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Abstract

Dextrous manipulation is a problem of paramount
importance in the study of multifingered robotic
hands. Given a grasped object, the main objectives
are: (a) generate trajectories for the finger joints so
that through the effects of contact constraints, the ob-
Jject can be transferred to a goal grasp configuration;
and (b) derive control algorithms to realize planned
trajectories. In this paper, we integrate the relevant
theories of contact kinematics, nonholonomic motion
planning and grasp stability to develop a general tech-
nique for dextrous manipulation planning with multi-
fingered hands. Experimental results are discussed.

1 Introduction

Given an object to be manipulated by a robotic
hand, the goal of dexterous manipulation planning al-
gorithms is to generate finger joint trajectories that
can drive the object to the desired configuration while
simultaneously achieving the desired grasp. Various
aspects of the dexterous manipulation problem have
been studied by many researchers over the past 15
years[9] but a solution to the general problem][2] re-
mains elusive.

In this paper, we take a step toward a general
solution by integrating the relevant theories of con-
tact kinematics[6], nonholonomic motion planning[2]
[7], and grasp stability[8] to develop a general tech-
nique for dexterous manipulation with multifingered
robotic hands. To simplify the presentation we con-
sider only the special, but important case, of a flat
fingertip rolling a ball on a plane. We derive in de-
tail, the relevant relations needed to formulate dex-
terous manipulation planning problem, cast them in
a form suitable for execution by a robotic hand, and
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Figure 1: The HKUST robotic hand.

present experimental results. The experiments were
performed with the HKUST hand system (see figure
1).
2 Mathematical Preliminaries

This section provides a brief introduction to kine-
matics. See[7] for a detailed discussion.
2.1 Rigid Body Kinematics

A configuration of a frame B relative to another
frame A is given by an element g, of the special Eu-
clidean group, SE(3), and has the form

R
o= | T P

where Rqp € SO(3) represents orientation and pqp €
R3 represents translation of B relative to A. The body
velocity of B relative to A is defined using left trans-
lation given by

RTLR.y  RLpas ] _ [ @ab  Vap ]
B 0

Var = 94 Gav = [ 0 0
(1)
where for w = (wi,wa,ws), @ € s0(3). Vu =
(vap, wap) € R is also known as the generalized (body)
velocity of B relative to A.
Given three coordinate frames, A, B and C, their
relative velocities are related by

Vae = Adgb—cl ab + Ve (2)



Figure 2: Motion of two objects in contact

where for g = (p, R) € SE(3), the adjoint transforma-
tion Ad, is defined by Ad, = [ f){ plf ] € R6X6
2.2 Kinematics of Contact

We parameterize the surface of a smooth object by
a differentiable map

f:UCR? =R a=(uv)— f(a).

We assume that f is orthogonal, i.e., f,, - f, = 0, and
right-handed, ie. n = % coinciding with the
unit outward surface normal. At each point of contact
we define the Gauss frame C by goc = (Poc, Roc) With

Poc = f(e) and

— — f_% £ FuXfo
Roe=[2 y z]= [ Tl TAT Thxhl ]

In terms of the Gauss frame, we denote by M, K, and
T, the metric tensor, the curvature tensor, and the
torsion form of the surface[7].

Suppose that two objects F and O are in contact
at a point p (See Figure 2). We let oy = (uy,vy) and
¢ = (Uo,v,) be the local coordinates of F' and O,
respectively, ¢ the angle of contact, and denote the
contact coordinates by n = (ay, a,, ¥).

Denote the metric and curvature tensors and
torsion forms of F and O by (Mj;,K;,T¢) and
(M,, Ko, T,), respectively. Let L; and L, be the lo-
cal frames of F' and O which coincide with the Gauss
frames at the moment of contact and fixed relative
relative to F' and O respectively. Denote the contact
velocity of F relative to O in terms of their local frames

by

1 I; 1
Ve = Vo; = [voj}awol}]T = [vza Vyy Vzy Wg, Wy, wz]T-
The kinematic velocity constraints associated with
pure rolling contact are: v, = v; = vy = w, = 0.
The kinematic equations of contact relating the two
components of rolling velocities (w;,wy) to the rate of

change of the contact coordinates are given by [6]
. _ -1 -~ 1 —wy
ap = My (Kf + Ko) [ ]
bo = My Ry(Ky + Ko) ™
% =Ty Mséy + Ty Moc,

cosyp  —siny
—siny —cosy
is the curvature of O seen in the local frame of F'.
2.3 Nonholonomic Motion Planning

A nonholonomic motion planning system is de-
scribed by a driftless nonlinear control system of the
form

where Ry = and Ko = Ry K, Ry

¢ =g1(qQ)ur + -+ gm(Q)tm (4)
where ¢ € R™ represents the states, u =
(w1, - - m), m < n, represents the control inputs, and

(91(9), - - - gm(q)) defines a nonholonomic distribution
in the configuration space of the system. Given two
configurations go and g, the study of nonholonomic
motion planning amounts to finding optimal inputs
u:[0,T] = R™ so that the solution of (4) connects gq
to ¢;. In our context, the equations of (3) give rise
to a nonholonmomic motion planning system if we
treat (ws,wy) = (u1,u2) as the control inputs. The
nonholonomic distribution associated with the system
can be derived using the geometric parameters of the
contacting bodies. To change contact configurations
with rolling constraint, we simply let the two compo-
nents of rolling velocities be the control inputs and
solve the corresponding nonholonomic motion plan-
ning problem. A solution technique using geometric
phases is discussed in [2] and other more general tech-
niques can be found in [3] and [7].

3 Dexterous Manipulation: Rolling a
Ball on a Plane

For the case of a flat fingertip rolling an object (a
ball) on a palm (a plane) as shown in Figures 3 and 5,
our objective of the manipulation planing is to deter-
mine the finger joint trajectory, so that through the
effects of contact constraints we: (1) achieve the goal
configuration of the object(ball), and simultaneously
(2) improve the grasp quality.

Let P, F and O be, respectively, the reference frame
of the palm, finger and object. Parameterize the fin-
gertip and the palm using flat coordinates, and the ball
using longitude and latitude angles, we can derive the
geometric parameters of the fingertip, the palm, and
the ball [7].

Let ny = (as, aof,¥;) be the coordinates of con-
tact between the finger and the object, and 7, =
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Figure 3: Diagram of finger and frame specification

(ctp, op, 1p) the coordinates of contact between the
object and the palm, and 8; € R™, m < 6, the joint
angles of the finger. A grasp configuration of the sys-
tem is defined by © = (65,74, 1p).

By viewing the system as a closed kinematic chain,
O satisfies the so-called closure constraint [6] and also
physical constraints imposed by rolling contact. We
can use the resulting constraint equations to do dex-
terous manipulation planning in a general approach
[1]. But, because of the kinematic simplicity of the
system it is more convenient to do so as follows. First,
the forward kinematics of the finger gives the velocity
of F in terms of the joint rates as

Vos = J5(07)0;. (5)

Thus, if V,; is specified, then we can solve for the
desired joint rates from (5) using either the pseudo
inverse or generalized inverse of J; and feed the results
to the finger controller.

On the other hand, Figure 3 implies the following
constraint holds

9oy = gpogocof (aof)gcofcf('(/;f)gcff(af) ‘= GpoYof(n;s)
(6)
where C; and C,, are, respectively, the Gauss frame
of the finger and the object at the point of contact.
Differentiating (6) gives the velocity relation

Vor = Adgo_fl (n7)Vpo + Jog (g5 (7)

where J,; is the Jacobian of the second term in (6).
Next, we use nonholonomic motion planning and op-
timization of a grasp quality measure to specify the
right hand side of (7).

One objective of dexterous manipulation is to
change contact state n, from 172 to 171];, and thus, im-
plicitly change the object from its initial configura-

Figure 4: Grasp Angles and change of contact

tion to goal configuration. Because of the rolling con-
straint, we pose this as a nonholonomic motion plan-
ning problem with input (uq,u2) = ¢p. Substituting
this into the kinematic equations of contact for 7, we
obtain

Np = g1(np)u1 + g2(np)u2 (8)
where
1 1 5y 1 T
alp) =1 0 few —pEE swtu, |
T
c
92(np) = [ 0 1 —bsy, —po™ soeytu, ]

Techniques from nonholonomic motion planning
can be applied to (8) to solve for v or ¢,. Once &,
is found, the two components of rolling velocities are
given by

U | Z KRy,

Wps olfly, Cp.
Given (—wpy,wWps), the velocity of the object is com-
pletely determined:

Vyo = Ad, B [ oy ] (©)

Wy

T _
where B =1 o 0 o 1 0 o0

With V,, determined, we next specify 7 to deter-
mine V,¢. Again, because of rolling constraints, 7; is
uniquely determined by ¢.;. We choose &, so as to
optimize a quality of the grasp, and this constitutes
the second objective of dexterous manipulation.

Referring to figure 4(a), let n, and n; be the out-
ward surface normal of the object at the point of con-
tact with the palm and the finger, respectively.

- Ry P
Let gloplof = gol:pgolof = |: 0 1 :| ’

0000—10]

0 0
Then, np, = | 0 |, ng=Ro|[ 0
1 1



Define two grasp angles [5] by

Po );  @p = cos_l(nfop—o).
[IPol|

N, ® ——
 lpoll

The grasp is force closure [8] if

o, = cos_l(—

maz(®,, ®5) < tan™ ()

where p is the Comlumb friction coefficient.
Assume that o, and o,y undergo infinitesimal dis-
placement during time interval [ ¢, ¢ + At ], then,

Qop(t) > aop(t + At) = op(t) + Gop(t) At

Otof(t) — Otof(t + At) = Qof (t) + dof(t)At.

Relative to L, we have
0
np(t+At) = Ry o(t)Ra,,(t+At) | 0
1
TCuyp(t+At) S, (t+AL)
= Ry (t) —Sugp(t+At)
TCuuy(t+AL)Cu,(t+AL)
TCu,p(t+At)Su,p(t+AL)
ng(t + At) = RoRY ,(t) — 8w,y (t4A0)
“Cu,p(t+At)Cu,p(t+AL)

Po(t+ At) = Py + Ro [ M"ag"m ] - [ M"O‘O"”At ]

The grasp angles change to:

_ 1 Py(t + At)
@p(t + At) = Cos8 (_np(t + At) [ ] m)
. Po(t + At)

Define the objective function to be minimizing
Fi(cop) = maz(®p(cor), D5 (dor))-

To achieve good grasp quality, we choose ¢,; to min-
imize the function F; subject to the constraint of ro-
tation. The angle of relative rotation is:

|: —Wr, :|At

Wi

(K + Kof) ™' Ry, Mociop At
= Ry,K,;'M,é.zAt.

I
L
@

<
|

We define the constraint function to be

Fy(op) = [|AO(&of)l| <6 (6>0).  (10)

To minimize F; subjective to (10), we rewrite the con-

straint as
AC T
A[ AGy, ] -

where

1
A= —

1 0 —1
= Mo KoRy, [ Lo |-

Let the singular value decomposition of A be

A:U["l 0 ]VT.
0 (o)

Then, A takes a unit ball to an ellipsoid with principal
axes U = (ug, uz) and of length ¢y and o5.

We use a grid-based search in an ellipsoid of size ¢
to find solution of the constrained optimization prob-
lem. The results are then used to compute 1y and
consequently Vj;.

4 Dexterous Manipulation: Two Flat
Fingertips Manipulating a Ball

It is natural to generalize the technique developed
in the previous section to the case of two flat fingertips
manipulating a ball (see Figure 8).

Let ny1 and 7¢2 be the coordinates of contact of the
object with finger 1 and finger 2, respectively. Let 6,
and 6, be the joint angles of finger 1 and finger 2. A
grasp configuration of the system is given by
0= (617 627 N1y 77]‘2)-

By viewing the system as a closed kinematic chain
we can derive the closure constraint as well as the
physical constraints imposed by rolling contacts. Uti-
lizing these constraints, we define the two objectives of
dexterous manipulation to be: (a) tracking a desired
trajectory of the object, and (b) optimizing the quality
of a grasp. The development to compute the desired
inputs for the joint angles of the fingers is similar to
that of Section 3, see [4] for more details.

5 Experimental Results

In this section, we present experimental results ob-
tained by implementing the results from Section 3 and
4 on the HKUST hand system.

5.1 HKUST Hand System

Using three modified Motoman K3S robots, we re-
cently developed a three-fingered robotic hand (see
Figure 1) as our research platform for study of dex-
terous manipulation. The HKUST hand is easily re-
configurable in terms of the base configuration, the
geometries of the fingertips and the numbers of degree-
of-freedom of the fingers. A spherically shaped finger-
tip and a flat fingertip have been designed for each
finger. Also, by locking some of the joints of the six



Figure 5: A flat fingertip rolling a ball on a plane
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Figure 6: Trajectories of the ball and the fingertip

DOF fingers we can make them look more like “ordi-
nary” fingers.

Sensors built into the HKUST hand include joint
position sensors from encoder readings, a force/torque
sensor at the nearest end of the fingertip and a 16x16
tactile sensor array mounted to the fingertip. Based
on a point contact model assumption, the force/torque
sensor can be used to measure both contact force and
contact locations [10] [11], which is the case in our
experiments.

5.2 Experiment Results

We have done a number of experiments in which
we manipulated the ball to follow a desired trajectory,
such as rotating the ball about any axis, and trans-
lating the ball along any given direction, while the
trajectories of the contact coordinates were chosen so
as to optimize the quality of the grasp. For brevity,
we only present the following two experiment results:

(1) For the case of one flat fingertip rolling a
ball on a plane (figure 5), the initial conditions are:
6 = (0, —22.68, —12.34, 0, 47.65, 0 ), n; =
(0,0,0,0,0),7=(0, 0,0, 0, —90° ). We chose
a path for the contact point on the palm ay,(t) to be
a triangle specified by three points ( 0, 0 ), ( 30, 0)
and ( 30, 30 ).

In Figure 6, the dashed line oabo and O ABO are de-

—35 —30 —25 —20 -15 —10 -5 o s
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Figure 7: Localization of the contact point across the
fingertip

Figure 8: A two-fingered robot hand with flat finger-
tips manipulating a ball

sired trajectories of the ball center and the fingertip,
respectively. The jagged solid line oabo and OABO
are the actual trajectories of the ball and the finger-
tip. Note that the ball’s center was computed using
tactile sensor reading and the relationships developed
in Section 2.

Figure 7 displays the trajectory of contact relative
to the fingertip computed using the force/torque sen-
sor readings. The resolution of the results were found
to be less than 2mm, which is quite satisfactory com-
pared with that of the tactile array.

Note that in this case the optimal grasp should be
antipodal, i.e., the contact between the fingertip and
the ball should be at the “north pole”. In the ex-
periment, we purposely chose initial conditions to be
different from that of the optimal value. Using the
optimization algorithm, we found the grasp to quickly
converge to the optimal value.

(2) For the case of two flat fingertips manipulating
a ball(figure 8). The desire trajectory is to rotate the
ball first about the Z-axis for 20°, then Y-axis for 20°,
then Z-axis for —20° and then Y-axis for —20°. The
experiment results are show in figures 9 and 10.
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Figure 9: Trajectories of ball and fingertips: X, Y and
Z direction
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Figure 10: Localization of contact points on fingertips

6 Conclusion

In this paper, by integrating the relevant theories
of contact kinematics, nonholonomic motion planning,
and grasp stability, we developed a general technique
for dexterous manipulation with multifingered robotic
hands. The detailed kinematic relations and precise
formulation of the problem of dexterous manipula-
tion in the case of a flat fingertip rolling a ball on
a plane were derived. While nonholomic motion plan-
ning techniques were used to generate desired trajecto-
ries of the ball, the coordinates of contact between the
finger and the object were chosen so as to optimize the
quality of the grasp. The experimental results for this
case as well as the case of two flat fingers manipulating
a ball using the HKUST hand system were presented.
Currently, we are conducting experimental studies on
dexterous manipulation with a three-fingered robotic
hand with both rolling contact and finger gaiting.
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