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Abstract

Intelligent Cooperative Manipulation is proposed as a new paradigm for human-machine
interaction and cooperation. Aiming at intelligent assistance of human operators the infor-
mation and power flow between operator—system—task environment is carefully analyzed
using a virtual reality to simulate the task environment. Central issue of this virtual reality
is the in this paper proposed Dynamic Force Simulator (DFS) for feedback force calcula-
tion. The DFS simulates object dynamics, contact model and friction characteristics of the
human hand interacting with objects in the virtual reality. After derivation of kinematic
and force relations between hand and object space we propose a method for calculation
and feedback of appropriate forces to the force controlled actuators of the sensor glove we
have developed. A numerical simulation ezample showing the efficiency of the proposed
realization scheme of the DFS concludes the paper.

1 Introduction

As a step to human friendly technical systems
we have proposed the Intelligent Assisting Sys-
tem — IAS, which assists human operators per-
forming mechanical manipulations in the task
environment[2](3]. To influence the environ-
ment state physical actions must be exerted on
objects, which we call flow of power. Of course
flow of information is equally important, but
only the combination comes close to what hu-
mans do everyday in their environment.

The idea of the IAS considers these informa-
tion and power flows and aims at physical ma-
nipulation assistance as a first step. Informa-
tion flow means various data from sensors, task
goals, etc. and power flow consists of forces and
work between operator, the IAS and the task
environment. In the following information and
power flow is abbreviated as IP-flow.

As a first approach to realization of the IAS
we are developing a Skill Acquisition and Trans-

fer System including a force feedback sensor
glove device and virtual world graphics anima-
tion interface. Central issue for realistic force
feedback to the human operator is the Dynamic
Force Simulator DFS proposed in this paper.

Research in artificial world and human-
machine interfaces has so far concentrated on
high-quality graphics animation and was less
concerned about force feedback. The develop-
ment of effective force feedback devices is just
in the beginning phase, where some rather so-
phisticated devices have emerged(1][8][13]. We
strongly think that an easy to use human-
machine interface has to include some force ex-
change too.

In Section 2 of this paper a general descrip-
tion of the idea of human-machine cooperative
manipulation is given. Considering 3 IP-flows
(skill acquisition, skill transfer and cooperative
manipulation) this systems aims at analysis and
data base acquisition of the performed manipu-
lation skill. Section 3 derives the method for re-
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alization of the Dynamic Force Simulator—DFS
which calculates appropriate feedback forces as
a result of sensor glove and virtual object inter-
action.

2 ICMS—Intelligent Cooper-

ative Manipulation System

2.1 Functional Description

As a first approach to realization of the IAS
we have been developing a skill acquisition and
transfer system consisting of a sensor glove de-
vice for force feedback to the human operator,
and a virtual reality including a Dynamic Force
Simulator (DFS) which calculates the feedback
forces to the operator. Most important char-
acteristics of this system are the 3 information
and power flows as illustrated in Fig. 1.
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Figure 1: Intelligent Cooperative Manipulation
System—ICMS.

IP-Flow 1—Skill Acquisition: The hu-
man operator wears a sensor glove device en-
abling interaction with objects in the virtual
world while getting appropriate force feedback
from the DFS. Visual feedback information from
the virtual world graphic animation module is
utilized by the operator for task goal verifica-
tion and overall environment perception. Such
visual information is important to humans for
efficient manipulation planning. Force feedback
is necessary for efficient manipulation control
during contact between hand and object.

Analyzing the available data of joint torques
and positions, essential parameters for the

model of the performed manipulation skill can
be derived, which are stored in the skill data
base.

IP-Flow 2—Skill Transfer: The ac-
quired skill now available in the skill data base
is used for intelligent control of a robotic hand.
Information from visual, tactile and joint torque
sensors is used by the hand controller the same
way the human did during skill acquisition.
Based on this sensory information and the task
goal the hand controller selects an appropriate
skill from the data base selecting a control algo-
rithm for the hand actuators exerting power on
the environment. Since only essential parame-
ters are stored in the data base, the robot hand
not necessarily needs to have the same structure
as the sensor glove used for skill acquisition.

IP-Flow 3—Assisting Manipulation:
This is the most complex IP-flow, where the
system performs as an IAS for human opera-
tor assistance. We have simultaneous IP-flow
between human operator&DFS and skill data
base&executing robotic hand. The assistant
function block supervises control of this IP-flow,
identifies and anticipates the action the human
operator wants to perform, and if the necessary
skill has been stored in the skill data base be-
fore, it is applied. In case of unknown tasks, the
assistant automatically switches in acquisition
mode, learning new manipulation skills on-line.

Using a data base to accumulate manipula-
tion skills has a number of advantages over di-
rectly coupled teleoperation systems. For exam-
ple the actions on the operator can be executed
at a different time and location. Further, since
different kinematic structures are to be consid-
ered, virtually any kinematic structure of the
executing robotic hand can be controlled to ma-
nipulate objects in differently scaled macro- or

. micro-environments.

2.2 Experimental System

For real-time graphics animation a Silicon
Graphics IRIS workstation is used displaying
the state of the hand and object in the virtual
world at a frame rate of 30 frames per second.
A SPARC II workstation calibrates the sensor
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Figure 2: Virtual World Simulator and DFS.

glove joint angles using an Artificial Neural Net-
work approach(5][6]. The overall network of
these computing resources enables parallel pro-
cessing of graphics, DFS calculations, motion
control and sensor glove calibration in real-time.

Figure 3: Schematic of Sensor Glove Structure.

The sensor glove device we have developed
has 10 degrees-of-freedom, 3 degrees of freedom
for the wrist, 3 for the index finger, 2 for the
thumb and 2 for the rest of the fingers. In this
paper we propose a method for realization of the
DFS with detailed derivation of the information
and power flows during interaction of the human
operator and objects in the virtual environment.
The experimental system structure of the DFS
is shown in Figure 2.

3 Dynamic Force Simulator—
DFS

While manipulating an object the general-
ized external force f,,, € RS interacts with
forces f; from the fingers in contact with the

object(Fig.5). The object is moved by the force
f, (gravity and the inertia force) and the force
J 1, exerted by the hand. After balancing f,— f,,
the remainder is fed back to the human hand
yielding force perception or acts on the object
as an acceleration force.

Human

Object | r -
* fo-

Figure 4: Relation between Human and Object.

Finger 3

Figure 5: Object Grasped by 3 Fingers.

3.1 Coordinate Transformations Be-
tween Hand and Object

Figure 5 illustrates the transformations between
finger-tip, contact and object coordinate frames.
Let us define transformation matrices U; €
RA*4 and V; € R**4, where U; transforms
from the finger-tip coordinate frame T'; to the
contact frame C;, and V; from the contact
frame to the object frame B as
Yo, YVip. (1)
The z- and y-axis of the contact coordinate
frame C; are tangents and the z-axis is perpen-
dicular to the object surface curvature.
The transformation matrices I'; € R6%8 and
A; € R8%6 are defined such that I'’; transforms
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finger-tip forces 7 f, into forces i f; in the con-
tact coordinate frame and A; transforms these
to forces B f; in the object reference frame B as

. Iy o . A
T'fi_*c'fi—’ Bfi- (2)

The relations of (1) and (2) can be written as

Ci = T;U; (3)
B = C;V;=T;U; V; (4)
Cifi = FiTifi (5)
Bfi = Aicifi=AiFiT‘fi, (6)

where U; and V: can be written as

L Nyui Ou,i Gy Dy,
U’_[o 0 0 1] (7)

. — nvyi ovli av7i pv,i
Vi = [ 0 0 0 1 J (8)

and the coodinate transformations of forces r;
and A; is given by (8) as

[ "’f,i ]
O,u i O
aﬁ
r; = i 9
' (pu,i X nu,i)T nii ( )
(pu,i X ou,i)T O;i
| (pu,i X a'uyi)T @i |
T -
nv,i
’- th;i O
aT-
A~ = Uyt . 10
' (pv,i X nv,i)T nuT,i (10)

(pv,i X Ov.i)T osz'

| (po; x au))T al, |

Remark 1 In case the origins of finger-tip
frame T; and contact frame C; are tdentical,
i.e. PZ:i = (0,0,0)T. We can then rewrite U,
as

U,-=[R“”' 0}, (11)

where R,; € R3*3 describes the rotation be-
tween the finger-tip and contact frames. The
transformation I'; then becomes

T.
r= [ Rd‘" ROT. ] (12)

The sensor glove has two sensor outputs, the
torques actuated by the human operator 7; and
the finger joint angle values. From the joint
angles finger-tip 8 € R!° coordinate frames
T; € R*** (i is the finger number from 1 to 5)
are calculated by forward kinematic equations
and distances of the fingers from objects of the
virtual world can be calculated. If fingers are
in contact with the objects, the transformations
Ui, V;, I'; and A; of the previous section follow
immediately.

3.2 Flow from the sensor glove

The finger joint torques 7; of finger i are ex-
pressed as

Ti= (J?)(nfi) ’ (13)

where (J7) is the Jacobian of finger 7. The
finger-tip forces 7i f, are

Tfi=(ID*r, (14)

where (JT)* is the generalized inverse of the
Jacobian J7.

Contact Model: Before transformation of
the contact forces into the object coordinate
frame B, a specific contact model has to be cho-
sen. Table 1 shows point and soft finger contacts
as examples (refer to [14] for details). Accord-
ing to the contact model we have a number of -
wrenches exertable on the object which we write
as unit wrenches “iw; ; in the contact frame C..
The contact forces ©i f; of (5) can be writ-
ten as a linear combination of the unit wrenches

Ciwi’j and a rest force © f,‘ as
. o : pi c
fi= “fi+) o Cwij, (15)
j=1

where j = 1,...,k;, where k; is the number of
unit wrenchies Ciw; ; which actually have influ-
ence on the object corresponding to the contact
model.

The rest force fi in (15) yields acceleration
of the finger-tip and therewith a change of con-
tact configuration because it is not balanced by
other grasping forces or the external force.

We define the contact wrench intensity vector
Ch as

Chp = [ C11 Cij ] . (16)
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Figure 6: Dynamic Force Simulator Block Diagram.
Friction Model: If we consider a specific fric- The finger joint accelerations 8 are calculated

tion model and therewith limit the tangential
component intensities c; ; before transformation
in the object frame. For example considering
Coulomb friction and a point contact model (see
Table 1, the two tangential wrenches w;) and
w; 2 are limited by the friction cone as

Vc?l + 0?2 < ple|

where y is the Coulomb friction coefficient. The
intensities c;; and ¢i2 should then be limited
before transformation and the remainder is in-
cluded in  f,. Let us define ¢, as

(17)

ch=¢Ch+ &, (18)

where €, is acting on the object according to
the friction model and &, is not acting on the
object.

Force not acting on the object: The force
¢n and © f; of (15) yield acceleration of the fin-
gers. The virtual contact forces i f;’ are

“f =S F 4G we, (19)

where the contact wrench intensity ¢}, is not act-
ing on the object, the matrix W is given by
the unit wrenches Ciw; ,j of the chosen contact
model as

GW = [ Cwy, Gwiy ] (0

by the finger joint torques 7; of finger 1 as

6: =M~ (IT)(E ) (21)
where M;(0;) is the inertia matrix. We control
the position of the motors on the sensor glove
by integrating 6 twice to get the joint angles 6.

Force acting on the object: Assuming a
contact model and therewith a unit contact
wrench base the matrix BW follows, which
yields complete kinematic description of the
transformation between hand and object space.
The unit wrenches C'w, ,j are transformed into
the object coordlnate frame B using (5) as
B and BW follows as

w;j=A; ¢ ‘w;

Pw = [ Baw, w; ; ] (22)
wherei=1,...,nforn fingersand j = 1,. ok
for k; wrenches exerted by finger % [10][16]

The object force & f becomes
Bf =B wg, . (23)

3.3 Flow from the object

Let us assume a force B f acting on the object
in the virtual world exerted by the human hand
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Table 1: Contact Models

Point Contact With Friction
twist space

wrench space

z |
\A!,

£,
t1=(0,0,0,1,0,0)7 | w; = (1,0,0,0,0,0)7
t2 =(0,0,0,0,1,0)T | wy = (0,1,0,0,0,0)7
t3 = (0) Oa 0’ Oa Oa 1)T w3 = (O’Oa 13 Oa O,O)T
Soft Finger Contact

4 . z 1w
\A—

&,
t1 = (0,0,0,1,0,0)T [ w; = (1,0,0,0,0,0)T
t2 = (0,0,0,0,1,0)7 | wp = (0,1,0,0,0,0)T
w3 = (ana 1’0, O»O)T
wy = (070)07 O)Oal)T

in the sensor glove. The object force B Sobj is
given by Z f and gravitation as

Bf . _B 7z M* Bg
obj = f+ 0 (24)
where

«_|™m 0

w5 g

m € R3*3 is a diagonal matrix with the object
mass in the diagonal elements, H € R3*3 is the
inertia matrix, Zg is the vector of gravitation.
Describing the object dynamics by the
Newton-Euler equation as
B o * v w X T;l’v
fObJ—M[d)J-'-[WXHw] (25)
where ©,w are the body linear and angular ac-
celerations, the force £ f,,, from a object to a
human is given by (24) and (25) as

B.fea:t =

Now let us transform Zf,.., from the object
frame to contact frame space using

Co = W+ Bfe:tt ) (27)

consider friction and therewith calculate the fin-
ger contact wrench intensities ¢, inside the fric-
tion cone, which yields acceleration of the sensor
glove finger joints.

To feedback ¢&,, we have to calculate the
difference between &, and the finger contact
wrench intensities &, exerted by the human
hand in the sensor glove as shown Fig.4.

The overall block diagram realizing force feed
back to the sensor glove device as a result of
above calculations is shown in Fig.6.

3.4 Simulation Example

Let us assume a simple example of one vir-
tual spherical object(mass m = 1kg, radius
r = 0.1m) in Fig.7. We choose a point contact
model with friction. The object frame B is cre-
ated as shown Fig.7 and the sphere is balanced
by 4 fingers.

42

/_—-\

Contact Point 4 The center of gravity

Contact Point 3
Contact Point 2

Contact Point 1

) Contact Point
Point X v Z
1 0.054 | 0.054 | -0.059
2 0 0.076 | -0.059
3 -0.054 | 0.054 | -0.059
4 0 -0.076 | -0.059

Figure 7: Virtual Object and Contact Points.

In the first place, we do not add any kinds of
forces on the object. Calculate the force Ci f;’
from the object. The force acting on the object
is only gravitation as

Bf..T=0 0 —9.810 0 0 0)
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¢, is calculated by (27). All of ¢, is acting on
the object by friction, i.e. é, = ¢, , é, = 0.
The force i f; acting on the finger-tip is given
as

Cif,/ = (-1.384 0.693 1.206 0 0 0)
C2fl = (0 —1.227 0.956 0 0 0)
Csf)=(-1.384 —0.693 1.206 0 0 0)
“af)=(0 3.415 2.662 0 0 0).

Using (23) and adding all i ! yields

BT — 0098100 0).

Therefore, the forces Ci f; exerted by the oper-
ator’s fingers balance gravitation acting on the
object. Let us now assume that & f; is 1.5 times
larger than above, which yields

BFT = (0 0 14715 0 0 0),
and then
BfeT=(00 4905 0 0 0).

The object is accelerated by half of the grav-
itational force. The human operator can feel
the gravitation because the force i f;’ from the
object equal the first € f;’.

4 Conclusion

In this paper we proposed a new paradigm
for human-machine cooperative work as in the
Intelligent Cooperative Manipulation System—
ICMS including a Dynamic Force Simulator
(DFS) for force feedback to the human opera-
tor. Exact simulation of object dynamics, con-
tact model and friction characteristics enables
realistic feedback to the human operator. In this
paper, we showed two influencing flows, the first
one from human operator’s hand in the sensor
glove, and the second one from the solid state
model of the DFS to the human hand.

Future work will include methods like efficient
object modeling and data base construction de-
scribing the virtual world environment.
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