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Abstract

We present mation planning for dexterous manipulation
by whole arm grasp system based on switching contact
modes. Motion planning for such a system should consider
changing dynamics and kinematics according to the con-
tact modes. We systematize the properties of the manipula-
tion system by taking account of contact dynamics and kine-
matics, and derive the conditions to be satisfied in motion
planning. The conditions give the restrictions of the feasi-
ble contact mode and the number of contact points. Noting
that the mani pulation system which invol ves continuous dy-
namics and discrete change of contact modes belongs to a
class of hybrid system, we propose an algorithm of global
motion planning based on a hybrid control perspective. We
aim at finding a feasible joint torque trajectory and a se-
guence of contact modes to move the object to an object
final state for given switching times and object state trajec-
tory. The proposed planning algorithm mainly consists of
planning the object trajectory by a randomized approach
using an object nominal trajectory, and constructing sub-
goals which satisfy the proposed conditions by solving an
inverse problem. e show the validity of the planner by
simulating manipulation by whole arm grasp system.

1 Introduction

Manipulating objects by hands, we dexterously use dif-
ferent contact modes such as rolling and sliding contacts
unconscioudly. Utilizing different contact modes according
to the manipulation task can raise the manipulation skill
with the hands. The primary motivation of our work is to
manipulate objects by a multi-fingered robot hand utiliz-
ing different contact modes. In this paper, we discuss mo-
tion planning to realize such a manipulation as mentioned
above.

Most work on motion planning has been devoted to
the problem of deciding a collision-free path that con-
nects a given start and goal configuration for mov-
able objects or manipulators by searching a configuration
space while satisfying geometrical constraints imposed by
obstacleq[1],[2],[7]. This work does not deal with any dy-
namics for robots or objects. In other words, the conven-
tional motion planning is based on a geometrical approach.

Recently there have been some work on motion planning
that determines control inputs to derive a robot from an
initial state to a goal state while avoiding obstacles and
obeying dynamics of robotg[8],[9]. Thereis less work on
planning for the motion occurring contacts between objects.
Such motion planning is a complicated problem because of
the nature of the contact such asrolling and sliding.

Work on manipulation by a multi-fingered robot hand
has attracted attention. Most work has been devoted to
the instantaneous kinematic and dynamic analysis of grasp-
ing and dexterous manipulation, assuming that there is no
change of contact modes between hand and objects during
atask. In contrast to the conventional manipulation, we
should take account of changing dynamics and kinematics
of the manipulation system according to the change of con-
tact modes and verify the dynamical and kinematical prop-
erties of such a manipulation system in order to achieve
our goal. Trinkle and Hunter[13] showed global mation
planning for quasi-static manipulation by searching feasi-
ble contact configurations such as edge-edge, edge-vertex
contacts and so on. However, since contacts are restricted
to frictionless contacts, the planner can not be applied to
motion planning of manipulation with changing contact
modes. Cherif and Gupta[4] presented global motion plan-
ning for quasi-static fingertip manipulation with changing
contact modes and discussed a planning algorithm based on
the idea of an inverse finger motion problem. The ideamo-
tivated us to consider the inverse problem for the motion
planning problem of whole arm grasp system. However
the use of their algorithm is limited because they discussed
the transition of contact modes without considering contact
dynamics. A crucia issue for motion planing of the ma-
nipulation system with switching contact modes is to find
the feasible trajectories (motion and joint driving torques)
which satisfy the dynamical and kinematical constraints at
contact points between the hands and object. In addition,
designing an efficient algorithm for exploring high dimen-
siona search space is required since we should deal with
the state space of the manipulation system.

For a system with changing dynamics behavior, the state
space of manipulation system consists of multiple parti-
tions, each of which corresponds to a contact mode. Each



partition is governed by a different set of differential equa-
tions. In order to complete successful manipulation, it is
necessary to plan transitions of the contact modes. Since
the manipulaion system can be model ed by adiscrete event
such as a contact mode and continuous dynamics, the sys-
tem belongsto a class of hybrid system[3],[10]. Most work
on the hybrid system is the stability and modeling from the
view of control theory. Zefran[15] applied the idea of hy-
brid system to the study of grasp gaits. To my knowledge,
there is no study about motion planning for dexterous ma-
nipul ation with switching contact modes from ahybrid con-
trol perspective.

In this paper, we first develop mathematical conditions
to be satisfied for motion planning, based on dynamics and
kinematics of manipulation system. These conditions give
restrictions for feasible contact modes and the number of
contact points. We then describe the basic ideas of ma
nipulation planning, which is defined as “given initial and
goal object states, it is to find a joint torque trajectory, us-
ing rolling and diding contacts’. The proposed algorithmis
simplified using a randomized technique. Finaly we apply
the ideas to the simulation of awhole arm grasp system.

2 Problem formulation
2.1 Dynamic model

We derive the dynamic model of whole arm grasp system
in space as shown in Figure 1. We assume that each link
of each hand (arm) has one contact point with an object at
most, and each revolute joint has one degree of freedom.
Suppose there are n¢ contacts, consisting of ng rolling
contacts and ng diding contacts. Let the subscripts V,
T and U denote the inward normal and two tangential di-
rections spanning tangent plane at the contact point on the
object’s surface, and S and R denote dliding and rolling
contacts, respectively. A contact frame is assigned to each
contact point and is positioned with its origin at the contact
point and with its axes aligned with N, T" and U, respec-
tively. We denote ¢th contact point by subscript 4.

The dynamic equation of motion of rigid object can be
written as

M,q=Gnfy+Grfr+Gufy+g, (1)

where q is the 6-vector of linear and angular acceleration
of the center of mass of the object, M , isthe 6 x 6-mass
matrix of the object, g, is external wrench applied to the
object, and f »;, f and f,; are the normal and tangential
contact force vectors expressed in the corresponding con-
tact frame. Gy, G and G are wrench matrices associ-
ated with f 5, f and f;, respectively.

The derivation of the motion equation of the rigid hand
parallelsthat of Equation(1). Let ng bethe number of joints
in the hand, and T be the ny-vector of applied torques for

Figure 1. General whole arm grasp systems.

arevolute joint, respectively. The motion equation of the
hand can be written as

Mb=7—J\fn—JIrfr—T0fu—9.

where @ isthe ng-vector of joint accelerations. J %, J% and
J ¥ arethe hand Jacobian matrices associated with f , £
and f;, respectively. M, isthe ny x ng-inertia matrix
of the hand. g, is the vectors of joint torques caused by
external wrenches and velocity product wrenches.

According to Coulomb’s law, the contact forcesat rolling
contacts lie within the boundary of its corresponding fric-
tion cone. The constraint on the ith contact forces can be
written as nonlinear inequalities

\/m < WifNRi ®)

where p; isthe coefficient of friction. In order to linearize
Equation(3), the friction cone is approximated by the fric-
tion pyramid circumscribing the friction cone as shown in
Figure 2. The friction pyramid can be written as
— i fnRri < frri < pifNRi 4)
—iifnri < furi < ifNRi )

Since the contact forces at both rolling and dliding contacts
must be non-tensile, the normal contact forces satisfy

INRi >0, fnsi>0 (6)

Summing Equations(4),(5),(6) for all contactsyields

B,.f4>0 ©)
where
fio= (s fhne Fins £ha] € Rometns
Es 0
BN = 0 UR ER
Ur —FEgr
Ur = diag[ -, —p, -] € RPEX"R
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Figure 2: Friction cone and friction pyramid model.

Egand Ep aeng x ng and nrp X ngr unit matrices, re-
spectively. 0 is zero vector or matrix with appropriate di-
mension.

On the other hand, the contact forces at diding contacts
lie on the boundary of the corresponding friction cone and
its tangential forces act on the object in the opposite di-
rection to the motion of object relative to the hand at the
contact point. The direction of relative motion is given by

1 .

i RS I
\/('UTSi)2 + (vpsi)? LU

where vrg; and vyg; € R are relative dliding velocities

in the direction of T" and U with respect to the ith contact

frame, respectively. Therefore the tangential contact forces
in the ith contact frame are given by

frsi = Ursifnsi, fusi =Uvsifnsi 9

where

—HiVe S
\/('UTSi)2 + (vusi)®
Summing Equation(9) for all sliding contacts yields

Frs =Ursfns€R"™, fus=UvusfnseR"
(11)

Uesi =

, ec{T,U} (10

where
U.s =diag[- -, Usgi, | €R™*™ e {T, U}

Substituting Equation(11) into Equations(1),(2), the mo-
tion equations and friction constraints can be rewritten for
all contacts as

M.g = Ganfatg, (12)
Maa = T Jg,qu — 9. (13)
B,f, > 0 14
where
Gap = [Gns+GrsUrs+GusUys, Gnr, Grr, GUR)
c §R6><(37ZR+TIS)
Jhe = |[INs+IEsUrs+IbsUus. Ihn I i Iin)

c o X(3nr+ns)

Gys, Grs and Gys are 6 x ng wrench matrices in
the normal and tangential direction for dliding contacts.
Gnyr, Grr and Gyr are 6 x ng wrench matrices in
the normal and tangential direction for rolling contacts.
Ins,Jrs,Inr, Jrr and Jy r aredefined similarly.

2.2 Kinematic model

The i4th contact velocity on the object surface
with respect to the ith contact frame is given by
[GNn: Gri Gui)Tq. Similarly, the ith contact velocity on
the link surface is given by [J %, J%, J5.,]76. Therefore,
the ith relative velocity, vy, vri, vy; € R, inthe N, T,
and U direction with respect to the ith contact frame can be

written as
Ghi Ini | UNi
Gr, |a—1| Jri |6 =] v (15
G, Jui vU;

Aslong as the contacts between the hand and the object are
maintained, the normal relative velocities for both rolling
and sliding contacts become

vNRi = 0, vnsi =0 (16)

In addition to Equation(16), the tangential relative veloci-
ties at the rolling contact must satisfy

vyRr; =0 (17)

Imposing Equations(16), (17) on Equation(15), and sum-

ming it for al contactsyields
GLg—Js0=0 (18)
Glyg—JesO =ves, ec{T, U} (19

UTR: = 0)

where
Ga = [Gns, Gyr, Grr, Gug] € RE*Bnatns)
JE = Jj];/Sa JTZ\;'Ra J¥R7 JER:| € %nQX(SnR+nS)

3 Properties of manipulation system

We cannot always plan arbitrary manipulation for agiven
manipulation system. Feasible manipulationisrestricted by
the property of kinematics and dynamics of the manipula-
tion system. In this section, we show four properties of
manipulation system based on kinematics and dynamics,
and derive conditions which should be considered in mo-
tion planning.

Themotion of object and hand is constrained so asto sat-
isfy kinematics given by Equation(18). The issues which
should be considered in motion planning concerning ma:
nipulation kinematics are whether, for a current contact
mode, (i)there exists feasible joint velocity, 6, for a de-
sired object velocity, ¢, and (ii)the object velocity, ¢q, is
uniquely determined for a given joint velocity, . These
two problems depend on the properties of matrices G 4 and
J 4 [6],[12].



Definition 1 A manipulation system is said to be kine-
matically manipulable if the hand Jacobian, J 4 €
RErrtns)xno jsfull rankand 3ng 4+ ng < ng.

If amanipulation systemis kinematically manipulable for a
current contact mode, we can find ajoint velocity, 8, which
can accommodate an arbitrary object velocity, q.

Definition 2 A manipulation system is said to be kine-
matically determinate if the wrench matrix, G4 €
RE6xBnr+ns) jsfull rankand 3ng + ng > 6.

When a manipulation system is kinematically determinate,
the object velocity, g, is uniquely determined for a given
joint velocity, 8. Otherwise there are infinite solutions for
Equation(18), and the object cannot be manipulated by the
joint motion.

On the other hand, manipulation dynamics is determined
by Equations(12)~(14) and acceleration kinematics ob-
tained by differentiating Equation(18)

GLyg—Jab+Ghg—Ja0=0 (20)

The issues which should be considered in motion planning
concerning manipul ation dynamics are whether (i)there ex-
ists feasible joint driving torque, =, to generate a desired
object acceleration, ¢, and (ii)we can uniquely predict an
object acceleration, ¢, for agivenjoint driving torque, 7.

Definition 3 A manipulation system satisfying the follow-
ing conditions (i),(ii) and (iii) simultaneoudly is said to
be dynamically manipulable. (i)a manipulation system is
kinematically manipulable, (ii)G 4, € R6* Gnrtns) jsfull
rank and 3ng + ng > 6 and (jii)J 4, € REnr+ns)xn0 g
full rank.

When the condition(i) holds, the hand Jacobian J 4 be-
comes row full rank and there exists feasible joint acceler-
ation, 6, satisfying Equation(20) for an arbitrary g. In or-
der to exist contact force, f 4, satisfying Equations(12),(14)
for an arbitrary g, the manipulation system should sat-
isfy the condition(ii). In addition, if condition(iii) holds,
joint torque, J7 . f 4, Which can balance with any contact
force, f 4, can be generated. Since a joint driving torque,
7, can be obtained by substituting 8 and f 4 into Equa-
tion(13), we can get an unique = which generate g if the
conditions(i),(ii) and (iii) hold simultaneously. Therefore
it is necessary that a manipulation system should be dy-
namically manipulable so that we could find ajoint driving
torque generating a desired arbitrary object acceleration in
motion planning.

Contacts between rigid bodies generate complementar-
ity constraints on relative accel erations and the correspond-
ing contact forceg[11]. The problems on the existence of
unique object acceleration for a given joint torque can be

discussed by reducing the problems into a linear comple-
mentarity problem(L CP) which can be written ag[14]

fi>0,a=Af,+b>0 fla=0 (21

where

A=[G), —JAM G, —Jal"

b=[Gh, —JalM gy, (1—g,)"]"
+Gh, — Jalld”, 6]

a=lays, ayg, arg, app)"

M = diag[M ,, M ,]

a € R3"r17s is arelative acceleration with respect to a
contact frame. The LCP has unique solutionsa and f 4 for
al bif and only if thematrix A isaP-matrix[5]. Using this
theory, we make a definition for uniqueness of dynamics as
follows.

Definition 4 A manipulation system is said to be dynami-
cally determinate if the matrix A isa P-matrix.

We noticethat thevector b isafunction of 7. If amanipula
tion system is dynamically determinate, contact forces, f 4,
can be uniquely determined for an arbitrary joint torque, 7.
In addition an object acceleration, ¢, can be uniquely deter-
mined for the given f 4 using Equation(12). In other words,
itisfound that such amanipul ation system does not become
indeterminate or inconsistent for a given joint torque.

We classified the properties of manipulation system
based on kinematics and dynamics. Among these proper-
ties, the “kinematically determinate” and “dynamically de-
terminate” manipulation systems guarantee that manipula
tion along with the desired object trajectory can be realized
by applying joint velocity and joint torque which are ob-
tained in motion planning, respectively. Therefore the va-
lidity of solutions for forward problem can be guaranteed.
On the other hand, the “kinematically manipulable’ and
“dynamically manipulable” manipulation systems guaran-
teethat there exist feasible joint vel ocity and joint torqueto
accommodate the arbitrary object motion. Therefore the
validity of solutions for inverse problem can be guaran-
teed. In this paper, by changing contact modes, we plan
the motions of the manipulation system to guarantee the
valid solution for both forward and inverse problems. We
can summarize the conditions on kinematics and dynamics
mentioned above and the conditions on the contact number
shown in the section 2.1 by the following equations. These
conditions are used to decide the feasibility of manipulation
in the motion planning next.

ne =ngr+ng < ng (22
6 <3np+ns <ng (23)
rank(J 4) = 3ng +ng (24)



rank(J 4,) = 3ng + ng (25)

rank(G4) =6 (26)
rank(G4,) =6 (27)
A € P — matrix class (28)

4 Motion planning
4.1 Hybrid system

We should natice that manipulation dynamics changes
according to the change of contact modes. The manip-
ulation system with switching contact modes consists of
multiple subsystems corresponding to each contact mode
as shown in Figure 3. The transition between subsystems
occurs by switching a contact mode, and the dynamics and
kinematics change accordingly. In other words, since the
motion of such a manipulation system can be represented
by a sequence of contact mode which can be expressed as
discrete events as well as time continuous motion, we can
regard the system as a hybrid system.

Figure 3: Transition between subsystems.

In order to plan the manipulation based on switching
contact modes, we consider a statex time space of the ma-
nipulation system corresponding to the contact mode when-
ever that is switched, as shown in Figure 4. Let the state
be the positions and vel ocities of the manipulation system.
The manipulation time, [0, ¢ 40q:], iSdividedintot; : 0 <
t1 < -+ < tn4+1=tgoa Dy thenumber of switches, V. Let
m be the dimension of the manipulation system. The state,
x; € X; CR™, of the manipulation systemon [t,t;1] iS
governed by dynamics and kinematics for the state space,
&, of the manipulation system, corresponding to a contact
mode, M ;. The state trajectories which connects states
ZCj(tj) with a:j(tj+1) on [tj, tj+1], j=0,...,N and the
corresponding joint torque trajectories are determined so
as to satisfy Equations(22)~(28). At a switching time,
tj+1, the state space changes from X; to X, and the state
changes from; (¢;41) t0 @41 (¢;41) continuously.

We should decide the following three componentsin mo-
tion planning for the mani pulation system with the property
mentioned above.

(i) The sequence of contact modes, { M j};\’:O.
(i) The switching times, {t,}1",.

(iii) The state trajectories of manipulation system and the
joint torque trajectories on each interval [t ;,t;41].

Figure 4: A sequence of statextime space of manipulation
system corresponding to contact modes.

Since it is quite a difficult task to find al three compo-
nents of optimal solution, we can find an approximate solu-
tion by defining the motion planning problem as; “ Given
the switching times and each object state trajectories,
q(t), Q(t),t S [tj,tj_;,_l], j=0,...,N, find feaSIb|EJO|nt
trajectories of motion and driving torques which connect
an object initial state, (g(0), ¢(0)), with an object goal
state, (g(tgoat), d(tg0ar)), Utilizing rolling and/or sliding
contacts” Note that the object trajectory is assumed to be
specified in motion planning based on an inverse problem.
However this trajectory is modified iteratively so that the
object can be actually manipulated to the goal. The algo-
rithm for the three components are organized in the flow
chart in Figure 5. We will next describe each of these com-
ponents and the organization.

|Assignq(t), d(t) att = 0, tgour |

__lterate by itmax
_Iterate until object reaches q(t;041), 4(tgoat)

_,|Object Trajectory Planner |,_

[I terate for feasible contact modes —I

Inver se Problem Solver

bgoa is generated
M .

Yes ~ 7

(b)

y
|Se|ect Optimal Motions
(© i

Figure5: An agorithm of motion planning.
4.2 Algorithm

The proposed motion planning, as shown in Figure 5,
consists of (a) a planning of object state trgjectory, g(t)




and ¢(t), on [t;, t;41], (b) an execution of theinverse prob-
lem for the given object state trgjectory and a generation
of subgoals (the contact modes which make manipulation
feasibleon [t;,¢;41] and the states of manipulation system
at the switching time, ¢;41), and (c) a selection of desir-
able trgjectories. The (a) and (b) are executed iteratively
whenever the assignment of switching time, and the sub-
goals at each switching time are generated consequently.
Subgoals which connects an object initial state with an ob-
ject goal state are finally obtained, and the transition of ma-
nipulation system are expressed by contact mode transition
graphs. We will next discuss (a),(b) and (c) in detail.

At a switching time, ¢;, a next switching time, ¢;41,
is assigned and the object state trgjectory, g(t), ¢(t), on
[tj,tj+1] are planned in (a). Since an object statextime
space is generaly high-dimensions, we try to reduce the
dimension of search space by utilizing an object desirable
rough position trajectory, q(¢),t € [0, tg0a], Which con-
nects an object initial position, g(0), with an object god
position, g(t40q1). The rough object position trgjectory is
called anominal trgjectory. Now as shown in Figure 6, the
next switching time, ¢4, is assigned randomly along with
a time axis for a current switching time, ¢;, and the ob-
ject position, g(t;+1) on the nominal trajectory is used as
boundary values of the object trajectory, g(t). Therefore
boundary conditions for g(¢) can be written as

q(t;) =q(t;), a(tj+1) =q(tj+1) (29)

A relative tangential velocity at each contact point should
be zero at each switching time so that we can assign any
contact mode at the switching time. That can be realized
when the object velocity at each switching timeis given so
that

q(t;) = q(tj41) =0 (30)

The object state trajectory, q(t), ¢(t), on[¢;,t;+1], aregen-
erated so as to satisfy Equations(29),(30). The idea of gen-
erating an object state trgjectory by giving a switching time
randomly, rather that directly sampling the state space of
the object, make the exploration quickly over the state x
time space and the planner find feasible solutions easily.

q(t) }
q(t) i
|
|
| | | |
| | | | Nomi
a©0)Y | obtained | \ | Trajectory
| Trajectory | = j t
I § tir1  lgoa

Figure 6: Generating object trajectory on [¢;,¢;41] based
on randomized approach for nominal tragjectory.

State Space

Figure 7: Building subgoals at switching time, ¢ 11, by ex-
ploring the state space of the manipulation system corre-
sponding to contact modes M, M5 and M. Forbidden
regions where there does not exist solution are detected by
the execution of inverse problem.

s N s N

Stape Space

Figure 8: Iterative process of subgoal expansion on
[Oatgoal]-

Figure 7 shows the process of exploration of the state
space of manipulation system onintervals, [t ;, ¢,11], in (b).
Black and white circles show the subgoals at the switching
timet; and ¢,, respectively. A line with arrow indicates
the state tragjectory of the manipulation system. Whenever a
new switching time, ¢ 1, is assigned, the subsystems cor-
responding to the combinations of contact modes satisfying
Equations(22),(23) are considered, and the inverse problem
is executed iteratively at ever instant on [t;,t;41] for the
assigned object state trgjectory. When solutions satisfying
Equations(22)~(28) over [t;,t;11] are obtained, the sub-
godsat timet ;. aregenerated. If subgoals cannot be gen-
erated for any contact mode, anew object trgjectory isgiven
and the step (b) is executed iteratively. Note that there may
exist multiple subgoals at the same switching time, ¢ .1,
as shown in Figure 7, because system dynamicsiis different
according to a given contact mode. Figure 8 showstheiter-
ative process of system state exploration on [0, ¢ goq:] USING
this agorithm.

Iterating a generation of subgoals reaching the object
god state up to it,,4., the contact mode transition which
minimizes a performance index of the form

N

fcost = Z/tﬁrl Pdt (31)

j=0Yt



is selected in (c). A cost function, P, about energy, joint
torgue and so on is considered according to the aim of ma-
nipulation.

4.3 Derivation of solutionsfor inverse problem

In this section we now derive solutions for inverse prob-
lem which is defined as “Given object motions, ¢(t), g(t)
and g(t), a an instant and a contact mode at each con-
tact point, find joint driving torque, (¢), and the state of
the manipulation system at a next instant”. When the ma-
nipulation system is dynamically manipulable for a current
contact mode, there exists afeasible 7(¢) for agiven g(t).
However we cannot always decide unique 7(t) dueto the
following two reasons.

When the wrench matrix, G 4,,, is over-constrained, that
is, G, isfull rank and 3nr + ng > 6, there are multiple
solutions to the contact force for a given object accelera-
tion. We determine the minimum norm of the contact force,
f 4, by solving the following quadratic programming prob-
lem,

minimize 1/2f4fa
subject to Eqgs.(12), (14) (32

On the other hand, when the manipulation system is
kinematically manipulable for a current contact mode and
the hand has redundant degrees of freedom(dof) for a ad-
missible dof of contact mode, that is, J 4 is full rank and
ng > 3ng + ng, there are multiple solutions to the joint
acceleration for a given object acceleration. We derive the
joint acceleration, @, from Equation(20), using the general-
ized inverseof J 4, as

o=Jt (Gi;q v GG — JAG) (33)

Given object motions, ¢(t), ¢(t) and q(t), and joint
states, 6(t) and O(t), the joint acceleration, 6(t), can be
obtained from Equation(33). Substituting ¢(t) and 6(t)
into Equation(19) yields the diding velocity, ves(t),e €
{T,U}. Substituting g(t) and v.s(t) into Equation(32)
yields f 4 (t) which should be applied to the object in order
to generate ¢(¢). Therefore the joint driving torque, = (¢),
to generate a desired object motions is derived by substi-
tuting O(t) and f ,(t) into Equation(13). The joint state,
6(t + At) and O(t + At), a anext instant is obtained by
integration of 6(t).

5 Simulation results

For simplicity, we now consider planning a 2D whole
arm grasp system in order to lift up an object toward apalm.
As shown in Figure 9, a two 2-DOF fingered hand with a
fixed pam is used to manipulate an elliptical object in the
vertica planewith rolling and/or diding contacts. Each 2nd
link of the both fingers has the contacts with the object at

the initial time. We assume that the contacts are not bro-
ken once the links have the contact with the object. A base
frame is placed in the midpoint between each first joint in
the palm.

Finger2

gravity

Fingerl
Figure9: A planar whole arm grasp.

In the case of manipulation by hand with four jointsin a
plane, the following constraints about the number of rolling
and dliding contacts are imposed by Equations(22),(23):

np+ns <4, 3<2ng+ng <4 (34
Thefeasible contact mode set satisfying Equation(34) is
M C{RR,RS,25R, 35,45} (35)

Theinverse problem is executed for a manipulation system
corresponding to M, according to the number of a current
contact point.

The manipulation task is to rotate the object from 20 de-
gree to O degree, and to trandate it from 0.30m to 0.15m
in the z direction in two seconds. The object has a major
axisof 0.37m and its minor axisis 0.30m. The mass of the
object is 3.00kg, and the moment of inertiaabout the center
of massis 4.25x10~2kg-m?. The fixed palm of the hand is
0.20m long. The length of each finger link is 0.30m. The
mass of the finger link is 0.5kg with a moment of inertia of
1.67x10~2kg-m?. The coefficient of frictionis . = 0.2.

We obtained three contact mode transition graphs for
Ttmae = 2, 8 shown in Figure 10. Subscripts of contact
mode show a number of hand getting in contact with the
object. The figures on a edge of the graph indicate a se-
guence of switching. The contact mode transition with the
minimum consumption of joint driving torquesis R1 Ry —
R1Ry — S1Rs — R1Rs, asshownin Figure 10(a). The
snap shots for this solution are shown in Figures 11. The
2nd links with rolling and sliding contacts are drawn by
thick and thin lines, respectively.

6 Concluding remarks

We have presented the mathematical conditions and an
algorithm for the whole arm grasp planning problem with
switching contact modes. Changing the contact modes a-
lows manipulation skill to be extended. Motion planning
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Figure 10: Contact mode transition graph.

R1R2 #0omsec R1R2 #499msec R1R 2 #779msec
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Figure 11: Snap shots of whole arm grasps.

for such a system should consider changing dynamics and
kinematics according to the contact modes. We showed
four properties of manipulation system based on dynam-
ics and kinematics, and derived conditions to be satisfied in
motion planning. The conditions restrict the feasible con-
tact mode and the number of contact points.

The planning problem is simplified by giving the object
tragjectory using arandomized technique. Thereforeit isnot
guaranteed to find atrajectory whenever oneexists. Though
the algorithm is not complete, we could find the solution
trajectory efficiently compared to the direct sampling ap-
proach. Future works focus on generating a nominal object
trajectory by arandomized approach although the proposed
algorithm requires to specify an appropriate nominal trajec-
tory a priori such that there exist solutions at each instant.
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