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Abstract

This work presents the development and experimentation of
a fhree degree of freedom hand controller (oo dof for
Sorce and ane dof for torquel, with force reflection in o
af fes aves and torgue in the third one. This fand controfier
was developed, infended for hoth robot santpudaior and for
micrhile rohol feleoperation sysiems Exporiments ave been
performed wiing a robatic hawd av a remote manipulator,
showing good performeance of the desigred hand comtrofier

Also, an impedance comrol hay been implemented in the
remiote sesiem oflawing e fumsicr DPEraio 8 OOy ol
iferaction tasks with the eavirmmmen (siclt @ podishing

obfect invertion, grinding, efc.) where i i mecessary o
contral and o “aocommedaie " e interaciion Sorces and
torgues, faking care of wed damaging the remole robot nor
the object it s interacting with Finally, the testi carried
ertid shicrwrn oo adlegueae o comtrofler adiuctment fo the
specified folerances for the memiinmed faxks,

Keywords: Robot  Teleoperation, Hand  Costroller,
Impedance Control, Man-Machine Interface, Force-Position
Conirol,

1 Introduction

In the kst two decades, the rescarch involving robot
manipulater teleoperation systems has  experienced a
comsiderable growth. The main reason for this tendency is
the need 1o increase the humpn operator inteasity and, at the
same time, lower overall costs of industrinl automatic
processes.  Some  tasks, where  robotic  deleoperation
principles can be applied, include a wide spectrum, ranging
from: mnuclear reactors repairing, spaceships  devices
maintenance controlled from earth, handling of mdicactive
miterials, manipulation of explosive devices, submarine
searches, remote fire extinction, mining 1asks in dangerous
underground tunnels, teleoperated repasr of high and mid-
voltage  overhead  electrical  lines,  applications  in
agriculiure, ielesurgery, telemedicine, cte. (Kuleshow, V.5,
el al., 1988; Fronni, P. ond Oboe, B, 1997 Costro et al_,
2000,

Teleoperation systems generally consist of two robotic
manipulator statons {one focal and the other remote), a
comnmunication chanmel. and an envireiment sith which
both the remote rebot and the human operator interact. The
manipulators are partially controlled by the human operator
and by their own local control algorithms. in a shared
contral structure ([ Das, et al., 1992 Guo, ., ¢ al, 1995 1
Pastio, et al_, 1998},

In object telemanipulation, the human opeeator needs 1o
have control or ot least an effective “presence™ in the
remode site, For this reason, teleoperation svalems must
allow the “transporation™ 1o the remode site of hisher
copacities and skills, as well s hisher intelligence. When
performing teleoperation tasks, the opersior uses mainly
rwo of hisher senses: wision and kinesthetic perception of
the interaction forces. One of the main objectives of the
telemanipulation  {or  remole  operation) is  the  total
transparency  of the interface being wsed; tha is, the
sctuntors of the rebot manipulaor execute their commands,
the sensors Teedback the measered signals and the operator
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feels like as if he/she was really operating on the device al
the remole site (Sheridan, T8, 19927,

This paper presents the design and development of a 3
d.o.f, local hand controller, two of force (x and v axes) and
one of torque (2 axis), with force reflection in two of tem
and with torque reflection in the third, and its application in
a robot teleoperation control system (or its possible use w
teleoperate mobile robots). A Pentivm PC computer {13M-
fally compatible) is used as the interface between the local
manipulator and the remote device of the teleoperation
system. The computer handies the communications (o fall-
duplex link), wnd is in charge of supplying information o
the operator of what happens at both ends of the
teleoperation  system. The developed system  allows
modifying different parameters of the manipulator control
system, such a the control loop gains, the transmission
baud rate between both stations, etc. Communication is
performed in o bi-directional way (“full duplex), managed
by a resident program in the PC implemented in C44
language (Pappas, C.H., ot al., 1993},

In the proposed control structure, the lecal manipulator
reflecty the forces and torques produced by the interaction
of the remote robot with its environment. The conteol
strategy allows the commutation between position control
algorithms or force control algorithms in each axis (with
independent motions), depending on the free of on the
constraimed motion of the remode robol, The remote
manipulalor operates in position control, receiving as a
reference command the sensed position in the local
manipulator. Each axis pf the hand controller operates with
the mentioned configuration, independently  from  other
Ones.

Supervisory PC

_

E‘u-mmuriin:minn
System

Protection System

The paper is organized as follows: section 2 describes
the operation features and the general configuration of the
developed hand controller. Section 3 covers the proposed
contral structure, while section 4 shows the experiments
made using the hand controller in a laboratory icleoperation
system. Finally, section 3 summarizes the conclusions and
furture work.

2 Hand Controller for Robotic

Teleoperation

The developed hand controller for teleoperating robot
manipulators {or mobile fobots) will be described in detail
next

2.1 Hand Controller Operation

In order 10 contral the hand controller, fulfilling the initial
proposals of: versatility, device friendly to the user and
electronic  circuit  optimization, the following general
operation scheme is proposed, as indicated in figure 1.

The follewing functional blocks can be distinguished in
this figure:

*  Supervisory PC: It is the graphic interface with the
wser and manages the communication between the
hand controller (local manipulator) and the remote
manipulator or device,

¥ Communicatlon systene: I s in charge of the digital
signal transmission of information at the speed
specified by the user. The protocol used between the
sysiem and the P'C is the R5-23ZC prodocol (BlackBox,
21,

. :

& Control Linit (CLI)

3

Amplifier - Actuator __'l Moator - Aciuator

Mechanical System

T

Conditioning

! ]

Digital Signal Position
Conditioning  |* Mieasurarment
Analbog Signal |

Force f'-'ll’.‘ﬂxun:m-unl U]

Figure 1: Generl scheme of the hand comimller confiparmiion
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Contraf Uit (CUL It conforms the main element 1o
operate the hand controller and it is a pan of the
BOC19:KC microcontroller. [is main task consists of
executing the algorithms i Assembler language. Thess
algorithms conform the position and force control
structure of the local hand controller. The CU
generates the elecirical signals of the Pulse Width
Modulation (PWM]}, gyrating sense (the control actions
that command the actuator through the amplifier
block), etc. In this block, control algonthms for each
one of the varmbles to be controlled have been
programmed. [t operates with feedback signals from
different blocks of the measurement electronic circuits
and signals from the supervisory PC, as well,

Amplifier-Actnator: It carries out the adaptation of the
control action signals generated in the control block, 1o
apply them properly to the modor-aciuator block, This
system generates the signal 1o drive the motors of the
actuators, based on the information coming out from
the control bock,

Protection system: It protects the motors of the three
axes of the hand controller during its operation, not
allowing them to éxcecd the nominal current of the
s,

Maotor-Actuwator; It consists of a doving D.C. motor
that supports the torques and the opposition forces that
are applied on the hand controller’s end effector and
the D.C. motor is in charge of transmitting the motions
o the mechanical system, reflecting this way the force
from the remote site.

Mechanical Syster: 1t is constitoted by the structure
of moation fransmission to the end effector and by the
iron supporting shell.

Force Measnremenr Block: The devices in charge of
obtaining signals coming from the Wheatsione bridges
constitute i,

Analog Signal Conditioning: 1t is the responsible of
giving the appropriste electric format 1o the measured
force signals.

Posirlen  Measgremens: [t performs the  position
measurement of each one of the three axes of the hand
controiler.

Digital Nignal Conditdominmg: After obtaining the
signals of the position measurement bBlock, they are
processed in the block of digital signal condibieming,
giving them an appropriate format  for  their
interpretation in the control unit. This block generates
signals of gyrating sense and frequency signals of cach
maotor.
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The linking of all these functional groups allows one to

carry out the hand controller's control, Fulfilling the desired
outlined requirements of functionality.

1.2 Configurations of the Hand

Controller

Several connection configurations of the developed hand
comiroller were tested during the experimental phase. These
configurations are:

Hand Controller — Simulated Environment; the hand
conteoller may be connected to o PC in which runs a
program that simulates o remote vidual environment.
The limitation of this scheme is that the program must
pdministrse  the  communication with  the hand
controller, respecting the protocol that was defined for
the developed applications, This scheme can be
appreciated i figure 2.

Ié-—-j ’_

Hamd Controlier

—_—
Supervisory PC

Figure 2: Hand controfler and the sfimulated enviranmem
confipiralion

Hand Contralles-PC - FC-F‘.E:H“E f:lrvl-:l:: |:r|| l|'|'ir:
masde,  the hemd controller is connected fo the PC
performing as a  supervisor, from  which ihe
information Nows w another remote PC which is
handling another device (either a robol manipulator of
p mobile rebot), This scheme (figure 37 does not have
any limitations for the local system since the C++
pragrams developed for the PO, misy be adapied to this
supervisory function. It should be forescen that the PC
that manages the remote device would perform the
communication protocal that was described in 2.1,

Hand
Contraller

| JI’JH {” L_E

Supe rvisa ty PO

Hemote System

Figure 3 Confipurntion: Hand Controdler-PC - PC-Remote
lkevace

Hand Controller-PC — Hemote System: In this cise,

baoth the hand controller and the remote device are

connected 1o the same PC. The PC sdministers the

communication between the hand controller and the

remote robol, performing as well as an user interface



J.F, Pestigo, V. A Mul R. 0. Careli. L A Baigarria, B. R. Kuchan. Robod Teleoparation with Force Raflaction and Impedance ...

(Figure 4), This -scheme has been wsed for the
development and  experimentation  with the  hand
comtroller. It should be noticed that the remote system
uses the communication protocol that the  hasd
comtroller ises as well

I._l i .!::;I' | -lull-!

= =

Supervisory
PC

Hiand comtroller Hemote 5:!.'5!:::11

Figure 4: Hand Contriller-PC - Remisle Sysiem conliguraticn

=  Hand Coniroller — Remote Manipulator; [no this
configuration, the hand controller 15 commected directly
tor the remote manipulator without intervention of the
supervisory PC. In this case, we cannod visualize the
informition (on the PC monitor), something possible o
be done when having a supervisory PO (as m provious
schemes). The remote maonipulater will manage the
communication to and from the comiroller,
according o s delimed prifocol, This scheme is
shown in figure 3.

IliIIIIII

g

1)
AR

| ae 250

Hand contraller Remote System

Figare 3: Hand contraller — remole manipulalor configuralion

2.3 Electronic and Mechanical
Characteristics of the Hand
Controller

The structure of the hand-comroller consisis of a sweel
frume to which all the mechanical components ore fixed
This  device allows, according 1o these mechanical
components, motions on e three axes (xgn2) Inoa 30
space, thus leading to a three-degree-of-frecdom  hand
controller, In the picture (figure &), the mechanical and
elecirical components of the hand controller can be
observisd,

The mechanical coupling/articulotion of the hilt beam,
fiar |:|-:'El|i|.|r| 0n x .'|r||J WOAXES, 15 I1|r||u;'| a peai af Cresceml-
shaped, steel puides with a pair of holes i their ends, for
connecting them o the DUC, maoter axes (Figure 6) Esch
steel guide can maove within a lmited angle (£ 307 and 15
also connectisd 1o a DO, motor thit generates the reflection
force (opposite compensation force) on each & and p
axis, respectively. The hilt beam s alse directly joined to a

third D.C. motor which reflects the Z -axis torque (having a

limited £ 53% angular motion) on the human operatos’s
hand,

Jagged
balt

Jagged

pulley S

Reduction

encoder1 @

D.C. Motor.2
(y dxis] i

D.C. Motor 3
[z axis)

Figure &: Lipper view of the mechanical siructare of the developed
hand controdler

The stesl guides ditfer in size for both axes {x and v},
which allows them o be placed one below another
concentrically, though separated at omentation angle of B0°
Ewxch [DLC. mofor has a high-rafio reduction gearbox (314:1
foar the ¥- il WeaNEs oo apd 2500:1 Tor the 2-axi
miotor), Optical encoders placed on the supports of the
frame sense the hand controller’s position, These supports
are placed i such a way to have the axes of each motor snd
its corresponding opical encoder in parallel, Mechanical
transmission between these axes is through a jagged beli-
and-puliey wct. Each hand controller axis has suppocts to
moun! e |11|||I-|i:|1|lr|||p_ pwilches that will operate In case
the mater comes close to an extreme position. The joint-
limiting switches will serve as prodection for the motor, as
well as to lomit the motion of each one of the hand
controller axis.
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Vaoltage Source of the i
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T Encoders

Signal Conditioming

-Woltage Source

[Digeinal Filter

L

Mircrocontroller

and Memory N
alr. !

Supervisory H Bridges and Current = [RC, Mators
M Limitation

Figure 7: Functional diagram of the hand controller

The reflection, of the force sensed in the remote sife, o the
hand controller grip, is made through the modification of
the force references o the motor control of each axis Oopo)
This modification is proportional (through a force gain
block) to the sensed magnitude of the force m the remoe
hand. Also, it is possible 1o generate force references, from
the local hand-controller to the remote hand, when the
timan operator exerts a force over the grip. This force is
sensed by the strain gauges placed on the load cell and is
transmitted a8 position/force  references to the comtrol
system of the remote hand.

Figure 7 shows a general operation diagram of the
mechanical, electrical and electronic components of the
hand controller.

2.4 End Effector

The end effector of the developed hand controller consists

af a load cell and a haptics-hilt mounted on it. The load cell

is of cantilever beam type made of aluminum with thermal
stress cracking, The dimensions and geometry of the beam

are shown in figure 8.

Three main areas of the beam can be distinguished in

Figure 8:

»  The zone at left: it is wsed to fix the losd cell to the axis
thi generaies the hand contreller’s motions. This zone
has a hole with a screw, which allvws a beller
clamping to the aluminum beam_

*  The central zone: i this ares, the crosg-section
dimensions have been reduced, in order to concentrate

and increase the surfoce strains produced on the beam
when forces or torgues are applied o it At the same
time, there are two new subsections in this zone: a
square-section zone, where the stramn gauges (that
sense the deformation on the x and p axes) are glued to;
and a cylindrical portion destined 1o measure the
torsian of terques (in the z axis) applied to the losd cell
(in this porteen of the load cell, the strain gauges ars
placed at a 457 angle from the main axis), It ean be
demonsirated that such strain pauges placement 15
adequale 1o measure Iorskon 0 circular  sections,
Besides, with this geometrical amangement, the load
cell albows to sense forces in two aves (x and w) ond
torgue in the third one {z-axix).

Prismatic

. bizans for

SESEEN Cireatar section /e hil

J ; ¥
A
% 1 ]
Sectio, | |
for ", Strain gauges

axis t'u«:ingm,WL

Figure 8: Hand-gonirodler's Jeal cell
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®  The right zone: This is the longest area of the three;
where the hilt is placed on. The hilt determines the
grasping area of the end-effector in a way that the
human operator may manipulate the hand-controller.

In order to sense the forces and torques on the three
axes, a set of strain gauges are mounted on the faces of the
central section, which are electrically connected as o
Wheatstone bridge configuration. The beidpe, with the
strain gauges placed in the opposite faces in the square.
section zone, permits @ better sensibility of the sensed
deformations along the @ and y axes

For the circular section, strain gauges especially
designed for this type of applications have been used. These
commercial strain gauges, constituting a half-Whenstone
bridge, are placed at 43° angle with respect to the beam’s
axis, but with a 90® difference in orientation between bath
bands of the half bridge.

Figure % shows a general scheme of the force and torque
sensing method of the hand-controller {for only one axis)
and a zoomed view of the mechanical coupling between
each D.C. motor and ils corresponding optical encoder.

3 Control Structure

This section will briefly describe the proposed structure for
the hand controller operation in robot telesperation tasks.
The supervisory computer i3 in charge of defining in what
mode the hand controller will operate. Initially, the system
begins in a position conirol mode until establishing the

Aliimmi
Hand contraller I::;'::m
hilt
Instrumentation

Amglifier

Squanng
Decoders

IHEI'II:I-gul

connection of both systems (remode system and local
system via the communication channel). Once the position
references, sensed and backfed by the remote svstem, are
given, the local system executes them to position the hand
controller. At the same time, the supervisory computer
verifies that the positions of both systems be closely
encugh, In case that the positions of the local and remote
robot are close to each other, the supervisory computer
enables the human operator to comemute the hand controller
I the force control made. The hand controller will reman
in this last mode until the human operator indicates the
SUPpETvisory computer o commule the hand controller again
o the position contral,

Figure 10 shows the control scheme proposed for the
hand controller, which is basically a position coniral with
the possibility of o commutation to force control.

The proposed scheme consists of two control loops
connected to the actuator, according to a logic cincuit
contained in a Block denominated supervivion modefe. The
supervision module is a real time application that displays
the hand controller operation on the computer monitor. The
developed  program  allows the modification of the
controller gains, the system transmission rate, the reference
axes located in the remote system and the proportionality
relation between the displacements (positions) in the local
system & well as in the remote system. This program drives
the dota transmission between the hand controller and the
remate system {rebolic manipulaior or mobile robot)
through an R5-232C commimication protocol {BlackBox,
2001},

Mechanical coupling
between the D.C.
Ergw:l«!;f.nr and its optical

Jagg
Beif

Comnier ] O BOC1S6KC
PWM_| RS-232C | Microcontroller

References and
Commands from
fve Supenisony

Flgure %: Schematic dingram of the force and lorque sensing structure, mechanical magor coupling asd communicatian with il
SISOy compuldcr
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Force Control

predefined | Tm.
Threshald: O ¢~
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— Fogition Control
X
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5 - ‘l'l = [ _________
—ami 7| Motor af the Hand | Environment
L Controller 1
. 3
g e [l I Frr-es st e

Frowre 1 Block diagram of the proposed molsi contiod that commitss 1o foree contrel

The phvsical connection between the local station (hand
confroller) and the remote station of the wleoperation
system is made via o shiclded coaxial wire, The supervision
module works as follows: while the interaction foree with
the environment 5 15 lower than a predetermined threshold
then the supervision module holds the 5| kev ai position 2,
yielding dn a position  contreller  behavior of  the
teleoperation system; but if &l any time f, equals or is
higher than the threshold walue, the supervision module
commutes the 5 key (o position 1, %0 that the sysiem
behaves as a force controller. [F at any time, the force
becomes bower than the threshold, and holds this value for a
while, then the supervision module will again place the 5,
key in position 2, returming the system 1o a position control
behavior. In the hand controller, a control struclere as the
described, is used for cach axis (x. v or z). The centrol loops
operate simultanecusly, in a completely independent way
one from each other,

3.1 Control Algorithms

The control algorithms for the robotic teleoperation hand
controller, used to generate control actions in each loop, are
of Pl eonventional type, Such alzorithms were developed in
Assembler language o order 1o manage the BOC196KC
microconiroller {Loge. A, 1993 A CH language
algorithm was developed o be an interface betwean the
user and the rest of the robotic wleoperation system. In the
PC one may visvalize the state of the variables that are
being controlled, as position and forces of the remote
manipulator. Also, the contrel loop gain constants can be
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modified, oz well as the datn transmission e oo
bidirectional mode between the focal and the remole
stations, The developed slgormhms are described in the
Tl lowing.

3.2 Assembler Installation

The developed program  basically consists of a main
progrum and of several subroutines that carry out specilic
tnsks. which are mentioned in the following sections.

1.2.1 The Main Program

The maim program is in charge of processing the algorithms
of the theee independent control loops implanted in cach

axis of the hand controller, In this program, the positions of

the three moters thot drive the hand controlier are updated.
The eoimmiitation of |:'r|:'|ﬂili.-|:l|l contral o Torce |.'1:l|ll1|.|]. ur
viceversia, <¢an be done with this progrmam s well,
Therefore, the operation sequence of each implanced
algorithm s controlled

322 Control Loop Communication Method

Since the main algonthm should process the three control
loops insplanted 0the teleoperation svstem, i 15 necesary
o contral the progrom evolution, in such a way that the
micntioned loops are executed in a sequential and poriodic
mode, mdepemdently from the operation made of the hand
controlier. To perfonm this function, o variable denominaied
“aris b provided wothe program. This variable acls s an
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indicator, to know which is the axis that works next
(according to hexsdecimal values, previously established),
When the program Finishes processing a control loop
corresponding o any axis, and before emtering the next
contral boop, the program verifies the "axis” value, jumping
to the conirol beop subrowiine that this varable mdicotes,
Once it has entered the loop and it has been processed,
before leaving the loog, it puts in the variabie “oacis” the
valug thai corresponds to the following axis of the
sequence. In this way, the program process cach contrel
algorithm in & sequential and periodic mode,

3.2.3 Method to Commute between Position
Control and Force Control

The method that is used to commute from position control
to farce eontrel (and vice wérsal in the hand contraller is
bised on the use of o varighle denominated “moae”™. This
variable  indicates, according W a  predetermined
hexadecimal walue, to the main program, if it should
process a position contrel algorithm or & force control
plgorithm for the axis in question. Initially, the program
begins controlling position, because the hamnd controller
should be positioned wntil the communication with the
remole system has been established. The commutation from
ore conirol mode 1o the olher will depend on the
SUPETYISeTY COMmpULcT.

The hand controller also has a profection against
communication unexpected imerruptions, This protection is
activated il the communication is interrupted by Bny reasoa,
between the local station and the remote station. In thd
case, the hand controller will be permanently controlling
position, according to the last position that it received as a
reference position,

3.3 C4++ Installation

The communications handling between the local system
and the remade station of the robotic bilateral teleoperation
system @5 dope through a computer. This PC s the
reaponsible for the control of the cosnmumnications. the emor
handimg, the supervision of the change of variables and
alse some other specific tasks, This program was developed
in C++ lingunge due to the power of this language to
generate  functions such as the bandling of computer
intermupdions, the processing of mathematical equations, the
readiness 1o low level programeing and the possibility of
developing mformatien visualization functions in a simple
WY,

Figure 11 shows a simple operation scheme of the
algorithms designed for the hand controeller.

Hand Controller
= Supervisory PC
Cyclic and Periodic PC Monitar [
Algarithm: Visualizes Informaticn
Begin of position and force ||
| I
| & |
Mode=07 a—— Commands | Supernvisory
| F,C r
v I
Force Pasirion Referancas Masition pasilin
Confrof Control ") anil RS- 232C and foree
RS-232C force COM1 F CO2
Mext Axis :::mmte
* * position and force
B Begin i Keyboard - Input ||
Commands |

Figure | 1: Scheme of the modion control algorithm that commtes to foroae
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The program running in the computer uses the PC serial
part 1 ({COMI) to communicate with the hand controlier,
because the B0CI96KC microprocessor communicates
using a serial protocol that has been adapted to the RS-
232C protocol. 1t has also been selectad the COM2 pasrt to
link the local system with the remote station. This should be
changed for some other adapter to carry out the
communication task (such as a net communication board,
the parallel port of the compater, etc.).

The program developed in C++ uses the interruptions of
reception of the serial porallel PC adapter to administer the
whole communication scheme of the robotic teleoperation
system, The program periodically executes the sequence of
events that are detailed in the following: The first event that
takes place is the determination of & pressed key of the PC
keyboard; as & second step, the program rums one of the
different types of possible communications. Finally, it
proceeds to visualize the data transferred between both
stations {§ocal and remote).

4 Experimentation

In the experimental phase, the performance of the
developed hand controller was tested connecting it to an
mtelligent two-fingered robotic hond  developed at the
Automatics Institute (TINAUT), considering it as a remote
device (remote robot), This structure allows to teleoperate a
remoe robotic hand with the local hand confroller, then
constituting & robol teleoperation  system with  force
reflection. The construttive characteristics and associated
clectronic of the robotic hand are described in detail in
Tramontin's work {1997}, The hand was wsed 10 rum o new
control algorithm, which works in a similar way to the one
implanted in the hand confroller. The algorithm  also
handles the commutation between the position control and
the force control struciures, or vice versa, if such function is
enabled modifving its control program. [n addition, the
communication system used for the remote intelligent hand
was the same developed for the local hand controller, based
on mierruptions and “full duplex™ data transmission. This
was done to obiain a better data transfer rate between the
hand coniroller and the remote robadic hand,

The robotic bilateral teleoperation system works as
follows: the server PC receives the data from the hand
controlier through the serial port COM 1 and from  the
remote robotic hand through the COM2 serial port. The
position and force signals backfed from the remote hand are
sent towards the hand controller as sensed signals; and then
the signals coming from the hand controller are sent to the
remote robofic hand as reference commands, Thus, each
one of the signals is used as a reference signal for each one

of the implanted control loops (local and remete). It should
be noticed that the proposed teleoperation system las
certain limitations; one of the most important ones is that
the communication time delay between the local site and
the remaote site is not considered here. This simplification is
due to that both sites are connected 1o the supervisory PC
through a mukti-wired shielded cable using the RS-232C
protocol; in spite of this, its application possibilities may
vary, For example, this teleoperation scheme can be used in
applications where dangerous substances are manipulated
in a room (remote site) and the local site (with the hand
controller and the human operator) is placed at a few meters
distance {up to 15 m). In this case, the time delay is not
significative because of the proximity of both sites and the
results obtained are sull valid,

4.1 Experimental Results

The robotic bilateral teleoperation system was rested m
several commumication speeds between the local and the
remaote stations. Also, the elasticity values of the impedance
control implanted in the remote hand were varied during the
experiments. Figure 12 shows a picture of the developed
EVSLCIL.

Some of the experiments that were cormied out with the
leleoperation setup are discussed in the following section.

4.1.1 Different Data Transmission Speeds

In this experiment, the J-axes hand controller was used ns
the local robot and, as the remote robot, the INAUT s
intelligent robotic two-fingered hand was implanted. 11
should be emphasized that though the hand controller has 3
degrees of freedom, the remote grip can only be controlbed
in one space direction (since it only hos one degree of
freedom). For this reason the p direction of the hand
controller was chosen to control the force and the position
in it. Besides, it was also proven that, with a greater
proportional constant in the force comtrol loop, the
teleapenstion system answered to a smaller force applied by
the human operator in the free motions. I the propaertional
constant was oo high, in the moment of a4 crash with the
surrounding environment, the system tends fo be unstable.
To imperove this situstion, as well as the tebeoperation
system response and (0 give certam autonomy to the remoie
station, an impedance control loop was included {Hogan,
M., 1985}, onlvy considering the elsstic constant of the
impedance fterm in the remofe system (intelligent robotic
hand). Some mportant concepts and  definitions on
impedance  control will be mentioned  briefly i the
following.
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Remote robotic

Local hand
coptrolier

Frewane 12: Experimental robodic leleoperation sebup

The impedance of & mechanical system is defined as the
dynamic relationship between the applied force and (he
displacement velocity,

f(r) = E{pye(r) i(n

where f(r), (A and Z{p) represent the force, the velocity
and the impedance of the mechonicnl system, respectively;
and p=oalf is the derivative operator. In terms of the acteal
position of the robot’s end effector %(1). Eq. (1] can be re-
writhen as;

1) = Zip) paid) (2)

Inthis case, a desired motion trajeciory xy(6) is specified
for the remote robot manipulator and the robot impedance
15 defined by:

fiey = Zip} pxith (3
whare: ) is the force applied by the remaote robatb end

effector against the environment, and x{f = x4 — x(f) is
the robol motken eror

A desired lmpeckarce should be specified to establish
the robot’s behavior in an impedance control structure. It is
natural, for its simplicity, 1o define an impedance linear
relabionship, Also, since the dynamic bebavior (linear
model) of the robot manipulator 55 ol second order, it is
logeal to specifty a second order desired impedance

firy = (Mp” + Dip = K) xif) (4

where, T represents ihe appficd foree by the remote robot
against the environment. The matrix M is called inertia
marix, I} is the damping matrix and K s the elasticity
matrix. Matrices M, I3 and K are design matrices, and are
specificd nocording to the dynamic behavior of the robod

Im the proposed Impedance loop (see section 4.1.2), only
the elasticity matrix K term of Eq. (4) was conzidered i the
remaote system {intelligent robotic hand). Figure 13 shows
the results for a transmission rute of 57600 bauds (between
the lecal and remote statiens) in ap position and b} force
comtral i ¥ spece direction. In figure 14, dhe same
experiment s shown, withowl varving the controller
paramcters nedher the remote impedance, bui for a
transmission speed of 300 bauds.

S
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It is important 1o notice, for a comect understanding of
the time scale of all the figures (from figure 13 to figure
18), that it is glven in program cycles. The equivalence is
the following:

*1 program cycle = 0506 seconds. for a transmission speed
of 200 bawds;

*1 program cycle = 158 mseconds, for a transmission
speed of %600 bauds;

*1 program cvcle = 2,63 mseconds. for a tronsmission
speed of 57600 bauds.

It should also be noticed that in position figures (e.g. Fig.
I3} a), 10000 pulses of the optical encoder are equivalent o
22.92° of change in the position of the hand conroller {or
0.4 radians), These conversions should be also kept in mind
for the comparison of all the above mentioned figures, For
example, the time scale of Figs. [3a) and b) represents a
total period of & seconds,

NMEREE N
Bt
-
B
| =
e

b}

Figure 13: a) |- Remote robatic hand positeon, 2: Local hasd
controller position (axis p only L b 1 Sensed Torce inibe fingers
4 1hé rémate roholic hand, 25 Sensed force in the lnenl hand
contraller {axis ¥ only). Elastic constant of the remate hand
impedance; K=31, proportional constand of the Forde coidralier
Ko=) transmission specd: 5TH00 bawds

If these last two figures are analyzed (figures 13a, 13h,
and 14a and 14b), it can be observed thot for a lower
transmission speed (300 boudsh, as it wos expected, the
system responds in an uninterrupted way due to the higher
samplimg, time penerated in the commumication. When
increasing the communication speeds, the system stability
wis increased, and therefore, 10 obtain a bigger fsency
during free motions reflected in the ieleoperation system.
As for the constrained motions (remode system contact wilh
an ohject or an environment), it was proven that the
teleoperation  systemy wis unstoble at low  transmission
speeds. This problem was solved when increasing ithe
comimunication speed to STH00 bawds,

4.1.1 Different Remote Impedance Values

The experimental conditions were the same ones considered
for Section 4.01.0, but it was chenged, for the smme
transmission speed between the local and the remote
stations (37600 bauds), the elasticity ferm of the fictitious
impedance implanted in the remote robotic hand, Figures
I5a), 15b). 16a) and 16b} show the results of these
cxpeETImEents,

B |
T
il i '

i

=

Figure 14: n) pesition amd b force, with the same paramelers of
ik expenimend i Fig. 13a) axl b). Elastic constanl of ihe remole
bsand mpedance: K=3Z, K ~40; transmission speed: 300 bauds
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Figure |5: a) 1: Remote robotic hand position, 2: Local
hand controller position {axis ¥ onlyk b) 1 Measured force
in the fingers of the remote robotic hand, 2: Measured force

int the local hand coniroller (axis y only). Transmission

speed: STH00 bauds, elastic constant of the remaole hand
impedance: K=16; K,=40

Experimentally, it was proven that the events that take
place in o crash situation of the remote system with some
objects (or with the environment) were improved, regarding
the system’s response, allowing o betler manipulation of
them, The bigger the K constant values, the more stable
response of the teleoperation system (as it is shown in
figures 15 and 16).

m_w | |
W 1 1 : J"r-
L == i
o , b
b I 0 W AR
o] Y PN S —

| 1
e |- i o -
s g
% an aon  &n &m wm

b}

Figure 16: a) 1: Remote robotic hand position, 2: Local
hand controller position (axis y only) b) 1: Measured force
in the fingers of the remote robotic hand, 2: Sensed force in
the local hand controller (axis ¢ only). Transmission rate:

576400 hawds, elastic constant of the remote hand

impedance: K=2; K~

Finally, figures 17 and 18 depict the experimental results
{for the same clasticny value) of the developed hand
comiroller. It can be clearly scen that the behavior and
performance of the hand contreller worsens when the
proporional constant (K of the force PID controller is
decreased {(with an integrative force constant Ky = 0 in both
chses ).

36T
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. Figure 17: a) 1: Remoete robotic hand position, 2: Local kand controller position {axis p only), bl 1
Sensid lorce in the fingers of the remate robatic hand, 2: Sensed foree in the Iocal hand controller (axis
only). Transmission speed: ST600 bauds, elastic constant of the remote hand impedance; K=2;
prapestional consant of the force MD controller K_=§i)
a} k)
force «w'  [position
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Fipure 18: a} 1: Remote robotie hand positian, 2: Local hand contraller position {axis g onlv}. ki 1; Fores
sensad in the Aingers of the remole robotec hand, 2: Force sensed othe local kand controller (axis y only),
Transmission speed: STH00 bouds, elastic constant of the impedance of the remoete and: K-2.
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5 Conclusions

In this paper, the design, development and experimentation
of a three degree of freedom hand controller (forces in x-yp
axes and torque in the z-axis) for bilateral weleoperation of
robotic manipulators has been presented,

The control system for the bilateral teleoperation
structure was designed in such a way that the human
operator, acting on the hand controller, sends positien and
force commands to the remote  sysiem through @
communication channeland p the some time receives the
position and force signals that the remote system reflects
when it senses its interaction with the remote environment
(bidirectional information in the communication channel} m
constrained motion tasks,

The contral algorithms, for each of the three mobors of
the hand controller, were designed and programmed in the
Assembler language of the MCBOI96KC microconiroller
The sofiware necessary 1o visualiee the  graphic
environment of interface between the user, the developed
hand controller and the remede envirenment where the
teleoperation task s performed was developed as well. The
graphic informatien to the human operator {added 1o the
contral loop as a visual feedback of both force and position
of the remote robot), allows to set accurately the desired
values of the interaction force with the environment.

Finally, an experimental bilateral teleoperation setup
wis mounted, using as an intelligent robotic hand as the
remode system (developed af the INAUTYL This setup
albowed one to exhaustively test the teleoperation system in
order 1o show the force ond torgue reflection properies of
the local station hand controller. These test shown o stable
behavior and a good performance of the whole telerobotic
system, Besides, pood results were oblained as far as the
hand controller performance, in force as well as m position
when executing  imteraction  tasks, specifically  when
manipulating objects with the hand, positioning them and
exerting o determinate force against them,

In relation with the possible applications of the hand
eontroller, after the tests it was concluded that, the greaer
the transmission speed between the local and the remaote
stations the better the hand controller performance. This is
because the controller is more stable mnd shows a bigger
fluency when performing interaction tasks (constrained
mation). This fact is very interesting im the coses where
communication time delays should be considered.

The proposed laboratory teleoperation system (which
includes the developed hand controller) allows the analysis
and  design of adwvanced control schemes for  robot
manipulators as well as for mobile robots. In addition, the
hamd controller can be osed to human operators trainee, in
tasks involving constrained motions of the remote robot
(for expmple, in tasks for robot manipulators such as
polishing picces, inserion of objecis, soldening, etc.; and
for mobile robods in the cose of motion in partially
structured environments, detection of obsiacles, eic,),

As future works, the replacement of the one-degree-of-
freedom remote robotic hand for an industrial robot: the 4
degree-of-freedom Bosch SR 800 (Dolling, E., 0. Mirquez,
19896}, is one of the tasks (o cope with, The main idea, to be
developed, i 1o teleoperate this industral robot with the
developed hand controller, while performing interaction
tasks, applying advanced control structures. Furthermore, i
i also a future challenge the teleoperation of a mobile robot
using an available Iniranet wt the INAUT, Later, advanced
conirol schemes will be tested for teleoperation through the
Internet, 0 consider the communication time delay effects
in the performance and in the stability of the complete
teleoperation system.
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