlib library. The functions are
written on ANSI-C and control the configuration and
the read/write operations on the several resources of
the board.

MBIib. The MBIib library holds the necessary matricial
functions and the joint primitives of the multibody
algorithms that solve the IKP and the FKP problems
of the 6-URS platforms. The Jacobian matrix of the
equation (19) is also computed. The library is written
in ANSI-C.

For the communication between an external application
and the hardware of the DS1103PPC board, the Clib
library is needed. This library is proportioned by the board
manufacturer. The communication is managed by the DSP
slave of the board. The process to establish such communi-
cation channel is the next one:

(i) Register a client application on the board DSP.
(i1) Select a board where the real-time task is being executed.
(iii) Allocate board resources for the interchange of variables
between the dSpace board and the client application.
(iv) Access the real-time board variables using the existent
functions. (The names of the variables must mate with
the ones programmed on the board).
(v) Free the assigned board resources.
(vi) Unregister the application.

Finally, some tools for the compilation (Microtec PowerPC
C Compiler) and for the program management on the
DS1103PPC board (Down1103 program from dSpace Inc.)
are needed.

3.3. Impedance mode

Impedance displays are defined as devices that can supply
information about its motion and at the same time they can
supply to the operator a vector of generalized forces. To
use a mechanical device as an impedance display, the next
requirements must be fulfilled:

e to obtain the position and orientation expressed on the
Cartesian space, the device must have position sensors,
and the forward kinematic problem must be solved.

e to supply a generalized force vector to the operator, the
geometrical Jacobian matrix must be evaluated, and the
actuators must be controlled by simple open control loop
amplifiers.
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Encoder Forward To
Input Kinematic remote
Problem zone

Cartesian DAC To
to .| output operator,

joint forces
From INPUT J
remote Cartesian
zone Forces

Fig. 5. Simplified Scheme of the impedance mode (open loop).

Fig. 5 shows a simplified scheme of the impedance
mode work-mode (open loop control) programmed on the
Magister-P. In this mode, the display is set on open loop
mode, and all their control signals are accessible from the
outside. This is the widespread control mode in the greater
part of the haptic devices, and this work-mode allows the
implementation of the classic bilateral scheme force-position
(force-reflection FR), and others that are derived from this.

3.4. Admittance mode

Admittance displays are defined as devices that can supply
information about the generalized force vector exerted by
the operator; at the same time, they can supply to the
operator the Cartesian position and/or orientation of the
remote environment. To use a mechanical device as an
admittance display, the next requirements must be fulfilled:

e to obtain the generalized force vector, the device must
have force sensors. The widespread options are a six-
d.o.f. force sensor on the end-effector link or the lecture
of the motor intensity, and to use the simplified model of
the DC motor, where the motor torque is proportional to
this intensity. The Jacobian matrix converts those torques
to generalized forces on the end-effector link.

e torender the remote environment positions to the operator,
a position loop must be closed on the device. The dynamic
model of the display is used to obtain the controllers to
establish this loop. The mechanical structure must be stiff
enough to supply those forces to the operator.

Fig. 6 shows a simplified scheme of the admittance mode
work-mode. This mode allows the implementation of the
position-position (Position-reflection PR) bilateral control
scheme.

INPUT

From end effector Inverse 5] DAC To

remote Cartesian || Kinematic —| output operato
i~ Controller

zone Position Problem

Encoder
Input

Jr3 To
Force/torque remote
Sensor zone

Fig. 6. Simplified Scheme of the admittance mode (position loop).
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4. GLOBAL PERFORMANCE

AND CHARACTERISTICS

To characterize the performance of a haptic display is not
an easy task, due to its bi-directional nature; it is capable of
both a reading and writing input to and from a human user.
Several indices can be used to compare different devices with
some similar characteristics, but frequently those indices
point on a very particular feature. In specialized literature
several of those indices can be found; some of them are used
to characterize the performance of parallel devices, as the
Ozaki global pay-load index (GPI),> the global conditioning
index (GCI) defined by Gosselin and Angeles,”S or the
constant orientation workspace (COW) defined by Yoon
and Ryu.”’ Colgate and Brown?® suggested the dynamic
range of achievable impedance (Z-width) as a measure of
performance. Other indices have been considered for more
general features of the haptic interfaces, like the resolution,
precision, bandwidth or structural response. Nevertheless,
the wide variety of the existent designs makes it difficult to
establish some comparisons.

This section tries to show some characteristics of the
presented device; its mechanical dimensions, workspace and
force reflection bandwidth. A more complex analysis will be
made in future works.

4.1. Mechanical dimensions

Table III shows the main mechanical features of the
developed prototype.

4.2. Performance parameters

e Workspace. The COW is defined as the 3D region that can

be obtained by the end-effector when the mobile platform
is kept at a constant orientation. Therefore, large values

Table III. Mechanical Characteristics.

Geometric data

Upper base radius (rpase) 250 mm
Joystick base radius (rjoystick) 100 mm
Angle between spherical joints (&) 15°
Angle between Universal joints (o) 20°
Even links length 188 mm
Odd links length 220 mm
Cable transmission rate 13:1
Maximum angle of the pantograph 135°
Minimum angle of the pantograph 40°
Mass Data

Joystick mass 0.29 Kg
Composite mass of the even links 0.06 Kg
Composite mass of the odd links 0.45Kg

(4 motor)
Main inertias of the end effector kgmm? I 236.16
I, 236.17
I, 431.85
kgmm? I 42.04
I, 139.21
I; 146.10
kgmm? I, 2246.35
I, 2206.94
I, 1139.79

Main inertias of the even links

Main inertias of the even links
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X

Fig. 7. Constant Orientation Workspace at 8 = 0°.

of COW will give a wide range of motion. Fig. 7 shows
a picture of the experimental workspace of the prototype.
To maximize this workspace, and avoid the joint limit
imposed by the spherical joint, the point of application
of these joints is allocated at 45° with the plane of the
end-effector.

e Bandwidth. On the design process of a haptic device, the
sensing and motor-control bandwidth plays an important
role. The sensing bandwidth refers to the frequency
with which tactile or kinesthetic stimuli are sensed,
and the control bandwidth refers to the rapidity with
which humans can respond. The sensing and control
loops are asymmetric, meaning that the input (or
sensing) bandwidth is much larger than the output (or
control) bandwidth. The present prototype can obtain a
sensing bandwidth of over 320 Hz, that is the bandwidth
beyond which the human fingers cannot discriminate two
consecutive force input signals. Thus this device can
be used as a kinesthetic display supplying manipulation
forces to the operator, or as a haptic display supplying
tactile forces.

e Peak Force. The forces supplied to the operator must be
according to the sensing human capacity. The maximum
continuous force an operator can support without feeling
fatigue is near 20 N.? For example, the peak output force
of the well-known Phantom is 10 N,2 and continuous
force (without actuator overheating) is only 1.5 N. The
present prototype is able to supply peak forces of 16.65 N
on each pantograph, given a total force of 99.9N in
the vertical axis of the end-effector. This characteristic
allows the use of the device in the position loop shown
before.

5. INTEGRATION WITH A VIRTUAL
TELEOPERATION ENVIRONMENT

To test the real performance of the presented device, a
virtual teleoperated dynamic environments simulator have
been developed. Among the main characteristics of this
virtual simulator are the possibility of modelling a complete
dynamic model of a robotic slave and its interaction with
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Fig. 8. Virtual Teleoperation Simulator System Architecture.

other dynamic objects that are in a virtual situation. Another
important feature for the experimentation with teleoperated
schemes is the capability of controlling the communication
time between the local zone and the remote virtual zone, so
that the virtual zone is controlled by a discrete time interval
integration step. This way the communication with the master
device can be included on the step simulation.

5.1. Architecture of the telerobotic simulator
This subsection concerns the basis of implementing a
dynamic simulator for teleoperation tasks. Fig. 8 shows a
general scheme of the developed architecture. The system
is designed to be used as a haptic environment generator
or as a help tool for real-teleoperation tasks. To provide
independence from the devices connected to the system,
each mechanical device is connected to the system by an //O
Interface Module that contains the input/oputput functions.
The characteristics and main modules of the developed
simulator are briefly reviewed here. A more detailed
explanation of this simulator being used with a Phantom
device can be found in Sabater.*

e Development and Graphic Environment. The de-
veloped tool has been implemented in C++4-, using
OpenGL graphic libraries. The user interface has been
programmed with Qt libraries,?! ensuring the portability
of the tool. In fact, we have tested the software under
Microsoft Visual C++ and Suse 8 Linux. OpenGL
libraries give us the possibility of changing the point of
view of the scene using the mouse movements.

e Geometric and Mass Database module. The first step
to build a simulator is to establish a database containing
the geometrical and inertial parameters of the bodies that
appear in the virtual world. A rigid body has various
properties that are needed on a simulation loop.
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Some of them change with time: The position vector
of the body’s reference system; the linear velocity; the
orientation of a body, represented by a quaternion or by a
rotation matrix; and the angular velocity vector.

Some other properties are considered as invariant: the
mass of the body; the center of mass expressed on the
body reference system; and the inertia matrix expressed
on the body reference system.

Once the single body is full defined, we provide the
interface to define kinematic chains using the Denavit-
Hartenberg (DH) notation. Hierarchical relations between
the linkable objects are also defined. Joint libraries
containing rotational and prismatic primitives have also
been defined. This way, the implementation of a new
slave robot inside the VR environment only requires the
definition of the DH and mass parameters.

e I/O Master Arm module. The platform has been con-
sidered for the experimentation and testing of open
architectures, so any robotic device that has its own
interface could be “connected” to the system. We have
develop a generic class (dhinterface) from which we can
derive any particular interface.

e Supervisor module. The supervisor modules perform
administration and data management tasks.

e Collision module. The collision module has the role of
obtaining the possible pairs of bodies that are colliding.
The input information for this module is the geometric
model of the objects and its actual positions. The collision
detection algorithm is based on a AABB (Axis Aligned
Bounding Boxes) representation of the 3D polyhedra of
the scene, in which the tree hierarchy is constructed from
boxes bounding the primitives associated with them. The
boxes’ axes are aligned to the axis of the object’s local-
coordinate system. This module stores the information
on structures containing the contact position, the normal
vector and the penetration depth of each pair of colliding
geometries. The module that comes with ODE free
software®” is being used as collision module.

e Contact-Forces Generator module. Using the contact
points provided by the collision module and the masses
and dynamic parameters stored on the simulator, the force
generator module calculates the reaction forces to the
interaction of the environment elements. To compute the
contact forces on each point involves solving a Linear
Complementary Problem (LCP) that is obtained from the
current contact configuration of the system.

e Dynamic Engine. Once the contact forces (and associated
torques) have been added to the net external force-torque
pair acting on each object, the dynamic engine module
is responsible for the actualization of the geometric and
dynamic data of the objects in the environment. The
key of this module is the solution of the movement
equations of the system. A first order Euler integrator is
used.

5.2. Force-position bilateral control scheme implemented

This subsection explains the one-step loop simulation that
takes place in the FR scheme implementation of the
experiments show on next subsection. Fig. 9 follows the
loop simulation of the developed software. A 0.005 seconds
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Fig. 9. Schedule of developed software.

timer is implemented on the glDrawerl object. This timer
commands the simulation loop (dashed box). The first step is
to read the Cartesian position of the input master device, and
to solve the inverse kinematics of the slave. We use the Clib
library to interact with the mechanical device. Next, if the
dynamics of the simulator is activated, the position control
loop of the slave is solved (in this case using a decoupled
control architecture with a simple PD controller on each
joint). Once the positions, velocities and accelerations of
all bodies are updated, the collision module is called, and
one integration step is solved using the Euler integrator. The
forces calculated are rendered using the /O module of the
master device.

The modularity of this schedule easily allows to insert
blocks on the communication channels (for example delays),
showing the capacity of the developed system to be used as
a platform to test new control schemes.

The main characteristics of this architecture are:

e casy interface with the mechanical devices

e the 1/0 Master Arm Interface allows for the decoupling
of the force servo loop from other loops (graphics,
simulation, etc.)

e ready architecture for extension to other mechanical
devices (master or slaves)

e ready architecture for extension to other control schemes

e user-friend interface

5.3. Experimental results
Using the haptic device presented in this paper and the
dynamic simulator of the subsection 5.1, several experiments
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Table IV. Values for the simulation.

Force reflection factor 0.1
Newton-Raphson Error 0.001
Max. Cycle time 0.01 sec.
Simulation step 0.05 sec.

have been made. This subsection shows a peg-in-hole
insertion. The bilateral scheme used is the force-position
explained above. Some values of the critical simulation para-
meters are expressed on table I'V. The accepted error on the
iterative Newton-Raphson method have a direct relation with
the cycle time of the dSpace board, so this value must be
adjusted in order to be synchronized with the simulation step
time.

Fig. 10 shows the results of the simulation. Two separate
insertions of the peg were made, (between the 8-10 s and
the 11-14 s). The plane marked with the horizontal line in
z = 0.21 m represents the plane where the hole is allocated
(Fig. 11). Under this height, the peg is in the hole. At the
bottom part of the figure, the Z forces fed back to the operator
are plotted. These forces are produced by the friction of the
peg with the walls of the hole during the experiment. When
the peg is going up, the forces are negative, and when the peg
is out of the hole, these forces are null.

6. CONCLUSION
The design and development of an “open control” six degrees
of freedom parallel master has been presented (Fig. 12).
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Fig. 11. Virtual Teleoperation Simulator interface.

The device has 6-URS kinematic chains and is able to work
either as an impedance or as an admittance device. A smart
formulation based on the multibody dynamics theory has
been developed. These algorithms have been used to obtain
of the control schemes of the device.

The availability of “open” master and slave devices (a
virtual slave) allows the implementation and experimentation
with different bilateral control schemes, an interesting tool
for future developments.
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Fig. 12. Actual version of the Magister-P Prototype.
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