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SUMMARY

This paper proposes a novel dynamic stable grasping method
of an arbitrary polyhedral object for a hand-arm system with
hemispherical fingertips. This method makes it possible to
satisfy the force/torque equilibrium condition for the immo-
bilization of the object without knowledge of the object. Two
control signals are proposed which generate grasping forces
normal and tangential to an object surface in a final state.
The dynamics of the overall system is modeled and analyzed
theoretically. We demonstrate the stable grasping of an
arbitrary polyhedral object using the proposed controller
through numerical simulations and experiments using a
newly developed mechanical hand-arm system.
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1. Introduction

Grasping and manipulation of an object is the most
fundamental and necessary function for robots that operate
around our living space. Until now, several robotic systems
and their control methods intended to accomplish stable
object grasping have been proposed.'™ In particular, the
multi-fingered robotic hand system is one of the most
expected devices for an end-effector because it is capable of
human-like dexterous manipulation. Most existing methods
for the multi-fingered robotic hand system consider static or
quasi-static situations, and the form/force closure concept is
used to evaluate grasping quality.® In these methods, precise
information on the grasped object, such as its geometric
shape, mass, and the position of the center of mass, is
necessary for stable grasping and manipulation. Furthermore,
the contact position of each fingertip and the position and
attitude of the object are required in real-time. A great deal of
computation time is also required for planning a manipulation
task.

In contrast, dynamic stable object grasping methods
proposed by Arimoto et al.’™ for a pair of robotic fingers
use neither object nor contact information. Their controller
is based on the fingers-thumb opposability concept, and
a dynamic force/torque equilibrium condition is realized
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using the rolling motion of spherical fingertips,'®'? even

though the form/force closure condition is not satisfied. In
their method, each hemispherical fingertip rolls along the
object surface so as to converge the overall movement. As
a result, the dynamic force/torque equilibrium condition is
satisfied when the overall system is in the steady state.
Tahara et al.'»" later extended Arimoto’s method to a
three-fingered robotic hand system. However, they treated
only a cuboid as a grasped object. Moreover, their method
requires the dynamic force/torque equilibrium condition
to be satisfied using only the individual normal force
components on the contact surface. This requirement is
too strict and difficult to be satisfied, even for a cuboid.
Therefore, they introduced a compensation term to relax this
requirement. This term is given as the time integral of each
joint angular velocity and quite effective for attaining the
force/torque equilibrium condition more easily than in the
case of using only the individual normal force components.
However, the force derived from the integral term in the
final state cannot be estimated theoretically in advance
because the force increases according to the total movement
of each joint angle. This leads to another problem that
the integral term disturbs the manipulation of the grasped
object.

This paper proposes a novel method of object grasping
for a multi-fingered hand-arm system. An artificial relative
attitude constraint is introduced between each finger, instead
of integrating the angular velocity of each joint with
respect to time. This artificial constraint is the most
significant difference compared to the studies by Arimoto
and Tahara.”>!%1> The constraint does not require any
object information similar to the integral term proposed
by Tahara.'*!'> A constraint force based on the artificial
relative attitude constraint plays almost the same role as
the time integration of each joint angular velocity. However,
the force does not disturb any other control signals, such
as that for stable grasping and manipulation, because the
artificial constraint restricts only the relative attitude between
each fingertip by a P-feedback and is independent of other
control signals if the system has a sufficient number of
degrees of freedom (DOFs). In addition, since the artificial
constraint purely works to enhance the region of stable
grasping, our method achieves dynamic stable grasping of
an arbitrary polyhedral-shaped object without any external
sensing devices. In other words, the method does not
require any object information, such as the shape, mass, or
position of the center of mass of the object, even though
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the shape of a graspable object is extended to an arbitrary
polyhedron.

Furthermore, we propose a coordinate controller for a
robotic arm part in addition to a multi-fingered hand part
unlike the studies of Arimoto et al. and Tahara et al.”%- %15
The robotic arm system is indispensable for a hand system
to approach and manipulate an object in a practical situation.
Therefore, we design a unified controller to simultaneously
control both a multi-fingered hand part and an arm part.
Bae et al.'® proposed a unified controller to grasp and
manipulate an object using the hand-arm system. However,
their controller considered only a two-dimensional (2-D)
model, and the grasped object has been assumed to be a
rectangular parallelepiped. We improve Bae et al.’s'® method
so as to be applicable for grasping an arbitrary polyhedral
object in 3-D space.

In the following, we first formulate a nonholonomic rolling
constraint between each hemispherical fingertip and the
surface of a grasped object. Arimoto et al.”'%1> modeled
one of the rolling constraints, which can be easily expressed
in an equation of motion. However, the object has been
assumed to have two flat and parallel surfaces. Therefore,
we extend their rolling constraint model so as to express
the constraint for an arbitrary polyhedral object. Then we
derive the overall equation of motion that considers the
effect of the rolling constraint. Next, a control signal to
satisfy dynamic stable grasping of an arbitrary polyhedral
object is designed, and the stability of the overall system is
verified based on the passivity theory. Through numerical
simulations and experiments using a prototype multi-
fingered robotic hand system, we demonstrate the stable
grasping of an arbitrary polyhedral object using the proposed
controller.

The advantages of the proposed method in comparison
with the previous methods proposed by Arimoto et al. or
Tahara et al.”'*13 are listed as follows:

(1) The proposed method achieves stable grasping of an
arbitrary polyhedral object. The graspable object shape
is expanded.

(2) A new control signal u, is proposed. It acts
purely to restrict unnecessary rolling motion of each
fingertip.

(3) The facts (1) and (2) are verified by analyzing a closed-
loop dynamics of the overall system. These are shown in
equilibrium manifold of the overall system.

(4) The proposed method does not disturb and interfere with
manipulation motion in combination with a position and
attitude controller for the grasped object. The position
and attitude of the grasped object converges to the desired
position and attitude precisely.

(5) We reformulate and expand the rolling constraints
model proposed by Arimoto et al’®!*!5 5o as to
express the constraint for an arbitrary polyhedral
object.

(6) We design a unified controller to simultaneously control
both the multi-fingered hand part and the arm part.

In this paper, we extend our previous work!” and show the
following new contents:
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Fig. 1. (Colour online) Multi-fingered hand-arm system.

(1) An elicitation process of each mathematical formula is
added in more detail.

(2) A theoretical stability analysis of the overall system is
conducted and discussed more deeply.

(3) A practical usefulness of the proposed method is
demonstrated through some experiments using a
prototype of the three-fingered robotic hand system.

2. Overall Model

In this section, the overall model, which is composed of
a multi-fingered hand-arm system and a grasped object, is
presented. The hand-arm system is composed of a serial-link
arm part and a multi-fingered hand part. In the modeling, a
nonholonomic rolling constraint between each fingertip and
the object surface is modeled in order to consider physical
interaction between the multi-fingered hand-arm system and
the grasped object. The rolling constraint modeled here is
based on Arimoto et al.’s model”%!%15 and is enhanced
so as to be applicable to an arbitrary polyhedral-shaped
object. An example of the multi-fingered hand-arm system
treated herein is illustrated in Fig. 1. Each finger has soft and
hemispherical tips. The assumptions of the present study are
listed as follows:

(1) The overall system has a sufficient number of DOFs to
stably grasp an object.

(2) Each fingertip maintains rolling contact with the object
surface and does not slip or detach from the surface
during grasping.

(3) Fingertips do not transition from an initially contacted
surface to other surfaces during grasping.

(4) Each joint has high backdrivability.

(5) The mass of the grasped object is small enough to ignore
the gravity effect.

As shown in Fig. 1, O denotes the origin of the Cartesian
coordinate system, and x; € R? is the center of each fingertip.
In the following, the subscript i indicates the ith finger in all
equations. The number of DOFs of the arm and the ith finger
are N, and N; respectively. A vector of the joint angle of the
arm is ¢, € RV, and a vector of the joint angle of each of
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Fig. 2. (Colour online) Contact model at the center of the contact
area.

the i fingers is g¢; € RNi. The symbol ¢ denotes the vector
of the joint angle of the entire system, including the arm
and all fingers (= (¢,,4,,92,----qy)"), where N is the
number of fingers. As shown in Fig. 2, x¢; € R? is the center
of each contact area. The velocity vector of the center of
each contact area is v¢; € R, The radius of each fingertip
is r;. The position of the center of the object mass is x =
(x,y, 2)T € R3, which also stands for the origin of a local
object frame. An instantaneous rotational axis of the object at
x expressed in Cartesian coordinates is @ = (wy, wy, )T e
R3.In addition, w; € R? signifies the attitude angular velocity
vector of the center of each fingertip.

2.1. Constraints

A 3-D rolling constraint with area contact is modeled here.
The attitude of the object in Cartesian coordinates can be
expressed by a rotational matrix R such that

R=(ryryr;) €S0, )

wherer,,r,,r; € R? are mutually orthonormal vectors that
indicate each axis of the local object frame. The rotational
matrix is one of the members of SO(3) and satisfies the
following equations:

R =[wx]R, [ox]= (a?z 0 _w(:;x>. (2)

—w, oy 0

In addition, we define a local contact frame at the center of
each contact area in the following:

R -Rc; =(Cix,Ciy, Ciz), (3)

where R; is the rotational matrix between the object frame
and each contact frame. A unit vector C;y that indicates the
y-axis of the contact frame is taken as being normal to the
contact surface. When each fingertip is purely rolled along
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the surface, the velocity vector of the center of each contact
area v¢; must satisfy the following relation:

vei = (r; — Ary) (CiY — W X CiY)’ @)
where
Ari=r;+Y; — C}y (x — x;). )

In Eq. (4), Ar; denotes the displacement due to the
deformation of each fingertip at the center of the contact
area (see Fig. 2). By definition, the velocity vector v¢; is
on the object surface at the center of each contact area. In
Eq. (5), Y¥; is the perpendicular distance between the center
of the object mass x and the surface. The rolling constraint is
expressed such that the velocity of the center of each contact
area on the fingertip, given as Eq. (4), must be equal to that
on the object surface and is given as follows:

Cly X;
iz i

X; = —Cli(x —x)), (7
Z; = —C,(x — x)). ®)

where

Equation (6) denotes a nonholonomic rolling constraint
between each fingertip and the object surface.

Next, the rolling constraint can be expressed as the Pfaffian
constraint as follows:

X,'q . X,‘X . Xia) _
[Ziq}q—i-[zix}x—i-[ziw]w—& 9
where
Xig=(ri — Ar)ClLJa — Cl J

X = C,TX
Xiw={Cix x (x —x)}T — (r; — Ar;)) C},,

10
Zig=—(ri—Ar)ClxJoi — Ci, (10)
Zix = C;rZ
| Ziw={Ciz x (x —x)}" 4+ (ri — Ar) Cy
In these equations, J; € R3*Nat XL N and Jo, €

R3*Na+X V) denote the Jacobian matrices for the velocity
and the angular velocity of the fingertip with respect to

. . . . N . .
the joint angular velocity ¢ € RN«*2i=i ¥ and are given as

follows:
X; . Ji .
|:wii| a |:Js21}q' (D

Using the rolling constraint expressed in Eq. (6), the
relationship among ¢, X, and ® can be given as follows:

X Jexi |
)=l 2
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where

[ Jcxi = m {(deiTx - d3ZiTx) Xiq
+ (A Z], — X)) Zig )
Jcwi = m

dy=1+X;,
dy=1+12;,
_d3 = Xlwz;ra)

2.2. Contact model of soft fingertip

In the present paper, a physical relationship between
deformation of the soft fingertip at the center of each
contact area and its reproducing force is given based on the
lumped-parameterized model proposed by Arimoto et al.’
The reproducing force f; in the normal direction to the
object surface at the center of each contact area is given as
follows:

|:fi:fi + & AF; (14)

fi = kiar}

where k is a positive nonlinear elastic coefficient of the
material of the fingertip, and &; is a positive nonlinear
damping coefficient function with respect to Ar;. This
indicates that the viscous force depends on the contact
area.

In addition, there is another viscosity between each
fingertip and the object surface that affects the torsional
motion of the fingertip on the object surface. The energy
dissipation function based on the torsional viscosity of a
fingertip is given as follows:

2
)

b;
Ti=5||C,»Ty(w—wi){ (15)

where b; is the coefficient of viscosity, which depends on the
fingertip material and the contact area.

2.3. Overall dynamics
The total kinetic energy of the overall system is expressed as
follows:

K - lq.THq. 1 .TM. 1 TI (16)
2 2 2 ’

N N . . . .
where H € RWet2imi Nox(Na+32i21 i) §g the inertia matrix of
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the hand-arm system, and M = diag (m, m, m) is the mass
of the grasped object. In addition, I = RIR",and I € R3*3,
is the inertia tensor of the object represented by the principal
axes of inertia.

On the other hand, the total potential energy of the overall
system is given as follows:

N
P=Pi(g)+ ) P. (17)
i=1

where P, (g) is the potential energy for the hand-arm system
caused by the effect of gravity, and P; is the elastic potential
energy for the ith finger generated by the deformation of the
soft fingertip and expressed as

Ar,~

P = fi©)ds. (18)

Eventually, Lagrange’s equation of motion can be obtained
by applying the variational principle in the following form:
For the multi-fingered hand-arm system:

1 N 9T T
H(@)i+ {5H<q)+ Sy (q,q)}q +y 2
parll
N
+ ) (JICivfi+ X hix + Z1hiz) + 8 (g) = u.
i=1
19)
For the grasped object:
N
Mi + > (= fiCiy + Xfhix + Zlhiz) =0, 20)
i=1
N N -
) 1, 3T,
Io + {EI—FSw}w— ;{Ciy x (x—x)fi + 2 ™
N
+ Y (Xihix + Zikiz) =0, (21)

i=1

where S, and S, are the skew-symmetric matrices of the
hand-arm system and the grasped object, g is the gravitational
terms, and u is the vector of the input torque. In addition, X, x
and A;z denote Lagrange’s multipliers.

Equations (19)—(21) can now be represented as follows:

(1, .
GA+(§G+S+T>A+PTX+ Q" f+gu=U,

(22)
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where

G =diag(H, M, I)
S = diag (Sq, 0343, S.)
T = diag (Z?Izl Cr,. 053, 2J cui Yy CTiJ(T:wi>
Cr, =b{C}, (Jcw — Jszi)}T {Cly Jcwi = Tan)}
[ X1y Xix X0 |
Xy Xoxw Xop

XNq XNx XNa)
Zlq le le
ZZq Z2x ZZw

ZNq ZNX ZNw

A= (hix, Aaxs ooy ANxs Mzs Aazs s Anz)t
i CTYJI _CTY (x —x)T[Ciyx] ]

Cl g, —Cl, (x —x2)T[Coyx]

ChyJn —Chy (x —x3)T[Cyyx]

f =(f17 fZ»"'st)T
L 8an = (gT, 01><6)T

(23)

where U(= (u",0;.6)") denotes an input vector, and
A(= 4", %7, ®")T) denotes an output vector of the overall
system. From Eq. (23), there exists G !, since G is a positive-
definite symmetric matrix. Thereby, the following equation
is obtained by pre-multiplying Eq. (22) by PG ™"

. 1, .
PA + PG™! (56 + S+ T> A+ PG 'P"A
+PG'Q"f+PG g, =PG'U. (24)
Then, from Eq. (9), we obtain
PA =0. (25)

By differentiating Eq. (25) with respect to time ¢, we also
obtain

PA = —PA. (26)

https://doi.org/10.1017/50263574712000525 Published online by Cambridge University Press

515

By substituting Eq. (26) into Eq. (24), Eq. (24) is rearranged
as follows:

. 1. )
PG 'PT)A = {P—PG‘l <§G+S+T)}A

- PG'Q"f - PG g, +PG'U.
(27)

There exists (PG~ PT)_1 because P is of full rank as long
as each rolling constraint is satisfied. Therefore, A can be
expressed as follows:

r=(PG'PT)" HP - PG™! GG + 8+ T)} A
—PG'QTf - PG g, + PG—‘U] . (28)

Equations (5) and (14) indicate that f can be expressed
as a function with respect to (A, A). Similarly, A can be
expressed as a function with respect to (A, A) if the input
vector U is composed of only (A, A). Therefore, both f and
A must be bounded as long as (A, A) is bounded.

3. Control Input

In this section, a control signal for stable grasping of an
object is designed. In the control signal, no knowledge of
the grasped object, such as shape, position, or attitude of the
grasped object, is necessary. The control signal u is composed
of two parts, u; and uy,, as follows:

u=u,+u,. (29)

The control signal u; generates a grasping force that is normal
to each contact surface.

First, part of the control signal u; is designed such that
the centers of the fingertips approach each other as shown in
Fig. 3. This is given as follows:

N
/. .
u, = Z”d Y Jlxe—x)—Cqg+g.  (30)
i=17i j=i
where
1 N
Yo=Y X 31
i=1

andEq. (30), C € R+ XL Nox(Nutk X5 N > (s a positive-
definite diagonal matrix, which denotes the damping gain of
each joint. In addition, g is a gravity compensation term, and
fa 1s the nominal desired grasping force.

In addition to u,;, we introduce another control signal
ug, which can generate a tangential force to satisfy the
dynamic force/torque equilibrium condition in the final state.
The new control signal u,, is necessary for grasping an
arbitrary polyhedral object because when the control input
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Fingertip

Fig. 3. (Colour online) The centers of the fingertips approach each
other.

.\.

Object

Fig. 4. (Colour online) Contact forces in final state.

u, is applied to the system, a contact force f occurs at each
fingertip. The contact force can be decomposed into two
orthogonal components, i.e., a normal force component, f ,
and a tangential force component, f , on the object surface,
as shown in Fig. 4. The tangential force f , induces a rolling
motion of each fingertip on the object surface. Therefore,
in order to satisfy the force/torque equilibrium condition
in the final state, the tangential force component of each
fingertip f ; must be eliminated because the rolling motion
of each fingertip must be prevented. This indicates that the
equilibrium condition must be satisfied by only the normal
force component of each fingertip f, if only the control
input u; is applied to the system. However, it is difficult to
satisfy this requirement, because how this requirement can be
satisfied depends strongly on the mechanical configuration
of the hand-arm system as well as the shape of the grasped
object. In order to relax this requirement, Arimoto et al. and
Tahara et al.”%'*15 added another control signal to prevent
the rolling motion of each fingertip. This additional control
term is composed of a time integration of each joint angular
velocity, and generates an tangential force opposing f to
prevent the rolling motion of each fingertip. This additional
control term is effective for grasping an object, even if the
object is an arbitrary polyhedron. However, the addition of
this term induces at least two problems from the stability
point of view. The first problem is that the final pose of the
overall system cannot be determined specifically in advance
because this integration term depends on the total movement
of each joint angle. The second problem is that the integration
term becomes a disturbance when the grasped object is
manipulated, because the integration of each joint angular
velocity will interfere with any other controller, not only the
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control term for stable grasping but also additional position
and attitude controllers. The first problem is not so serious
with regard to stable grasping because the final pose of the
overall system is not important as long as stable grasping is
achieved. However, the second problem is quite serious from
the viewpoint of dexterity of the hand-arm system.

In the present paper, we introduce another control signal
instead of the time integration of each joint angular velocity.
The newly proposed additional control signal assigns each
fingertip an artificial relative attitude constraint between each
fingertip. This constraint acts in the same manner as the time
integration of each joint angular velocity, i.e., this constraint
generates a tangential force opposing f . However, this
constraint does not interfere any other controller if the multi-
fingered hand part has a sufficient number of DOFs because
the artificial constraint restricts only the relative attitude of
each fingertip by a P-control. As a consequence, a constraint
force generated by the artificial constraint works purely to
cancel the tangential force, which induces a rolling motion
of each fingertip. The introduction of uy, is the significant
difference compared with the previous studies done by
Arimoto et al. and Tahara et al.”*'*!> The control signal
for the relative attitude constraint between each fingertip u;
is given as follows:

N
T
u, = K Z Joi {rxfi X (rxfi,(ifl)d + rxfi,(iJrl)d)

i=1
+ 1y X (Pyfi-nd + Tyfitna)
+ropi X (Fopii-va + Fofidivnd) J (32)

where

Ryi = (rais Pypis Popi), (33)

Ryija = (regijas Tyfijas Tefija)
=RsiRyfijre, G=G—-1,G+1), (34

and K, > 0 is a positive scalar constant. It should be noted
that the strength of the artificial constraints can be regulated
by the value of Kj,. In other words, the range of the rolling
motion of each fingertip can be roughly adjusted by choosing
K, adequately. Rotational matrices R s; and R y; ;4 indicate
the present attitude and the desired attitude of the ith fingertip
respectively. In Eq. (34), Ry; jr is a rotational matrix that
expresses the relative attitude between the ith and jth fingers
as shown in Fig. 5. In the next section, we describe why
ug, can only generate a tangential force opposing u g on the
object surfaces.

4. Closed-Loop Dynamics

The closed-loop dynamics of the overall system is given by
substituting Eq. (29) into the dynamics equations given by
Egs. (19)—(21), such that
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) )’f(H'])

Foriv)

R Rf(i+1)
fi,(i+1)rel

Fig. 5. (Colour online) Relative attitude between ith finger and
i + 1th finger.

for the multi-fingered hand-arm system:

Hg + H+S+C + aTT
q 2 q qllaq

N N
+ D JIR-Reibhin+ ) JoR - Reidhiz =0,
i=1 i=1

(35)

for the object:

N
Mi — Z R-RciAL; =0, (36)
i=1

1 LT &
1w+{ I+S} Za_ - -
i=l1 i=1

N
x R-Rcidhiy — Y (R-Rcidhip + Ky Byi) =0
i=1

(37)

where
B A= _Ju
ij:l Tj
By = (ropi X rypia) + (Fypri X Fygia) + (Fopi X Tofia)
AXit = (Akix1, Afin, Akiz)"
AXiz = (Akix2, Adiya, Adiza)"

Taking the sum of the inner product of the output vector A
and the closed-loop dynamics expressed by Eqgs. (35)-(37)
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Akix1 = —kix — AC[y (x. — x;) (38)
Afir = fi — AC}y (x. — x;)
Arizi = —hiz — ACT, (x. — x;)
Ahixy = — (ri — Ari) hiz — Ky Cly Byi
Ariyr = — K Cl, By
| AXizo = (ri — Ary)) Aix — K. Cl,Bg;

517
yields
d T s Y 2
TE=—q Cq—;(Ti +EAF) <0, (39)
E=K+V+AP, (40)
K = %qTHq + %xTMx - %lew, (41)
V=V, + Vg, (42)

N N
Z(xi—xj)z , (43)

i=1 j=I

N
—K Z tr (R}iRf(l'+1)Rfi,(i+l)I'el> (44)
i=1

N
- K, Z (—1 —2cosq;), (45)

i=1

dr;
AP = Z/O i (Arai + ) — fi (Ara)} do, (46)

i=1

8ri=Ari—Ard,-. (47)

In Eq. (47), Arg; is Ar; when f; is equal to f,. In Eq. (45),
«; is the rotational angle of RTfin(i+1)R,fi,(i+1)re1- Here, V
acts as the artificial potential energy originating from the
control input, and K and AP are positive as long as 0 <
Arg; — 8r; < r;. In addition,

E=>0 (48)

is satisfied for the case in which K, is designed to satisfy the
following equation:

2
fa it i (xi — x))
Ky = N N . (49)
AN 7k Dy (1 +2cosa;)

Equations (39) and (48) yield

o0 N
f {chq+Z(n+5Af?) dr < E(0)
0

i=1
—E(o0) < E(0). (50)

Equation (50) indicates that the joint angular velocity ¢ (¢)
is squared integrable over time ¢ € [0, co). This means
that ¢(t) € L?(0, 00). It is also clear that x e L?(0, c0)
and @ € L?(0, 0o) by considering the nonholonomic rolling
constraint, as shown in Eq. (9). Therefore, the output vector
of the overall system A(¢) is uniformly continuous and then,
from Lemma C1 in ref. [8], A — 0 can be given as t — 00.
In addition, from Lemma C3 in ref. [8], A — 0 can also be
given as  — oo because A — 0 as r — o0o. Eventually, the
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following equation can be obtained from Eq. (35) such that

T . .
{Ji R-Rcidkin — 0 as t — 00. 51

JoiR-RciALin — 0

Therefore, it is confirmed from Egs. (35) and (51) that all
external forces applied to the hand-arm system converge to
zero. The external forces applied to the grasped object are
also confirmed to converge to zero by considering Egs. (36)
and (37).

The Jacobian matrix J; characterizes the relationship
between the translational velocity of the center of each
fingertip x; and the joint angular velocity vector ¢. The
other Jacobian matrix J ; also characterizes the relationship
between the attitude angular velocity of the center of each
fingertip @; and the joint angular velocity vector ¢. All
column vectors of both Jacobian matrices J iTR - R¢; and
J }z,.R - R¢; must be mutually independent as long as these
Jacobian matrices do not degenerate during movement. The
following equations are then obtained from Eq. (51) such
that

as t — oo. (52)

AA.“ — 0
A)»iz — 0

The following equations are obtained from Egs. (38) and
(52):

K,
— T, By, (53)

)\,,’ =—ACT X —X;) =
X lX( ) ri—Ar,-

K,
—_CL B, (54

riz = —ACL (x
iz lz( c r,-—Ari

—X;)=—

These equations indicate that the control signal u,, generates
a counter force to compensate the tangential force generated
by the control signal u,, which induces a rolling motion in
each fingertip. Moreover, the following equation is obtained
from Eqs. (38) and (52):

C},B,; — 0. (55)

This equation shows that the grasping forces normal to
the object surfaces generated by u, converge to zero.
Specifically, u,, acts purely to prevent the rolling motion
of each fingertip, so that the overall state remains an
equilibrium manifold and there is no other effect. On
the other hand, based on Egs. (38) and (52), we can
conclude that the grasping force f; satisfies the following
equation:

fi = fia as t > oo, (56)
where
fia = Nf—dc?Y (xc—x;). (57)
j=1Tj
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Fig. 6. (Colour online) Simulation for stable grasping.

The equilibrium manifold of the overall system is
expressed as follows:

.fi = ﬁd’ C’l‘rYBSti =O? q =07
{J'C:O, w=0 as t— oo. (58)

This equation shows that the movement of the overall system
converges to zero.

5. Numerical Simulation

A numerical simulation for the grasping of a polyhedral
object is conducted here. In this simulation, a desired relative
attitude R ¢; jre1 in Eq. (34) is configured in order to maintain
the initial relative state of all fingertips. It is given as follows:

Rji jret = RYjini R fiinis (59)

where R y;iy; is a rotational matrix that indicates the initial
attitude of the ith fingertip. The hand-arm system used in this
simulation incorporates a 5-DOF arm and a three-fingered
hand. The hand consists of one 5-DOF finger and two 4-
DOF fingers. The grasped object is a hexahedron. Figure 6
shows an example of this simulation. The parameters of the
three-fingered hand-arm system and the grasped object are
shown in Table I. Table II shows the desired nominal grasping
force and the associated gains. Table III shows the initial
condition.

Figure 7 shows the transient responses of §, X, and
® indicating that the velocities of the overall system
converge to zero. Figure 8 shows the transient responses
of AA;; and AA;», which shows that both AA;; and AA;»
converge to zero. This means that the total external force
nominally applied to the overall system converges to zero.
Specifically, the overall state variables are confirmed to
converge to the equilibrium manifold, as shown in Eq. (58),
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Table I. Physical parameters.

Three-fingered hand-arm system

Ist link length a1 1.300 (m) li1 0.300 (m)
2nd link length Lo 1.000 (m) li» 0.200 (m)
3rd link length a3 0.175 (m) li3 0.140 (m)
1st mass center lgal 0.650 (m) Lein 0.150 (m)
2nd mass center loa2 0.500 (m) Lein 0.100 (m)
3rd mass center lea3 0.0875 (m) leis 0.070 (m)
1st mass Myl 1.300 (kg) m;y 0.250 (kg)
2nd mass My 1.000 (kg) mi> 0.150 (kg)
3rd mass My3 0.400 (kg) m;3 0.100 (kg)
Ist Inertia 1 4 diag (7.453, 7.453, 0.260) x 10! (kg - m?)
2nd Inertia I, diag (3.397, 3.397, 0.128) x 107! (kg - m?)
3rd Inertia 1,3 diag (0.291, 0.291, 0.500) x 10~ (kg - m?)
1st Inertia I;{ diag (7.725,7.725, 0.450) x 10’3(kg -m?)
2nd Inertia I, diag (2.060, 2.060, 0.120) x 1073 (kg - m?)
3rd Inertia I3 diag (0.538, 0.538, 0.031) x 1073(kg - m?)

Radius of fingertip 7; 0.070 (m)

ki 1.000x 10°(N/m?)

& 1.000x (2r; Ar; — Ar?) w(Ns/m)

b; 1.000x (2r;Ar; — Ar?) w x 10*(Ns/m?)
Object

Mass m 0.0018 (kg)

Length of each side 0.42(m)

Inertia I diag (1.354,0.765, 1.354) x 1073 (kg - m?)

Table II. Desired grasping force and gains.

fa 10.0

Ky 5.238 x 1072

C, diag (1.003, 0.651, 0.735, 0.278, 0.177)
x 107! (Ns-m/rad)

C, diag (0.606, 0.687, 0.786, 0.642, 0.198)
x 1072 (Ns-m/rad)

C, diag (0.468, 0.780, 0.318, 0.099)
x 1072 (Ns-m/rad)

C; diag (0.648, 0.780, 0.318, 0.099)

x 1072 (Ns-m/rad)

and thereby the dynamic force/torque equilibrium condition
for the immobilization of the object is satisfied at the final
state.

6. Experiments

In the present study, experiments to examine the grasping
of a polyhedral object were conducted using a prototype
setup. In the experiments, only the three-fingered robotic
hand, as shown in the left-hand side of Fig. 9, is used in the
experiments. Note that the proposed controller is applicable
not only to the hand-arm system but also to the hand system.
The prototype robotic hand consists of three 4-DOF fingers.
The structure of each finger is shown in the right-hand side
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Table III. Initial condition.

q 0 (rad/s)

q, (—0.176, —1.701, 1.904, 1.360, 0.520)" (rad)
90 (0.000, 0.035, —0.995, 1.588, 0.122)" (rad)
q0 (0.011, —0.922, 1.219, 0.836)" (rad)

q03 (—0.052, —0.803, 1.065, 0.890)" (rad)

x 0 (m/s)
x (—=0.126, 0.423, 0.776)T (m)
® 0 (rad/s)
0.74 0.07 -0.67
R —0.04 1.00 0.05
0.68 —0.01 0.74

of Fig. 9. Each parameter of the hand system is shown in
Table IV. In addition, Table V shows the specifications of
the actuator used in the system. Each joint angle is obtained
by an encoder, and the sampling period of the servo-loop
is 1 ms. Figure 10 shows the system configuration. In the
experiments, two types of grasped objects were used: a
triangular prism and a cube. The parameters of these objects
are listed in Table VI. In the experiments, we selected
styrene foam as the material of the grasped object and ignore
the effect of gravity. Table VII shows the desired nominal
grasping force and gains.

A photograph of the experiment to examine stable grasping
of a triangular prism is shown in Fig. 11. Figure 12 shows
the transient responses of ¢ in the experiments for stable
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Fig. 7. (Colour online) Transient responses of angular velocity of the hand-arm system § and the translational and rotational velocities of

the grasped object X and .

grasping of both the triangular prism and the cube. This figure
shows that the velocities of the overall system converge to
zero, that is, the proposed method can accomplish stable
object grasping. In particular, the force/torque equilibrium
condition cannot be satisfied when the grasping force normal
to the object surface is only considered in the case of grasping

10

— Adjy——
Z
(é: O AAIZI ........
<
-10
0 2 4 6
Time (s)
e 10! Adoxyi——
z
(§ 0 AA,’71 ........
< 10
0 2 4 6
Time (s)
— 10 Adzy——
Z
50 v
= 10
0 2 4 6
Time (s)

Fig. 8. (Colour online) Transient responses of Ai;; and AX;,.
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the cuboid as in Fig. 13. In contrast, the equilibrium condition
can be satisfied when not only the normal grasping forces but
also the tangential grasping forces generated by the control
signal uy, are utilized effectively even in the case of grasping
the cuboid. The gravity effect to the grasped object is quite
small because of its small mass, and thereby it can be negated
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. e = 0
-J

Link structure

Fig. 9. (Colour online) Three-fingered robotic hand.

Table IV. Physical parameters. PC
Three-fingered robotic hand (Linux)
Controller
1st link length /; 0.064 (m) (Implemented by C programming language)
2nd link length [;, 0.064 (m) Torque input A ;
3rd link length /;3 0.030 (m) \ Lo
1st mass center /g 0.023 (m) | DA board | | Counter board
2nd mass center /4o 0.035 (m) 1
3rd mass center /,;3 0.010 (m)
1st mass m; 0.038 (kg)
2nd mass m;, 0.024 (kg) | DC motor | | Encoder |
3rd mass ;3 0.054 kg) Robotic hand
(Fingertip)
Radius r; 0.015 (m) . .
Physical properties s; 2.390 x 10° (N/m?) Fig. 10. System configuration.

Table V. Specifications of the actuators.

Motor Type DC
Maximum speed (rpm) 9550
Maximum torque (Nm) 257
Gear ratio 54:1
Resolution [deg] 0.0167

due to friction forces on each joint and the tangential forces
generated by u,.

7. Conclusion

The present paper described a novel stable grasping method Fig. 11. (Colour online) Stable grasping of the triangular prism.
for the grasping of an arbitrary polyhedral object. We

formulated the nonholonomic rolling constraint between

each fingertip and the object surface and presented the

overall dynamics, including the effect of the rolling constraint ~ Then, numerical simulations were conducted in order to
between fingertips and object surfaces. A new control signal ~ demonstrate that the proposed controller enables an arbitrary
was proposed, and the stability of the overall system was  polyhedral object to be grasped. In addition, we demonstrated
demonstrated through analysis of the closed-loop dynamics. the usefulness of the proposed controller in a practical
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Fig. 12. (Colour online) Transient responses of angular velocity of the hand-arm system ¢ during grasping of the triangular prism and the

cube.

Table VI. Details of the grasped object.

Triangular pyramid

Mass m 0.0015 (kg)

Material Styrene foam

(Figure)

Length of side of triangle 0.060 (m)

Height 0.039 (m)
Cube

Mass m 0.0021 (kg)

Material Styrene foam

(Figure)

0.048 x 0.048 x 0.048 (m)

situation through experiments using a prototype hand system.
The effectiveness of the proposed method in case it is
combined with the position and attitude controller for the

Triangular prism Cube

Fingertip

Table VII. Nominal desired grasping force and gains.

fa 5.0
K 5.0 x 1073

C, diag (0.04, 0.04, 0.03, 0.02) x 102 (Ns-m/rad)
C, diag (0.04, 0.04, 0.03, 0.02) x 102 (Ns-m/rad)
C; diag (0.04, 0.04, 0.03, 0.02) x 102 (Ns-m/rad)

grasped object has been demonstrated through numerical
simulations in ref. [17]. The results showed that the position
and attitude of the grasped object converges to the desired
values. Therefore, we can say that the proposed controller
does not disturb and interfere with manipulation task. As a
future work, we will verify the performance of this combined
controller'” theoretically and experimentally.

N« Normal force cancelled each othrer
NN« Normal force not cancelled each othrer

T .
« Tangential force to cancel excess normal force

Fig. 13. (Colour online) Contact forces during grasping of a triangular prism and a cube.
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