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ABSTRACT

The traditional approach to control a remote operated mechanism consists of providing the operator of
Joysticks to position the slave mechanism and TV displays to visualize the remote worksite. This approach does
not necessary lead to "good" teleoperation performance. An alternative approach is to use not only the sensors
mounted on the remote mechanism but also try to make the most of human natural skills. In the context of
dextrous telemanipulation, we have to control a robotic hand by an exosqueleton (or DataGlove) worn by the
operator. To achieve such an operation, we are investigating in the LRP the problems associated with the
transformation of the human hand motions to teleoperate a robotic slave hand as well as the replication on the
master operator hand of the contact forces generated during manipulative procedures performed by the
robotic hand. The telemanipulation system consists of the "Master”, a dextrous hand with Jorce feedback which
measures 14 finger joints developed at the LRP []], the "Slave”, an articulated hand with different structures
and a graphical interface developed to validate our control procedures.

1 Introduction

The control of multifingered robot hands is playing increasingly an important role in
assembly operations and other precision manipulation tasks that require a high level of
dexterity. In most instances of teleoperation reported to date, the slave will be a serial link
manipulator equipped with a parallel jaw-gripper as its end-effector. The human operator will
be provided with a switch for opening and closing the gripper in order to grasp and ungrasp
the desired object during task execution. Such, grippers however, have some limitations in
view of advanced telemanipulation tasks. These limitations can be overcome by equipping the
slave arm with an end-effector capable of emulating human hand like motions and sensing
abilities [2]. Such capabilities exist in multifingered robotic hands. For literature on dextrous
manipulation using robotic hands, the majority has dealt with kinematic design of such hands,
automatic generation of stable grasping configurations [13] as well as the control problem of
the coordination of movements [8]. All this literature shows us that autonomous control of
multifingered hands is not an easy task.

By comparison to automated control, telemanipulation is an inexpensive method in
terms of computation expense [10]. By use of Virtual Reality tools, error recovery and task
planning functions are assumed by a human hand master, significantly reducing the algorithmic
complexity. The operator using the master device can act in a virtual world containing the
slave mechanism work cell and is no longer a passive observer. This includes a feature where
the operator can control the simulated (virtual) slave hand via the master hand. In Virtual
Reality applications, hand masters are used to control graphics displays and as interfaces for
computer controllers [7]. Commercial hand masters include the VPL DataGlove (VPL
Research Inc., Redwood City, CA), the Exos Dextrous Hand Master (Exos Inc., Lexington,
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MA) and the Cyber Glove (Virtual Technologies, Stanford, CA) [4]. For more advanced
applications, force reflecting master gloves have been developed, including a pneumatic-
powered system [3].

Make a robotic hand execute the same task than the master hand is not an easy task.
Human fingers motion is restricted to that allowed by the master's kinematics. Also, for some
systems there may be significant geometrical differences between robot and master hands and
so, kinematic mapping is not direct. Telemanipulate a dextrous robot hand then requires an
algorithm that performs transformation of human hand poses to the robot hand. This
transformation however, presents both conceptual and analytical problems.

In this paper we propose an algorithmic method which consists on duplicating master
poses into the slave side in target approach phase, and ensuring static stability once the object
is grasped. As the force feedback is very important for the efficiency of telemanipulation, we'll
talk about the transformation of forces between the two hands and propose force control
schemes for 2 kinds of grasp.

2 The Telemanipulation System

The telemanipulation system [12] consists of the master, a dextrous hand with force
feedback developed at the LRP [5], the slave, an articulated hand and the control procedures
developed on an HP graphic workstation (Figure 1).
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Figure 1 : The telemanipulation system

2.1 LRP Dextrous Hand Master

The LRP DHM mechanism (Figure 2) consists of several tendons connected to the top
of each finger segment. It measures 14 finger joints (two for the thumb and three for each
other finger) and applies normal and variable forces on each phalanx [1]. The exosqueleton is
comprised of 3 pairs of parallel link mechanisms spanning the length of each finger and
attached to an immobile base on the back of the hand where the Pothemus Tracker lies (sensor
which gives 3D position in space). Each joint is actuated through a tendon-sheath transmission
by a DC torque motor placed remotely from the hand. The angles of the finger joints are
geometrically deduced from the cable motion which is tracked by potentiometers mounted on
the motor shafts. Miniature force sensors are placed on the back of the palm to monitor the
cable strain allowing by that force control.
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Figure 2 : The LRP Dextrous Hand Master

Human hand kinematics studies [11, 6] show at least 5 DOF's for each finger. A
simplified model is dictated by the 14 DOFs of the LRPDHM. The simplified model first
approximates each joint as a rotation about a fixed axis. For each finger i, we define a frame
Rfmi (xfmi, yfmi, zfmi) attached to the fingertip. Frame Rmi (xmi, ymi, zmi) coincides with the
first joint of the same finger. The origin of frame Rmi (base of each linkage) is displaced from

the frame Rm (back of the hand which lies with the Polhemus Tracker) by a distance "d,.
expressed in frame Rmi (Figure 3).

Ym
Aé X
Zm < P Om \

1]

:

Ymi ;
A

Zmi <&

Joint
‘ Phalanx

Bar linkage

Zfmi

Figure 3: Side View of the human finger model Figure 4: Slave mechanical hand
All joints are assumed to rotate about fixed axes

The forward kinematics of the master hand are given in section 3.2.2.
2.2 Robotic multifingered hand and common reference frame

For a telemanipulation task, the master/slave transformation procedure depends on the
slave mechanism. We distinguish 3 cases:
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« Both master and slave hands have exactly the same structure (same number of fingers and
DOF per finger). In this case, the hand transformation procedure consists only on mapping
joint-angle data from master to slave. A sensor calibration for both human and robot hands
can improve the efficiency of the algorithm.

« Both master and slave hands have the same number of fingers but with a different number
of DOF per finger. In this case a simple fingertip mapping is applied (see section 3.2.1).

o The slave hand is kinematically completely different from the master hand. To execute the
same task in both sides, the low level controller presented in section 3.2.2 is applied.

In all cases, mapping fingertip positions require a common reference frame on the
human and robot hands. Previous fingertip mapping research placed the common origins at the
base of the thumbs [10,9]. We use common origins at frame Rm for the master hand and at the
wrist for the slave hand (frame Rs). These locations were chosen because the slave wrist tracks
the master "wrist" (location of the Polhemus Tracker). On Figure 4, Si correspond to
fingertip/object points of contact. These points are calculated off-line so as to ensure the grasp
equilibrium. Dsi represents the distance between each fingertip i and the correspondent point
contact Si to reach.

Before going to the next section and introduce grasp stability, lets define the task to be
executed by the slave hand. The task is subdivided into 3 phases :
1. Reach phase: From an initial state, the slave hand has to reach safely the object to be
grasped. The reach phase corresponds then to target approach phase in which each finger i
tries to reach point Si on the object. Reach phase is the first goal priority of this paper.
2. Grasp phase: After we have reached the desired points contact, we need at this stage to
ensure static stability of the grasp operation.
3. Manipulation phase: It consists of manipulating the object until the desired task is executed
(e.g. peg in a hole task). In this case, dynamic stability must be achieved.

3 Hand transformation

After an analysis of some specific requirements to achieve a grasp operation by a
multifingered hand, we present an approach for synthesising the control required in the slave
hand to achieve a telemanipulation task.

3.1 Synthesis of grasp operation
In a general case, we resume the grasp operation as follows (Figure 5):

Hand Transformation Procedure

Task to execute Slave Hand Mechanism

Objects

Similar structures
Different structures

Same number of fingers
different number of DOF

Reach Phase
Grasp Phase
Manipulation Phase

Precision Grasp
Power Grasp

Figure 5 : Grasp planning operation

Perception is not considered in our paper.
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Usually, when an object is fixed with respect to the robotic hand manipulating it, the
grasp is presently defined as stable, otherwise the grasp is unstable. In general, grasping may
be divided into two areas : static and dynamic. The static grasp is one in which the object does
not move relative to the hand throughout the operation. On the other hand, if the object
orientation or position relative to the hand is changed during the manipulation, the grasp is

dynamic.

In any grasp operation by a multifingered hand, we have to define an approach to:

* determine all possible static grasping regions on the object to be grasped based on the
geometry of the object and the assembly task to be performed,
define a finite number of grasps on these regions specific to a given gripper,
determine the optimal grasp from the remaining static grasping regions. We use standard
forces that fingers apply to any object (no slippage).

A duplication of master movements in the slave hand alone is not sufficient to achieve
the grasp operation. We have to be sure that the object, when it is grasped, must not slip from
the slave hand. Reason why we need to calculate the point contacts Si that ensure static
equilibrium. Concerning our system, all the objects represented on HP graphic work-station are
already known before the task is started. Objects are characterised by their size: small-large-
long and their shape: flat-round. Geometric description of the components of the object is
given as a CAD/CAM database. Contacts between the object and the fingers are assumed to be
point contacts without friction. For each object, we define n points of contact corresponding to
n fingers of the slave hand.

Finally we consider 2 kinds of grasp

* Precision grasp : for an n finger mechanism, we have n points of contact.

» Power grasp : The object is completely in the hand, we have more than n points of contact.
Only the first situation is considered in the section that follows.

3.2  Hand transformation procedures

Lets Imagine a robotic hand operating in an hostile environement. The operator sends
motion to the robotic hand and reorient it until the object is reached. When the robotic hand
grasps the object, as the slave environement is invisible, we need to approach a hand posture
that permits a stable grasp. The kinematics of the master/slave mechanisms may be different
but should conduct to accomplish the same task. As mentioned above, to transform hand
movements between the virtual hand (image of the master hand on the graphics display) and a
slave mechanical hand we need not only a duplication of the master poses into the slave side in
target approach phase but the achievement of static grasp equilibrium before the object is
manipulated. While manipulating the object, we need to ensure a dynamic stable grasp in the
slave side. We consider 2 cases :

3.2.1 Simple Fingertip Mapping

This is the case in which both master and slave hands have the same number of fingers
but with a different number of DOF per finger. The control scheme by fingertip mapping is
represented on Figure 6.
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Figure 6 : Fingertip Mapping for 2 similar mechanisms

If we are in presence of 2 master/slave mechanisms kinematically different, the fingertip
mapping is not direct. This case is treated in the next section.

3.2.2 Low level control

From the geometry of the object and the number of slave fingers, we use at the moment
human skills to find the optimal points of contact noted Si that ensure static equilibrium. This is
done off-line as an initial step. As the slave wrist ideally tracks the master wrist, an infrared (or
ultrasonic) sensor mounted on the slave wrist gives us at each step the distance D,,,s between
the point encountered on the object by the radiation rays and the origin Os of frame Rs (Figure
7). To achieve movement transformation, we need to (1) calculate the forward kinematics of
the master hand, (2) map the fingertip positions to the slave hand via a common reference
frame, (3) generate slave hand inverse kinematic solutions, (4) cancel the distance between
each fingertip and the corresponding point of contact on the object.

Slave hand Master hand

(Rfmi)

—> Ocont (center of the object) k

Figure 7 : Low level Controller

Forward and Inverse kinematics

The forward kinematics are calculated from the LRP DHM joint angle data using the simplified
human hand model. First the forward kinematics of each finger are calculated with respect to
frame Rmi (eq.1). The position of each human finger is transformed to frame Rm by use of
equation 2 :
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: i=m k=j 1
X = —Z lij.cos(Z@ik) (eq. 1)
Jj=1 k=1

k=j

—f Iij.sin(z Qik)
1 k=1 J

X i = A X (eq. 2)

where for each finger i (i=0,1,2,3,4) and joint j, ®™ x mi 18 the human fingertip position vector
with respect to Rmi, A% is the 3-by-3 orientation matrix of frame Rm/Rmi, lij is the length of
phalanx j and G)ij the joint angle.

The inverse kinematics of the slave hand are calculated with respect to coordinate
frame Rsi by use of the inverse jacobian matrix J of each finger:

20i=J" [4%] Fax,

where A®iis the mx/ joint angle vector of finger / and®* x i 18 the robot fingertip position
vector with respect to frame Rsi.

Algorithm Structure
From Figure 1.6, we can write :

Qsi:Rs/—Y. f5i + Qcont + Qcom‘Si (eq 3)
M Xp= ARX (eq. 4)

At each step, D.pyy is given practically by the ultrasonic/infrared sensor mounted on
the slave wrist. Lets recall that the distance Opqy,,Si is known as points Si have been already

determined off-line. X i Tepresents the desired trajectory of the slave fingertips given by the

master hand during movement.

At each step, when the positional transformation is done, we have to check if we are
still approaching the points of contact Si. This is done by adapting the slave fingertips
according to the error done on distances Dsi and DMi (Figure 8). At each step, the computed
distance Dsi is compared with the desired distance DMi (DMi is graphically, then numerically
known). The errors between both of them, resulting from the difference kinematics between
the two hands, is cancelled by a classical feedback controller. The flowchart of simulation is
shown on Figure 8.
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4 Forces transformation

The replication on the human hand of the forces acting on the robot hand during
manipulation procedure can help to improve the effect of telepresence sensation. When we add
the force feedback, the operator knows the effect of his actions (open and close fingers).
Feeling the force on the hand, he works instinctively. The object for the operator is virtual, but
the situation is real. The forces produced by the slave hand, whatever is the grasp, would
ideally correspond to the forces that the master hand would exert during the direct interaction
with an object. '

The fact is that, when grasping actions or complex manipulation procedures are
performed during the contact with the object, forces are generated on different sides of the
hand fingers. As the LRP DHM measures forces on each phalanx, to simplify we consider
mainly 2 kinds of grasp mentioned before :

. Precision Grasp : We consider that the interaction forces act on the fingertips (Fig 9.1)
« Power Grasp : Interaction forces act this time on each phalanx (Fig 9.2)

Fij - Force acting on

phalanx j of finger i
— -/
< \\ Fingeri
Joint j
o
Slave hand Wrist Master Hand

Figure 9.1: Illustration of a Power Grasp
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Figure 9.2: Illustration of a Precision grasp

In the sections that follow, we present the general problem of reproducing forces on the
master hand for each kind of grasp by referring to the schemes of Figure 10.1 and 10.2. We
suppose first that all joints of the slave hand are motorised and torque controlled (the joint
torque is an image of the current in the motor). Concerning the master hand, the forces are
measured on each phalanx as mentioned in section 2.2.The fingertip force vector is bi-
dimensional (no moment transmitted at point contact).

4.1  Power Grasp
When contact occurs between the remote robotic hand and the external object the

generated contact force vector on each finger called f5, is reflected in terms of joint torque
vector called 7s; (finger i, joint j) of the same finger. In general we assume that n contact

points and force systems occur. The controller of the slave hand commands the actuation
system by considering the error between the effective variable 7s; and the desired variable Ty

(joint torque of finger i and joint j) of the master hand. The latter is obtained by use of the
equation Tu, = F,.d;, where d; is deduced from the cable motion of phalanx j (see section

2.2) and F; recorded at the interaction between the master hand and the virtual object (Figure
10.1). Notice that, on Figure 9.1, the force F; measured on each phalanx of the master hand is
opposed to the one exerted of the slave hand.

X N TS..
™ j T Constant Gains Slave hand motors SU
)%j')‘ Controller —> + torque sensors

Figure 10.1

Fm. Transformation of the force
1) > measured on each phalanx to
the correspondant joint torque

T Mij =Fij.dj

4.2 Precision Grasp
In this case we have to compute each fingertip force fj,, resulting from the interaction

virtual object/master hand. This one is obtained by use of the equation Ju; = J'T.Ej.d ', where

J is the jacobian matrix of finger i. The slave force feedback controller will command this time
the force feedback actuation system according to the error between the values Js; exerted by

the slave hand in interaction with the real object and the forces Ju, (Figure 10.2).
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Figure 10.2

5. Conclusion and Future works

In this paper we proposed an algorithmic method for the telemanipulation of a
multifingered robotic hand kinematically different from the master hand (LRPDHM). Even
when fingertip position mapping is possible, errors from the human hand model, master glove
data may reduce the mapping accuracy. In this paper we considered only the target approach
and reach phase. The grasp and manipulation phase, for which we have to ensure static as well
as dynamic stability will also be considered.

The fact that the LRP DHM also measures forces, we proposed in this paper force
control schemes to control slave hand/object interaction forces from the master hand. These
schemes will be implemented in the future to control Salisbury's robotic hand of the LIFIA
Laboratory as a slave hand from the LRP DHM as a master hand.
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