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Abstract : The goal of the proposed Intelligent Assisting System - IAS is to assist human operators in an
intelligent way, while leaving decision and goal planning instances for the human. To realize the IAS the
very important issue of manipulation skill identification and analysis has to be solved, which then is stored
in a Skill Date Base. Using this data base the IAS is able to perform complex manipulations on the motion
control level and to assist the human operator flexibly. We propose a model for manipulation skill based
on the dynamics of the grip transformation matriz, which describes the dynamic transformation between
object space and finger joint space. Interaction with a virtual world simulator allows the calculation and
feedback of appropriate forces through controlled actuators of the sensor glove with 10 degrees-of-freedom.
To solve the sensor glove calibration problem, we learn the nonlinear calibration mapping by an artificial
neural network (ANN). In this paper we also describe the experimental system setup of the skill acquisition
and transfer system as a first approach to the IAS. Some simple manipulation ezamples and simulation
results show the feasibility of the proposed manipulation skill model.

Keywords: Intelligent Manipulation, Dextrous Manipulation. Grip Transform, Virtual Reality, Skilled
Manipulation, Skill Analysis, Human Skill Transfer.

1 Introduction

We have proposed the Intelligent Assisting System - IAS
as a new fortheoming research topic [2](3]. Using this sys-
tem we are approaching the identification and analysis of
human maunipulation skills. Humans can effectively ma-
nipulate a great variety of objects, without thinking about
it consciously, and handle objects despite of environment
uncertainties in an amazingly adaptive and robust way.

Once manipulation skill can be identified and modeled.
it can be learned leading to a Skill Data Base. Using this
data base the IAS will be able to perform rather complex
manipulations on the motion countrol level and the opera-
tor can do the task by only giving the goal in a preferably
abstract form. The actual manipulation is then automat-
ically perforiied by the TAS, which consults the operator
only in unknown situations, i.e. enviroument states which
are unknown in the skill data base. Through repeated in-
teraction with the operator the manipulation skills in the
data base can be increased on-line and the abhilities of the
IAS therewith increase.

Section 2 describes the system structure of the proposed
IAS, with the subsections: functional description (2.1), vir-
tual world simulator (2.2). sensor glove (2.3) and calibra-
tion (2.4). Section 3 gives a theoretical model for manip-
ulative skill based on the grip transform first proposed by
Salisbury [8] and the concept of internal grasp forces fur-
ther developed by Kerr and Roth [5]. We will show in an
example in section 3.2 that the dynamic behavior of this
transformation matrix can be interpreted as the essence
of the performed manipulation skill. Section 3.3 derives a
control algorithm to realize the acquired skill using a con-
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trol law in the joint actuator space of the skill executing
robotic hand. Finally some experimental and simulation
results are shown in section 4 followed by conclusions in
section 3.

2 Skill Acquisition System

2.1 Functional Description
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Figure 1. System Structure of the IAS.

This section describes the system structure of the skill
acquisition and transfer systenn as a first approach to the
[AS, where thiree signal flows can be wdentified (Fig. 1).

Flow 1—Skill Acquisition: A scnsor glove is

attached to the hand of the human operator for interac-
tion with objects in a virtual reality. The operator gets a



feedback of the gencrated forces, and can so feel physically
present in the virtual world. 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.

Flow 2—Skill Transfer: The acquired skill now
available in the skill data base is used for intelligent con-
trol of a robotic hand. Since only essential parameters 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.

Flow 3-—Assisting Manipulation: In this
mode the IAS performs as an assistant to the human op-
erator. The assistant function block (see Fig. 1) identifies
and anticipates the action the human operator wants to
perform, and if the necessary skill has been stored in the
skill data base before. it is applied. In case of unknown
tasks, the assistant automatically switches in acquisition
mode, learning new manipulation skills on-line.

2.2 Virtual World Simulator

The experimental system for skill acquisition as described
above, has three main functional blocks (see Fig. 2):

(a) motion controllers for the sensor glove,

(b) calculation of forces acting on objects and the hand
in the virtual world and

(c) graphics animation block as an casy-to-understand
man-machine interface.

The position sensor signals of the sensor glove give infor-
mation about the joint angles of the operator's hand, which
are fed to both, the graphics animation block and the solid
state model. New object positions due to force interactions
are calculated and then fed also to the graphics animation
module. Calculating the joint torques for a feedback to the
sensor glove realizes a force-display.

VIRTUAL WORLD SIMULATOR
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Figure 2: Experimental System Structure.

2.3 Sensor Glove Hardware

The sensor glove attached to the hand of the human opera-
tor has 10 degrees of freedom. Figure 4 shows a schematic
of the sensor glove hardware structure and the joint angles
of the human hand which can he measured. There arc 3
degrees-of-freedom for the wrist. 3 for the index finger. 2
for the thumb and 2 for the rest of the fingers. Figure 3
shows a plioto of the sensor glove hardware.
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Figure 4: Schematic of Sensor Glove Structure.

2.4 Sensor Glove Calibration

Generally the structure of a sensor glove cannot be made
completely identical with the kinematic hand model to
which the glove inputs its sensory signals. As shown in Fig.
4 it is obvious that the two position sensor angles 4, t for
the index finger coming from the glove have no simple rela-
tionship to the three angles 8,.6,,603 used in the kinematic
model of the human hand. The mapping between the vec-
tors ¥ and © is a complex nonlinear mapping, which can
be described as

0 = j(¥) 1

where ¥ = 1 y,,,]T is the vector of sensor readings
and © = [#, ... 8,]7 is the vector of desired joint angles of
the kinematic finger model. If several people want to use
the sensor glove, a different wapping function f(¥) must
be found for every person, because of different hand sizes.
This mapping is learned by a standard artificial neural net-
work [ANN) with three layers (2 inputs, 10 nodes in the
hidden laver and 3 outputs). The advantage of using an
ANN for the mapping also is. that for a different person
operating the sensor glove a different set of weight matrices
for the ANNs can be nsed.

3 Manipulation Skill Model

Based ou the grip transforination matrix. the manipulation
skill model deseribes the dynamic transformation between
the generalized force vector acting on the object and rthe
contact wrenches which realize these forces. We regard the
dvnamic behavior of the grip transform as the essence of
the performed manipulation skill.

\Manipulative skill can be defined as the dynamics of the



generalized external force f,,(t) acting on the object. To
manipulate the object in a goal-oriented way the external
force vector f,.,(t) has to be controlled along a desired
trajectory, i.e. magnitude and direction of f,,(t) vary with
time while moving the object on the desired trajectory.
Usually f...(t) is applied by multiple contacts from fingers
of a hand, where contact conditions and actuating degrees
of freedom are to be coordinated in an appropriate way.
We formulate the following proposition:

Proposition 1 The time-dependent behaviour of the grip
transform matriz G(t) is regarded as low level manipulative
skill.

The following section reviews the concept of force bal-
ance of the grasped object for arbitrarily applied grasp
wrenches, the idea of internal forces and the definition of
the grip transform G(t). Section 3.2 shows a simple ma-
nipulative skill example, illustrating Proposition 1 and in
section 3.3 a control algorithm is derived which realizes a
task given by object and internal grasp force trajectories.
In the following all matrices and vectors used are generally
time-dependent and often this is not written explicitly in
the equations for simplicity.

3.1 Grip Transform

Finger 2

Finger |
Figure 5: Object in Stable Grasp.

If an object is grasped by m fingers (see Fig. 5), contact
forces and moments (wrenches) must be balanced to the
external force

feri = [ fo fy foome o my my ]T:: [ s } (2)

where f.., € RS is the generalized force vector. If the vec-
tor ¢ € R" contains the finger contact wrench intensities,
the force balance can be written as

fai=We (3)

where the matrix W € R8*" contains the n contact wrench
directions in its columns. For the following we always as-
sume rank(W) = 6.

For a given f,., there usually is no unique solution for
¢ of Equation (3), which can be split into two vectors, the
particular solution ¢, and the homogenous solution ¢, such
that

c=c,+¢Ch. : (4)

where ¢, is orthogonal to ¢, and ¢, C null{W) corre-
sponding to the internal grasp forces. ¢, can be calculated
using the right generalized inverse of W as

cP = W+fert N (5)
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where W = WT[WWT|~!. Let us define the matrix
N € R"*("=6) containing the orthonormal basis vectors ¢;
in its columns, which are spanning the (n — 6)-dimensional
null space of W (ie. NTN = I, s, where I, € R**"
denotes the unity matrix) as

N = [ Cih Cop Cn-6,h ] . (6)
Using Equation (6) we can write ¢, in terms of internal
grasp forces finy € R"7°% as

Cp = Nfint ) (7)

where the magnitudes of the internal grasp forces are then
the elements of fi,,. A method for optimizing the inter-
nal grasp forces including friction and joint torque limit
constraints has been proposed by Kerr and Roth in [5].

The grip transform matrix G is defined by augmenting
the matrix W of Equation (3) with the matrix N defined
in Equation (6) as

w

-—— | ®)
NT

6" =

This matrix will be square, and assuming that the (n —
6) null space basis vectors ¢;, are linearly independent,
[GT]~! will be invertible. Let us augment the external
force f,., with the internal forces f,,, into one generalized
force vector F € R” as

F:[ff"]. (9)

int
Now we can write the relation between external net wrench
JF and the n contact wrenches as

F o= (GT)le= [Z‘\’,"T]c (10)

c = GTF=[W* N|F. (11)
Using energy conservation principles we can derive the re-
lation between the object external and internal velocities
Verts Vine altd the twist intensities d (motion along the axes
of the corresponding contact wrench) as

d = G'v=[W’' N]|V (12)
T1+
V:Gdz[[‘}v\ﬂ} ]d, (13)
where
_ Vert
v - [ Vint } (14)

and v;,, € R"~% is the vector of internal velocities (virtual
in case of a rigid body) deforming the body.

3.2 Skill Example of Sliding Contact

The following example illustrates Proposition 1 with a sim-
ple manipulation example. Let us consider the pen shown
in Fig. 6, grasped by four fingers, each acting on the pen
by three wrenches (Coulomb friction model). The task is to



Figure 6: Pen Example Grasped by 4 Fingers.

move one finger after another to the left while sliding over
the surface of the pen without breaking contact during four
corresponding time intervals t;_; < t < t;. To realize this,
internal grasping forces must be chosen appropriately.

In the following we write this task with sliding contact
motions in terms of the matrix W(t) of (3) as

010 01001 0 0 1 0
-10 0 1 0010 0 -1 0 O
¢ 01 001001 0 0 1
W= 0O 0r 00-r00-r 0 0 r (16)
0 0 ¢ 0 OG¢p 00—-03 0 0 —¢y
or =1 0 —gor 0 g7 0 —04—1r O
where
l; 0<t <ty
ilt) =14 Li+ait —ti) tiog St<t; (17)
I+ ai(t; — 1) t; <t

for i = 1,..,4, and {; denotes the initial distance of finger ¢
from the center of mass, r is the radius of the pen and a; >
0, determines the sliding speed. The external disturbing
force f...(t) is the constant gravitational force:

Feul®)=[0 -mg 0 0 0 0] (18)

The internal grasp forces may be chosen arbitrarily
within the limits of frictional constraints. In the above ex-
ample of sliding contacts, we can write the following friction
and contact constraints for the 4 steps of sliding contact
motion, where Coulomb friction is linearized with a conser-
vative estimation for the friction coefficient p. The wrench
intensities are denoted by ¢; for wrench w;, i = 1,..,12.
For maintaining contacts we need the normal wrench in-
tensities to be

¢ > fo

where fy is a minimal bias contact force. For sliding contact
of finger ¢, the friction constraints for the three contact
wrench intensities ¢;, ¢;41.¢;42 of finger k follow as

i=1,4,710 (19)

Cip1+pe; < 0 k=i (20)
Ciyr+Hpc; > 0 k#1 (21

ciy1—pe; <0 k#i (22)
Ciyat+pe; > 0 k#i (23)
Ciya—pic; <0 k#i (24)

where j = 3k — 2 and k& = 1,..,4. The magnitudes of
the internal grasping forces can easily be found using the
Simplex algorithm solving the above lincar programiming
problems.

Having determined the dynamic behavior of G(t) and
the reference trajectories for the contact wrench intensi-
ties ¢;(t). they can be realized using the control algorithm
derived in the following section.

3.3 Control Algorithm Derivation

3.3.1 Control Problem

The desired body trajectory can be written in terms of
world coordinates as

pi(t) = Trans(ri(t)) RPY (p%(t)) , (25)

where 7 designates the vector from the the coordinate ori-
gin to the center of mass of the body, and RPY(y) the
roll-pitch-yaw orientation of the body coordinate frame,
with ¢ = [¢) ¢ ¢3]T the roll, pitch and yaw angles. Then
the body velocity can be written in terms of r,¢ as

v 7
[ ] —!P(f"w)[(p} (26)

w

Differention of Equation (26) leads to linear and angular
acceleration of the body

[Z]:W(r,¢)[£]+f’(r,cp){;]. (27)

Also to maintain contact stability during manipulation
the internal grasp force intensities must follow the given
trajectory ¢f(t). The object position error e,(t) € R® and
the internal grasp force error e;(t) € R™ are defined as

r(t) ri(t)
[ ) } - [ 1) ] (28)

chl(t) = ch(t) . (29)

ep(t)
es(t)

The goal of the control algorithm is to assure both the
object position error ey(t) as well as the internal grasp
force error eg(t) to become zero.

3.3.2 Control Law

We can write the contact twist d as in Equation (8) as well
as in terms of the hand Jacobian J(8)

d=G'v=J#) 9. (30)
Differentiating Equation (30) with respect to time leads to
G'V+G'V=J6+J6. (31)

Assuming that the grasp in fully manipulable, i.e. R(J) C
R{(G™") we can write the joint acceleration 6 as

0=J" [G"V+G"1v—.'79]., (32)
where J* = JT(JJT)~! is the generalized inverse of J.

The object dynamics are given by the Newton-Euler
equations

m 0 v w X mv \
PRIPRE .
where i € R3*3 is a diagonal matrix with the object mass

in the diagonal elements and J € R3*3 is the inertia ten-
sor. The ith finger dynamic equation is found to be

M.(8;) 8, + H.(6,.6,) =T,

~

—J70) [wl w3
d



where ¢ = 1,...,k, j = ..n;, k =number of fingers,
n; = number of wrenches exerted by finger /. mn; = degrees
of freedom of finger i, M,(8;) € R™™™ is the moment
of inertia matrix, H;(8;,8;) € R™ includes centrifugal,
Coriolis and gravitational forces. 7, € R™ is the vector of
joint torques. w? is the direction the wrench j of finger / is
applied and (*,’ is the corresponding wrench intensity. All
finger dynamic equations can be written into one matrix
differential equation as

MO)0+HG®BO,0)=T7-J"8)c. (35)

where
M(9) = diag(M,(8,) ... M;(6;))
J1) = diag(Ji(6)) .. Ju(6:)
H(8,0) = [H,(6,,0)) .. H;\.(()/C,Gk)]‘r
T = [ .7

Substituting Equation (32), (33), using (11) into (35), and
recalling the definition of ¥ in Equation (14) yields

MJ* {W"‘ [ :’) ] +wT [ Z } + NOj + Nvje — J 9}
+ H(6,0)=7-J"¢, (36)
Carwr J [0 ][ w X Mo

IW {[ 0 7| [w}+[wxjw]} '
Let us define 7 to be the sum of 7, still to be determined
and some terms for cancellation in Equation (36)

T = T1+MJ+{WT U}*}'N’i)m,*‘N’U””—]é}
Tuars | W X 10 -
+H(00+JW{WXJW] (37)
Substitution of Equation (37) into (36) vields
M| ¥ =r gt (38)
o =T Cp .
where
M =MIWT 4 JTwr | ™ 0 (39)
o J
Inserting Equation (27) into (38) yields
M“{!P(rwp) [ ; ] +¥(r. o) [ ; J} =7, -J¢, .
(40}

Defining 7, as

T = MW(T,@)[¢}+JI {C}f‘;ef—;W+W6f:|

> d

+ M"W(r,cp){[ @d} —Kl.éP—er,,}. (41)

Inserting Equation (41) into (40) yields
M¥(r.p)é,+ K.e,+ K,e,) = (42)
1. 1 :
-JT [ef + ;€f + EW+W€/:| .
Given the positive definiteness of M* we can always find
appropriate gain matrices K., K, to make

é,+ K., +Kye, =0, (43)

which shows that the position error e, can be made zero.
Now substituting Equation (43) into (42) and assuming
that J is of full rank. we then get the following first order
differential equation for the force error ey

—(6I + WHWe; . (44)

Equation (44) can be made asymptotically stable by choos-
ing a sufficiently large & and therewith making all eigenval-
nes of —(aI + W*W) negative.

We can now summarize the derived control law in the
following Theoren.

Theorem 1 The position trajectory error e, defined in
Equation (28) und the internal grasp force error ey defined
in Equation (29) can be made zero by the control law as

M*¥(r o) [ ; } + H(6.9) (45)

- d
+ M ¥(r o) {[ ;d ] - K., erp}

vl a1 Lo 4| wx o
+ J {ch—ge/ gW We;+ W wx Jw

M {w [ v ] + N, + Nvg— J e}.

where M™ is defined in Equation (39) and é > 0 is suffi-
ciently large to make the force error es(t) defined in Equa-
tion (29) governed by the differential equation (44) become
zero.

4 Experiments and Simulations

4.1 Calibration Result

If one tries to form the angle vector © of the index finger
of the hand model in the virtual world simulator using
variable scheduled gains for linearly combining the sensor
angles g, ¢ = 1,2, calibration cannot be achieved. Even
tuning the gain parameters to optimal values will lead to
a false hand position as shown is Fig. 7(a), if the human
operator’s thumb and index finger are in contact. Figure
7(b) shows the same hand position after mapping © =
f(¥) using the trained ANN described in section 2.4. It is
obvious that the proposed method of learning the nonlinear
mapping by an ANN is very effective.

(a) Linear combination (b)) Using the trained ANN

Figure 7: Calibration Result.

4.2 Grasp Wrench Trajectory Calcula-
tion of Skill Example

Assuming the example skill described in section 3.2 and
the following parameters: Coulomb friction coefficient j =



0.25, pen radius r = 1 ¢m, length { = 10 cm, mass mg =
1 N, finger initial distances from center of mass and sliding
speed parameters {y = 3 cm, lo =2 em, l3 =2 em, Iy
3 em, o = 1 em sec”!, time intervals tg 0 sec, t,
1 sec, ty = 2 sec, ty = 3 sec, ty = 4 sec. Figure 8 shows
the reference trajectories for the wrench intensities, where
the following do not vary with time: ¢; = 0.1 N, ¢ =
-0.025 N, c3 = —0.025 N, g = 0.04 N, ¢g = —0.04 N,
Clp = 0.1 JV, 1 = —-0.025 ;7\’7, 19 = 0.025 N.

Wrenches 4,5,7,8

08

‘Wrench intensity

Figure 8: Wrench Intensities for Skill Example.

4.3 Simulation of Control Algorithm

Let us again assume the skill example of the pen grasped by
4 fingers (see Fig. 6) and rotate the pen around the z-axis.
The control goal according to section 3.3 is then to control
the pen position to rest #4(t) = [0 0 0|7 and the RPY-
angles to rotate around the z-axis @%(t) = [sinwt 0 0]7,
where w is the angular velocity of rotation. Figure 9 shows
that the initial angular position error decreases to zero
asymptotically.

Rotation angle about z-axis {rad]

L5
T
05
] 02 04 06 08 1 12 14 16
Time [sec]
002 Angie error frad)
0
0.02
-0.04
006}k
-0.08
0.2 0.4 0.6 08 1 12 14 1.6
Time (soc)

Figure 9: Simulation of Pen Rotation.

5 Conclusion

We have proposed the idea of an Intelligeni Assisting Sys-
tern — IAS. Ongoing research will lead to an understanding
of human mauipulative skill with the goal to create a ma-
nipulation skill data hase. Using this data base the IAS
is able to perform very complex manipulation tasks on the
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motion coutrol level forming an intelligent assistant to a
human operator. In particular we described the following

¢ Definition of the IAS and its functional modules.

o Sensor glove with 10 degrees-of-freedom for interaction
of the human operator with objects of a virtual world.

o Calibration method for this sensor glove using an ar-
tificial neural network to learn and approximate the
noulinear calibration function.

¢ A model for manipulative skill based on the grip trans-
formation matrix.

e A control algorithm in hand joint space to realize the

acquired manipulation skill.

Experimental results confirmed the good efficiency of the
proposed calibration method using an artificial neural net-
work. A simple example indicated that the proposed model
is useful to describe maunipulative skill and the efficiency of
the control law.
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