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ABSTRACT

This research frame work investigates the aspects of manipulation, based on a four
digit, anthropomorphic robot hand (built for research purposes and designated as the
Cybhand). The thesis has looked in detail ati three aspects of task-space object
manipulation, where position and force control, are acting simultaneously on the
object.

Firstly, a force feedback control system was constructed. Force sensing was

achieved by sensing the tension in tendons.

The second aspect, of object manipulation and force distribution, investigates the
techniques involved in generating t;orq‘ues to move the hand and to grasp an object in
an optimal way. Optimization of the contact forces was achieved, by the employ-
ment of nonlinear constraints inequality, with a quadratic cost function to reduce the
grasping energy. This'method has proven its advantage in reducing the computa-
tion time required to converge to an optimal force function. Use of optimization has
been based on the computation of the dynamic model of the entire hand, and compared

with the four fingered null-space solution or internal forces optimization.

The third aspect deals with the singularity problem. The research has investigated
the problem of an ill-conditioned hand configuration, when the entire hand Jacobian
becomes a singular matrix, resulting in infinite forces applied to the object. Robust
singularity inversion techniques were employed to invert the matrix of the multiple
contact system. Using singular value decomposition techniques, it has been shown

that :

i) the manipulability measure of each finger can be utilized to invert the hand

Jacobian.

ii) the manipulability measure of a single finger is enough to be employed if

certain kinematic conditions are satisfied.
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Nomenclature

L : Lagrangian function of one finger.

. T 12x1
f;l.p: A vector of all fingertips forces f;ip = [fm.p fztip pr f;ﬁp] eR

F, : Resultant force and moment vector of the grasped object € R 61,

G : Grip transform of an object (or grip matrix) eR 6z

UXYV :Three matrices of singular valué decomposition of a matrix of Jacobian.

riT= [x, y, 21 :vector from object centre of mass to an ith point of contact.

©, : Constrained acceleration of the hand-object including differential Jacobian, eR 12

12x1

©, : Joint space vector of the entire hand eR

m, : Object mass.

E : Anidentity matrix of appropriate dimension, €% ™"

Gij , (‘)ij , eij : jth joint position , velocity, and acceleration in the ith finger
M;, N; and C, ; Inertia, centrifugal and coriolis and gravity matrices of ith finger.

dJ, : Definite matrix representing a particular finger Jacobian eR 3

i, : Frictional constant at the ith point of contact.

ah

B /; s fz : Three forces at a particular point of contact.
H_ : Contact matrix defining the transmitted forces € R 6
M : Null space of the grip transform € R 126

A : Vector of of internal forces magnitudes € R 61

[v,; ®,] : Anobject linear and rotational velocity vectors € R 6

R
J), :Robust singularity inverse of hand Jacobian.

Bg : Matrix of decomposition into grasping forces.
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CHAPTER ONE

INTRODUCTION TO MANIPULATION
BASED
ON ROBOTICS HANDS
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(1.1) INTRODUCTION

Manipulation using robotics began less than thirty years ago when the first computer
controlled machine was demonstrated. Since tha‘t time scientists and engineers have
designed hundreds of different manipulators and shown different applications. To
day’s industrial robots usually consist of six-jointed arms with a simple gripper or
“end-effector” for grasping objects. In a typical application, robots are fixed firmly
to the floor or to the wall and commanded by a computer to perform physical operations
on the environment they are facing. Most robotic manipulators are competent only
to perform the simplest functions; there are many instances of spray painting and

welding robots programmed to perform certain pre-defined tasks.

Some robots can be programmed to move about the environment in a predefined strat-
egy in order to perform simple tasks. There are some cases of complex robotic
assembly, but these usually involve extensive fixtures and special tooling. Even the
simplest assembly operations, such as getting and putting involve a complex se-
quence of motions and sensory operations. As the reliability and precision of
industrial robots have increased, they have been applied to a variety of unusual
tasks. Many of these applications involve dangerous or unpleasant working conditions,
exacting quality control requirements, or other features that make it especially de-

sirable to use robots in place of human workers.

The manipulation of different objects can be achieved by the use of different grippers
or tools which require the robot arm to change its end-effector for different objects.
This solution of providing robots with an array of grippers or gripper-adaptors, is
practical in many instances but has drawbacks: it becomes expensive to keep an
inventory of grippers, the robot slows down if it pauses frequently to change grippers

and, if tactile and force sensors are added, it becomes difficult to make connections
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between the gripper and the wrist. Furthermore, a significant proportion of the cost

of operating a manipulator is in the development of specialized end-effectors for each

task.

Another approach to improve object manipulation is to employ a robot arm with an
articulated end-effector attached to its last link. Articulated end-effectors can be de-
signed to have a kinematic structure similar to the human hand, and hence a
kinematically similar robotics hand can be achieved. A universal gripper would be
able to grasp every part the robot might encounter. Recent universal gripper designs

have used the human hand as a source of inspiration.

To understand manipulation using multi-fingered hands, it is necessary to appreci-
ate how objects move when humans touch and push them. Specifically, articulated
hands are devices with two or more powered joints that can grip and manipulate
objects.  Articulated hands appear to offer some solutions to a number of problems
found in object manipulation using conventional end-effectors. Infact, research has
been directed towards the design and control of complex end-effectors to increase the
dexterity and adaptability of a robot. The main issue has been operating robot
manipulators (mostly in manufacturing environments) with a device that consists of
the palm and fingers of actively powered joints. It would be convenient to think of a
robot manipulator as a machine that performs tasks simply by adapting its task plan-
ning, however, the state of the art in robot hand design is still far away from this

ambition.

The future view of robot hands carries within it the wide spectrum of applications both
in the domestic and the industrial fields. Robot hands are being planned to be

employed in surface cleaning in hostile environments where compliance of the fingers
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links is an important issue. Robot hands are the essentials of tele-robotics and space
applications where different dynamic parameters govern the motion of the hand. In
addition to this, they are employed in object manipulation and assembly tasks where
forces have to be controlled. On the other side of hand application comes the tech-
nology and aspects of hénd designs. Four fingered robot hands can enhance an object

stability, however, complicated control designs are required.

Although multi-fingered robotics hands offer certain advantages over conventional ro-
botics grippers in tasks which require dextrous manipulation, they are much more
complex mechanical systems and their d;asign and control must take into consideration
the forces which can be generated during grasping and manipulation.  One of the
problems which is of considerable interest is that of finding the finger-object contact
forces and the actuator torques necessary to effect a prescribed motion of the hand-
object system. In addition to that, when an object is grasped such that the hand
becomes redundantly-actuated the contact force equations do not have a unique
solution. The kinematics of a mechanical hand handling an object vary discretely
with time. Each joint in the kinematic chain is driven by an actuator which is con-

trolled to effect a certain motion between the links which it couples.

When the number of actuators in the kinematic chain exceeds its degree of freedom
(DOF) , the system is known to be redundantly actuated with a certain redundancy.
As more fingers come into contact with the grasped object, the DOF of the system
decreases. If all the finger actuators remain powered, then more actuators are
powered than there are degrees of freedom, which can lead to the generation of large

forces within the system, or the crushing of the grasped workpiece.

Rather than attempting to avoid redundant actuation by turning off certain actuators,



it is desirable to exploit it by optimizing the forces the hand exerts on the grasped
object and / or the force distribution within the hand. Once a set of optimum forces is
found, it can be used as a set point in a force controller loop. Thus, the finger-object
contact forces can be reduced, reducing chances of slippage and crushing. Also, a
redundantly actuated robotics hand has the advantage of increasing the object ma-
nipulability and allows greater safety in case of breakdown of individual actuators.

In order to find an optimal solution to the force distribution on an object, several
techniques have been implemented, one being, the Quadratic Optimization Algo-
rithm (QOA), which has certain features that allow the minimization of the objects

internal forces based on linearizing the frictional cone constraint present at the

contact.

Hence, for accurate modelling of the nonlinear contact cone, it is necessary to

invostigato the aspects of computing the fingertip forces using optimization methods.

Employing the nonlinear friction cone constraints affect static, dynamic grasping,

and reduce the number of constraints especially when a real time control is required.

Furthermore, robot hands are complicated mechanical devices which need to be in-
structed from a higher level of control. One aspect of instructing a robot hand motion
is under hand-camera coordination. From static grasping, STANSFIELD [1991] co-
ordinated a robot hand to produce stable grasping of known objects. For dynamic
manipulation, the concept of transforming the object’s cartesian motion from camera
coordinate to the joint space coordinate is constrained by the fact the object may move
within singular configuration of the hand. As will be further discussed, at singular
configuration the entire hand Jacobian is not invertible and so hand-camera coordi-

nation can not be achieved. Other methods of inverting the hand Jacobian can be



achieved using certain measures of dexterity.

(1.2) ROBOTICS HANDS
1.2.1) MULTI-DEGREES OF FREEDOM GRIPPERS
Efforts have been directed towards multi-fingered robot hands because:
(i) Parallel jaw grippers can assume a limited range of configurations, since having

only one degree of freedom in a hand limits the choice of grasping configurations,

SALISBURY [1984].

(1) It is unreasonable to expect large, massive links in a robot arm to be able to cover
a large working volume and simultaneously have high bandwidth and sensitivity,

SALISBURY [1984].

(iii) Multi-fingered hands provide for a unique sensing modality; the cooperation of
position, force and tactile and proximity sensors provides an opportunity for obtaining

information about the mechanical and physical attributes of objects and tasks.

(iv) There is need for mechanical interfacing between the end-effector and the arm due
to (@) Robot oscillation. (b) Robot programming errors. (c) Unexpected environmental

forces and displacements. (d) Part fixing errors, SALISBURY and CRAIG [1982].

(v) Dexterous hands can be used in direct human control, e.g where they are utilised

in hazardqus locations, asin ROHLING and HOLLERBACH [1993].
(vi) The versatility of robot hands arises from the fact that fine motion manipulation

can be accomplished through relatively fast and small motions of the fingers, so they

can be used for different objects, ZEXIANG et al. [1989].
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(vii) Contemporary industrial robots are not suited to operating in unstructured envi-
ronments, so the range and complexity of the tasks they can perform is limited.
Multi-fingered hands have the potential for improving on this deficiency, their con-
tinued development holds the prospect of the application of robot technology to a wider

variety of manufacturing tasks, MCAREE et al. [1991].

1.2.2) A GENERAL VIEW OF MANIPULATION SCIENCE

Ina manufacturinglenvironment, the use of the hand to obtain an effective grasp and
the manipulation of the grasped object to achieve a given task are objectives which
have led to a division of manipulation' science into. : {1} Task Planning. {2} Hand
design. {3} Grasping issues. {4) Hand Control. {5} Hand Sensing, as illustrated in Fig
{1.1]. Furthermore each topic is further sub-divided into a number of concerns, some

are related to others depending on a specific task requirement.

TASK PLANNING This develops a sequence of homogeneous manipulations for the
hand to execute the task while providing the necessary transition of grips. Since most
tasks require a number of different grasps, task planning is required to develop the
necessary hand motions. In order to perform these tasks the robot must be able to
change from one grip to another, possibly using a very different intermediate grip.
Change must be done in real time without losing control of the object, MISHRA et al.

[1989].

HAND DESIGN The human hand is protypical of a general purpose manipulator.
Do we have to begin our design so that we end with an anthropomorphic hand? Do we
need different designs to execute specific tasks? How many fingers are needed?
What size should each finger be? How many joints per finger? Do we need hands

designed to execute specific tasks? These questions need to be considered while
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Figure 1.1: Subdivision of Manipulation Based on Robot Hands.



designing multi-fingered robot hands.

GRASPING ISSUES Grasping is an important topic into which researchers have put
a lot of effort. Grasping of objects by a multi-ﬁngfared robot hand is more complicated
than the manipulation of an object rigidly attached to the end of a six-axis robotic arm
for three reasons : {i} The kinematic relations between finger joint motion and object
motion are complicated. {i} The hand has to firmly grasp the object during its motion.
(it} The two complementary issues of position and force trajectories. While manip-
ulating an object qnder a pre-defined strategy, some joints have to follow a force
trajectory, the others follow a position trajectory, and switching from one state to

another is not an obvious task, AL—GALLAF et al. [1991].

CONTROL SYSTEM 1t is the control which deals with hardware such as motors,
sensors,. . , etc. , and higher software levels including the task planning. A control
system should be built to manage a large number of actuators at the same time, and to
adapt its strategy according to a given task. How the control system has interacted
with previously considered issues is a vital problem that determines the dexterity

achievement of a robot hand.

SENSING In some previous hand designs, sensing was considered as a part of the
hand mechanical design. This is because consideration should be given to where
various sensing elements should be fixed, what size of area they are to be fitted in,
and how electrical conductors are passed to them. Tactile sensing is a branch of sens-
ing which provides the hand control system with full updated information of the

interaction between the hand and the environment it is facing.

As an attempt to survey some works in this area, the next section has been divided

into two main sub-sections. The first gives a brief survey of some designed general



purpose manipulators, while the second discusses some grasping issues related to ro-

botic hands.

(1.3) GENERAL PURPOSE ROBOT HANDS AND
DESIGN TECHNIQUES.
A large variety of grippers have been designed for industrial use. These special pur-
pose devices use not only fingers, but suction cups, magnetic tentacles, and adhesives
to achieve their gripping function, MASON and SALISBURY [1985]. Some attempts
have been made to design grippers that can actively move the grasped object and ma-

nipulate it in a pre-defined manner, notable amongst these are:

1} ASADA and HANAFUSA, GRUPEN et al. [1989].

2} OKADA manipulator, OKADA [1979].

31 Stanford/JPL hand, SALISBURY and CRAIG |1982].
4} LIAN Manipulator, GRUPEN et al. [1989)].

5) Utah/MIT hand, JACOBSEN et al. [1984].

6} Belgrade hand, GRUPEN et al. [1989].

7} WABOT-2 Arm, SUGANO and KATO [1987].

8} Southampton Glovebox, CROWDER [1991-a].

9} Micro-actuator robotic hand, KOICHI et al. [1991].

10} MONASH Dextrous gripper, RUSSELL [1990].

1.3.1) OKADA MANIPULATOR [1979]

OKADA developed an industrial object handling system which consisted of an
arm/wrist with five degrees of freedom attached to an eleven degree of freedom robot
hand, as shown in Fig [1.2-a]. There are three fingers, each has four degrees of free-

dom, whereas the thumb has only three degrees of freedom. OKADA’s hand itselfis a
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simple prototype of the human hand. The finger has been designed to have a circular
shape, since the circular cross section is suitable to suppress the rapid change of the
grasping condition which arises during complicated finger motion, OKADA [1979]. To
make the finger flexible and the finger subsystem more compact, cables, hoses and
signal lines of sensors are made to pass through the finger tubes. Motors for driving
the finger’s joints are located within a trunk separated from the fingers. The bending
angle of each joint and the corresponding torque are indirectly detected from a poten-
tiometer and the value of the motor current in the trunk. The ﬁhger control consists
of a hybrid position/torque servo implemented in hardware. OKADA has demonstrat-
ed the ability of the hand by to grasp a.nd manipulate an object by gathering data in
terms of set points (defining fingertip positions) under the manual mode of position

control.

1.3.2) STANFORD /JPL HAND [1982]

The Stanford/JPL hand was motivated by anthropomorphic attention and kinematic
and control concerns. The final hand design was based on a number of analytical and
intuitive procedures. A simulation of the hand was used to optimize relative finger

locations, link lengths and joint range motions.

Each finger consists of three joints, as illustrated in Fig [1.2-b], the first and the sec-
ond joints have ranges of 90°, while the last joint has a range of +/~ 185 °. In order
to power closely spaced joints Salisbury located 12 motors at a distance from the hand
and transmitted forces through teflon coated steel cables (or tendons) passing
through sheathes of close wound springs. Although joints could be actuated with ten
tendons and motors, the system was divided into three modular three degree of free-

dom fingers actuated by four tendons.
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To ensure accurate sensing and control of forces a cable tension mechanism is placed
on each cable where it enters a finger. A cantilever beam supports an idler pulley
around which the cable is deflected. Sensing the strain at the base gives an inference
of cable tension. Incremental optical encoders placed directly on motor shafts are used
to obtain position and velocity information of each joint in the hand. A fingertip sensor
has also been developed by SALISBURY with an ability to determine location, mag-

nitude and direction of a force exerted through a point contact. The line of action of a

force can be determined if the resultant forces and moments are known by the sensor.

Control System Implementation : Sim;e tendons are used to produce joint motions,
joint displacements are related to tendon displacements by constants representing
pulley radii. The tendon position and joint displacement are related to each other by
a constant matrix which represents the finger pulley radii. Thus, controlling a joint
angular position needs the control of tendon displacement. The hand has been con-
trolled in a parallel fashion through the use of 12 microprocessor based tendon position
controllers. A VAX 11/750 communicates with the 12 tendon controllers to enable co-

ordination of joint and finger motions.

1.3.3) UTAH/MIT HAND [1986]

The biological model of the Utah hand has provided evidence that such a design is
efficient for very complicated manipulation. The MIT hand has three four-degree-of-
freedom fingers and one four-degree-of-freedom thumb and is the most determined
attempt towards a truly anthropomorphic hand, Fig [1.2-c]. Since the hand is used
for biological and tele-operation research, the outset design is comparable to the hu-
man hand. The hand is energized by extremely fast pneumatic cylinders through
polymeric tendons. The MIT hand is actuated antagonistically using a 2N tendon

strategy that requires a system of 32 independent tendons and actuators. It is suita-
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ble for object compliance control since the antagonistic arrangement allows the joint
stiffness to be controllable. The control system of the Utah hand implements two
reflex motions which are observed in the human hand. {1} Proximal stiffening and {2}
Distal curling. Being closely modelled on the human hand it can be used as slave ap-

paratus in a tele-operation system.

1.3.4) MICRO-ACTUATOR ROBOTICS HANDS

A flexible micro-Actuator robotic hand has been developed by KOICHI et. al [1991].
The hand was driven by an electro-pneumatic (or electro-hydraulic) system by actuat-
ing four Flexible Micro-Actuators (FMA:). The FMA has several distinctive features
that make it suitable for robot hand design. {1} It is easy to miniaturize, because of its
uncomplicated structure. {2} It has a high power density. {3} Although it is small in
size, it has many degrees of freedom which are suitable for robot mechanisms. {4} It
operates smoothly and gently because of its frictionless mechanism. The FMA was
made of fibre-reinforced rubber, and its deformation was regulated by electro-

pneumatic means.

There are three interior chambers whose individual internal pressures are controlled
independently through elastic tubes. When the internal pressure in the three cham-
bers is raised equally, the FMA stretches in the axial direction. Meanwhile, when the
pressure of only one chamber is increased, the FMA deflects in a direction opposite to
the pressurized chamber. The KOICHI hand design consists of four links, 12mm in

diameter, of FMA and it is capable of pinch, pair-pinch, and grip of grasping modes.
The hand has 12 degrees of freedom, since each FMA link has three degrees of free-

dom: pitch, yaw, and stretch. Gripping force of the hand is controlled by the force

exerted by the individual FMA links. This is done by adding more compression to the
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links in the contact surface. The micro-actuator hand is appropriate for non-industrial
areas such as medicine, biology and agriculture. Examples of these are soft grips for
handling fragile items such as eggs, fruit or glasses, and micro-robots for inspecting
the body or supporting micro-surgery, KOICHI et al. [1991]. The introduced hands
mechanisms have shown the anthropomorphic design pattern continues to be the
dominant approach to general purpose manipulators. The fundamental challenge to
this technology is the control of the complex multi-fingered hands. The attempt by
KOICHI to introduce the micro-actuator is an indication that the coming challenge is

the use of muscle type fingers with less mechanical design.

(1.4) OBJECT MANIPULATION BY FINGERTIPS MOTION

1.4.1) PHYSICALLY ACTING FORCES ON AN OBJECT

When an object is to be moved in a three dimensional space by the fingertips motion,
it is essential to overcome the external forces acting on that object. Some externally
acting forces are motion dependent e.g. the object’s inertia. To manipulate an object
using a robot hand or a multi-arm system, chain forces have to be applied to the
grasped object in such a way that they generate the desired external object force, in-
cluding the object weight, without sliding or breaking contact. Fig [1.3] illustrates
the physical forces and moments acting on an object including those applied by the
fingertips. Once an object is in motion with respect to a reference frame, the forces

acting can be represented by the NEWTON-EULER equation which is defined by Eq.

1.1,
. - — — —
mOE 0 v, -mg Fo
+ = (1.1)
0 I ® oxI o N
| Sl v s
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InEq. 1.1 mE € ®**? is the diagonal object mass matrix, I p 18 the object inertia
matrix expressed in the base frame (I, is the constant object inertia matrix expressed
in the object frame), and [F,; N are the force and moment applied at the object
cenire of mass. The force control distribution problem is the determination of the
fingers contact forces (in order) to keep the object in equilibrium or to follow a defined
trajectory while overcoming the acting forces expressed by the Newton-Euler

equation.

14.2) THE GRIP JACOBIAN (TRANSFORM G )

Once n fingers are brought in contact ;vith an object, the mapping of each fingertip
force or velocity to the overall object is carried out through the use of the grip trans-
form, or grip Jacobian. The role played by the grip transformation, G, in controlling
manipulation with a multi-fingered system is analogous to the function performed by
the joint Jacobian matrix in robot arms. The resultant force and moment vectors
applied to an object are represented by :

F = fi+mg and N = X n+ 3 p, xf (1.2)

o /]
i=1 i=1

~

Under the assumptions of frictional point contact and no change in the closed kine-
matic topology with the object, the external object force F, can be represented by the
following equation.

F, =Gf,

b tip 1.3)

m[SXl]

In the above equation, F,e is the external object force vector which is repre-

sented by :

F'y= (f, f,.f, m

y? 'z x’

m,, m, ] (1.4)

[(nx3)x 1] . . . .
e R fingertip force magnitude vector f;ip is given by f;ip ={( f;ip 19 ftip2 , 1 ip3
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T T . 6 ] .
s ey f;ipn) where f;ipi; ( fix,fiy, f,) . Alsoin Eq. 1.3, the € R Xnx3) grasping

matrix G is defined by:

— —
E E E...E 0 -z

G = P1 P2 P3 .. PL. where Pi = z, 0 - x (1.5)
-y, % 0

Eex Bx9 identity matrix and (x;,¥;,2) in Eq. 1.5 represents the position vector

from the origin of the object reference frame to the ith contact location, Fig [1.3].

1.4.3) CLOSED CHAIN SYSTEM THROUGH THE LOAD OBJECT

A multi-fingered robotics hand forms a closed-kinematic loop, where the responses of indi-
vidual chains are tightly coupled with one another through the load object. If the desired
object trajectory is expressed as U O SKG, then the required resultant force F, to be
applied to the objoct for producing the force required to overcome the physically acting forces,

is given by :

F,=Q + LU, +K,(UrU)+(K,U,~1)] (1.6)

InEq.1.6 K and K, et %6 are constants and U ; is the required object trajectory. Thus
to manipulate an object requires each robotics finger to apply a force vector to the object
which will produce the desired motion. By referring to Fig [1.4], the finger acceleration
vector @ at the ith contact point can be expressed in terms of the required object accelera-

tion as, NAKAMURA et. al [1987]:

@ =a+ oxp, + ox(oxp,) .7
where e 0l =U = U,+K,(U,-U)+ K,(U,-U) (1.8)
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Each robotics finger is required to apply a force f; to the object according to Eq. 1.6 and to
produce a motion of d@, according to Eq. 1.7 ; the two formulations constitute the concept of
force distribution on a manipulated object which is represented by the controllers diagrams
in Fig [1.4].  If the object’s size and weight are small compared to the hand inertia, then
it is essential for the dynamic effects of chains to be involved in the force distribution
computation. Given @ asin Eq. 1.7, an inverse dynamic process is done to evaluate the
required torque of each chain Ti. Furthermore, at the points of contacts, the contact forces
are filtered according to the type of contact that exist assigned as H,, where H_ is a matrix

defining the contact wrenches.

Assuming that the motion control of the fingers is achieved by any control schemes that
exist for controlling multi-fingered hands, hence the following sections will concentrate on
the calculation of the contact forces and the various methods of implementation. To achieve
an object tracking operation, the joints acceleration has to be evaluated by the controller so
that joint torques are within their limits. Furthermore the contact forces should be chosen to

satisfy the frictional constraints between the fingertips and the object.

Muain Constraints :

At the point of contact, a finger acts on the grasped object by a given force vector, such force

vector will be filtered according to the contact type, e.g. three force components for a point

contact, Fig[1.5].

(A) Frictional Constraint

Suppose the shape of the grasped object is represented by surface equation S (X, Y, Z) =
0, where S(X,Y, Z) > 0denotes the inside of the object, then the inner unit normal vector
at a point of contact p; is given by :

e,= GradS(®P) /| Grad P)| e R*" (1.9)

nt
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where 1*| is the Euclidean norm of a vector. Referring to Fig [1.5-a], the applied force at
the ith point of contact is constrained by the maximum static frictional condition which is

given as :

T 2
eni * f;ipi 2 (1/ ‘\/(1 'FH',' )) lflipi I (110)

In order to avoid slippage of the grasped object and maintain contact forces, the contact
must satisfy the frictional constraints between the object and the fingertip. Thus Eq. 1.11
can be rewritten in another form as given in CHENG and ORIN [1991]. If f, is the

normal force component at the contact frame, then :

) < —pf, (1.11)

The above given equation represents a nonlinear relation interpreted by what is known as
the friction cone. To simplify the force computation algorithms, a friction pyramid is
inscribed within the desired friction cone. A set of linear inequality constraints can be used
instead of the cone nonlinear representation as shown in Fig [1.5-a].

In addition to the above set of equations, soft fingertips give torsional friction constraints

which are described by the following two inequalities

(B) Maximum developed torque constraint :
If the torque vector produced by a single finger is given by T, , then the contact forces at the

fingertip are related to the torque vector by the Jacobian transpose of the finger, thus:

(3]
It

J H (1.12)

Having found the required joint space torque vector to achieve given contact forces, it is

essential to limit the joint torques within the physical torque limits of the chain sub-system.

Given the above position and force control strategy, the problem of force distribution on an
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object can be narrowed to the development of efficient computational algorithms suitable for
real time implementation. Several attempts have been reported for multi-fingered robotics

hands from these :

1.4.4) SALISBURY HAND GRIP JACOBIAN G~

When external forces are acting on an object (e.g. the weight of the object ), it is
essential to compensate for such forces, as well as the internal forces acting on the
object so that the object remains in equilibrium and does not slip., SALISBURY
[1985], has defined the grip transform for three fingered hands assuming the contact
to be a point contact with friction. Th'e grip transform maps a set of forces and mo-
ments acting on the fingers, to external and internal forces acting on the object. In
the force domain f;l.p is found by f;ip = G—TFb where F, isthe object resultant
force and f;ip are fingertip forces. Additionally e maps the fingertip velocities to

the body’s resultant velocities V, about a frame fixed to the body’s centre of gravity.

. . . T .
An object velocity vector given by V) =[v,v 0, O, O, 0, €y Ep €, 1is related
to the tips velocities by V,= Guf where v, are fingertip velocities. The grip trans-

form for a three fingered hand is, CUTKOSKY [1986]:

1 0 0 1 0 0 1 0 0
0 1 0 0 1 0 0 1 0
0 0 1 0 0 1 0 0 1
0 -r r 0 -r r 0 -r r
o 2 y z y z y
G = r, 0 -, r, 0 -, r, 0 -r (1.13)
-, r, 0 -, r, 0 -, r, 0
Terz Tyiz Ta2 Ter2 Tyiz T2 0 0 0
Tets Ty Tas 0 0 Tz Ty T
0 0 Tros  Tyos  Tazz Tozs Tyes Tom

The vectors Tip ~Ti9s Typ —Tya Tps and -r,, are formed from 3 element vectors T
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which point from finger point of contact ith to finger point of contact jt& on the grasp
plane. G provides a basis for applying forces and controlling small motions with an
articulated hand, MASON and SALISBURY [1985]. However, for different types
of contacts, such as soft finger types, the matrix will not be an axle matrix and
inversion in real time may not be computationally feasible. Also the computed finger
force may not satisfy the contact conditions, and sliding or breaking might occur once

the fingers are brought into contact.

1.4.5) FORCE DISTRIBUTION BASED ONTHE GENERALIZED INVERSE
Most force control research effort entaiis the decomposition of fingertip force into two
components by using the pseudo-inverse of a coefficient matrix, grip transform G in
this case, that relates the resultant force exerted on the object to the fingertip force.
When a resultant force F, is known the fingertip force which results is determined by

f, = GF,+E- GGlA (1.14)

ip
in G is the pseudo-inverse of the grasp transform as further discussed in Appendix
[Al], and A eR*is an arbitrary constant vector chosen to satisfy contact constraints.
Sometimes the solution obtained using generalized inverse does not satisfy the contact
constraint. If this is the case appropriate internal forces need to be added. Internal
forces are forces added to the object without disturbing the grasp equilibrium, they are

added to satisfy the contact constraints.

KERR and ROTH [1986] and NAKAMURA et. al [1987] determined the fingertips
forces by first finding the finger manipulation force, hence they obtained the internal
force from linear and nonlinear programming methods. But the use of optimization to

find internal forces involves a numerical procedure. With non-linear inequality con-

1-19



straints, even if mathematically well-defined, a closed form solution is not easily

found.

1.4.6) FORCE COMPUTATION WITHOUT THE GRIP JACOBIAN

HOLLERBACH and NARASIMHAN [1986] introduced the concept of calculating fin-
gertip forces without the use of the grip transform G. The algorithm was a fast and an
efficient way to compute the mapping from a desired external force on a grasped object,
to the joint torques for three and four fingered hands. Furthermore, they extended
their algorithms to a four fingered hand, where it is not an easy task to calculate fin-
gertip forces under soft contact type ;msumptions. The developed algorithm has
included the mapping from a fingertip location to the joint space vector of a chain or a

finger.

1.4.7) GRASPING AND MANIPULATION FORCES DECOMPOSITION

YOSHIKAWA and NAGAI [1991] have developed algorithms in which they divided
fingertip forces into grasping and manipulation forces for three and four fingered
robotics hands. The decomposition of a given fingertip force into grasping and manip-
ulating forces is significant when the grasping and manipulating forces are chosen as

controlled variables in a force control loop.

Furthermore, if the hand changes its action from a manipulating action in a given
environment (where external forces are acting on the object) to another environment,
the fingertip forces have to be changed by changing the manipulating forces only and
keeping the grasping forces constant. For a three fingered hand system an expression
of the grasping forces FgTE- [f;,l f;z f;,3] e ®™ , and ith contact forces f:’ 'gl. =[f,

» fy» £, ) isgivenby:
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F =Bh (1.15)

g g g
where :
0 €y €3
Bg = €, 0 €y
€39 €3 0
€ = Tig- € and
€9 =€ for =123

The hg vector is chosen so that fingertip forces satisfy the contact and frictional con-
. T _ .

straints, and can be expressed as h = [hgl s th’ hg3]. The e; are the unit vectors

directed from points of contact, e.g. from ¢; toc;on the grasp plane which include the

three contact points, as shown in Fig [1.3]. Ti is the grasping mode which depends on

each finger’s position around the object.

In a similar way the manipulating forces have been defined as F_=B_h _where

0 (I~ kye,, kse €0 0 0
B = k1e23 0 (1- ka)e21 0 ey 0 (1.16)
(1- kl)eazle:2 e, 0 0 0 e

and hTm = [hm1 s hm2 , h 3 ? hm . h 5 hmG]' The concept of manipulating forces
has been defined as a fingertip force fulfilling the following three conditions:

{1} It produces the specified object resultant force F,. {2} 1t is not in the backward
direction of the grasping force. (3) It is orthogonal to the grasping force elements.

Such computation of grasping and manipulating forces can be determined off-line,
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suggesting that the burden of real-time computation is decreased. YOSHIKAWA and
NAGAI [1991] have shown an analogous argument can be developed for two-fingered
hands with planar motion. The analysis of YOSHIKAWA and NAGAI is quite geo-
metric for the determination of the internal , grasping, and manipulation forces.
The developed analysis is for three finger frictional grips in space and does not seem to

generalize to other cases.

1.4.8) OPTIMAL FINGERTIPS FORCES

Fig. [1.4] has shown a two-level hierarchical control scheme for a multiple-chain ro-
botic system (e.g. a multi-fingered rol;otics hand). The function of the upper-level
coordinator is to gather all the essential information so as to formulate the corre-
sponding force distribution problem, and then to solve this constrained computational
problem so that best solutions for the contact force/moment vectors H),, for k=1 to
nt, aro produced. The best contact force/moment vectors are then the set-points for
the lower level subsystems. After all the contact force/moment vectors have been de-
termined and optimised, the terms JTHck are fixed and known and the dynamics of
each finger are decoupled. In considering the optimization procedures in the top
level of Fig [1.4], several researches have developed optimal schemes for the force

distribution problem using a variety of objective functions.

The literature indicates the use of numerical optimization algorithms and the involve-
ment of numerical procedures .

However, finding suitable A that satisfy the (i) directional constraints and (ii) static
friction constraint, has been formulated as a standard non-linear programming
problem. If the friction coefficient between the object and the fingertip material is
designated as u, then the optimization problem can be stated as given by YOUNG

and STARR [1989] : find 7Li, i =1,2,3 so as to minimize the following objective
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equation for the case of a three fingered hand:

2 2
(ngzl_ngz') + ('ngl_" IFg3l) 117
subject to the frictional contact constraint given by :
2 2 .
(ng . ng) — (14 )(ng .n) <0 i=123
and subject to a force directional constraint given by :
—(F..n)<0 i=123
gi i
to prevent the trivial solution which might occur once A is zero, then

XTnTnX =1

1.4.9) DEVELOPED OPTIMIZATION ALGORITHMS
KERR and ROTH [1986] noted the under-determined force problem in robots hands and
proposed a linear programming approach ‘simplex algorithm‘ to determine the optimal in-
ternal force as that with the minimum norm under approximated frictional constraints to
satisfy the inherent inequalities. It has been formulated as a linear programming problem
to maximize:

FA)=d (1.18)

according to [IAN,I - 1] A2 (P—ACp)

The dynamic effects of the fingers were assumed to be small and they were neglected. How-
ever the dynamic effects may well be significant in hands for micro-manipulation in which
the finger inertia is comparable to the target object.

Nonlinear programming based on ‘ Lagrange multiplier method ¢ has been implemented by
NAKAMURA et al. [1987] to solve the force distribution problem for systems of multiple
manipulators and robot hands. Minimum norm contact forces fulfilling friction constraints
were designated as the optimal so that stable grasp without crushing may be assumed. The

proposed algorithm was to determine the resultant force taking the dynamics of the object
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into consideration. The optimal forces to minimize the internal forces are these min | H |

where H_, isused in the pseudo-inverse of the grasp transform. Thus f,= Fy+n\

ip min’ and

M is the null space of grip transform G. However, the problem of transient discontinuity
was not considered, thisis most likely to arise when the algorithm is to be used in real time

manipulation tasks.

CHENG and ORIN [1990] used the ’ Compact dual LP’ formulation to allow real time
implementation of linear programming. The concept behind the Compact-Dual LP formu-

lation is the reduction of constraint matrices, thus increasing the speed of convergence to

the optimal solution.

The technique was developed by : {1} removing the equality constraints from the original LP
formulation to obtain the compact-primal formulation, {2} solving the corresponding dual to
obtain the compact -dual formulation.

The Compact-Dual LP formulation for force distribution is :

Minimize B U (1.19)
Subject to A"Uu=c"

where U =2 0 BO=B—AGP A =AN, and C,=CN

where B is the boundary-value vector of the inequality constraints, A, is the matrix of
in-equality constraints, C, is the cost vector for the objective function, and N a matrix that
maps the partial vector for free variables of G onto the null space of G. The obstacles
inherent in a linear programming approach to the force distribution problem are :

{1} It cannot be used to minimise the internal forces of a grasp.

{2} It can initiate undesirable discontinuities into the solution.

{3} Most variables must be separated into two components to bypass the non negativity con-
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straints, thereby enlarging the size of the system.
{4} The altered simplex method tends to take more steps to achieve a solution than a Quad-

ratic programming algorithm approach.

NAHON and ANGELES [1992] applied ’ Quadratic-programming formulation ¢ to solve the
constrained optimization problem that arises in closed kinematics hands. It was a continu-
ation of the pseudo-inverse solution to involve inequality constraints, thereby minimizing
the internal force in the system. The quadratic-optimization problem is solved using the
algorithm developed by GOLDFRAB and IDNANI [1983]. The suggested Quadratic pro-

gramming formulation can be summarized as follows:

minimize  f,, ¢ f+% £ WF, (1.20)
subject to G f;ip =F,
A2 fzip s b2

In the above given quadratic formulation c¢” is a vector of contact wrenches at each contact
in the grasp system. Internal forces are minimized through the minimization of the actuator
torques, since ¢’ equals [TTJT ceee s ’CTJTL.] where o isthe ith chain Jacobian. W is an
e xm positive-definite weighting matrix, and G and A, are matrices defining the phys-
ical system equality and inequality respectively. In terms of discontinuities the algorithm
has shown smoother results over time rather than the LP methods which exhibit severe dis-
continuities, due to théir non-uniqueness. The algorithm is able efficiently to include both
linear equality and inequality constraints inherent in the under-determined force problem.
In terms 6f speed of convergence, the algorithm is fast enough (e.g. 38 ms in SUN 38/80
machines for a task of 2 s in time) to provide set points for a real-time force/motion controller,

with changes in constraints and no initial prediction to start its solution search.
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1.4.10) FORCE COMPUTATION BASED ON SCREW THEORY

YOUNG and STARR [1989] have developed an algorithm for the computation of fingertip
forces which can be used for an object manipulation grasped by a three fingered hand. An
optimization scheme is achieved only at the beginning of the task to obtain the optimal con-
tact forces on the grasp plane. Once the grasped object is displaced with respect to the hand
palm, the initial internal forces are updated using the screw theory to accommodate the new

object orientation.

From the required object forces F, and moments N, and the modelling of the fingertip

as a point contact with friction, fingertip forces are calculated using :

f;ipi = fp £;]  where i=1,23 fi= Fb—f;ipl_f;ip2 1.21)

and [f, £1" = G (G, G" ' M F]

In the above three equations Fa and No are the equivalent force and moment respec-

tively which are found using :

F,= 1F,x[0r,r)+@-r) (1.22)
Me= Mb—rler
where
- _
0 2172, Yo~ Y, 0 21— 2 Y3~ ¥,
Gm = | 2,-2 0 x,—x, 2,-2, 0 X, - x,
Y=Yy Xy, 0 Y1~ Y3 X3~ % 0
Xo=%; Y9~V 29— 2 Xg =%y Y3~ Y, 23 -2,

where G, is the modified grip transform having a smaller dimension than the grip

transform itself, thus speeding up the execution time of the manipulation task.
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Given the difficulty of measuring and tracking contact normals, screw displacement
theory has been used to find the object rotational matrix R, . The contact normals
N, and the grasping forces were updated during an object manipulation from initial

grasping forces and initial contact normals with the rotational partition given by :

N= R xN, N, = contact normal at the initial state,
f;, = R x f; ; fgi = initial grasping force determined at the initial

grasping stage.

(1.5) GRASP STIFFNESS AND COMPLIANCE MOTION
In section 1.4.1 it was shown how fingertip forces are calculated to achieve a given
object resultant force. As a part of the subject, in this sub-section we shall concen-
trate on the concept of an object compliance motion. Assume a robot hand is applying
a set of contact forces using one of the developed algorithms presented in section 1.4.1,
if the object is to comply in a pre-defined manner then it is required to specify the

directions of the object motion.

Compliance of an object determines the first order of link displacements that will
occur when a set of forces is imposed on the object. In general a grasp compliance or
its inverse, the grasp stiffness have been investigated by several researchers. From

these :

1.5.1) AUGMENTED GRIP TRANSFORM G ' IN COMPLIANCE CONTROL
SALISBURY [1985] augmented the resultant force and torque on an object with in-
ternal grasp forces so that an invertible % > stiffness matrix is obtained. The joint
stiffness matrix is:

T T
K,=J,"G"K GJ, (1.23)
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In Eq. 1.23, K is the augmented stiffness matrix specified by the user, which is
defined by:

K, =diag[Kx, Ky, K, g, 8,8, K, .. ..,Kp] (1.24)
The first six diagonal elements are the translational and rotational stiffness of the
grasped object, while the last p elements account for the internal stiffness. Jyis a
block diagonal matrix where the matrices along the diagonal are the specific finger
Jacobians.  Therefore, to apply a generalized force to the object , the finger joint
torques are given by ’Ca =(J BTGTKCG; J 9)86) » where 80 is the object displacement
vector from a pre-defined frame position, SALISBURY [1985]. The augmented K_
matrix is defined by the user to obtain the finger joint space vector required to achieve

a desired stiffness of the object itself.

1.5.2) NON AUGMENTED GRIP TRANSFORM [G].

NGUYEN [1990] has addressed the stiffness and stability of planar and three dimen-
sional objects grasp by virtual springs corresponding to force components, or
wrenches, at the finger-object contacts.

However, he does not address the relation of virtual springs to joints of an actual
robotics hand. CUTKOSKY and KAO [1989] examined the effective stiffness of a
grasped object and showed that it is not only due to the servo parameters but also due

to fingertip models and changes in the grasped geometry, thus :
Kp = - SFP / 6Xp (1.25)

That resulting contact stiffness matrix Kp can be seen as an instantaneous static

relationship between contact forces and compliant deflections. For n finger in contact
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with an object, the object stiffness is the overall contribution of all fingers, KAO and
CUTKOSKY [1992], therefore K, can be expressed as;

n T X
K,= 37 K Z (1.26)

=1

where Z, is e R transformation matrix that relates motions at two points.

If the control of the fingers is coupled so that Kpi are not independent, Kp is defined
for all the fingers. In this case the concatenated object transformation matrices J,and
object stiffness matrix Kp that depend on the type of contact are related to object
stiffness Kb by:

T
K,=2'KZ (1.27)

Since an object stiffness is a function of the servo parameters, hence Km. in Eq. 1.27
is a matrix associated with each finger-object contact, SHIMOGA and GOLDEN-
BERG [1992]. This matrix can be computed as a function of the finger joint stiffness,
the structural compliance in the fingers and the type of contact at the fingertips. Con-

sideration of such physical parameters formulate the finger stiffness matrix at the ith

point of contact, thus Kpi can be expressed as :

T T\~1
Kpi = H (H (Y+ C, JH)  H, (1.28)
C, is the structural compliance (e.g. compliance in the tendons ), H_ is the concate-
nated type of contact. ¥ is the concatenated servo compliance which is expressed as a

function of the joint parameters and fingers Jacobian. If the servo stiffness param-

eters are given by K 19. then Y canberewrittenas ¥ = J K 19 Jg. Substituting
Y in Eq. 1.28 results in Kp expressed as :
K, = H'(H (J K J)+C HN " H (1.29)
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CUTKOSKY has drawn the following conclusions regarding the stiffness control of an

object grasped by a robot hand :

(f) Since Kp is made as a function of the fingers Jacobians JJ,, therefore it is position
dependent and must be updated _along with the Jacobian as the fingers move.

(i) The eigenvalues evaluation of the stiffness matrix in the body coordinate, K, , can
readily indicate the stiffest and softest directions of an object motion. Furthermore if
the eigenvalues are all positive, this confirms that the grasp is stable.

@i) If K, has the full rank property, the grasp is a force-closure and it can resist
forces and moments from any direction: CUTKOSKY and KAO [1989].

(iv) K, depends on the hand configuration. It changes with changes in the location of
the contact points on the object resulting in changes in the cartesian transformation

matrix, Z,

(1.6) GRASP STABILITY AND ITS SYNTHESIS

1.6.1) GRASP POTENTIAL FUNCTION

HANAFUSA and ASADA [1977] proposed the notion of stability by centring a robot
hand with elastic fingers and rollers on fingertips on an object mass centre, and ex-
amining for grasps that are stable with respect to rotation and then to translation.
They developed a planar three-fingered hand capable of implementing an analytical
grasp algorithm. For a desirable hand position two conditions have been drawn : (7)
Horizontal plane stability which amounts to obtaining a local minimum for the poten-
tial function of the grasp, V(x,y,0). (i) The friction due to the finger forces must be
large enough to support the weight of the object. When the grasp state energy reaches
alocal minimum, that means the external force disturbed the object from its required

position has been mastered by the elastic field produced by the fingers.
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The introduction of grasp stability by HANAFUSA and ASADA was limited to sim-
plified model of the fingers. Their analysis works for limited cases of no friction, since

friction at the fingertips is an essential factor to be accounted for in robotics hands.

For a three dimensional case, NGUYEN [1990] has made some assumptions for ob-
taining analytical conditions for which a grasp is in stable equilibrium, using the
potential function of the grasp. He modelled contacts as frictionless point contacts,
hard finger contacts, or soft finger contacts with friction. Fingers are modelled as
virtual springs, where each virtual spring is a set of independent linear and angular
springs independently controlled. The'main objective was to obtain from the potential
function analytical conditions for which a grasp is in equilibrium. The potential func-
tion of the grasp equals the sum of the potential functions from all n forces at

contacts, AL-GALLAF et al. [1992];

U= I %Ko, (1.30)

i=1

and n is the number of linear and angular springs corresponding to n wrenches defined
by SALISBURY [1985], o, is the compression of a linear spring K, due to the object
twist. Expanding Up, the potential function of an object with n wrenches acting is

given by:

Up = I [001, G- --C ] 0 K

cn 2

(1.31)
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The compression c,, of a linear spring K, due to a twist of the grasped object is equal
to the original compression ¢, plus the dot product of the line of action of the spring
and the twist move of the object. As the object is displaced by a slight twist, £ =[5, d],
the current position of the points of contacts of the ith finger is P, where PTm. is

expressed by :

P' = rotl&, &, 21P" +d" (1.32)

nt

and rot [6x, &y, §z] = T+ [6x] + % {[68-[5- 811 }, expanding rot(4):

‘ 2
1 0 0 0 -5 .8 | [-IF+) 83, 8,5,
rotA)=10 1 0|+ 8 0 -5 |+ 83 -+ 83
2
0 0 1] 18 5 0| | 83 85, -8+
(1-33)

A linear spring K; exerts a pure force on the grasped object if and only if its tip P, is
displaced along the direction K, where K. is the direction of the spring oriented with
the normal of the surface of contact, NGUYEN [1990]. The effective compression o, is
given by the addition of its initial compression o,,, and the dot product of the line of
action of the spring and the twist displacement of the object, i.e., K (P~ P,). For
an angular spring model, the twist has the same angular part, but a different linear

part so, £= {3, (d-[P,x81)}, and the angular displacement is then given by :

o =k, 8 (1.34)

= [0, K]} -{(d - (P, B), 8)

Finally the potential function is found by substituting in Eq. 1.33 values of

G

cl?

resulting in a grasp potential function:

(1.35)
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A grasp is then in equilibrium when the gradient of its potential function is zero.

(1.7) Articulated Systems Dynamics
The computation of the dynamics of articulated systems and robot manipulators has
received considerable attention in the research media. For accurate control of ar-
ticulated robots it is necessary to have a full knowledge of the dynamic model of a
robot hand for the purpose of defining a control strategy. Model based control of robot
arms and articulated systems need computation of the dynamic model in real time
where the sampling rate requirements have to be met. Hence, parallel computation
approaches have been defined. It has. been shown that the solution of the dynamic
problem incurs a heavy computational load. This computation of the highly coupled
dynamic equations has always posed a bottleneck in real-time dynamic control of robot
manipulators and robot hands when the dynamics of the links are of considerable var-
iation with respect to the dynamics of the object. However, the recent advances in
the VLSI technology make it possible to implement new computational algorithms
that compute the dynamics whilst meeting real-time constraints with considerable

cost-perfomance ratio improvement.

1.7.1) Computational Approach

There have been two main approaches for the on-line computation of the inverse dy-
namics problem. The first approach is to reduce the complexity of the model whilst
recognising that the robot performance suffers as a consequence. BEJCZY [1974]
employed this approach where he neglected the coriolis and centripetal effects by as-
suming low speed operation of the robot itself. However, ignoring these terms will
result in a noticable vibration and overshooting of the robot arm at high speed. The
second approach is to employ a stand-alone computation system for the computation of

the dynamic model, but this may lead to an increased development cost, LUH et al.
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[1980].

1.7.2) Parallel computation Approach.

One approach towards reasonable computational results that lies between the com-
plete use of the dynamic model and the high speed of computation is the of parallel
computation approach. The pioneering work of LUH and LIN [1982] based on a
generalisation of the branch-and-bound algorithm exhibits several significant limi-
tations such as the; not consideration of the recursive structure of the Newton-Euler

(NE) and the sequential dependencies of the algorithm.

ORIN et al. [1985] proposed a pipeline design for the (NE) that eliminates some of the
performance degradation problems associated with inter-processor communications
which appear in the computation of the (NE) using parallel processing techniques.

LATIIROP [1985] proposed two parallel algorithms using special purpose processors.
The first, a linear parallel algorithm which is related to the method developed by
LUH and LIN [1982]. The second is a logarithmic-parallel algorithm based on the
partial sum technique. Both approaches exhibit massive buffering which degrades the
performance and causes complicated inter-task communication, and hence no prac-

tical implementation of the scheme had been made.

CHEN et al. [1988] presented two methods, the A* algorithm combined with a heu-
ristic function derived from the Fernanadez and Bussel bound, and the dynamical
highest level first most immediate successors first ( DHLF/MISF ). The efficiency of

the work was only demonstrated by simulation results.

However, most of the previous attempts did not involve implementation on an actual

parallel processing system. Results are usually presented in terms of the number of

A* is a minimum cost graph search algorithm. 1-34



multiplications and additions and their theoretical equivalent of processor clock
cycles. This way, of measuring the efficiency of parallel algorithms has been shown
to be inaccurate, ZOMAYA [1992]. The different task allocations are executed by a
parallel-processor system. Hence, the results do not represent only the processing-
time of multiplication and addition but also the delays caused by the communication

between different processors and software development.

(1.8) INTRODUCTION to the RESEARCH

The main objectives of this research ;1re the investigation of the joint force sensing and
control, force distribution and cartesian based object manipulation of a four fingered robot
hand.

For investigating these issues a four fingered robot hand has been designed, where its kine-
matic and dynamic models have been used extensively to formulate the force optimization and
control even at ill conditioned hand configuration, where the hand Jacobian determinant is
Zero.

From the mechanical point of view, the project shows how remotely located joints are actuated
by the routing of the transmission tendons through the fingers themselves. Although
multiple-degrees of freedom grippers have the advantage of enhancing object manipulability,
such mechanical systems need a large number of actuators to be driven, controlled, and su-
pervised in a prescribed manner. Twelve motion processors ( capable of producing a trajectory
motion and performing a digitized PID controller action in real time ) have been utilized in

this project.
Above the low level layer comes the interfacing level both in position and force loops which are

supervised by one master processor. The above described system is an example of a multi-

degrees of freedom system which is governed by kinematic relations and equations. The
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kinematic structure is the most important topic, since it relates both high level task planning
with low levels of the hand controller.

Finger Jacobian, hand Jacobian, manipulability measure and differentials mode of motion
are examples of the hand kinematics investigated in this thesis. Force control on an object,
for compensating the external forces acting on the object e.g. the weight, is the subject which
receives considerable attention in this project. ~Force control in a pre-defined trajectory
describes the fine motion of the fingers while the fingertips interact with the environment
through the grasped object. An effective scheme for specifying fingers motion should provide

for the specification of trajectories for the manipulated object to follow.

With regard to the first issue of this research, for controlling a joint in a force mode, a force
sensing is required. An applied force to an object by the fingertip is sensed by the knowledge
of tension in the tendons using strain gauges. The sensed force is used to close the loop for

achieving force control in the distal joints.

With regard to the second issue of this research, while discussing the force distribution and
control of a robot hand we either discuss static grasping or dynamic manipulation which re-

quire forces to be applied to the grasped object.

In particular, there are two main approaches of force balance computation, the algebraic
approach, and the numerical approach. The use of the numerical approach in force compu-
tation involves the use of optimization techniques where either linear or nonlinear constraint
has to be solved for.  The research has shown the possibility of applying the nonlinear con-
straint optimization which indeed has the advantage of reducing the overall computational
requirements.  First the concept of extending the internal forces optimization to a four fin-

gered hand will be discussed and then will be compared with a novel method of employing
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nonlinear constraints optimization for dealing with the nonlinear model of the frictional cone
of the four contacts. Other research work has used the linear model of the frictional cone
constraints, however, within this thesis it will be shown how the use of nonlinear constraints

~

optimization will give an equivalent solution with less computational requirements.

With regard to the third issue of this research, a cartesian based motion of an object is an
essential aspect of manipulation in robot hands due to the use of these hands in coordinated
systems (such as eye-hand system). However, robot hands usually have finger kinematics
with a maximum of four DOF, which makes it difficult to avoid singular configurations of
the hand, if the task is defined in a cartesian coordinate system. The research investigates
the use of other techniques of inverting the hand Jacobian. The application of the RSI
method needs a measure of how ill the work space is, hence the dexterity measure of one

finger, as shown, is enough to describe the performance of the entire hand, providing certain

kinematic conditions are satisfied.

The problem of using a robust inverse method for overcoming the ill hand configuration is
that, the dexterity measure of the entire hand has to be investigated, since we are dealing
with multiple Jacobian rather than a single one as in a six degrees of freedom robot arm. The
thesis shows how the dexterity measure of one finger is used to invert the entire hand Jacobian
if certain conditions are satisfied. For the investigations of the hybrid dynamic based con-
troller (which uses the inverse hand Jacobian ), we are working under three assumptions
stated as: (i) The physical lengths of the finger links are identical. (ii) The joint space
vectors of the four fingers are also equal, and the four fingers start their motions at the same
instant with the same joint displacements. (iii) The entire hand Jacobian is a block diagonal

matrix, thus all the off diagonal elements are zero .

Finally as a side issue, since the computation of optimal contact forces either for static or

1-37



dynamic motion, the use of RSI and constrained object-hand motion will require large
amount of computations. Aspects of implementing these computations using parallel approach
will be discussed. First by observing the computation requirement of manipulation and then

sub-dividing the entire constrained equation into smaller sub-tasks.
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CHAPTER TWO

THE DEVELOPMENT of a FOUR FINGERED
ROBOT HAND.
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(2.1) INTRODUCTION

A gripper, hand or an end-effector is the apparatus mounted at the distal end of a robot
arm enabling it to pick up workpieces, hold, manipulate, transfer, place and release them
accurately in discrete positions. Thus the gripper is the all-important mechanical inter-
face between the robot arm and its environment, without which in most circumstances,
the robot cannot function effectively irrespective of the degrees of sophistication it may
otherwise possess.

End effectors range from general purpose devices such as pneumatic grippers to special
tools for applications from arc welding a;1d spray painting to the handling of silicon wafers
in a corrosive acid environment RICHARD et al. [1989]. Some end-effectors might be very
delicate, e.g. multi-fingered robot hands, where they are involved in fine manipulation

and the extraction of object physical attributes.

Thus, a multi-degree of freedom gripper in conjunction with other sensory modalities can
be used to measure the three-dimensional character of the environment, support an object
recognition system and perform alternately as a delicate and powerful manipulator. In
this research study a four fingered robot hand with its supporting sensing (position and
force) has been designed and used as test equipment for the implementation of force control
on a defined workpiece. In an effort to present the hand mechanics and the mechanism of

motion, this chapter has been divided into four sections.

The first, section (2.2) presents a simplified biological structure of the human hand since
it is considered to be the prototype of an ideal multi-degrees of freedom gripper, whereas
section (2.3) presents the physical hand-control system structure. The designed hand

structure, force sensing and routing of the tendons will be discussed in section (2.4).



(2.2) THE HUMAN HAND

2.2.1) The Biological Structure of the Human Hand

The design of a multi-degrees of freedom mechanical manipulator or, in particular, a
multi-fingered robot hand is usually motivated by a definite class of tasks. One strategy
of developing a general-purpose manipulator is to emulate those virtues of the human hand

which make it such a versatile end-effector. Fig [2.1] presents the skeletal pattern of the

human hand.

The human hand consists of the wrist, palm, thumb and fingers. The palm and fingers of
the human hand has twenty degrees of freedom; two in the knuckles, one in each of the
other finger joints, three in the thumb and one in the palm, CROWDER [1991-b]. Each
of the four fingers of the human hand has three joints, the most proximal to the hand palm
of which is called the metacarpal-phalangeal, GRUPEN et al. [1989]. It has two degrees
of freedom and is capable of adduction-abduction over an extent of approximately 30° and
flexion-extension of approximately 120° . The next two joints of the human finger are the
interphalangeal joints. These are hinge joints with only one degree of freedom each and a

range of motion of approximately 90°.

In Fig [2.1-a], the thumb is a more complex mechanism, the proximal joint is called the
carpometacarpal joint and contains two degrees of freedom. The first degree of freedom is
adduction-abduction with a range of motion of approximately 90°. The second degree of
freedom operates the joint in flexion extension with a range of motion of somewhat less than
90°. The next joint of the thumb is the metacarpal-phalangeal joint whose predominant

DOF is that of flexion-extension from the plane of the palm toward the palm over a range of
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about 60°. The last (distal) joint of the thumb is the interphalangeal joint. This joint is a

simple hinge joint with one degree of freedom which allows a range of motion of about 90°.

-

The human muscles can only apply force by contracting. They can not extend by their own
effort, and thus, they can not push. Muscles are extended by the contraction of other
muscles. Two sets of muscles act on the human hand: (i) Extrinisics which are located in
the forearm, and (ii) the less forceful Intrinisics which are located within the hand itself .
Most of the dexterity and flexibility of the hand can be attributed to the action of the in-
trinsic muscles. Some muscles act directly on the bones, and others act throﬁgh tendons.
Flexors, shown in Fig [2.1-b], are used to close the fingers to grip an object, extensors
are used to open the hand again. In the human hand, aflexor connects the distal phalanx
(which is the bone at the tip of the finger ) to muscle, and it transmits the force and excur-
sion produced by the muscle to the finger. This tendon is held close to the intermediate
bones by sheaths, in which they maintain the position of the tendon relative to the
phalanges. With reference to the human hand structure, the human hand is many things
in addition to being just a gripper. It is sensory organ designed as much for palprebility as
for manipulation. An understanding of human hand biology paves the way for the designed
robots which emulate the human function. The rest of the Chapter concentrates on the
aspects of a four fingered hand design and the mechanism used to position and apply force

to a grasped object.

(2.3) SYSTEM STRUCTURE
Fig [2.2] shows a simple block diagram of the structure of the research set up. It com-
poses of five units. The first is the master controller (which includes the SUN and PC/XT
machines ), within such environment task definition is developed. In the first unit an

appropriate supervisory software has been developed to facilitate the communication with
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the various functions of the hand. The second unit is the controllers array box; motion and
force control hardware aspects are mainly located within this unit. The third unit is the
mechanical hand and the drive box used for actua‘tion. Within this chapter the subject of
hand design will be further expanded, whereas kinematic and dynamic modelling are

discussed in the coming chapters.

(2.4) THE DESIGN OF THE ARTICULATED HAND
24.1) Four Fingers Hand
Three photographs representing the Cybhand system mechanical design are shown in

Plate [2.1] to Plate [2.3].

Plate [2.1] illustrates the hand four fingers and how they have been configured around the
hand palm. The last joint of a finger sub-system has its tendons routed over the medial
and the third joints supporting pulleys. This sort of tendon routing introduces what is

known as the mechanical coupling among the joints in one finger.

Plate [2.2] shows some inside details of the hand driving package ( for one finger ), e.g. the
incremental encoders and the tendons routing tubes through which tendons are led to the

corresponding joints in the fingers.

Plate [2.3]is the hand palm where the four fingers roots are attached, it can be modified

to circular palm or other shapes for specific applications.

The question of why a four fingered hand has been adopted is explained elsewhere. In
addressing this issue from kinematics and applied wrenches to a grasped object, Chapter
Three discusses the quality measures of how a four fingered hand increases the quality

measure over a less number of fingers hand.

2-5



Cybhand

Plate [2.1]

One Finger Dnive.

[2e2]

Plate

Hand Palm

Plate [2.3]



Kinematics of human hands allow the performance of actions such as warping, pinching,
picking, gripping, searching etc. In a similar way, the hand system is desired to have
satisfactory handling functions for performing various flexible motions required to accom-

plish defined tasks with grasped workpiece.

2.4.2) One Finger Mechanical Structure

The construction of a finger with three degrees of freedom (DOF) is shown in Fig [2.3-a].
Each finger has a first » joint ( proximal joint ) for lateral flexional motion at its proximal
point, and two parallel axis joints ( the medial and distal ) to provide curling action. The
first joint‘ which is not anthropomorphi;:, is perpendicular to the other axes and provides
the side to side motion of the finger. The hand includes four fingers, each digit containing
three joints. The two distal joints of the fingers are capable of excursions from —90° to

+90°, whereas the first joint is capable of +/-30° motions as shown in Fig [2.3-b]. The

hand also includes up to 36 low friction pulleys for the purpose of tendon routing, AL-

GALLAF et al. [1993-b].

2.4.3) Contact Nature and Transmitted Forces
The shape of the fingertip part is an important element for the determination of a support-
ing area between the finger and the grasped object to be manipulated, since the smoothness

of the manipulation depends on the form of this area.

The fingertip is designed mechanically to have a circular shape, since the circular cross
section is the most suitable to suppress the rapid change of the grasping condition which
arises during complicated finger motion, OKADA [1979]. Before discussing about a
given grip and its properties to be studied and investigated, it is essential to consider the
frictional interaction between the fingertips and the object being grasped.

What will be concentrated on is the mechanics of constraint and an object freedom that take
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effect when two bodies come into contact. The type of contact which causes either forces
or forces and moments to be transmitted to the objects and consequently the relative motion
between the two bodies is determined by the ge?metric and frictional properties of the
contact. Table [2.1] shows SALISBURY’s three contacts types ( point, line, plane ) and

their frictional properties which can be experienced by a surface, SALISBURY [1982].

Contact Type Remaining Degrees of Freedom Absorbed DOF

No contact 6 ‘The workpiece is free to translate and rotate
Frictionless point contact 5 1

Frictionless line contact 4 2

Friction point contact 3 Normal and side motions are absorbed
Frictionless plane contact 3 3

Soft finger 2 4

Friction line contact 1 5

Planar contact with friction 0 All the DOF are absorbed, immobilization

Table [2.1] : SALISBURY’s Types of Contacts .

The constraints imposed by each type of contact are characterized in terms of the degrees of
freedom allowed and in terms of screw systems of motion and force related with each con-
tact type.

Hence, for all the analysis done through out this thesis, the type of contact between the
fingers and the grasped object has been considered to be a point contact with friction. From
the mechanical point of view, a point contact with friction transmits a three wrench system

and reduces an object degree of freedom from six to three.



Fig [2.4] shows a model of a fingertip type considered as friction type of contact which rolls
around the point of contact with no slip, hence no torque is transmitted to the object due to
this rolling. For static and dynamic grasping, the orientation of the surface where the
object is in contact with the fingertip is an important matter in computing the distribution

of forces in the entire hand.

For further details in the adopted contact type, Fig [2;5] shows the transmitted forces to
the object itself due to a point contact. In the figure, the point of contact with friction
forces are shown, where it is assumed that the fingertip is free to rotate in all directions
about the contact point so that only forces; are transmitted. At the point of interaction with
the object, the normal force f, produces a force f,, which is tangential to the surface of
contact and having a magnitude of 1f, . The tangential force f, is decomposed into f, and
fy , which are two orthogonal components with respect to a frame fixed at the contact
location.

Since the interaction is a static problem, besides satisfying the condition for static equi-
librium and not exceeding the conditions that bound 1f,, the direction of the tangential
forces are unconstrained by the columb friction law.

For selecting those elements of a general six-element force/moment vector that are trans-
mitted through the contact, the contact selection matrix Hc is defined for frictional point

contact as :

H = 0 1 0 0 0 O (2.1)

The twist 3-system contains all zero pitch twists through the point of contact. The recipro-
cal wrench 3-system is composed of all zero wrenches through the point of contact, HSU et

al. [1989]. Most of the analyses consider the point contact with friction, since it is the
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simplest to deal with mathematically, specially when making use of the grip transform,
although quite a few consider the soft finger model that models a human finger, MCAREE
et al. [1991]. The tangential force can be of any direction over the contact area depending

on the direction where the normal force is acting.

The main difference between the soft finger type and a frictional point contact in terms of
mathematical simplicity is the fact that : the use of soft finger type produces an extra
rotational wrench which has to be modelled mathematically as an extra column in the grip
transform as will be further discussed in Chapter Five.  This extra column will enlarge

the grip transform tobe a € RE>* 12 , thus increasing the complexity of the system.

2.4.4) Hand Drive Mechanism

The most straight forward choice of an actuator location for robot hands is at or near the
finger joint it drives. However, because of difficulties in mounting joint actuators in each
finger in recently presented designs, OKADA [1979] and SALISBURY [1985], have uti-
lized a remote drive approach. Mechanical motions are transmitted to finger joints using
tendons routed over frictionless pulleys. In direct-drive hand, joints axes are directly
coupled to rotors of high-torque electric motors, therefore, no transmission mechanism is
included between the motors and their loads. Because of this, the drive system has ex-
cellent features, no backlash, small friction, and high stiffness, ASADA et al. [1983].
From the modelling point of view, the simple mechanism allows a clear and precise model
of each finger dynamics in the hand which is of special importance not only for accurate
positioning control, but also for compensating interactive and nonlinear toques at high

speed manipulation, AL-GALLAT et al. [1991].

2.4.5) Remotely Driven Hand

The employment of remotely located actuators is characterized by :
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(©) A considerable reduction in hand weight.

({i) Since space around the actuator is not a primary constraint, large position sensors
could be mounted.

(¢i) Utilizing robotics hands in under water and radioactive environments requires protec-
tion of the hand actuators. It is usually simpler to protect a drive box containing a number
of actuators rather than to protect each joint actuator separately.

(fv) Locating actuators away from the hand avoids routing of electrical connectors to each
joint,

(v) Allows the joints to be smaller, and reduces the load applied to the actuators from prior

-

links.
(vi) Tendons provide smooth control at low speeds, however , they can stretch and exhibit

hysteresis characteristics, thus reducing control accuracy, DOLL et al. [1988].

2.4.6) Direct Drive Hand

Contrary to this, direct drive hands are characterized by:

(£) Mathematical computations used in force and position control are reduced, especially
when the hand is to implement a task that consists of a number of hand configurations.
(¢2) Backlash and tendons stretch non-linearities are avoided, which reduces the complexity
of the control system.

(Zit) No mechanical coupling (due to transmission tendons) among finger joints, since every
joint is controlled individually, however dynamic coupling is present.

(fv) The ratio of torque to current in direct drive actuator can vary considerably with rotor

position and resulting in ripple torque, HOLLERBACH et al. [1993].

2.4.8) Hand Internal Sensors ( Position and Force )
For the Cybhand mechanical design, incremental encoders have been employed for posi-

tion sensing since they are suitable for interfacing to the used motion processors.
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(A) Position Sensing :

The configuration of the fingers around the hand palm and tendon routing are shown in
Fig[2.6-a). For control purposes, Fig[2.6-b]illustrates one type of hand internal sensing
which is : the position sensor. In the figure the‘position sensing has been based on the
use of incremental encoders. An optical encoder for sensing angular displacement of a
joint is located at each actuator driving pulley with an incremental encoder disk of 200

line/rev line resolution, AL-GALLAF [1994-c].

(B) Force Sensing :

The other type of hand sensing is the joint torque sensing based on detecting the change in
tendon tension, as given in Appendix [A2]. Force sensing can be implemented either at
the fingertip asin DOLL ef al. [1988] and MAEKAWA ef al. [1992] or at the joints as in
JACOSON [1986]. Fingertip force sensing is useful in obtaining either tactile information
or fingertip force both with high accuracy and high sensitivity. For the achievement of
force control on an object it is required to transmit joints torques to fingertips force, since
fingertip forces are related to the joint torque through the Jacobian J". Here the mecha-

nism of force sensing is explained, whereas, the forces distribution problem will be

formulated in Chapter Five.

From the mechanical design of one finger, because of the small size and insufficient space
to mount the actuator inside the fingers, tendons have been used to transmitt the actuator
torques and motion. The transmission system includes some significant compliance and
friction in parts of the system such as the tendons and the gears. Therefore it is difficult to
achieve a fine force control without of any force feedback. Employing force feedback would
require the ability of the control system to sense the applied force to an object. Such force

sensing is to be discussed in the coming section.
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2.4.9) Applied Torque and Sensed Voltage Relation.

Construction

The overall torque sensor has been based on the use of a pair of strain gauges located on a
cantilever beam. The pulley with cantilever beam are positioned in order to perturb the
path of the tendon such that tendon tension imposes a moment on the cantilever beam. An
aluminium type strain gauge bridge detects beam strain and provides a linear output for
tendon tensions from 0 to 100 mIN. The supporting electronics for both the position and
tendon tension sensors are within the low level control unit as further discussed in AL-
GALLAF [1994-c]. Such type of force sensing electronics will be further discussed while

investigating the closed loop position and force servo mechanisms.

Within this section the mechanism of sensing an applied force to the fingertip is discussed.
Furthermore, in Chapter Five it will be elaborated in the mechanism of computing the
appropriale fingertip forces used in the force feedback to keep the object is static equilibri-

um against externally applied forces ( such as the weight of the object ).

Force sensing at the fingertip limits the control speed because of the required coordinate
tranéformation of the sensed data from the sensor local frame to the joint frame. This
approach has the disadvantage of making it difficult to measure the exact forces applied to
the fingertip without using a six-axis force sensor. On the hand, joint torque allows
higher servo rates, hence higher gain and bandwidth joint in the torque control. In ac-
cordance to the finger structure given in Appendix [A2], the basic structure of the sensor
consists of two idler beams of a given beam stiffness, k,, and k,, determined by the
material and the physical dimension of the beam itself, where the two beams are fixed
toa IT shaped holder. The torque produced by the fingertip is in proportion to the differ-
ence in the tensions at both ends of the driving pulley thus :
T =R » (T,- T, (2.2)

drive
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where SRp is the radius of the distal joint driving pulley. When an external torque is
applied to the driving pulley ‘iﬁp, the vertical component Vf dimensional force acting on
the cantilever beam is proportional to the tendon tension T, or T, , such force can be

expressed by, as given in Appendix |A2]:

V. =2T,8in (B) 2.3)

Further arrangement of variables gives :

KT
V, =G, Ve m (2.4
where 1é sin(B) x
T RE W&

Using the Table of sensor parameters given in Appendix [A2] and back substituting in Eq.
2.4, wo are left with a numerical value of x that equals to 0.0425 v/Nm. Hence a
relationship has been established between an applied fingertip force F_ to the amount of
torque acting in the driving pulley. This relationship is expressed as : V, = 6.80 F.
From Eq. 2.4, the voltage generated from the sensor is entirely related to the acting
torque on driving pul}ey. For certain beam physical parameters, the sensor voltage is
made controllable by further adjusting the instrumentation amplifier gain G,. For the
constructed sensor, some experimental results have been gathered and compared with

analytically obtained results.

Furthermore, Eq. 2.4 suggests that, the relation between V_ and the applied force
exhibits nonlinear characteristics due to the existance of [xt /dA- & 'cz) ] term,
however this nonlinearity can be approximated by ignoring the squared terms ¥° due to

its negligible value with respect to unity.
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2.4.10) Results and Analysis
Having considered the relationship between an externally applied fingertip force acting at
the fingertip to the generated voltage due to the beam strain in the previous section,

within this section some experimental results will be shown and discussed.

An experimental test has been achieved for qualifying the voltage generated as a function
of some externally applied force. Three sets of readings were obtained, where each set of

reading corresponds to a given beam stiffness k.

Fig [2.7-a] shows three linear relations i)etween a known applied fingertip force and the
corresponding sensed output voltage (a quantity used later for force feedback) for three
different cantilever beams of different widths W, ( 4x10™ m, 6x107° m, and 8x10°m ).
For this experimental work, a force of known value was applied at a defined location in
fingertip. This force produces a torque acting at the driving pulley, converted to measured

voltage by Eq. 2.4.

The first is that when the sensor was having a beam stiffness of, &, 1568 N/m . Due to the
fact small force applied will produce a considerable amount of strain €, the generated
voltage is highly comparable with the results when the beam stiffness of 2352 N/m.

The second line is when the beam stiffness has been increased to k, = 2352 N/m by
increasing the beam width to 6x10>m. The line shows higher beam stiffness, the
generated voltage will be less due to the higher stiffness of the beam to the tendon

displacement.
The third line is where the beam stiffness has been further increased by the increase in

the beam thickness, up to 8x10° m. The generated voltage is even smaller than those in

the previous cases. The type of beam characteristics (when k, = 3136 N/m ) is useful when
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the sensor is required to sense a large amount of applied force an the fingertip, since the
sensor will be able to generate voltage for higher beam deformation, (thus a higher

applied force ).

Fig [2.7-b] shows the calculated strain of one beam in the sensor due to the previously
applied forces. Due to the dependece of beam strain on the beam width, three lines of
relations have been obtained, corresponding to the three lines in Fig [2.7-a]. The graph
shows clearly how the beam strain (which is main factor in in the force sensor) changes
with its width. The constructed torque sensor will be used in Chapter Four for closing a

-

force feedback loop used to control the amount of pressure on an object for static grasping.

SUMMARY

Chapter Two has discussed the design aspects of the four fingered hand. It started with
a brief look at the human hand and the sensory origins. Tendons routing, finger me-

chanical structure and sensing elements have been the main concepts presented.

The mechanical drive system and force sensor structure are the main concepts presented

here, with a brief discussion on the contact interaction between the fingers and the object.

Sensor stiffness and the associated generated voltage have been shown (in association with

Appendix [A2]) the main elements for designing force feedback sensor.
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CHAPTER THREE

MODELLING of CYBHAND
KINEMATICS

3-1



(3.1) INTRODUCTION

Kinematics is the relationship between the positions, velocities, and acceleration of the

links of an articulated system, such as an arm, finger or leg.

Hand kinematics is the science of finger motion which treats those motions without regard
to the forces that cause them. The study of the hand kinematics refers to all the geometrical
and time-based properties of the motion. Within articulated hands, to deal with complex
geometry a number of coordinate frames need to be affixed at various points of the mecha-
nism and the relationship between thex‘;e attached frames described. Hand kinematics is
mainly utilised by the High Level Task planning for producing certain displacements with-

in the hand working-space.

Given required fingertip locations in a defined cartesian space, we need to find values for
the joint variables which will achieve this required position and orientation. The results of
the hand inverse kinematics based either on Denavit-Hartenberg notation of frame as-
signment, DENAVIT and HARTENBERG [1955], hand geometrical structure, or by
using an algebraic solution for the reduction to polynomial, are used by the hand task

planning routines for the generation of a programmed sequence of motion.

This chapter has been classified into seven main sections. Section (3.2) concentrates on the
frame assignment strategy at all the joints in a finger sub-system. Section (3.3) introduces
the concept of the forward kinematics, and the inverse kinematics are given in section
(3.4). Section (3.5) concentrates on the derivation of finger JACOBIAN, and the use of its
determinant function to interpret some of the dexterity measures of the fingers is given in
section (3.6). Section (3.7) provides the notation of the hand-object kinematics relations

of contact which will be utilised later for transforming forces from contact frames to the



entire object frame. Finally section (3.8) presents the grasp quality measure associated .

with a four fingered hand using the singular value decomposition of the grasp transform,

(8.2) FRAME ASSIGNMENTS

In order to deal with and handle the complicated geometry of multifingered robots hands,
coordinate frames are affixed at the various locations of motions of the mechanism, Fig
[3.1-a]. Relations are then developed between these frames. A succession of coordinate
transformations, e_ach defined by a particular transformation matrix, can be expressed
by the matrjx product or composition of the individual transformation matrices.

As was indicated in Chapter Two, each finger is a three degrees of freedom open chain
comprising three rigid links ( Proximate, Medial, and Distal ) connected by three revolute
pairs which are designated as the Proximal , Medial, and Distal joints respectively as
shown in Fig[3.1-bl.  Tho significancoe of links in articulated systems is that they main-

tain a fixed relationship between the fingers joints at each end of the link.

Four frames have been assigned to the finger sub-system , three of which are located at
the joints and one at the fingertip where the finger makes contact with the workpiece.

Defining the following links parameters in accordance to the hand fingers physical lengths.

Kinematics Links Parameters
Joint Gi a, a; di Joint Range
Proximal 9, 90 L, 0 -30 to +30
Medial 0, 0 L, 0 —~90 to + 90
Distal 9, 0 L3 0 -90 to +90

Table [ 8.1]: Associated kinematic links parameters.
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Hand Palm

Frt :  First finger

Sef = Second finger

Trf = Third finger

Fof ; Fourth finger

Figure 3.1 : a: Whole Hand Kinematice Frames Assignments.
b : Cybhand One Finger Link Frame Assignments.




(3.3) FORWARD KINEMATICS FORMULATION
While describing the hand kinematics two main factors come into consideration, "Are the
fingers coupled from the kinematics point of view_and is the issue of palm and proximal
phalanges grasping considered? " In the observation of human grasping and manipula-
tion, one frequently notes the fundamental role played by the inner parts of the hand (in
particular the links) to enhance both the stability of the grip and the versatility of operation.
If this enhanced dexterity and versatility is to be transferred to robot hands, then the
object has to be grasped by the hand fingers links rather than by the fingertips prehension.
However, ifthisis tobe achieved then the complexity of the problem from the kinematics
and dynamics point of view will be enlaréed due to the involvement of all the links contacts.
The whole hand contact system has already been discussed by BICCHI and PRATTICHIZ-

Z0 [1992), where they assumed the object is manipulated by the entire hand links.

Hence, at this stage, itismade clear that the manipulation assumed here is a fingertip
prehension rather than the use of the hand palm and proximal phalanges to enhance the

grasp strength.

In this sub-section we are concerned with the kinematic’s of one finger structure. First,
the forward kinematics is evaluated which is based on the frame assignment given in sec-
tion (3.2). Following this, the inverse kinematics process is performed using both the

geometric and algebraic approaches.

3.3.1) Individual Fingers Kinematics
First Finger:

The 0T3 is formed by matrix multiplication of all the individual link matrices, while

forming this product some sub-results will be derived which will be useful while solving the
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inverse kinematics problem in section (3.4). By multiplying

n 0, a, Px
0 —
T, = n, 0, ‘ay Py 3.1
n o, a, Pz
0 0 0 1
L |

where the OT_,j entries have been calculated as :

n, = 01023 0, =~ 01823 a, = SI Px = Cz L, 023 + chz +L,]
n, = 81023 0,=- 318'23 a,=- 01 Py = Sz [L3 Cza + chz +L ] (38.2)
n, =8, 0,= Cy az=. 0 P = L,S,, +L,S,

In order to compute the right hand three columns of 0T3, we require eight transcendental
function calls, three multiplications and six additions are required. The first column of
OT3 can be obtained as the vector cross product of the second and third columns.  If the
joint coordinates are given, the position and orientation of the fingertip are obtained by
evaluating these equations to obtain 0T3, thus describing the position and orientation of
the fingertip in terms of the variables (91, 8,,0,). While describing the kinematic for the
fingers, it is necessary to define their kinematics with respect to a fixed cartesian frame
in the hand palm. Such frames are essential factors for an object manipulation that will
be utilized later in Chapter Six. To define the fingertips of the four fingers to the fixed
cartesian frame, a permanent palm frame has been established at the base of the first

finger sub-system, illustrated in Fig [3.1-al.

Second Finger:
Each of the fingers is related to the hand palm reference coordinate (attached to the root of

the first finger) by transformations which are designated by d,, d, ,and d , for the second,
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third , and fourth fingers respectively. Due to the position of the second finger in the hand
palm, the fingertip location with respect to the hand palm is defined by the kinematics
equation that is obtained by multiplying the finger transformation matrix 0T3 by the trans-
formation matrix which represents the displacement of that finger from the origin of the
palm coordinate frame. If the displacement of the second finger is denoted by [-d._,, 0,

-d, ], thelocation of the second finger with respect to the hand frame is defined by :

%—Clczs. ~CSy S P-d, |
T, = | SC, - 8,8y ~C, P,
Sy  Cp 0  —d+P (3.3)
0 0 0 1
Third Finger :
CCypy -~ C(Syy S, P~d,
T, = S§,Cyy -S,Cy ~-C, P, (3.4)
Syy Cyy 0 P,
0 0 0 1]
Fourth Finger:
_.7602323 +.645,; -.76C,S,, + .64C,,  .76S, TP + .64P ~d,
T, = S,C,, -8,C,, -C, P (3.5)
- .64C,S,; + 0.76S,,  .64C,S,, +.76C,, - .64S ; —-64P_+ .76P,
N 0 0 0 1 —

Eq. 3.2 to Eq. 3.5 constitute the kinematics model of the four fingers, they specify how to
compute the position and orientation of frame 3 relative to frame 0 in each finger. These

are the basic equations for all kinematics analysis of the hand which are investigated with-
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in this chapter.
(3.4) INVERSE KINEMATICS

In order to describe a finger position, the reverse problem must be considered, that is,

given P , Py, and P, in Eq. 3.2, what are the corresponding joint coordinates?

In section (3-3), the problem of computing the position and orientation of the fingertip
frame 0T3 was considered relative to the frame fixed at the hand palm, given the joint

angles of the finger. In this section the problem of inverse kinematics is presented.

Expressed another way, the inverse kinematics problem is given a frame or a homoge-
neous OT3 matrix in the reachable subset, solve for the corresponding values of the joint
variables that would result in simillar 0T3 matrix numerical values. In contrast to the
direct kinematics problem, the inverse kinematics problem does not have a general ana-
Iytical solution. Given the desired position and orientation of the fingertip relative to the
finger root, how do we compute the set of joint angles which will achieve this desired result

within a constrained kinematic system ?

The cartesians upon which to base a decision vary, but a reasonable choice would be the
closest solution. A finger will be considered kinematically solvable if the joint variable can
be determined by an algorithm which allows one to determine all the sets of joint variables

associated with a given position and orientation. We shall restrict our attention to closed

form solution methods.

In this context "closed form" means a solution method based on analytic expressions or on

the solution of a polynomial. Within the closed form solutions two methods of obtaining a

3-7



solution are distinguished : The algebraic and geometric solutions.

3.4.1) Algebraic Approach
According to Eq. 3.2 and the frame assignment given in Fig [3.1-b], we wish to solve for

the joint space vector @iT =[0, 0, 6,1 given a cartesian numeric coordinate of a given

fingertip posture.

If we equate the 0A3 matrix with the numeric matrix we shall end up with:

Ry Ry Ry Ky, n, o a P
9121 9‘22 R,y R,, = n,6 o a Py 3.6)
Ry Ry Ry Ay, n, o, a P
0 0 0 1 0 0 0 1
L o S 1
'symbalic

numeric

Equating the individual elements of the two matrices, that gives :

~
!

. =C,ILC,, + L2C'2 +L,]
P, = S/IL,Cy + LC, +L,]

P,/P =8, IC,

0, = TAN'(®P,/ P) (6.7
Also from Pz

P =L,S,, +L,S, 3.8)

Divid by Cos(92) L, S‘?3 + L282

P /C, =
C,
(Pz —L3SZ3 / Cz )= L2 Tan(ez)

Tan(®,)=(P~L,S,,)) / Z,C) 3.9
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However, what is the value of COS(8,) in Eq.39 ?
From P =LC,0,+CLC, + C.L,
L,Cy =P -LpC -CL)/IC)

L,Cy, = P,/C;)—Lyo, - L]

| (P,—-L,n)
0,=Tan (3.10)
(P,/C, ~Lyo,-L)
0,=Tan""(n,/0)-0, (3.11)

The use of the above kinematics equations requires the use of the orientation and position
vectors. These vectors may not have been provided for or calculated previously, unless

they have been computed numerically. The initial solution is that which corresponds to a

known orientation vectors.

3.4.2) Geometric Approach

A geometric approach for solving the inverse kinematic problem is the method of decom-
posing the spatial geometry of the finger into several plane geometry problems. Joint space
vectors can be solved for using the tools of plane geometry. Fig [3.2-a] shows the geometric
configuration of one finger. Applying rules of geometry for that finger shape gives the fol-
lowing equations describing the joint space vector in terms of the given P,P " P_ fingertip
vector. From Fig[3.2-a]l, and for the triangle OIM :

Tan (91) = Py /Px

-1
0, Tan (Py /P) 3.12)
From Fig[3.2-a], since Pq = P -L,
P = p'+P’ and P’ = P’4P’
r y t z q

6, = Tan™! @,/ Pq)

Having found 9, then 9,=0,-W_
-1,2. 2 2
0,=180° - Cos '(P,~L,~L,) / (-2L,L,)) (3.13)

3-9



L3
I
0, P r
e
)% < r L2 a ° Finger Origin
P B
62 GZ L T

. / M
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W,=C U@, ~P-L) | 2P,L)

Using the geometric model of the finger is a simple and quick approach to obtaining the
joint space vector. One drawback of this method is that : at certain finger posture the
geometric configuration of the finger fails to give a solution. Fig [3.2-b-c] show certain
configurations of the fingertip where the solution is not well defined and hence multiple
solutions may appear. However as Gp gets large enough, the fingertip location P, goes
to a position with respect to 8, and T, angles where the cosine rule used in Eq. 3.13 is not
applicable. To obtain a reasonable solution, the hand controller source code has been
designed in such a way as, to get the inverse kinematic for the finger model using the
geometric approach.  After the joint space vector has been obtained, the orientation vec-
tors are evaluated since they constitute the columns of the well known Jacobian matrix of
a finger J. Generally, both the geometric and algebraic approaches of solutions fail to
give definite solution. Once the finger is in singular configuration, 0, isnull as will be

proved analytically in the coming section.

(3.5) FINGER JACOBIAN Jy
A Jacobian is a matrix of differentials, and in the case of an articulated system, differ-
ential changes in the location of the end of the finger are caused by differential changes in
joint variables. The number of rows in a Jacobian is determined by the number of degrees
of freedom in cartesian space required by the task which is, in turn, determined by the

degrees of mobility of the task.

From a mathematical point of view JACOBIAN is a multi-dimensional form of the deriv-
ative of a function of several variables. Since the Jacobian is a differential form of matrix,
then it is possible to obtain the elements of that matrix using the chain rule as far as the

functions of independent variables.
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For the finger Jacobian J, there are a number of methods which have been developed
for the Jacobian calculation, examples of which are :
(f) Waldron Algorithm, i (&) Renand Algorithm,
(izZ) Orin and Shrader Algorithm, SAMASON et al. [1991].
(iv) Paul’s Algorithm, PAUL [1981].
Since the position of the fingertip is characterized by the relative positioning of a frame fii
linked to the fingertip with respect to a reference frame f,, the velocity of the fingertip is a

vector in the tangent space of the frame space, which is related by the Jacobian matrix Jy

Singularities of the Jacobian . Due to 'the fact the Jacobian is a position dependant, in
some finger configurations the matrix becomes not full of rank. When this occurs the
Jacobian rows and column vectors are linearly dependent, thus do not span the e RE*D
vector space of X. Therefore, there exists at least one direction in which the fingertip

cannot be moved no matter how the joint velocities 0 ; through 0, are chosen.

3.5.1) Computation of the Jacobian
All the methods developed for the computation of the Jacobian share the same common
method of solution and hence only differ from each other where the components of the

matrix are expressed.

Calculation by differentiation :

The Jacobian for fingers can be computed by differentiating its forward kinematic trans-

form given by Eq. 3.2. Differentiation Eq. 3.2:

dx %, @P,/30,) (OP,/38,) (@P,/30,) || 38,
W |= Jg| 8, | =|@P/0,) @P,/30,) @P,/0,) ||, .14
3 ae"J @P,/30) (9P,/38,) (9132,/3(5{,,)J 29,
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This results in the following Jacobian :
-¥S, -C,IL,S, +L?SZ3] -C/L,S,,
do =| YC, 8,ILS,+LS,] -SLS, (3.15)

0 L,C,, +L,C, L,C

323__}

where ¥ = (L,C,, +L,C, +L,)

3.6.2) Jacobian in the Velocity Domain

[A] Derivation of Finger Jacobian Matr‘ix in Terms of D-H Matrices.

In Eq. 3.15 the Jacobian is defined with respect to the reference frame, frame (0) at the
finger root. However, for our purpose it has been assumed that the points of contact are
stationary on the grasped object and another algorithm can be implemented based upon the
kinematic model of tho finger. Such algorithin is based on the method shown by PAUL

[1981]. Since all joints are revolute, the three columns of the matrix are given by :

3 . ,
Ad, = (- nxPy+nny) i (- oxPy+ony Yj (- axPy+any Yk

A’s, = nj 0, ak (3.16)

While using such an algorithm, it is necessary to evaluate the orientation vectors of a par-
ticular finger posture, which are assumed to be known by using the geometric finger model

and the forward transformation matrix.

Paul’s algorithm can be used to calculate the Jacobian of an n degrees of freedom manip-
ulator, where each degree of freedom corresponds to one joint. Thus, each column in the
Jacobian is a vector which describes the differential motion of a joint. A revolute joint has

a differential rotation around the axis of rotation Z axis:
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oP /06, = J, = yn-l P, - n-1 xn_zpy
0P /30, = J, = n-1 yn—l P, n—IOxn-‘IPy

W10, = Jy, = "R -"a"p, 3.17)
3,/90, = J,, = "I

/08, = J. = "-102

35/, = J, = "la

To relate the position of the fingertip of a finger ( defined in Cartesian coordinates ) to the
joint angles of the fingers of a finger, one may make use of the forward solution and obtain
the fingertip matrix 0T3 . PAUL [1981] presented a method that relates differential

changes in joint variables to the differential changes in the tip position and orienation.

CCy -CSp S, ClLCy+L,C,+L,]
0
Ty= | 5,Cy -5, -C, S[LCy+LC,+L,] (3.18)
Sy Cys 0 L,Sy, + L,S,
0 0 0 1 B
Chp S 0 LC,+LC,
1
T,= |8, Cys 0 L,Cyy + LS,
0 0 1 0 (3.19)
0 o 0 1
¢, -S, o LgC,
2
T,= |S, ¢ 0 L, (3.20)
0 0 1 0
0 0 0 1
— —
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Further application of Paul’s algorithm using the relation defined by Eq. 3.17 gives :

First column of J

ox, =¥S,C,C,, -5,C,, ox, = 0
3y, = WIC,S,5,,+5,C,S,;] d,= 0
d2,=-C¥-S v 92, =~ ¥
O, =Sy, 8y, = Cy

Second column of J
0%y = SpallyCpy +LyCy 1 = Cpg [LSy5+L,S,)
9y = Cpy LyCoy + LyCy 1 + SpilLsS,; +L,S, ]

&, =0 8y, =0 oz

Third column of Jy

ax3 =L,C,S, - L3S303 ox, = 0
¥y=L,C°, +L,S, ¥y, =L,
823 =0

ox, =0 &y, =0 6z, =1

Hence Je can be written as :
0 L,S,
Jy = 0 L+ L203
4 0

It

oz

i
[

dx, =L,S,

dy,=L,+L,C,

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)
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Eq. 3.25 has been verified using MATHEMATICA software using the Velocity Cross Prod-
uct method used by FU et al. [1987].

Since each finger has a three degrees of freedom mechanism responsible for producing
translational differentials motion at the fingertip, the Jacobian matrix can be rewritten in

terms of differentials motion of the fingertip.

3.5.3) Jacobian in the Force domain
In the force domain the Jacobian transpose of a finger JT maps Cartesian forces acting at
the fingertip into equivalent joint torques. If the Jacobian is expressed with respect to

frame the finger root, then ith force vector f;ipi

acting at the fingertip may be trans-

formed to the corresponding joints torques as follows :

v

T, =d, f, (3.26)

ipi
where the column vector "Ci has entries corresponding to torques of force depending on the
type of joint and column vector, f;ipi has entries of force relating to the degrees of
freedom chosen. For a six-degree-of-freedom situation, it consists of three forces corre-
sponding to the «x, y, z directions and three torques (or moments) corresponding to
rotations about the x,y, and 2z frames of the hand. Eq. 3.26 is one of the fundamental
equations to be used in force distribution since it is required to map the fingertip forces to
their corresponding torques at the finger. For the finger kinematics driven by Eq. 3.2 , the
joint torques are related to the contact forces through only the upper sub-matrix of the

. T . . 3
Jacobian J, with asize € % B

0 0 v || f
T, =|Ls, LgLC, 0 | |f, (3.27)
0 L, o||f

Eq. 3.27 is based on the use of the Jacobian expressed with respect to the contact coordi-
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nate, a coordinate which might not be allied with an object contact frame. = When the
Jacobian has to be expressed with the contact coordinate, it has to be multiplied by a
rotation matrix that defines the rotation of the fingertip coordinate to those at the contact

point,

(3.6) THE CONFIGURATION SPACE and TIP MAPPING
A taxonomy study conc]u>ded that "the choice of one particular grasp over all others is pri-
marily determined by the characteristic of the task that must be accomplished ", CUTKO-
SKY [1989]. Itis important factor to understand the grasp and motions of the fingers in

the defined task in order to understand the motions of the workpiece.

Manifolds geometry arise naturally as the configuration spaces of mechanical linkages
HUNT et al. [1992]. The central idea is to think of each configuration of a mechanism as
a point in a higher dimensional space. For the cybhand design, because each jointis a
revolute, the configuration space of the finger is identified with the cartesian product of
three circles, C =S8 %8, xS, which is a three tours.  Each finger configuration corre-
sponds to a point on the three tours and is uniquely specified by a triple of angles
representing the forward kinematic relation of each finger. Knowledge of the joint space
angles (6,,0,, 8,), e.g. configuration of the finger linkage, determines a location for the
fingertip I in the ambient three-space which we fully specify by a triple point I = (I p Ly Ly).
From the forward kinematics equation represented by Eq. 8.2, it is clear the triple point

I is a function of the three joint angles namely.
p ¥S, L,S,+L,S,] (3.28)

The region of ambient three-space that the point I can reach is known as the reachable

workspace of the finger.  For the four fingered hand, the contact geometry represents a
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polygon, if the contacts are stationary with respect to the object frame and reachable by
the workspace of the entire hand, then the size of the polygon remains constant during the
manoeuvre of the object as long as the fingers do not slide. Each point of the polygon is

defined by Iiq. 3.28 for a particular grasp geometry.

3.6.1) Jacobian Function

The determinant function :

Numerous dexterity and manipulability indices, such as the condition number of the Jaco-
bian, MASON and SALSIBURY [1985], have been proposed for the analysis and the
design of robotics manipulators. The (ieterminant function of the Jacobian designated by
D, can be used to describe the dexterity of the finger at a given finger configuration. For a

one finger case; the Jacobian was defined in terms of finger x, y, and z components.

—
WS, -C,ILS,,+LS,] -C,LS,
dy = | ¥C, -8,ILS, +LS,) -5,LS,, (3.29)
0 L,Cyy+L,C, L,C,,

Note that the first column of o describes the direction in which the tip moves if only the
proximal joint @, is actuated. Similarly, the second and third columns of o o describe the
respective directions of tip motion when the medial 8, or distal joint 0, are independently
actuated. When the tip map is singular, the tip (instantaneously) loses one or more of these
DOF. Instead of finding the finger singularities using a recursive method as achieved by
BURDICK [1992], the determinant function can be used to describe the status of the finger
at a particular posture. Through appropriate manipulation of the rows and columns of
the Jacobian matrix, Eq. 3.29, as described in Appendix [A3-1], the determinant D is
found to be, AL-GALLAF and WARWICK [1994-d]:

D=-¥L,L,8, (3.30)
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By the inverse function theorem, the tip I is singular once D is zero. There are three
occasions when D =0: (i) when L, or L, are zero which is not considered here, since the
lengths of the links are constant, and are of non-zero values. (ii) When either Ss orV¥ is

zero. (iit) When both condition ({) and condition (i) occur at the same time.

Furthermore ;

(@) S, =0 when the finger is straight or folded back on itself and shown in Fig [3.3-a].

@) ¥ = 0 when the tib T lies on the proximal axis as shown in Fig [3.3-b].

(iii) Special configuration types 1 and types 2 occur simultaneously, Fig [8.3-c]. The col-
umns of the Jacobian J, now span th'e two-dimensional linear space of vectors available
for infinitesimal displacements of I. Furthermore, when the finger linkage is in configu-
ration 3, the tip loses two DOF’s and the columns of dJ all belong to the same dimensional

vector space.  Finally it is clear that for this particular finger design, the finger does not

lose moro than two DOFs.

Due to the physical limitations on the joints motions, the fingertip of the linkage will not
be located within a configuration when ¥ is zero, hence we are left with the possibility of
losing one DOF when the distal joint is of zero value.

The determinant of the Jacobian D can be used to describe the dexterity at a given
configuration. The value of D coincides with the oriented volume of the parallelepiped

defined by the column vectors of the Jacobian Jg -

For each configuration, the magnitude of D relative to the absolute maximum value that it
can take gives a measure of the sensitivity of the finger at that configuration. When it is
large high tip velocities are achievable, but the mechanical advantage of the linkage is
low. When it is small the mechanical advantage of the linkage improves, but achievable

fingertip speeds decrease.
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Singularity is also an important factor in the force domain. It has been mentioned that
when the Jacobian is ill-conditioned, it is difficult to solve. As the Jacobian is an
important matrix for robot hands due to its use in the force domain, singularities also
cause problems for force control. However, the Jacobian transpose is used in the inverse
force transform and not the inverse Jacobian itself as in the inverse velocity transform. In
force domain near singﬁlar position, the applied force in the singular directions can vary
greatly with no effect on the torque. As the finger gets away from singularity, the dex-
terity changes with finger configuration. The motion and force domain qualities change

with the dexterity.

Consider a simple human example of pressing two objects together; the natural position
adopted is to press with the forearms in a straight line and the hands close to the chest. It
would be unusual to press with the hands extended away from the chest; the mechanical

advantagoe is low.

Since the determinant function of a finger Jacobian D= -¥ L,L,S,, isindependent of the
proximal joint angle, it can be projected onto a mesh plot to observe how it changes with
configuration. Inthe mesh plot, each of the medial and distal joints are varied over
their entire range of motion. The two mesh plots are for the same determinant function

seen from two different view points.

3.6.2) Continuous Measure for Kinematic Dexterity

The degree of manipulability, which we shall designate as M , provides information
about the equality of kinematic structure in executing tasks described by the manipulation
variable. If DOM degenerates and becomes less than the DOF, then there exist some
directions in which the fingers cannot move. Hence it is necessary to measure the ma-

nipulability M as the hand undergoes a continous motion.

3-19



Relationship with Condition Number

The condition number of a matrix can be used to evaluate the property of the linear
equations.

As has been mentioned before, the Jacobian becomes a rank defect once it is in singular
configuration. The measure of how close the finger to singularity can be based in ai
number of techniques. Here, for the purpose of analysing the singularity problems asso-
ciated with the finger design, we shall use the condition number of the Jacobian in

addition to the countor plot of this matrix dgy.

Singular Value Decomposition

The singular value decomposition theory of a matrix has received considerable attention
in robotics in general, since this theory may be used in solving the problem of operation
in singular configurations, KIEFFER [1992] and KLEMA and LANB [1980]. The main
drawback of this theory is its high computational complexity when compared with other
schemes such as "Gaussian elimination " or the "Analytical inverse kinematic solution".
Within this section, the information extracted from the SVD of the Jacobian will be used

to invert the hand Jacobian.

With regard to the analysis of the SVD of a finger Jacobian, it has been found that,
the eigenvectors of JeTJe are the right singular vectors of  (matrix V), whereas the
eigenvectors of JQJGT are the left singular vector of J, (matrix U). The eigenvalues of
J@)JBT are equal to the squared singular values of Jo.  This conclusion will be utilized in
this Chapter and Chapter Six since it gives the information for advanced inversion of the
Jaccobian. Appendix [A3-2] gives a symbolic expression for the singular of the finger
Jacobian values obtained using MATHEMATICA Package, WOLFRAM [1988]. Dueto
it’s relation with the condition number, the condition number of Y of the Jacobian denotes

the ratio of the largest and the smallest singular values: namely:

3-20



'Y R —— (3.31)

If the Jacobian matrix has a small condition number, then it is said to be well conditioned,
whereas if the finger Jacobian has a large condition number, then it is said to be ill
conditioned. ~With reference to Appendix [A3-2], the ratio can be expressed as :

\PZ

Y = B P p (3.32)
[L2 +2L3 +2L2L3C3 - x 1/2

where 1=V (L, + 2L+ 2L,L.C, + 2L,L,S,)

Eq. 3.32 simply reveals, the finger condition number <y will approach high value once

the value of 0, is zero.

3.6.3) Results and Analysis

For further analysis of Eq. 3.32, we shall investigate these issues under the assumption
that 6, and 6, are changed from negative to positive values, which is a valid assumption
in any manipulation task .

Fig [3.4] shows the condition number of the Jacobian matrix for changes in the finger joint
space vector of 6, , and 6, both from — 50 to+50. Since Eq.3.30 reveals that the
Jacobian Determinant is a function of 8, and 6, only, then it is obvious from the graph
that the condition number of J, approaches high value indicating that it is ill conditioned

over the period when 0, is of zero value .

The singular value decomposition of the J acobian matrix J can be represented by :

J=UV" (3.33)
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where U and V are two orthogonal matrices, and ¥ is expressed by the singular values
to be known. ThusY is expressed by :

2= diag (o, ..., cy) and ©,2 6,2 06,20 (3.34)
Further analysis using the singular value decomposition of the Jacobian matrix, as given

in Eq. 3.33, reveals that when one singular value drops to the smallest value then the

determinant function is zero, resulting in difficulty in inverting Jg

In order to have a better understanding of how a finger Jacobian approaches singularity,
Fig [3.5] shows the three singular values of one finger Jacobian expressed over a defined

manipulation task ( as shown in Chapter Six ).

In I'ig [3.5-c], o, the third singular value drops to zero over a particular period of time,
as expressed by the analytical expressions given in Appendix [A3-2]. Since a fingertip
frame is to be aligned with the object contact frame, some of the singular values are
exchanged in such a way that the zero singular value becomes o ,0ro,. However, even if
the finger Jacobian is expressed with reference to a particular object surface, this will

still result in singular configuration of Jg asfar as 6, is of zero value.

The singular configuration of the Jacobian matrix is further analysed here using the mesh
plot for the purpose of defining a Robust Inverse of the Jacobian utilised later in Chapter
Six.

Fig [3.6-a] shows the mesh plot of the Jacobian matrix for defined changes in the joint
space vector and Fig [3.6-b] is the determinant function of the hand Jacobian (o
function of all fingers Jacobians ). The mesh plot shows clearly that the determinant

value of the Jacobian drops to zero when the third joint angle is zero. The change in the
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dexterity of a finger is a useful tool for characterising how well the finger performs in a

particular posture. When 0, is # 0, determinant value is mainly dependent in the

combinational values of 0, and 0.

3.6.4) Multiple Jacobian and Associated Determinant
In the previous analysis regarding the singular posture of one finger, it has been shown
that the determinant function of the first finger approaches zero once the distal joint is of
zero value. In Chapter Six, while discussing the dynamic motion of the hand, the
concatenated Jacobian of the four fingers is of great importance for mapping the contact
location motion parameters with the co.rresponding joint space parameter vectors. The
entire hand Jacobian, designated as of,, can be expressed as follows, ZEXIANG et al.
[1989], SCHNEIDER [1992]:

J, =diagldy, dy, Jg, J,1] (3.35)
Furthermore, the inverse of the hand Jacobian plays a crucial role while an object motion
is expressed in cartesian based coordinate. However, due to the singularity problem
associated with one finger, the determinant function of the hand Jacobian , fallsto zero
resulting in an infinite value of o h"l. The corresponding determinant function for the four
fingers in performing the same task used in Fig[3.4] is shown in Fig[3.6-b]. The concept
remains the same, the determinant function goes to zero in the interval of which 0, is
of zero vaiue.

Assumptions Based on the Kinematic Constraints :

At this stage while inverting J, in Eq. 3.35, we are working under the three main
assumptions : (i) The physical lengths of the fingers link are identical, i.e finger lengths
are equal due to identical kinematic structure. (if) The joint space vectors of the four
fingers are also equal, since the four fingers start their motions at the same instant with
the same joint displacements. In particular, 0,=0,, i=1,.,4 where 0., is the angle of

8, for the ith joint.
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@ii) The entire hand Jacobian J, is a block diagonal matrix, thus all the off diagonal

elements are zero .

One Finger Case :

The analysis of the determinate function of one finger has already been discussed in the
previous section, where the mapping from the joint space is projected into the corre-

sponding 3D plot and its corresponding countor, this is shown clearly in Plate [3.1].

Two Fingers Case :

The concatenated hand Jacobian for tw;) fingers J, =diag[J, J,], where the determinant
function of J, in this case hasbeen computed using MATHEMATICA software and is
equalto D = L22L32 ¥’ S32. This determinant function results in a 3D plot shown in
Plate [3.2], where the still zero value of 8, (distal joint) results in singularity. Fur-
thermore, the number of singular values has doubled to six , thus increasing the

complexity of the problem if the links are not identical .

Three Fingers Case :

When the hand Jacobian is expressed in terms of the three fingers, the determinant
function has been found tobe D= — L23L33 ¥ 833. This results in the increase in the
dimensionality of the singular values of J , inaddition to the 3D plot shown in Plate [3.3].
This Plate shows that the determinant function still goes to zero once the distal joint is of

zero value.

Four Fingers Case :

The addition of the fourth finger Jacobian to the three fingers will result in the determinant
function being D= L24L34 p! 834. Here we arrive at the case being analysed, where

the hand Jacobian ¢ , 18 expressed in terms of the four fingers. The addition of the fourth
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finger still produces a zero determinant function when the distal Jjoints are of zero values
as shown in Plate [3.4]. However, determinant function is close to zero ( but not zero)
over a wide spread of changes in 0, and 0,. This effect can be seen in Fig [3.6-b], which
shows the determinant function of the entire hand for changes in 8, and 6,. The result
of Fig[3.6-b] indicates that the inversion of the hand Jacobian dJ, will be singular once
0

; is zero and the matrix is close to singularity over a widerange of changes in 0, and

0,

Singularity in the Multiple Contact System :

Basically we are interested in invertir;g J,, meanwhile, the determinant of , has
shown that : determinant function goes to zero over a wide range due to the concatenating
of the four fingers. One approach of inverting o , even at singular position is to employ
the Robust Singularity Inverse (RSI) with variable scaling factor (this is explained fur-
ther in Chapter Six and Appendix [A-1]).  The variable scaling factor used by NAKAU-
MARA is the dexterity measure of the manipulator which is a function of the six
conventioﬁal joint positions. The dexterity measure in our sense is the dexterity measure

of one finger.

The dexterity measure of the entire hand Jacobian , cannot be used as a variable scaling
factor in the RSI due to the complexity of this measure if the three assumptions are
invalid, since it will be expressed in terms of the individual fingers Jacobian (although
it has been simplified in our case by the assumptions stated earlier ). The other reason for
not employing the dexterity measure of the entire hand is the not smoothness of the
function D = L24L34 p? 834 . If the dexterity measure of one finger , Plate [3.1], is
compared with the dexterity measure of the four fingers hand Jacobian , Plate [3.4], we
observe that the changes in Plate [8.1] are smooth as 6, and 0, are changed, as

compared with that in Plate [3.4] because of the appearance of S34 in the function.
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Furthermore, it has been shown by MATHEMATICA software that the dexterity measure
of the various four fingers are still the same as the function of the L, L, ¥, and S,.
This result suggests that if the dexterity measure to be used as the scaling factor in the
RSI then one finger dexterity measure is enough for scaling the RSI of the entire hand
Jacobian o ,» Drovided that the three stated assumptions are satisfied in this design. If
the three assumptions are not satisfied, then the dexterity measure of one finger will be
different from the other due to the change in the values of joint space vectors. In this
analysis, the nature of the hand Jacobian, which is block diagonal, has made the
problem much simpler, since inverting a block diagonal matrix consisting of sub-matrices

is like inverting the individual matrices and concatenating them later after inversion as

developed by OGATA, OGATA [1987].

(3.7) OBJECT-HAND KINEMATICS

3.7.1) Associated Frames.

What has been discussed about coordinate frames in sections (3.3) and (3.4) concen-
trated on the kinematic relations of the fingers as multi-degrees of freedom bodies. The
analysis of this sub-section will be concerned with relative motions between a grasped ob-
ject and one or more fingers in contact with an object. Such contact kinematic relations
will be utilised later in Chapter Five while formulating the force control on an object.
Each finger makes contact with the workpiece at its tip only. The four grasp points
become four points attached to the grasped object. During manipulation these four points
must remain at the vertices of an invariant polygon which is inscribed in the work piece

itself.

With reference to Fig [3.7-al, let O(x,y 2 be a coordinate frame system that is immovable

with respect to the palm of the hand. Also let X be a coordinate frame system
%y,

z)

implant in the object used for manipulation.
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We also attach a coordinate frame P @ un ab the centre of the pressure distribution at
each contact. As the object moves each P(L, M &b each contact point frame moves with
its associated contact and is arranged so that L a\nd M lie in the local tangent plane and N
is normal to the object surface. The instantaneous position of each contact with respect to
the X XY, 2 object frame is given by pT =[r, r, ry] expressed in the object frame, as
shown in Fig [3.1-a].  Furthermore, let a fixed frame be attached away from the hand
palm and fixed at a world location. This frame is designated as W

(xy2)

In Fig [3.7-b], the contact coordinate at the ith fingertip velocity point P(L MW by itself

-

has a given orientation with respect to the object frame Z(X, Y. 2) frame given by (%,

@ Yy) Tepresenting successive rotations about the LMN axis in standard notation.

In terms of the object motion it is necessary to relate its motion parameters to the motion
parameters of the hand servo system. Later, in Chapter Six, while discussing manip-
ulation and dynamic forces for an object motion, relation between the object motion and
the corresponding joint space vectors will be further elaborated based on these kinematic

relations. For any two of these four coordinate frames, say ZZ, O, where are

Z’ o

subscripts to describe the frames, we denote the position vector Dy and an orientation

matrix Ao):' The translational and rotational velocity of Z): relative to O are expressed

as .
T
Vg, = A5, Dy,
1, ,7 °
and Wy, = S (A}?pA):o) (3.6)

where S is a scew-matrix operation in a vector and the vector [1)):0, m):p]T ise R° is the
generalized velocity of frame Z): to frame O,. Ina similar way, the three frames, contact,
object and palm frames system p, Y, and O respectively, are related to each other by

translational and rotational velocities and are given by:
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T
o =A _m +_“’p); (3.37)

Using this relation and considering the fact that the frame coordinate at the point of contact
is fixed in orientation to the frame at the centre of mass Z):’ the velocity of the point of

contact can be given relative to the object frame relative to a fixed coordinate at the hand

O, palm by : B
r‘—’po- _Asz - Asz S@Ps) | | g
- o (3.38)
@, 0 ATp): Oy
o, |
- T, (3.39)
T

In other words, the velocity of the grasped or manipulated object represented by a body
frame 0 alocal frame within the object at the point of contact P and a palm frame

is related to the constant transformation matrix sz which by itself is a function of the
object geometry and the location of the object within the hand palm coordinate frame.
These kinematic relations are of significant value while expressing the motion of the fin-

gertips with respect to the hand palm.
In a similar way, dual to the generalized velocity of the grasped object is the general-

ized force ( or wrench ) exerted to the object.  Relative to the object coordinate frame

2y, ageneralized force can be written as :
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F, = (3.40)

where N is a eR® the torque about the origin of ¥ and F a e%R® is a linear

(xy,2) ?

force. A wrench can also be expressed relative to the local frame P @ M.NY and the relation

between F ,; ab contact and F, at the object frame is given by:

I ] — ] r ]
Fo Ap}: 0 Fai
= (8.41)
NO_ S(PPZ)ApZ ApZ_ _Ngi_
F .
ol
= sz (3.42)
Noi

This relation explains the fact that a fingertip will apply a general six dimensional force
vector to the object. However, the type of contact then determines the transmitted forces
to the object surface. Since the chosen type of contact in this research does not transmit
associated torques, i.e. N, in Eq. 3.41is zero, the object resultant force F, willbe a
function of F , ApZ’ and S(PpZ)ApZ only. Put in another form Fb will be a function
of the first three columns of the Tp): matrix using the twist space rather than the wrench

space of the object.
The same result will be shown in Chapter Five while deriving the grip transform matrix.

In particular the first three columns of the Tp}: matrix constitute the associated three

columns of the grip transform as far as the contact does not transmit torques to the object
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through the contact ( i.e. frictional point contact ).

3.7.2) Forces and Contact kinematics
In general a fingertip (of any fingertip shape of contact, e.g. frictional flat ) in contact
with an object applies a six-dimensional vector of forces and moments, KUMAR [1993].

Thus :

fo=1f, f

4 m

f,

W omy omy, m ] (3.43)
at contact. According to the geometrical design of the fingertip given in Chapter Two (
rounded fingertip ), some of the mom;;nts about the L and M components are zero since
the fingertip is free to rotate about these axes. At the point of contact the contact typé
which exists determines the forces which are transmitted to the object. For a point contact,
it is assumed that the fingertip is free to rotate in all directions about the contact points, so
that forces are transmitted only through the contact. Grasping is an operation in which

each finger of the robot hand contacts an object so, by a given force, the object loses its

freedom.

In general, an object ( solid body ) has six degrees of freedom in a three-dimensional space.
However, if one finger of the robot hand contacts the object at one point ( a point contact
with friction ) and if this point is assumed to be fixed, then the object has lost three degrees
of freedom. Three rotational degrees of freedom still remain for the object. With the finger
in a general configuration and with all the joints free, the workpiece has six DOF. Locking
one of the joints reduces the freedom of the connection to five. Locking two revolute joints
in a finger leaves the workpiece with four freedom. With all three actuators locked, the

workpiece is free in spherical rotation about T,

We define a contact selection matrix Hc , as that which selects those elements of a general
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six-element force/moment vector that are transmitted through the contact. The equivalent

force and moment in the B xy2) frame resulting from the ith contact force, Fpi, iskF, = PTb

1,

T . 6x6 . . . .
i where P , 18 defined as e R ]cartesuan transformation matrix that relates linear

velocities at two separate points, B and P on the same rigid body and expresses them and
the angular velocity of the body in frames with different orientations.
Considering the fact that the H_ matrix at point of contact will filter out some of the trans-

mitted forces, then the f;) equation given in Eq. 3.43 can be expressed as follows for a

point contact with friction:

fT

L, =1Lf, £, £,0 0 0] (8.44)

In order to perform the force control on an object, it is essential to relate the contact forces
acting at the object surface, Eq.3.44, to the joint torque as expressed by Eq. 3.26.

However, that equation expresses the forces expressed with respect to the tip force as far
as the Jacobian is expressed with reference to the finger base frame. In order to apply the
force optimization algorithm, it is essential to relate the Jacobian to the contact coordinate
which by itself is oriented to the object centred frame. A further rotation at the contact
point is required by pre-multiplying the Jacobian by a rotation matrix that transforms the

fingertip coordinate frame to the contact coordinate frame.

(3.8) EFFECT of FOUR CONTACTS

Previous research on an object restrained by the effect of three fingertips contact has been
discussed by Salisbury, MASON and SALISBURY [1985], where it has been shown that
a three finger grasp will produce a stable grasp as long as the grip transform is a full rank

matrix. Since a grasp stability depends on the configuration of the contacts around the

3-31



object in addition to the forces transmitted through the contact to the object, the effect of a
fourth fingertip contact on an object can be viewed from the extra terms columns added to
the grip transform. If the quality measure is applied to a three and four fingered hands
under a point contact with friction contact, the effect of the extra frictional forces acting

at the four point of contact can be further examined using the SVD.

It is not a trivial mathematical task to decompose the grip transform of a four fingered
hand into the three UXD matrices in a symbolic form using a symbolic singular value
decomposition. ~Meanwhile, two, three, and four finger numerical grasps will be
examined based on the use of largest s‘ingular value of a particular grasp configuration

&G), thus:

G,2G, > G, if 8G)> 8G, > &G, (3.45)

For a given grasp configuration in a defined object, certain points of contact are changed

over the object surface while the object coordinate remains fixed.

Fig [3.8] shows the grasp quality measure , smallest singular values of GGT, for a two,
three, and four fingers grasp. For this particular grasp configuration, a two fingered
grasp has shown the worst case of quality measure. The three fingered hand has raised

the quality of grasp to a better level of quality measure.
The effect of a four fingered hand gives higher measure of quality. Although perturba-
tion in the grasp configuration is small, the four fingered grasp has preserved the highest

singular value among the two and three contact grasp.

The effect of a four fingered grasp can be seen from motion or force domains. From force
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domain point of view, the object stability will be physically enhanced because of the extra
wrenches added to the object by the four contacts and hence extra distribution of forces
around the object itself. These extra forces can be seen from the extra columns being

added to the grip transform. However, from control point of view, the four fingers system

adds complexity to the system because of the amount of coordination required.

Summary
Chapter three has presented the concept of finger, hand, object kinematics. To deal with
the complicated structure of multifingered hand structure, frames were affixed to the
different parts of the mechanism. Tl’;e chapter started with the concept of homogeneous
transformation which plays an important role in the kinematic characterisation of robots
and articulated mechanisms. Based on the homogeneous transformation and the Denavit-

R [4x4]

Hartenberg parameters a special € matrix expression of the relationship between

two adjacent links was introduced for one finger structure.

Also dealt with in this chapter is the concept of inverse kinematics and the employment of
two methods of solutions: the algebraic approach and the geometric approach both of

which are characterized by a number of issues concerning the existence of solutions.

This chapter has looked at aspects of finger differential motion and the use of finger
Jacobian.  Since the Jacobian matrix of the whole hand plays an important role in the
manipulation of an object (as will be seen in chapter six), two solutions have been ad-
dressed: the vectorial rotation method and the Pauls’s algorithm method. The chapter
then moved to the concept of finger determinant function and its use to derive the ma-
nipulability measure of one finger. This measure is of important use when discussing the

use of robust singularity inverse of the whole hand Jacobian .
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The aspect of having a four contact in an object has been examined and its effect of an

increased grasp quality of measure over a two and three contact grasp shown.
Finally the chapter has looked at the quality measure of a four fingered grasp and conclud-

ed that, a four fingered grasp increases the stability of grasping due to the extra forces

applied to an object.’
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CHAPTER FOUR

CYBHAND POSITION
AND FORCE CONTROL.
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(4.1) INTRODUCTION

Most computer controlled systems used in robotics have distributed processors which are
dedicated to specific tasks. For a six degrees of freedom arm six processors are usually
dedicated for the production of digitally controlled motion, hence parallel motion of all the
DOF is achieved. All of these DOF are then managed by a single master processor, DAN-
IEL et al. [1988]. Multi-processors are special distributed processors which may be
utilized to share the computational load for the same task, for providing redundancy in
computation or for sharing the multi-axis controllability load in a system. For multifin-
gered robot hands, a few dedicated hardware structures have been used in practice
examples of which are found in VENKATAVAMAN ef al, [1987], NARASIMHAN ef al.
[1989] and KRIGMAN et al. [1985].

For the CYBHAND multifingered robot hand, due to the large number of actuators to be
managed by the supervisory software controller, the design adopted here comprises of up
to 12 motion processors for the purpose of tendon displacement control. Furthermore,
each distal joint in the system is also digitally force controlled. The control aspect of
the joints has been divided into two main areas of investigation: the first ( described
within this chapter ) is concerned with treating them as if they were independent joints

where other link motions are not affecting.

The overall hardware level for position and force control with their associated interfacing
circuitry and management software will be the main concepts presented in this chapter.
Specific items of CYBHAND kinematics already presented in Chapter Three will be incor-
porated at this stage for producing a desired motion with respect to a specified cartesian
coordinate frame. Due to the large number of actuators and the need to have a user
friendly software interface, supervisory software has been implemented for the purpose

of hand programming and coordinating the various units in the hand hardware.



Smooth fingertip cartesian motion is an essential capability for robots in general , therefore
for achieving an n path cartesian point fingertip motion, the motion is required to be such
that the fingertip passes near to defined "via points " without stopping.

Further discussed in this chapter is the cartesian motion of the overall hand which can be
produced by the implementation of the cartesian motion of the individual finger at the task
planning level. The aspect of higher level commands and coordination are to be presented

since they formulate the basis for any coordination task definition.

In addition, this chapter discusses thé hardware configuration which incorporates the
controllers in addition to the sensory feedback elements for both position and force. Force
sensing, presented in Chapter Two, is used to obtain a signal in proportional to the
amount of pressure a fingertip applies to an environment. Such signal is utilized in this

chapter for closing the force loop and achieving a digitally controlled force joint,

This chapter has been divided into two main sections. Section (4.2) presents the concept of
controlling the hand joints with the associated required hardware.  Section (4.3) con-
centrates on aspects of the force controller with the associated physical parameters used

to describe the behaviour of the system.

4.2) HAND HARDWARE DESCRIPTION.
4.2.1) PCAMS-CYBHAND Hardware Interfacing
In general, computer architecture for the few designed articulated hands to be operated
under computer control has received little attention. For the CYBHAND mechanical
hand design presented in Chapter Two, ahardware design has been implemented so that
concurrent motion of the joints in the hand is possible. The approach taken here is to

divide the hardware into four main block controllers, where each individual block has been
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dedicated for the control of the three joints of one finger, as shown in Fig [4.1]. The
controller hardware configuration is based on the use of the National Semiconductor prod-
uct, the LM628 motion processors. Twelve motion processors have been employed for the

overall hand control where a single processor was dedicated to an individual DOF in the

hand.

Overall supervisory software for the CYBHAND is achieved on an Amstrad/386 machine
(which we shall designate as PCAMS) communicating with four main control blocks via 18
(each of 8-bit) hardware ports; An optional serial interface between the hand controller
and a SUN/3.0 Unix system has also been employed for the purpose of enhancing the co-
ordination between the CYBHAND and a PUMA 560 ARM controller. From the

software viewpoint the control of the hand takes place at different computational levels.

The hierarchical naturo of the system leads inherently to a bottom-up supervisory software
design. One level of concurrency exists within the hand hardware controller. At this
low level, the LM628 processors control programs are concurrently controlling the joints
motions to achieve the desired cartesian motion of the fingertip. The full schematic/wiring

design system of one finger contoller is discussed in AL-GALLAF [1994-c].

4.2.2) One Joint Controller Structure

The complete loop for one joint controller consists of one motion processor, LM 628, 8 bit
D/A converter, power amplifier, in addition to the digital optical encoder mounted in the
actuator driving box. For the purpose of describing the complete closed loop system, the
following section concentrates on the structure of one joint controller exploited for the

finger control.
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4.2.3) Digital Control of a Single Axis

In Chapter Six we shall discuss the implementation of an object manipulation which re-
quires the position and force control of associated joints in the motion. However, such
control considers the coupling effects among thz; links which is usually described as dy-

namic model of the hand.

The implementation of one joint control can be simplified. That is because the control
input for ith joint depends only on locally measured variables, not on the variables of the
other joints. Moreover, the computations are easy and do not involve solving the compli-
cated derived nonlinear hand inverse dimamics, as given in Appendix [A5]. Contrary to
this, from the manipulation and exertion of forces points of view, independent force joint

control has to be added for defining the grasping forces during the object motion.
The PID control action in analog controllers is given by, KVIKELS and FASSAMS [1984] :
u(®) =k e+ WT) [ et)de +T, (de®Vdt) ] 4.1)

where e(t) is the input to the controller, u(t) is the output of the controller. From OGATA

[1988], the digitized form of Eq. 4.1 is expressed by :
-1 -1
u) = [kp+ kip (-2 )+ k (12 IE®) (4.2)
where kp =k proportional gain
kip =kT/T, integral gain

k, =kT /T derivative gain

For the CYBHAND, the numerical values of the actuator parameters are obtained from



the data sheets in addition to experimental verification. The parametric data for the

motor unit and the gearing box are listed in Table [A4-1] in Appendix [A4].

From the block diagram shown in Fig[4.2], a simplified dynamical model of the ith joint

with the electric actuator may be written as, VENKATARAMAN and DJAFERIS [1987]:

5 . .
(Ja+Jm+niJL)9i +(Ba+Bm+ kbki)ei k

R Rv

. i=1,2,3 (4.3)

where J, is the actuator motor inertia, B the rotor damping constant, ki is the torque
constant, £k, is the generated back-emf constant, R is the armature resistance, and n

is the gear ratio for ith joint seen from actuator side (n =/1440) .

The d.c actuator shaft is mechanically connected to an actuator-gear-load assembly of n

gear reduction. The relationship among the mechanical components is described by La-

place transform as follows, LUH [1983]:

1,8) = [J,,5° + B, 51 6(s) VY

where o, and B, are now the effective inertia and the effective damping coefficients of the

actuators shafts including the inertia of the joint.

Closing the loop :
A joint controller in the hand closes the loop inside the motion processor. The trajectory
position for the control loop is calculated by the trajectory planning in the chip itself, and

is given to the controller in terms of the number of pulses received by the chip. Hence
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a conversion has to be done from rad to number of pulses, which is given as :

con= (8000 _/2r).

In accordance to the block diagram shown in I'ig [4.2], the transfer function between the

input and output points 0 () and 0 (s)is:

9m(S) nk@ﬁ PID ki RJT
= p 4.5)
0,(s) s + (RBy+kk,)s + nkgly, k,
R, RJ,

Eq. 4.5 is an nth order system (depending in the structure of the controller itself ) which
should be theoretically always stable as far the location of the poles in the s plan. When
kp, consists only of the proportional term and by the application of control theory
analysis for a second order system, Eq.4.5, shows that the system is stable and the poles

are located in the left hand side of the s plane.

The investigations have been supported by the employment of CAD departmental inter-
active control packages (CYCLOID), with facilities provided to aid the design including
Nyquist diagram, Modulus frequency response and Step response, ALLEN and MITCH-
ELL [1986]. The two evaluated roots are : (s,= —28.3) and (s, =—5.15) as far the

proportional gain is kept equal to 100.

In this analysis, the obtained closed loop transfer function, Eq. 4.5, is useful only when
the controller is designed using analog design techniques. However, the finger joints are
being controlled digitally rather than in analog way. Hence, what will be presented at
this stage is a brief discussion in how the joint controller behaves as a function of the

controller parameters.



In the Z domain, the sampling process plays an important role in determining the system
stability. Modelling the D/A converter as (1 — e e Ys, hence the corresponding Z

transform of the D/A and actuator system can be expressed togather as :

em(z) zz *
= 4.6)
Oo(z) (z-0.95) (z— 0.9

From Eq. 4.6 it can be observed that : the system transfer function is having two poles
with their magnitudes are within the unit circle of stability. Eq. 4.6 has shown that the
resulting poles of the new discrete form of the transfer function and they are related to the
sampling rate T of the processors. Poor sampling rate does drive the poles to be out of the

-

unit circle, thus instability occurs.

In addition, the poles of Eq. 4.6 are as well function of the variable factor in the system,
the scaler value of the proportional gain kp. The inclusion of the other PID controller

parameters results in added poles and zero to the transfer function itself.

Adjusted Gains Full PID :

In Fig [4.3-a] the employment of low controller parameters has shown to produce a joint
performance which is not desirable due to the amount of friction and stiction that have to
be overcome. The use of adjusted parameters control law have the effect of making the

response behaviour better.

The effect of the adjusted full PID control action can be seen in Fig [4.3-b]. From the
shown step response it is clear that : the choice of low proportional gain in addition to the
integral and derivative has the effect of decreasing the corresponding rise time as compared
with the result for a purely high proportional gain. Furthermore, the addition of an

integral term in the controller overcomes the frictional effect at interval of time when the
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integral controller builds up. Thus we find a better control combination that has a much
smoother response. Keeping the controller parameters of high values drives the system to

the instability margins as shown in Fig [4.3-c].

4.2.3) N Configuration Hand Motion

The direct implementation of a defined manipulation task requires the hand to move from
one configuration to an n configuration in the three dimensional working space. A defined
n stage manipulation task with each joint in the hand to move at various defined velocities

and acceleration necessitates the use of a higher dimension data structure.

-

A motion of the object is produced by the motion of the fingertips at the points of contact,
consequently points of contact motions are generated by the specification of n direction of
motion.  For an object to be moved within the work-space of the hand the principle axes of
motions have to be defined in addition to the cartesian fingertip paths. If the fingertips
paths are specified as H, K, L, U, for the four fingers, then for four segments path the

cartesian points given to the hand controller software are:

Config 1 2 3 4
First finger H=[H, H, H, H,]
Second finger K= [K, K, K, K,]
Third finger L=1L, L, L, L,]
Fourth finger U=1[1U, U, U, U,] 4.7

. 6
where each finger segment vector consists of an array e® (6x1)

representing a finger joints
positions and velocities. In accordance to the specified path coordinates the hand controller
creates a [4x4] array of records. At the final stage of the records creation, the hand

controller holds four by four of records containing cartesian motion information of four
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segment paths for each finger in the hand which will be ready to be loaded in the four

hardware block controllers.
(4.4) JOINT FORCE CONTROL

Employment of Force Sensor for Force Feedback :

In the last section we have concentrated on the control of the fingers free motion, which
is mainly utilised for the fingertip positioning action using the records of the associated data
structure. Within this section the concept of a digitally force controlled joint will be
implemented for the purpose of contro]iing an overall object resultant, force. The hardware

structure concerning one force controller is given in AL-GALLAF [1994-c].

Since the concept of controlling a force in a joint is mainly utilised when the hand is in
contact with an objoct, the hand task planning level also involves the option of fingertip
force control. The force sensor mechanical structure used at this stage has been fully
described in Appendix [A2], hence it will be used in this section for closing the force

feedback loop.

The implementation of force control requires the continuous reading of the sensor output
with the progressin time. Fig[4.4] shows a joint torque sensor enclosed in a closed loop
system ( which has been incorporated with the position controller in Fig [4.2] ) where the

feedback signal is based on strain instead of torque.

The strain gauges sensed signals are buffered through an independent linear amplifier
which are interfaced directly to the PCAMS machine through A/D channels. A counter
interrupts the controller software at a fixed rate, hence a digitized sensor output is read,

new control signal based on proportional control is computed and applied to the actuator
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through a D/A converter. The actual sampling frequency produced by the counter and
used for the digital controller implementation is 500 Hz.

In this research the moment of inertia of the finger link element is negligible in comparison
with the motor shaft inertia after gearing, whi;:h is a valid assumption for robotic hands
due to the light weight of the finger links with respect to the produced actuator torque
KANEKO et al. [1992]. Adistal jointis driven by the d.c servo motor with a gear system,

and a tension differential type torque sensor is mounted to measure the joint torque.

While discussing the physical implementation of a force control of a joint, the mechanism
of transmission at the joint plays an important role in the performance of the servo system
itself. The problem of closing a joint force control feedback loop is the non-ideal transmis-
sion and drive system, i.e. presence of stiction, cogging, coulombic friction, together with

higher order resonance modes in the system, ELOSEGUI et al. [1990].

The tension sensor signal is feedback to the torque servo mechanism system ( after filter-
ing ) through an A/D converter in such a way that the signal feedback gain can be changed
by software as well in hardware. The tendon diameter of 0.8 mm ( with a measured stiff-
ness of 100 000 N/m ) maintains linear stiffness up to 2.5N tension which is sufficient

for the hand setup.

To analyse the experimental results which will be shown in the next sub-section, we first
formulate an ideal torque response, where ideal means that the finger joint and actuator
are connected through a straight line tendon. In case of high reduction gear, this enables
us to neglect the feedback torque from the gear output shaft to the motor rotor. Conven-
tional robotics fingers have a tendon-sheath driving system, tendon-sheath lengths seem
to be designed in the range of 300-1000 mm to avoid the nonlinear effects resulting from

friction and compliance.
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Furthermore, using a longer tendon also amplifies the nonlinearity of the transmission. A
tension change at the end of the tendon is transmitted to the end through deformation and
movement along the length of the tendon, and thus a larger tendon tension will make it

~

more difficult to transmit a change of tendon tension.

Given two tendon tension T, and T, when the actuator is' starting to rotate in a given
direction to increase or decrease a joint tdrque, the two tendon tensions around the joint
pulley will not change until the actuator rotates by a certain angle. 'This is the effective
backlash angle and the hysteresis of the sensor which to be considered.

4.3.1) Performance of Joint Force Control.

An important factor of consideration in multifingered hands force control is the equivalent
rotational stiffness ks@’ since it relates the change in joint torque with changes in joint
displacement A0 and has to be computed for a rotational system. In particular, the

equivalent rotational stiffness kg, is derived in Appendix [A4-1] for the torque sensor :

ko = Dglcosa - sin(a) sin(B) tan(a+B)Ik, (4.8)
where 1
D, =
(8 sin (B) sin(o+p)) 4.9

and %, isthe beam stiffness.

For that particular sensor design k., has been found to be = 102.3 Nm/rad for a beam
stiffness & of 2352 N/m. Based on the assumption that the link inertia is ignored with
respect to the actuator, an ideal actuator characteristic is conventionally governed by Eq.

4.10, where T, is the actuator input torque expressed at the output shaft of the gear box

I8 +B,0 =1 (4.10)
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For the implementation of a proportional control system , then the following law is
considered :

T, = kp( 'C‘r-— ‘tf) (4.11)

where kp is the controller gain, 1, desired behaviour, and T is the finger joint torque.

Eq. 4.11 represents the ideal mechanism of controlling a joint torque.

In examining the real physical construction of the sensor, the transmission system of a
joint, and the compliance of the object to be grasped, add complexity to the force control

system which have to be considered.' There is variation in the dynamics of the finger
due to its configuration dependence, however such changes are masked by the actuator

dynamics.

The grasped object physical characteristics of compliance plays an important role in the
response of the force controller. There exists the following relationship between T 2 and

0, the angular displacement of the driving pulley which is given by :

Tp= k.o A8 (4.12)
where kg is a compound rotational stiffness of the mechanical system which can be ex-
pressed in terms of the sensor equivalent rotational stiffness k. the equivalent of the
environment kg, ( whether the grasped object is rigid or compliant ), and finally in terms

of the stiffness of the tendon kte'

The compound rotational stiffness k g is a dependent factor on ke ko and kg and it is

expressed by :
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1 1 1 1

_ = — % + (4.13)
kc@ ks@) kte ke@
From Eq. 4.11 and Eq. 4.12, the relation between T and T can be expressed as:
T k k
- _®" 4.14)
T Jasz +B s+ kcekp

Eq. 4.14 shows that the torque response of the closed loop system is controllable by %,
and kp factors. However the behaviour of the torque servo system does not remain uniform

even for constant gains kp, because £, involves varying quantities like k., and k o

For instance &, increases from a very stiff environment while it decreases for a compliant
object surface. Furthermore, kt@, the tendon stiffness might change if a greater stretch-
ing force is applied to its ends. From the above issues, the behaviour is expected to have
non uniform characteristics. However, the behaviour could be further simplified by taking
into account the fact that the CYBHAND has been categorized to be grasping a rigid object,
hence £, is having a very high value. k., is quite a high quantity for the routed tendon
due to the short length of the tendon and the use of high stiffness tendon characteristics

(100 000 N/m).

The equivalent rotational stiffness, k., ishaving a smaller numerical value with respect
to the other stiffness parameters in Eq. 4.13, and hence it dominates the behaviour of the
force controller.  Furthermore, the equivalent rotational stiffness, ko by itself is a

function of the physical construction of the sensor and the its location in the finger.

Having considered such assumption, Eq. 4.13 is totally dominated by the equivalent
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rotational stiffness, k., which is by the sensor physical parameters.

In analysing the force feedback control system shown in Fig [4.4], the Laplace transform

of the transfer function has been obtained where it can be expressed as :

nk x.k k.
c®@L pi
F(s) RJ,
— = (4.15)
F(s) o+ BBpwk)s + nkgkokhk (RT)
RJ,

where «x; is the conversion ratio from force to volt as was given in Chapter Two.
Once again, analysing the Eq. 4.15 from the s domain shows that, the force closed loop
is having two poles located at §;,=—16.7+j4.0 and s,= —16.7—;4.0 at a value of

2

proportional gain equal to kp =1.2.

For improving the response time of the system, by employing a control design software,
the gain has been moved to 1.65 resulting in a damping ratio of 0.966 instead of 0.72,
thus increasing the response rise time. ~Furthermore, using the same concept of con-
verting the s domain transfer function to the Z domain and including the effect of
k o, » the system has stable characteristics where the three poles of the discrete time
transfer function have been found located within the unit circle. The two poles are

found as : z,=0.85 and 2z, = 0.98 while the sampling frequency was taken as 500 Hz.

Result and Analysis :
For experimental testing of the force closed loop system, the fingertip is to apply an
amount of force to a solid surface of an object, where the sensor output are loaded to

graphics software for observing the real time response.
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The controller software provides proportional gain only, hence the responses are achieved

for changes in the forward gain.

Due to the dependence of the response on the controller gain, three different controller
gains have been used. The first when kp = 2 unit, resulting in a faster response as
shown in Fig [4.5-a]. The response was noisy due to the fact, the force sensor was detect-
ing the vibration in the beam itself due to the tendon sliding.  After a one sec. time, the
commanded force was dropped to zero resulting in zero force applied to the object surface.
This response decreases as the value of this gain is reduced to kp = 1.5, as shown in Fig
[4.5-b]. In reducing the forward gain, the rising time of the controller to reach the desired

applied force decrease, and the effect of friction can be seen at the start of the response.

Finally, Fig [4.5-c] shows the corresponding response when the force controller was com-
manded to a changing force. The amount of force applied by the fingertip on the surface is
then made controllable by changing the fingertip force to the corresponding joint acting

torque, hence to voltage.

In studying the force control on an object, each fingertip is required to apply the appro-
priate amount of force to the object in such away the object is not damaged. The selection
of these forces depends on the physical weight of the object and the characteristics of the

achieved task, hence force distribution problem will be discussed in Chapter Five.
SUMMARY
The Software coordination of a twelve degrees of freedom articulated system is not an

obvious task to be implemented for the control of object motion. This chapter has focused

on a developed software for supervising and controlling the designed hand. The software
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links high level hand commands to the low-level motion processor instructions.

An n cartesian motion of the hand would involve the motion of the kinematically modelled

hand.

The Chapter has combined results obtained from Chapter Two concerning the force sensor

based on tension measurements to close a force control loop that enables the hand to apply

fingertip forces to grasp an object.

While discussing the physical implementation of a force closed loop in robot hand, the
mechanisum of the drive plays an impotant role in the performnce of the system. The force
closed loop system has been shown to be critical to the enviroment where the robot hand is

acting. Proportional controller has been achieved to overcome the friction present at the

driving actuators in addition to the friction due to the tendon routing.
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CHAPTER FIVE

OPTIMIZATION of STATIC GRASPING
FINGERTIPS FORCE FUNCTION
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(5.1) INTRODUCTION.

In Chapter Four the free motion of the fingers using the kinematic modelling of the entire
hand was considered. However, not much emphasis was given to the aspects of the
interaction between the fingertips and a grasped object. In this chapter the aspects of
forces interaction between the fingertip and the object will be discussed, based on how

these forces are selected in an optimal manner to satisfy certain objectives.

To determine if a particular grasp on a body imposes sufficient constraint to immobilize it
completely, we must go beyond the simPle freedom counting of Grubler’s equation. Since
each contact between a grasped object and a finger reduces the object’s freedom, the
associated forces to be applied are of significance in producing stable force closure grasps.
The concept of grasping and the associated theory based on the force optimization will be

clearly defined in this chapter.

When a multifingered hand grasps an object, each finger applies a normal force associated
with a tangential force. A full restraint of an object then means that the overall system of
contact forces is applied in definite directions so that the object is constrained. The pur-
pose of this chapter is to discuss the grasping theory in a simple form. Concepts will be
used to introduce the optimal grasping theory based on the internal forces optimization,

and the employment of nonlinear constraints optimization technique.

The theory behind the optimization and how the problem is formulated will also be dis-
cussed within this Chapter. If the optimized variables, which are the contact forces in our
case, are to be arranged in a specific format, then the quadratic formula will result. The
current quadratic optimization theory is mainly concentrated on the inequality constraints
as developed by GOLDFARB and ADNANI [1983]. However, the force formulation has

been further developed to include the equality constraints as well. Nonlinear constraints
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optimization, developed by GILL et al. [1984] can be applied in robot hand forces compu-
tation as long as the equality and inequality linear constraints are arranged in a form
accepted by the optimization code. Hence, in this chapter we shall discuss the imple-
mentation of force optimization of the real fingertip forces instead of optimizing the internal

forces, as developed by NAHON and ANGELES [1992] and NAKAMURA et al. [1987].

Chapter five has been classified into six sections as follows : Section (5.2) presents the
concept behind the grip transform formulation. Object-hand force balance is discussed in
section (5.3), whereas the distribution of forces between the fingertips is elaborated in

section (5.4). Section (5.5) presents the technique of applying the nonlinear constraints

optimization. Finally static grasping of objects is given in section (5.6).

(6.2) GRASPING THEORY.

5.2.1) A Single Contact Finger

The effect of several contacts on a body can be viewed either from a motion or a force point
of view, MASON and SALISBURY [1985]. In terms of motion, each acting contact
limits the body to executing a particular system of twists. When several contacts are im-
posed simultaneously on a body, the net motion twist system available to the body will be

the interaction of the twist system allowed by each contact alone.

Consider four fingers in contact with a common object shown in Fig [5.1]. With the body
coordinate Zx_y_z shown in the figure attached to its centre mass a matrix of representation
of each contact can be represented as a map from the applied independent contact to the
wrench space of the object. Consider Y, to be the map representing the three applied

finger forces at each finger, namely the normal force f, and two orthegonal friction forces

f,and fy , tothe body wrench:



Hand Reference

Fingert \/.—"

Figure 5.1 : Grip Transform Formulation from Contact Vectors.
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where f,5 is the unit normal to the contact surface at the itk contact point, f, andf , are
the unit tangents to the object surface. In a similar way we define the grasp of a rigid body
by a multifingered robot hand as a group of contacts, depending on the used type of
contact. If the fingertip has been modelled as a soft finger type, then there will be an

extra column in Eq. 5.2 representing the torsional torque due to the deformation of the

fingertip, KERR and ROTH [1986].

Four Contacts :
From this we move to the case of a four contacts hand. Each finger contacts the object at
one point ( i.e. fingertip prehension ), and each defines a contact map Y e %2 Hence

the grasp of a rigid body at a particular configuration by a robot hand with four fingers

isa map of G eR 16 12] given by :
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G Cop fyp oo Fog) = Yo op Fyp £+ Y (o e £ (5.3)

However, while formulating the grip transform, the basic relation of forces in the ma-
nipulation of a rigid object by a four-fingered hand, and a representation of the internal

force, will be given under the following assumptions :

() The four contact points are not located on a straight line.

(i) The mechanism of each finger is such that each fingertip can exert a normal force to the

object only in the direction perpendicular to the object surface.

5.2.2) Grip Transform Formulation G

In order to formulate the grip transform, the effect of the four fingertip contacts have to
be considered. Forinstance, Fig[5.1] has shown the four contacts of a multifingered
robot hand under assumptions (i) and (ii). In the figure, Zx,y’z is the object coordinate
frame fixed to the object, and ¢, is the contact point of the ith finger. For the case of

four fingers contacting an object, the grasp transform can be obtained in terms of the

acting fingertips forces as, FEARING [1986] :

Gf, =

tip

Fit * Tips + Fyps + T
Gf,

o (5.4)

Fupr<ry + tipXTg F TypaXTy + Fypa X7y

where f;ipi in Eq. 5.4 is four fingers force mapping. Extracting G from Eq. 5.4 gives :
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0 T Ty 0 o Ty 0 r 3 Ty3 0 T Ty (5.5)
_rzl 0 rxl _—rz2 0 rx2 _rz.? 0 rx.? —rz4 0 rx4
Tyr To 0 o T 0 Ts Ta 0 Tygo Teyg 0

as the grasp transform for a four finger hand under frictional point contact G € RIE2

Force Domain and transmitted wrenches :

In the case where the contacts are to apply a force f;ip on the body in the direction at point

of contact ¢, the wrench system associated with each point is :

T(c) = [n(c), ¢xnle)l

Corresponding to a set of finger-contacts, we have a system of 12 wrenches :

[Gz"'" G, ,Gk”’ G12]
Under the assumption that the magnitude of these wrenches is given by the scalars (f1""

f,-f,), we call such a system of wrenches and the wrench-magnitude a grip G. This grip

generates an external six dimensional object wrench.

Breaking Liq. 5.5 into up to 12 columns (called G, ) where each column represents the
individual force vector associated with the contact. The twelve forces, are balanced to

produce a resultant force in the object itself. This force vector of the object is designated

here as F,. F, isgivenby :
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12
F, = zGiﬁip

i=1

Put in a matrix form, ROMDHANE and DUFFY [1990] :

fx fxl
f fya
, = G, G,G,,...G,] |Ff,
m
x
m
y
m
z
L

= Gf

tip (5.6)
Eq. 5.6 reveals an important physical meaning used in robot hands. The resultant force
vector of an object F, is equal to the vectorial summation of the individual fingertips
forces. Hence, the force computation problem is how these forces are computed in such
a way that resultant force vector equals the external force vector of the object itself,

YOUNG and STARR [1989].

From another point of view, each fingertip applies an external wrench vector of € RE]

to the grasped object, and exerts a set of independently controllable wrenches w; through
the point of contact. This force vector is then filtered at the contact point depending on the
contact type. In Eq. 5.2 the normal force to the contacted surface is unisense, whereas
the other generated two tangential forces can be bidirectional. Thus a linear combination of
all finger wrenches that yield the desired external wrench can to found, HOLLERBACH

and NARASIMHA [1986]. In other words :



4 3
F,= X% x; Wy

=1 j=t
where x,; is the corresponding wrench intensity and the summation is for a four fingered

grasp. But Y Y X, w,; can be written in terms of the grip transform itself, hence, more

compactly, KUMAR and WALDRON [1988] :

F, =G )‘;ip 5.7
Use of Grip Transform :
Furthermore, the grip transform is a useful operator matrix for the description of an object
location. A small displacement of the ith contact point is represented by the following

kinematic equation :

3¢, = dr-r;xdQ (5.8)

where dr and 3Q are the small translational displacement of the object mass centre and
the small angular displacement of the object respectively, and r; is the three columns
matrix of the grip transform. G representing the position vector from the mass centre of
the object to its ith contact point, the matrix representation of the above equation for the

entire hand is then given by :

S¢ =G 8X (5.9)
where X = [er Sry Srz 8, SQy SQZ] eR®
and el = [ Scl 802 8c3 de J eR 1z

The above given equations are significant while discussing the issues of object motion and
the velocities of points of contacts, since they represent the constraints of hand-object
dynamics which can be stated as : " the velocity of motion at the fingertips is equal to

the rate of change of the object contacts ".



(6.3) OBJECT-HAND CLOSED LOOP DYNAMIC SYSTEM.

Once the grasped object dynamic is coupled with the dynamic of the fingers in the hand,
the hand-object is in a closed loop kinematic where the position and orientation of the object
is completely specified by the position and orientation of the fingers. Within this section,
the dynamic of an object will be considered which is entirely based on the Lagrange

formulation.

5.3.1) Dynamics of the Reference Member (Grasped Object)

The dynamic of the object is basically derived from the Lagrange equation of motion for a
single link. This can be expressed as a summation of the forces due to the linear and
angular displacement of the object itself. The motion equations of the object are repre-

sented by the following Lagrange equations of the solid structure of the object as formulated

by COLE et al. [1992]:

F, =
Lo + o xIao
m I 0 v, -mg E, E, E, E, f;ipl
. _ fis| (610
Srp Sy Sy St | |fis
_0 Io _E)o_ (mo X Iomti_ f;ip 4

The above equation forms the basis for the calculation of the contact forces for force equi-
librium achievements, where m, is the total mass vector, [v, o] is the linear and

angular velocity vector of the object at its centre of mass and I, is the inertia matrix of

the grasped object about its centre of mass.
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What is required for the force distribution problem is the calculation of the fingertip forces
so that the object remains stable either during rest or at motion. Eq.5.10 represents an
undetermined equation of force distribution, hence multiple solutions are obtained. How-
ever, the obtained solutions have to be selected so that certain constraints are satisfied.
These constraints represent the physical limits in the hand and the interaction force

directions.

To grasp an object (in static ), the hand must generate the resultant force as given by Eq.
5.10. The distribution of the resultant force into individual fingertip forces is the main
issue. For a contact with constraint s;lrfaces to be maintained, force control should be
applied in the constrained directions ( namely, the normal directions of the constraint

surfaces ), whereas position control in moving the fingertip should be applied in the un-

constrained directions ( namely, the tangential directions of constraint surfaces ).

In dynamic coordinated manipulation, the force control is required in three-dimensional
space, where an object is manipulated by work done by the fingertips. In addition to this,
the force distribution must consider both the static and dynamic equilibrium condition of
thetask. Static equilibrium is needed to generate the desired fingertip force at the contact
point without the fingertip motion. Whereas, dynamic equilibrium serves to maintain
contact with the object by accelerating the fingertip to follow the motion of the contact

point, an issue to be further elaborated in Chapter Six.

(5.4) FORCE DISTRIBUTION PROBLEM
A grasp achieves equilibrium when the distributed sum of the forces and sum of moments
are zero, PONCE et al. [1993]. Force distribution problems can be applied either for
the static grasping of an object to hold against the gravity force effect, or for the dynamic

case where the four fingers are used to manipulate an object in a pre-defined way. This
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chapter concentrates on the static grasping of an object where the velocity of the object is

Zero.

~

While solving the force distribution problem in robot hands, two main cases have to be
considered. The first is that concerned with the dynamic model of the hand object system
as in the dynamic case, whereas the second is concerned with the dynamic effects of the
hand and solves only the object dynamics. Proceeding with static grasping would
require the controller to calculate joint torques to hold the hand links stable in addition to

generating a torque vector for grasping the object.

Force balance ( distribution ) problems are characteristics of articulated systems which
have to be solved, in particular robot hands depend on frictional material for the grasp-
ing of objects. The basic problem of controlling these systems is that of coordination of
forces during the motion. Because the fingers share the same object, this global coordi-
nation problem is usually under-specified and involves redundancy. Moreover, since
friction constraints for preventing slippage and the physical limits of the joint actuators
often need to be considered and not violated, this problem is also a constrained
redundancy. The main theme of the problem is to compute the appropriate actuator tor-
ques which generate fingertip forces to produce either a static equilibrium or stable

grasping during dynamic motion of the hand-object:

T
T, = C +d,G'F, (5.11)

a

In Appendix [A5] the model of the hand dynamics equation has been derived based on the
Lagrange dynamics. There are three necessary conditions for a stable grasp. First, the
object must be in equilibrium; i.e. there is no netforce or moment. Second, all forces must
be within the cone of fiction. Third, it should be possible to increase the magnitude of the

grasping force to prevent any displacement due to an arbitrary force, FEARING [1986].
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For static grasping, only the gravity dependent terms will be used in this Chapter. Ba-
sically a solution is required to the undetermined relation given by Eq. 5.10. Before a

solution is obtained, let us consider the three constraints imposed by the hand-object

~

system.

5.4.1) First: Geometrical Constraints

If the object shape is represented by a given geometric function, then the constraint in
selecting the fingertip forces is restricted in computing the ones which will satisfy the
constraints of the object shape. Because the normal and tangential forces of the ith fin-
gertip exerted on the object are parallel and orthogonal to the inner normal vector
respectively, we obtain the geometrical constraints of the fingertip force, as interpreted

in Fig [5.2-a] :

IA
~

IA
>

ey fy > 0 1 (5.12)
where e . is the normal from the itk point of contact, defined as inward direction from the
outer object surface. The geometric constraints expressed by Eq. 5.12 ensure that : the
force applied by the ith fingertip is acting in the same direction as a vector defining the
shape of the grasped object. For each of the four contacts together in an object, the geo-
metric constraints imposed will be those to keep normal forces in the same direction as the

surface normals of the fingertips. This polygon constraint can be viewed from the four

normal forces in Fig [5.2-b], AL-GALLAF and WARIWCK [1994-b].

5.4.2) Second : Frictional Constraint Nonlinearity

A characteristic of multifingered hands is that they rely on passive frictional contacts to

transmit forces to the grasped objects, and the limitations of these must be accounted for.

A consideration of the limitations of passive frictional contact is also necessary. It mustbe
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Normal Force

Figure 5.2 :a: Static Frictional Constraints.
b : Frictional Cone at Points of Contacts to form a grasp polygon.



ensured that the magnitude of the tangential force must not exceed the product of normal
force and coefficient of static friction, W,. Fig [56.2-b] illustrates the requirements of
applying forces at each point of contact. That requirement is interpreted physically so
that : all forces have to be within the frictional cone. For further understanding of this
constraint, let us analyse one contact force. The applied force at the ith contact point is

constrained as shown in Fig [5.3] by the maximum static frictional condition expressed by

the following set of equations:

I, i

ipi

€, B
i V (L4pd)

and \/(fx2+/32+fzz)

ah
v

V( 1+u2)
fzz +fz2H2 > (fx2+fy2+fzz)

£lef) s -f2 (5.13)

Once the fingertips are brought in contact with the grasped object, a closed kinematic chain
results, which is closed through the grasped object and opened or broken by removing a

single member of the system which is often the grasped object.

If the unknown contact force vector on the object expressed in the contact coordinate frame

is denoted by cf;ip, then the following vector for four fingers is expressed as :
C (4 c [+ c
fT tip = [ f;ipl f;ipZ f;ipB f;ip4 ] (5.14)

Furthermore, the transform to solve contact forces from the contact coordinate frame for

ith finger, tothe reference object coordinate is found by, CHENG and ORIN [1991] :
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4
Fo= X% Gicft

i=1

ipt

Fy= Glcf;ipl + G2cftip2 + G.'chtip.'! + G4cflip4 (5.15)

The limitation or constraint at contact points, as described graphically in Fig [5.3], is the
friction cone centred at the contact point as a cone with quadratic surface. The use of
quadratic inequality constraints would require the use of an optimization algorithm with
quadratic inequality. =~ However, since the method of quadratic nonlinear programming
developed by GOLDFARD and ADNANI [1984] requires the restriction of the inequality
to be linear, the nonlinear friction cone can be replaced by a piecewise linear friction

pyramid that can be described by linear inequalities. Two obvious choices for this pyramid

are shown in Fig [5.3]:

(@) The first choice is that which circumscribes the friction cone, hence p~ =p.

(i) The second is that which is inscribed by the friction cone, hence p = \/i 1)
2.

where | is the coefficient of friction between the two contact surfaces.

In accordance with the friction which is present at the contact, where the contact normal is
along the z direction, the friction force constraints of the circumcised cone may be ex-

pressed mathematically from Eq. 5.13 as:
VO£ +F)) <, (5.16)

where |1 is the type of frictional material used.

The use of an inscribed or circumscribed pyramid of Fig [5.3] is an approximation, since it

gives a conservative but linear set of constraints describing a friction cone. This gives the
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following equations :

~“F+WN2DF, <0
T+ N2F, <0
“f,+@wA2DF, <0
Tyt N2F, <0

The friction force constraints may be further rewritten as :

i 1 0 -/~ 2)_ N 0_
1 0 W2 ﬁfx— 0
0-1 W2 ||F,|<| 0 (5.17)
0 1 @2 || %, 0
Cyhipi < 0

where Cof is the matrix coefficient of the friction constraints.

5.4.3) Third : Maximum and Minimum Torque Constraints

The third constraint in computing the fingertip forces is the constraint due to the physical
limits in the hand actuation. Further constraints to be considered are the range within
which a given joint produces a torque so that the maximum torque produced by a joint is

within its limits. Hence the physical limits on the itA joint torques may be written as:

Timin s Tai < Timax (518)
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The fingertip forces °f, . for each finger are related to the joint torque vector T ; by the

tipi
Jacobian transpose as expressed by :

T .
T, =d, f, +T, . (5.19)

at i ipi uncoi

where chT is the transpose Jacobian for linear velocity of ith finger, using the origin of the

contact coordinate frame as velocity reference point. T

wncoi 18 the actuator torque vector to

move the finger links in unconstrained motion.

Combining Eq. 5.18 with Eq. 5.19 gives :

T
Jc f;ipi < (Tmax_ Tunco)i
c T [
Jc f;ipi 2 (— 1:mawz + Tunoo)i (520)

5.4.4) Equality and Inequality Constraints Formulation

Linear Equality Constraints :

The force balance equation for a static grasping is obtained by finding the contact force

vector which satisfies the load balance distribution given by :

1 0 0 1 0 o 1 0 0 1 0 O fxl fx
Tyt
0 1 0 0 1 0 0 1 0 0 1 0 f;l f;,
feo
0 0 1 0 0 1 0 0 1 0 0 1 fyz )"z
Te2
0 T Ty 0 Ty Ty 0 T3 Ty3 Ty Ty ,}3 =| m, (6.21)
y3
er 0 _rxl rzZ 0 ryZ rz3 0 mry.? rz4 0 —rx4 fz.'i my
fx4
i e 0 o Teg 0 T3 Ty 0 g Teg 0 fy4 m,
L ] _fzp L |
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In Eq. 5.21 the object dynamic in static grasping will be due to the effect of gravity on
the object given by m 2 acting in the direction in which the object frame coincides with
the gravity field. If the gravity field is acting against the Y axis fixed in the object, then

the vector of object dynamics in static grasping will be :

F'=[0 -mg 0 0 0 0] (5.22)

Once the hand changes its orientation of a Yaw, Roll, or Pitch by the action of a robot
arm as has been achieved by STANSFIELD [1991], the gravity field effect on the grasped
object-hand will also change even without changes in the fingers and contacts frames
which remain fixed. This change in the gravity effect keeps some of the first three

elements of F, not of zero value, depending on the angles of rotations produced by the

change in the hand orientation, thus:

F'=1f, f, f, 0 0 0 (5.23)
In general, rotations of the robot arm can take place: this is common in industrial
environments where a robot hand grasps an object and they are moved together by the
action of a robot arm. If there is a change in the hand orientation, then the used force
computation algorithm has to recalculate the fingertips forces to overcome the changes in
the object dynamics due to another moving system, rather than to the effect of the object
motion itself. This situation has led NAHON and ANGELES [1992] to recalculate the
fingertips forces for a Salisburys type hand.

Furthermore, Egq.5.21 is an undetermined problem which involves matrix inversion of
G using either the generalized inverse G°, PENROSE [1955], or the pseudo inversion

G'I, hence multiple solutions will exist. However such two way solutions give a fingertip
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force vector which may not satisfy the force direction constraints or the physical limits of
the hand.

One approach to overcoming this redundancy in solution is to employ optimization
techniques. ROA [1984] has discussed the optimization of a quadratic defined objective
function subject to linear inequality only. Before formulating the objective function, let

us first look at the linear constraints.

Linear Inequality Constraints :

While considering the inequality terms ~of an optimization function, three main sources of
inequality are of great importance in robotic hands: the geometric constraints, the fric-
tional constraints and the maximum and minimum torque constraints. The geometric
and frictional constraints are impeded in each other due to the rotation of the fingertip
frames to accommodate the object contact surface.

Concatenating all the previously expressed constraints either at the contacts or within the

hand maximum torque limit gives:

< C

c
I ﬁipi i

here II is a concatenated matrix of each finger frictional and Jacobian inequalities for the

entire hand. Put in general form this gives :

I "fup < B
[+
I, 0 0 0 fltip ¢
0 1, 0 0 f%p < c, (5.24)
C
0 O I, 0 f%p c,
C
0 0 0 n4 f:!tip 04
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where TI, (1<i<4) isa composite matrix representing the contact and the finger
kinematics constraints. The individual fingertip references are rotated in such a way that
the contact frame is allied with the velocity reference point at the fingertip as shown dia-

grammatically in Fig [5.4].

The other source of inequality expressed by Eq. 5.19 is due to the physical limits of the
actuators which has been included under the B vector in Eq. 5.24. To keep the joint
torques within the physical limits of the actuators, maximum joint torque constraints are

expressed as:

T <T.< T (5.25)
umin at max
where T
[4
T,= Tucon +d i;tip

This has the effect of increasing the dimensions of the problem. In Eq. 5.25,

T. _isthe maximum actuator torque vector for ith finger, and T, . isthe minimum. The

imax imin
transpose of the Jacobian is to be expressed using the origin of the contact coordinate
frame as the velocity reference point. At this stage we need to express Eq. 5.25 so that the

final format is

JF, < T -1 (5.26)

ipc — max a

Tc
—d f;ipc 2-T +7T

max a

The B vectors given by Eq. 5.24 are now changed to include the actuator limits by con-
catenating them with the frictional inequalities. In Eq. 5-24 ¢, ¢, ¢y, and ¢, represent
the concatenated friction and joint limits of the four fingers. For a single finger it

can be expressed as :
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Figure 5.4 :Rotations of the Four Fingers at The Points of Contact.



[== R e i e BN <

= - 5
Li - TI imax Tun,col (027)

TZima.x - Tuncoz

TSimax - Tunco.?

- Tlimin + Tuncol

- T2imin + Tunca2

- ’Ca. .+ T
imin uncod

where the T Tinco and T
un

col’ unco.

ncos TEPTEsent the torque produced by the finger joints to
overcome the dynamic forces due to the. hand Inertia M " centrifugal forces N, e and the
gravity, C, of the finger links. Hence the inequality constraints including the frictional
cone and limits in actuator torques have been expressed and formulated in matrix form.

This main equation, Eq. 5.24, will be used in the coming section with an object function

of optimization.

Object Function ( Cost Function Under Computation ) :

The solution to the inverse force equations Eq. 5.21 is not unique, but it can be chosen
in an optimal manner by optimization of an objective function. All resolved redundancy by
minimizing a performance index, is defined explicitly as a function of the joint variables,

subject to the kinematic constraints relating joint and cartesian coordinates, ANDERSON

and ANGELES [1989].

However, the criterion followed is to produce physical forces and to preserve the stability
of grasping the object with the minimum force, so that no squeeze occurs to the object
and no slipping at the contacts. Such a performance index will ensure the minimum
requirement of the actuator energy. The approach taken here is to minimize the

internal force to correspond to that of the component, of the solution that lies in the null
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space of the grip transform, i.e. that which satisfies Gf;ip = 0. The internal force was

described earlier as the force that tends to crush the grasped object without producing any

dynamical motion in the object.

~

The internal forces, as shown in Fig [5.5], can be minimized by minimizing the norm of
actuator torques given by 1/2(’CGT T,)- Here T, is a vector, of all the actuator torques in
the system, found by appending all the torques in a single vector. The norm of the
actuators torques has special configuration in the cost function (I)(f;ip). This is developed

in the coming section.

-

The technique for minimizing the internal forces can be developed by writing the following

standard quadratic objective function as, POWELL [1985] and LUENBERGER [1984] :

Twr.

tip tip

Of.) = CTf;

Lip

ip+1/2f

(5.28)

where f;ip is a concatenated vector of all the four fingertip forces to be optimized, W isa
weighting matrix chosen to satisfy certain criteria regarding the forces, and CTf . isa

tip

biasing force added to the computed fingertip forces.

5.4.5) Combined Cost CI>(f;ip) Function with the Constraints

An objective function determines the criteria of optimality for an underspecified problem.
Since different applications for various multifingered robotic hands will have different cri-
teria for optimality, there is no defined objective function for different tasks. The criteria
followed here is the minimization of the norm of all the contact forces, which is valid for
rigid contact. One approach for the minimization of the contact forces norms is the mini-
mization of the grasp internal forces which are acting on the fingers in the grasp plane,

as shown in Fig [5.5].
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The need for the minimization of the internal grasp forces requires the minimization of the

actuator torques. Thus, if the vector of all the actuator torques , T, € R , in the system

isgivenby T, then Vz(’CaT T,) defines the actuator torque norm. The T, vector consists

itself of two torques: the unconstrained torque T, to hold the hand links in addition to

the torques needed to grasp the object, the o hTf;ip.

Let the hand Jacobian matrix for the velocity of the fingertips expressed in terms of the

contact coordinates, be defined as, COLE etal. [1992]:

J, = diagl I, J, d, J,]

T
d)(f;ip) = 1/2(Ta T)
7
T{l = Tu + Jh i;ip
T T T
T, = ’Cu + thtip
Expanding <I>(f;ip) gives :
T T T
d)(f;ip) = %1 T = 1/2(’Cu +d, f;ip) ('Cu+Jh f;ip)

BT, T,= %@ T +T IS,

T
ip J.f.d + th;ip ’l?u)

tip- h "tip

Ty T Ty o T
=T, d, +%ef,, I, Fip

tip
which can be further rewritten in a standard quadratic form as :

y=C'f, +kf, "WF,

ip tip tip tip

(1)()‘2

T . . T T, T T,T Ty T T, T
where C* is given asC = [’Clu dJ, fn.p ’Czu J, tip ’C3u dJ, f;ip ‘C4u dJ, f;ip]

and W as :

(5.29)

(6.30)

(6.31)

(5.32)
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W o= JJ7 (5.33)

and 7. WF. as:

tip tip

Ui oy oo Tap) [ 0 0 0 1Ify,
fT tip Wf;ip = 0 JzJTz 0 0 f2tip
0 0 JJ, 0 Faip

0 0 0 T, || fy (5.34)

Put in matrix form :

+’/2fT

tip

of, )=C"f, wf, (5.35)

ip ip

This objective function is now expressed as a function of the object dynamic and hand

parameters. The problem can now be generalised to :

Optimize ‘I’(ﬂe,,) =C’ f,,,, +% fT tip Wf;ip
subjectto  Gf,, =F,
and I, < B (5.36)

Eq. 5.36 is a general form of quadratic defined objective function with linear inequality
constraint, however, it also includes linear equality constraints. GOLDFARD and AD-
NANI [1984] have considered the numerical solution of quadratic defined objective
functions with linear inequality only.  Hence the solution of the above equation will re-
quire the reconfiguration of the problem so that the algorithm will also accommodate the

equality constraint.
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Internal Forces :

The internal grasping forces are those which are acting between the fingertips themselves.
For a four finger hand design there are up to six internal forces acting between points of
contacts on the grasp plan. Effectively, the internal grasping forces between pairs of

fingers can be expressed as:

fi=6-f.r, (5.37)

where f; is the force exerted by ith finger, ri is the unit vector from the ith to the jth
contact point, and ij is a specified scalar of internal grasping force. For the grasp plane

shown in Fig [5.5], the six internal forces can be designated by:

fu =W—f)ry =-f4
fio =Wy=1)ryy ==1y,
fig =11y

I

|
ok
~

foo =Wy —1)ry,
fo=W—F)ry = —f

i
[

\’3

8

foa=Wo=F)ry =14

The internal force vector F- = i FipFie Fop Fop Fs ) givenby F =Gf, has the following
geometric characteristics. The load lines of the four fingertip forces f, generally form a
tetrahedron formed by the four contact points.

Internal force vector is the force which can be added to the manipulation or object driving
force without disturbing equilibrium and can be used to modify the finger force to avoid
sliding or breaking contact, PING and STEVEN [1992]. The internal forces once acting

on the grasped object, produce a zero resultant force and keep the object in equilibrium.
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Figure 5.5 : A Four Fingered Hand Internal Force Vectors Representation.



The internal force is normally defined to be the vector in the null space of the grip transform

G which does not contribute to the resultant motion of the object.

5.4.6) Internal Forces Optimization

The optimization of the grasp internal force necessitates the minimization of the side
forces within the grasp plane. For a four fingered robot hand, up to six internal forces
must be optimized. The interaction forces do not generate motions; they are needed for
holding the object. The value of the interaction forces is determined by the task to be
performed, YUN etal. [1993]. These six internal forces are responsible for the amount of
squeeze within the grasped object. If a delicate object ( soft material object ) is to be
grasped by a robot hand, the task then is to produce the minimum grasp forces by the
hand. For the minimization of the grasp internal forces, the following formulation has been
adopted, NAHON and ANGELES [1991]. If W=E, unity weighting matrix, and C =
0 the biasing torques are zero, hence (l)(]';ip) is given by :

-

(D(f;ip) =% f

tip

f (5.38)

Furthermore, if the f;ip vector solution is considered to consist of two solutions :

L+ (5.39)

where f;) 4 18 the particular solution and f, 5 is the homogenous solution ( null space solu-

tion ). The particular solution is found from the generated inverse of G as given in

APPENDIX [A1]:

=G'F, (5.40)

In Eq. 5.40 f;) 4 is the minimum norm solution. of the force equality constraints, DER-
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VENTOS and DAVISON [19921. After direct substitution of f;ip in the object and
constraint equations, the problem is equivalent to the minimization of the homogenous

solution. Subsituting f;‘B in Eq. 5.38 gives :

minimize Of;p) =%, ) () (5.41)

subject F, = G(f;} g |
Gf,, =0

and I fw < B-T1if,,) (5.42)

Expanding the objective function O(f, p) itself in terms of f}‘, 4 and f,, gives:

T T T
OWyp) =% (fy Fop + Fiphip + 2, 1p) (5.43)

P
However f;, ATI;, 4 gives a constant value, and f;LBTf;lB gives a null value since i;, A and fin
are orthogonal solutions. Arranging the variables and the optimization of internal forces,

can be viewed as the minimization of the homogenous solution f,p only :

T
minimize Of,p) =%f,5 Fip
subject to Gfz=0
and If,, < B - Gf;} ) (5.44)

where B represents a varying quantity component depending on the hand posture. The
method of solution has been by including the equality constraints in the GOLDFRAB and
ADNANI algorithm. Hence the approach taken here is to initialize the algorithm at the

equality-constrained minimum.

One solution of Eq. 5.44 has been discussed by LAWSON and HANSON [1974] for non
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unity weighting matrix and non zero biasing torque as:

f=wldewieY'F, +awrlo-wlc (5.45)

Direct substitution of all the above given variables gives:

£, =G (GG 'F,+nA (5.46)

tip

where 1] is the null space of the matrix <G and A is the vector for the minimum null space,

Al-GALLAF et al. [1993-a].

Note that the dimensions of 1| and A depend mainly on the value of the null-space of G.
Thercfore they have to be found for a particular grasp kinematic configuration. The final

format of the problem is :

f= 0+ (5.47)

where the A vector is determined according to the optimization technique of the following

format :
Optimize o) = 2% A"

Subject to IImA < B - Hf;, A) (5.48)

Internal Forces Optimization Computation Aspects :

From the above optimization formula, Eq. 5.48, the problem of force optimization has
been reduced to the computation of A which is also to be multiplied by the null space
matrix 1. For areal time optimization Qf contact forces, the speed of convergence of the

solution toward the optimized, is an issue that dominated the choice of any numerical
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approach.

An important issue regarding the internal forces minimization is its relation with the fin-
gertips forces decomposition into grasping and manipulation forces YOSHIKAWA and
NAGAI [1991] as already described in Chapter One. The grasping forces described were
added to satisfy the geometry and frictional constraints. The minimized internal forces
using the optimization algorithm is another view of grasp mode scalar, ( Yy Yoo Ygo Vy)

which is added to satisfy the grasping forces given by :

fo, =f, +F, (5.49)

f;' =Bh (5.50)

and Bg is a matrix selected to satisfy the contact and geometrical constraint at the point
of contact. YOSHIKAWA and ZHENG [1993] used the geometric means to search for a
solution for formulating f;, , however this approach does not involve the existence of an

optimal solution.

(5.5) EMPLOYMENT of NONLINEAR CONSTRAINTS
FORCE OPTIMIZATION

5.5.1) Nonlinear Constraint Versus Linear Approximation

In the foregoing analysis the computation of the optimal fingertip forces for grasping an

object was achieved by approximating the nonlinear mapping into a four sided, inscribed
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or described pyramid. Such an approach uses an approximate model of the frictional cone
which exists at the point of contact, already shown in Fig[5.3]. From a computational
point of view the method is adopted in such a way as to blend both the linear inequality
and equality constraint in the GOLDFARB and ADNANI quadratic optimization

technique.

IFFor an accurate modelling, the full nonlinear constraint will be investigated in this
section. With reference to the frictional cone depicted in Fig [5.3], if an inscribed pyr-
amid is adopted then a total of uzfz %(2-m) area islost in the approximation, and an

area of uzfz %(4-n) is lost if a circumscribed pyramind is used. For the four fingered robot

hand, the four nonlinear constraints are expressed as :

NCEEP+CEY < -pff. for i= 1to 4 (5.51)
xL y zi

Since the quadratic nonlinear programming algorithm does not deal with equality and
inequality nonlinear constraints, the equality constraint has been augmented to the ine-
quality constraint as represented by some relations. If the limits of the actuators torques
are augmented with the object dynamics to give one vector expressed by the vector UTh.m

for the upper torque extreme and LTum for the lower torque extreme, then :

upper torque extreme :

18

T ) ; .

U,.=l F,: Cmaxli  “maxgj tmmj] eR Jj=1to3 (5.52)

lower torque extreme:

L =[F : =« T T 1eR™ j=1t03 (5.53)
lim = b minli  “mingj  ‘min3 J= :
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The main concept in formulating the nonlinear constraints force optimization, is the
augmentation of the grip transform with the hand Jacobian - The inequality matrix is

concatenated with the equality constraints under one matrix of the following form:

E E E E

Sr) Sy S St

lim CJTI 0 0 0 cf;ip s Ulim
0o °J, 0 0
0 0o . °J, 0
0 0 0 J, (5.54)

5.5.2) Objective Function of Optimization

The produced joint’s torques must satisfy the defined constraints. There are a variety of
objective functions that can be optimized while grasping an object rather than the internal
forces. The objective function to be optimzed, can be the sum of two norm squares of the

joint torque vectors.

There are other expreésions often used in the literature for the effort exerted by the fin-
gertips, such as norm of the force applied to the grasped object, absolute sum of the joint
torques, and absolute sum of the normal components of the applied forces.

The performance index of joint torque norm square has been well used in the object load
distribution problem to seek the minimization of energy consumption while grasping or

manoeuvring the object, such as COI et al. [1992].

If the chosen objective function to be optimized is the same, to a certain extent , as

adopted in the case of linear constraint minimization, which is the minimization of the
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actuator torques expressed by l/z(TaT T,). Following the same simplification procedure in

Eq. 5.30 to Eq. 5.35, this resultsin :

c c c c c
[ fl tip i:?tip f:’?tip f4tip] JIJ 1 0 0 0 fltip

0 0 0 JI, || Fy (5.55)

Expanding Eq. 5.55 for the contact forces fJC , to fz y results in :

2 2 2 2 2 2
‘I’(f;,'p) = klfxl +k2fy1 +k3fz1 +k4fx2+k5fy2+k6ﬂ2+

2 2 2 2 2 2
Refos + R g + ol g+ Ryofog ¥ Ry + Rl (5.56)

where &, to k,, are constants determined by the fingers Jacobians at particular postures.
For static grasping of an object (D(f;ip) remain constant due to the invariant of the finger
Jacobians. However, once the object is in motion continuous updating of the objective
function d)(f;ip) is required. For unity valuesof k,tok,,, the objective function is reduced

to the summation of the square of the twelve contact forces of the hand given by:

2 2 2 2
O ) =f +y +ly +g*-mmemmm - .4
Put in another way :
4
2 2 .2
(I)(f;ip) = pX (fm. +F£2+F7) (5.57)
j=1
The major concern of the application of nonlinear constraints optimization approach is the

reduction of the computational requirements, as will be further elaborated in Chapter
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Seven. The computational requirements for the use of linear constraints optimization is
determined by the structure of the grip transform G (on the points of contacts around the
object ), the structure of the null space 1, and the object dynamics. The optimization
using nonlinear constraints, is seeking a solution to the use of a nonlinear model of the
contact, therefore finding a suitable solution for the hand object system with four nonlinear
constraints is not a minor problem. For the time being let fy,; be avector of nonlinear

constraints of the four fingertips contacts given by:

K (£, + fy12)~

fro = |V Uy + £ (5.58)
V" + f5)
VS v £

E = |coeaees e QU2 (5.59)

then E, is bounded by the equality and inequality limits of the actuators as:

c
Llim < Ee f;ip < Ulim (560)
where L, and U, arevectors given by expanding Eq.5.52 and Eq. 5.53 :
T .
Ly =UL £, F, myomom, 2 T Ty T Ty Ty Ty,
18
Tyt Tz Tay Ty Typ Tggl €K
T )
Ui =L 1, [, m, m, m, = Y1 Y Tz Yar Teg Tag
18
Tyr Tap Tyy Ty Tgp Tyl € R (5.61)
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Thus the forces calculations can be expressed as, AL-GALLAF and WARWICK [1994-a]:

4
Optimize ®(f,) = X (£7+ f]+f})
-1
subject to L, < Eecf;ip u,.
and Mim S fr; < ?»Uh.m (5.62)

where A, is the lower limit in the nonlinear constraints, defined by the problem type,
and determines the maximum force allowed to be applied considering the Wf,. Thus A, is

given by :

}"TLlim =W, W, w, W,/ (5.63)

and the upper limit of the constraints M 18

A m =10 0 0 0] (5.64)

Since the finger does not slide over the surface of the object itself, asin ZEXIANG et al.
[1989], the G and M remain constants during the object motion and the computational
requirement is mainly determined by G and F,. Interms of the optimization algorithm
itself, the number of linear constraints is large for a four fingered hand due to the
approximated frictional cone, by either a circumscribed or inscribed pyramid. On the
contrary, for data to be fed to the nonlinear constraints optimization, it is necessary to
have only the knowledge of the hand Jacobian o , and the object dynamics (which are also
needed for the linear constraints optimization ) at each instance. From the previous
analysis, it can be concluded that the employment of nonlinear constraints optimization
in force computation will reduce the number of constraints and omit the need for con-

straints calculations outside the optimization algorithm itself, such as the calculation of
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ITand B matrices for the linear constraints case. For further investigation of the com-
putational flow, Fig [5.6-a] shows two flow charts used in both techniques which require

the knowledge of the hand Jacobian o e

Furthermore, the employment of nonlinear constraints optimization will solve the
twelve contact forces ( f;ip vector ) directly instead of solving the null space component
vector M A, Fig [5.6-b]. Thus we are reducing the time requirements for the addition and

multiplication for computing the total contact forces f;ip, and time for ITand B matrices.

Contrary to this, the use of nonlinear constraints optimization call certain internal de-
fined functions which use the derivative and its approximation of the nonlinear constraints
GILL ef al. [1983], which can be time consuming especially when the solution is not
converging very smoothly to an optimal function.  The use of the linear and nonlinear
constraints optimization algorithm have been based on formulating the force problem ,

and the use of the well known optimization functions defined in the NAG [1989].

Basically, the nonlinear constraints algorithm has been modified in such away as to deal

both with equality F, = Gf;ip ) with inequality constraints (J hT f;ip <L. .) and solving

imit
the twelve contact forces ﬂip vector directly, instead of solving it through the adjustment

of the null space vector.

(5.6) STATIC GRIPPING of OBJECT
Before discussing the fingertip force computation, let us consider the aspect of the control-
ler structure for static grasping. Fig[5.7] shows the controller structure for grasping an
object in a static mode using the linear constraint optimization. Itis combined in the

sense that two torques are generated the first to grasp the object based on internal forces
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optimization, the second to hold the links of the hand. In order to control the amount of
stress on the object, the contact forces have to be enclosed in force feedback by sensing the

normal force and the two associated frictional forces.

~

Since the motion parameters are all zero, the controller has to produce torques for
overcoming the gravity effect in addition to torques for the object handling, through the

generation of appropriate contact normal forces.

Contrary to this controller, Fig[5.8] shows the controller which has been based on the use
of the nonlinear optimization algorithm. The controller has a similar structure unless the
approach of generating the fingertips forces is different. = Furthermore, the amount of

stress on the object can be viewed by the decomposition of the contact forces into parallel

and orthagonal components

The direction in which the gravity effect is acting is entirely dependent on the orientation
of the frame attached to the object centre of gravity. If the hand is attached to a robot
manipulator and the arm starts to change the orienation of the hand, the object orientation
will also change, resulting in a change in which the object weight is acting on the object
centre of gravity. However, for the time being we shall work under the assumption that
the hand has not been changed in orientation and the gravity effect is only acting in the

y direction.

Another issue for consideration in force distribution, is the orientation at which the
fingertip is making contact with the grasped object. Before the application of the opti-
mization algorithm, the fingers Jacobian o ; tod, have to be expressed with respect to
the point of contact frame. If the fingertip frame is making a given angle of rotation with
the object surface, then this rotation is to be included in the corresponding finger Jacobian.

These frame rotations will make sure the contact coordinate at the object surface and
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the fingertip coordinate are of the same orienation irrespective of the object shape, as has
been shown in Fig [5.4].

Defined Task :

As the robot hand changes its orientation with respect to the gravitational field, the force
due to the object weight is no longer acting in one direction, however it is resolved into
other force components which the fingertips have to compensate for. For static mode of
grasping the orientation of the two frames remain fixed as is the case here, whereas the
orientation changes as the fingers start to move the object under fixed orientation of the

grasped object. The static object force vector F, for the object grasped can be given by :

F'=10 0 f 00 0
where f=-gm, (5.65)
and m is the object mass and g is the gravity acceleration constant. For this analysis,
the object mass has been chosen to be 0.05 Kg, thusof a weight =0.5N, and the inertia

characteristics are computed using Lagrange dynamics.

Assumption : For this application of optimization, the hand is oriented such that the

palm is co-planar with the world x-y plane.

5.6.1) Results and Analysis

Two approaches of optimization to find the overall fingertips forces will be considered, we
shall employ the use of internal forces optimization and the use of nonlinear inequality
constraints optimization.

First : Linear Constraints and Internal Forces Optimization :

Let us consider the example of grasping an object of known mass distribution ( the rec-
tangular block presented above ) and its action on a coordinate frame attached to its

centre of gravity.  Using the inverse kinematics model of the hand, the corresponding
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contact locations are determined with the corresponding finger Jacobians J,.  Since the
Jacobians are position dependent, the four fingers Jacobian with the corresponding rotat-

ing at the fingertip to accommodate the object surface have been computed.

Using the previous equations for calculating the fingertip forces which involve the use of
the IT and B matrices and applying the optimization algorithm yields the corresponding
null space solution to be added to the force calculated using the pseudo inversion of G.

Thus the initial fingertip forces vector for grasping this rectangular block is given by:

Internal Forces AT = [75, -29, -85, 6, 1,-19]

Pseudo Inverse solution fm1 =1[49,0,-20.2 - 14.9, 0,-162, 49.8,0, 102, 49.8,0,52]

I

T
Internal Forces Vector fho =[-9.5,0,-5.27, 6.3,0,1.5, -0.49, 0,10.2, 3.66, 0,-6.5 |

Fingertips Force Vector f; T= [- 32, 5,195, -38,0,~110, 70,-9,-190, 4,4, - 11]

ip

It is clear if this force vector is back substituted in the grip transform, it will produce an

opposing resultant object force that overcomes the gravitational effect on the object mass.

Geometric Constraints :
The first issue of analysing the results is the geometric constraints which have to be sat-
isfied at each point of contact. For the designed grasping problem and from the object

geometry, the four inward normals are expressed as :
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Unit inward normal at first fingertip is | e

second fingertip is e oo lo,0 ,1]

third fingertip is e

fourth fingertip is e

The dot product of the normal magnitude of the four fingertips forces by the inward nor-

mal gives forces which satisfy the geometric constraints given by Eq. 5.12.

Generated Fingertips Forces :

For further investigation of the used internal forces technique of calculating the fingertip
force, the object weight has been changed linearly from [ 0.05 Kg to 0.07 Kg ] which

will result in an increase in the fingertips forces.

Fig [5.9] and Fig [5.10] show the corresponding four finger forces expressed within the
frame attached to the points of contact to grasp the object.  For instance, Fig[5.9-a]is
the first fingertip forces where the f1z force component has a force magnitude which is
greater in value than the resultant tangential forces, j"lx and fly. Furthermore, the
optimizing mechanism has produced the solution for changes in m , which also satisfy the

geometric and friction constraints which exist at the point of contact.

Fig [5.9-b] also shows the second fingertip forces, in a similar way, the normal force
component f, has a value greater than the two tangential forces and of direction similar
to thef ,» due to the orientation of the contact frame at the second point of contact. In

the defined contact frame for the second finger, the f, component is pointing upwards
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and remains fixed even if the hand orienpation is changed by wrist action.

The third finger contact forces are shown in Fig [5.10-a], due to the kinematic position and
orientation of the third finger the contact forces hfxve similar directions to the first finger.
Finally, Fig [5.10-b] shows the contact forces at the fourth finger. The fourth finger
contact frame is oriented with given angles due to its kinematic orientation with respect to
the hand palm, as haé been discussed in Chapter Three. With this contact frame orienta-

tion the normal force f, satisfies both the geometric and directional constraints.

Generated Joint Torques :

Having considered the calculation of the fingertip forces, using Eq. 5.26 the fingertip
forces are transformed to the corresponding joint torque .

The generated joint torques by the hand control mechanism is that which compensates for
the finger dynamics (as given in APPENDIX [A5] ) in addition to the objects weight. The
generated torque by the actuators is calculated to be within the physical bounds of the
actuators. The employment of the optimization technique will result in the minimum
effort or minimum force to grasp the object. The effort of grasping can be increased by
pre-multiplying the null space vector of the grasp transform by a constant K which results
in increasing the internal forces f,,, f,,, f,p fy3 £, and f,, acting on the object. The
minimum effort to grasp the object is also important when the manipulation mechanism

consists of a multi-arm system to grasp a single object.

Fig [5.11] shows the first and second fingers of the hand corresponding to the generated
fingertip forces. The value of the generated torques have been bounded within the maxi-

mum torques generated by the actuators in the hand which is 0.12 Nm.

A similar approach, Fig[5.12] shows the corresponding third and fourth finger’s generated
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torques for producing the normal forces f,, and f, respectively.

Fig [5.13-a] shows the corresponding magnitude of the internal forces vectors which are
used to adjust the null space force vector of the grip transform. These internal forces have
been the objective function of optimization procedure, unlike the case of nonlinear
constraints. Although ﬁhe magnitudes change as the object weight changes, the total
force of the grasped object is a force that counteracts the disturbance force of gravity. The
increase of the fingertip forces will certainly increase the objective function itself as
shown in Fig [5.13-b] , since fingertip forces are related to the null space force vector

magnitude.

Fig [5.14-a] shows the corresponding generated force by the fingertips. Since the objective.
function was to grasp the object in a static equilibrium, the resultant force is opposite
to the force vector due to the gravity effect on the object. The sum of F, and Gfup for

static grasping is shown in Fig [5.14-b], where F, - Gf, = 0.

tip
Second : Nonlinear Inequality Constraint Optimization Case :

Here we shall apply the same study case of fingertip forces computation, however, the
technique used will be the computation using the nonlinear constraints optimization in-

stead of optimizing the internal forces. The corresponding initial fingertips forces are :

T
ftip= [8,0,-225 ,-18,0, -170 ,-5,0, -113, 5, 0, ~58 |

Geometric Constraints :

These are the same as for the linear constraints case, except that the second fingertip

frame is pointing in the opposite direction to that of the internal forces method.
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Generated Fingertips Forces :

Fig [5.15] and Fig [5.16] show the corresponding results of applying the nonlinear con-
straints optimization of contact forces given by\Eq. 5.62. For instance, Fig [5.15-a]
represents the first fingertip forces at the points of contact for the same change in the
weight of the grasped object from (0.05 to 0.07 kg). For thisincreasein the object acting
resultant force , the corresponding fingertips forces also increase. Fig [5.15-b] is the
second fingertip forces, the normal force f, isin the negative direction of the chosen

frame at the second fingertip.

-

Fig [5.16] shows the corresponding fingertip forces for the third and fourth fingers in
general. Combining these twelve forces will result in an object resultant force opposing in
direction the force due to the object weight. From the shown curves, it is obvious that the
normal force at each ith point of contact has a higher value than the two frictional forces
which are determined by the frictional material.

With respect to the geometric constraints at the four points of contact, the geometric
constraints have been shown by the fact that the normal forces are in directions that

coincide with the frame and correspond to the point of contact.

Generated Joints Torques :

The use of nonlinear inequality constraints has also ensured the generated torques to be
within the maximum torques produced by the actuators and transformed to contact forces
by the pressing action of the fingertips. For instance, Fig[5.17] shows the corresponding
increase in the joint’s generated torques by the first and second finger only.  The corre-

sponding generated torques for the third and fourth fingers are given in Fig [5.18]. The
generated torques are within the bounds of the maximum torques the hand actuators can

produce.

Back substituting these generated forces will generate an overall object resultant force that
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compensates for the object weight using F,=GdJ h_lTa since the hand is not in singular
configuration.

Fig [5.19-a] shows the objective function of optimjzation. Unlike the internal forces opti-
mization, the objective function is higher in this case due to the fact that the sum square

of contact forces are optimized rather than the internal forces.

Fig [5.19-b] shows the corresponding resultant force vector due to the generated hand
forces. It is the force vector that opposes the object dynamics that we would like to
overcome. Fig [5.19-c] shows the corrgsponding resultant force-object vector which must

be zero to achieve a static equilibrium.

SUMMARY

Chapter Five has investigated in detail the concept of grasping and considered the basic
requirements for object manipulation. The chapter started with grasping theory and the
formulation of the grip transform from the defined type of contact. The grip transform is
an important matrix in describing the nature of object displacement in multiple contact

system.

The formulation of the grip transform has been used later in the chapter for developing two
numerical techniques based on optimization for the calculation of the fingertip forces to
keep the grasped object stable. The first techniques was the internal forces optimization
for an approximated model of the four contacts, whereas the second was the employment

of nonlinear constraints optimization.

Both techniques have proven their convergence to optimal solutions. From the number of
constraints point of view, the nonlinear constraints have been shown to be fewer com-

pared to the internal forces approach.
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CHAPTER SIX

COORDINATED CONTROL and
OPTIMIZATION of
FINGERS DYNAMIC MANIPULATION FORCES
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(6.1) INTRODUCTION
Chapter Four considered one class of robot hand control, basically the kinematic-based
control, within which dynamic high speed terms c3f manipulation are notinvolved. How-
ever, operating a robot hand at a considerable speed, like shaking chemicals at high

speed, will no doubt require dynamic based rather than kinematic based control.

For the case of motion with multiple contacts, application of contact forces must accommo-
date the resulting inertia forces when the object-fingers system is moving at a considerable
rate. Generally, there are numerous potential applications for cooperating fingers motion.
The purpose of this Chapter is to conc;antrate on the motion of all the fingers manipulat-

ing a single object, where closed dynamic chains are formed by the fingers and the objects

through the hand palm.

Specifically, it is assumed that the fingers and the object are rigid, and that the contacts
between them are point contacts with friction, thatis, the positions and orientation of the
fingertips relative to the object frame remain unchanged as the system configuration
evolves. While applying the theory of force distribution and optimization to the object, the
contact points are assumed to be fixed, hence it is only the hand kinematics and dynamics

which change with progress manipulation in time.

This Chapter has been classified into six main sections. Section (6.2) presents the re-
quirements of hand-object motion. Section (6.3) is concerned with the modelling of the
hand-object dynamics for control purposes. Section (6.4) presents the derivation of the hy-
brid controller structure. The concept of applying a robust inverse of the entire hand
Jacobian is further elaborated to avoid an ill condition hand Jacobian (for multiple contact
system ) is given in section (6.5). Since the concept of manipulation depends entirely on

the frictional properties of the object surface and the fingertip geometric constraint, con-



siderable attention will be given to the physical limits of the friction forces. In a similar
way two schemes of optimization will be applied as in Chapter Five, to grasp the object
during motion, these are given in section (6.7). The first is the internal force, and the

second is the use of nonlinear constraints optimization. Finally section (6.7) compares the

two approaches of optimization.

(6.2) HAND-OBJECT MOTION

Basic Formulations for Coordinated Manipulation of an object :

Manipulation has been defined as how t;o impart force and position trajectories on grasped
objects in any position or orientation, MICHELMAN and ALLEN [1993]. Furthermore,
in dynamic coordinated manipulation of a single object using a multifingered robot hand,
simultaneous position and force control of the fingers on the object are required as a

condition for the dynamic stability of the object.

The basic formulation for the coordinated control of an object motion will be discussed
within this sub-section. Coordinated manipulation with a four fingered robot hand is the
computing of joint torques to produce motion. The interaction between each fingertip and
the object will be restricted as before to frictional point type of contact. The vital as-
sumption is that the contact point does not slip on the object as the object undergoes a
motion.

Consideration of the manipulation of objects, where the interaction between the object and
the fingers is a rolling contact, is an important issue when the object is manipulated at
high speed. Basically, manipulation is considered as finding the appropriate joint tor-
ques in such a way that the object does not stray to slipping and forces do not crush the
object . TFor moving a grasped object by motion of the links, dynamics of the two systems

are significant since, once the object is in contact at the fingertips, the dynamic of object
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will affect the dynamic of fingers and vice versa. Therefore, the joint torques are
required not only to move the finger links, but extra torques are needed to account for the

interaction of the object at the fingertips. This will be formulated analytically in section

-~

(6.3).

(6.3) OBJECT-HAND DYNAMICS
6.3.1) Cooperative Control for Robot Hands
So far in Chapter Four we developed a linear control law intending that a combined
controller be used for each joint in the hand. While the damping of each control loop varied
with the hand configuration, the joint perfomance was basically stable.
That type of control was based on the assumption that the coupling torque between the
joints was small enough to be ignored. As a requirement for much more precise manip-
ulation tasks, especially when the hand dynamics are large with respect to the object
dynamics, more sophisticated controllers will be required. The dynamics terms of robot

hands tend to dominate the overall motion and this must be compensated for.

The use of the advanced control approach based on the dynamic model of the hand-object
system assumes the knowledge of the dynamic model when designing the controller.
However, thereare two main problems associated with such an approach. The first is
concerned with real time computation for the four fingers which requires the use of high
speed computational power. This problem can be solved by using a parallel computa-
tional system and making a few assumptions regarding the similarity in the kinematic

and dynamic models of the fingers. This will be further discussed in Chapter Seven.

The second problem is concerned with certain terms which are not easily estimated such
as the static and dynamic friction, which can have a great effect on the control of the

hand. There are three basic approaches to having much improved control laws for hand



control, especially when dealing with constrained dynamics motion. These approaches are:
the nonlinear cancelling, adaptive control as achieved by SWIFT et al. [1993], and the
model-based control schemes. All three approaches make use of the dynamic models, but
the third requires accurate models. For the first approach, the nonlinear cancelling
methods increase the complexity of the control laws of the independent - joint controllers
to compensate for dynamics and to account for non-linearities. Effectively, these methods
cancel out the nonlinear terms given in Appendix [A5] that characterize the dynamics so

that the resulting behaviour resembles that of a linear system.

Generally, advanced control of robots could be classified as either (Computed torque like ),
or (Non-computed torque like ), where the computed torque would include robust control,

adaptive control, learning control and so on, LEWIS et al. [1993].

However, before attempting to calculate the required torques for the designed hand
computed torque cancelling controller, let us look at the other side of the problem , which
is that we are dealing with constrained motion rather than free motion of the fingers. In

constrained motion, the dynamics of one finger will affect the dynamics of the other fingers

through the grasped object itself.

The hand-object system consists of a constrained mechanical system whose dynamical de-
scription can be derived using Lagrange’s equations together with the constrained

equations. Consider first the dynamics of the hand and the object separately:

For the hand:

(d/L,/30)d1) ~ 3L, /30 = M,0 + N6 + C, = T, 6.1)
and for the object :

(d/@L,/u)dt) - L, /uw)" =My +Nu +C, = F, (6.2)



where L, and L, are the hand and object Lagrangians, respectively. M, are the corre-
sponding inertia matrices, N, are the velocity-dependent forces, and C, terms are the
gravity and frictional forces. The object and hand Lagrangians are then linked together
through constraints that represent the kinematics of the two bodies. From the force do-

main analysis the two dynamical equations are linked by:

(d/(L, /30)ds) - aL,/30)" = J,G(d/QL, /du)de) - L, /ou)"]

. . T .

M0, +N,0,+C, - J, G Mu +Nu+CJl="1, 6.3)
These vectorial differential equations are linked by some constraints which make these
equations more manageable for control design and analysis, AL-GALLAF and WAR-
WICK [1994-b]. This linkage is represented, as will be shown later, by velocity
constraints, the direction of motion and forces normal. The velocity constraint can be

stated analytically as :

]
1
Q
~
i
S

(6.4)

Eq. 6.4 represents constraint in terms of the hand-object which has to be satisfied while
manipulating an object. This constraint can physically be interpreted as: the fingertip
velocities must equal the velocities at each point of contact with the object expressed in the

contact coordinates.

The forces normal constraints can be stated as : the forces applied by the fingertips in the
object surface normal will produce a resultant force on the object, aslong as fingertip

forces are expressed in the contact coordinates.



The hand object equation of mechanics, Eq.6.3, canbe simplified under the assumption
that hand Jacobian o , full row rank, allows explicitly to separate the two dynamics in
terms of the independent variable . Of great importance is the dynamic model of the
hand which comprises the dynamic model of the four fingers. Appendix [A5] gives the
derivation of the dynamic model of one finger based on the Lagrange equation of motion.

This has been achieved using MATHEMATICA Package :

The dynamics of the itk finger in the hand can be written in the usual form including the

frictional torques and the actuators torque :

w o : r -
M®O,+N©,+C,+VO, +K, =T —dJ.f, . R (6.5)

i P tipi

% is the moment of inertia matrix of the

Here, as is common in the literature, M e
ith finger ; N, R are the centrifugal and coriolis force terms, V. is the vector of joints
frictional modelling, and C, is the gravitational force terms; T, is joint torque inputs and

T .
dJ; f;ipl. is the vector of applied finger wrenches by the ith finger (due to the force

JTi f;im. that the object is applying to the fingertip). K, is a block diagonal matrix of the

elastic constant of the joints-links transmission mechanism.

To simplify the use of symbols, the V vector will be considered as a part of N, and the

K; asapartof C, in Eq.6.5.

Extra Dynamics :

Another important fact about robot hands is the extra dynamics due to the possible at-
tachment of the hand to robot arms. Hence the orientation and position of the wrist has an
effect in the hand dynamics ( gravity effect), therefore an assumption has to be made

while driving the hand dynamics.



The fact that the hand is assumed to be located with a given orientation horizontally
means, the gravity effect will act on the links. The amount of torque required by the
corresponding joints is totally dependent on the maximum acceleration, velocity and the

corresponding finger links parameters ( in particular the links masses m 1+ My mg and

2’

moment of inertia ).

When a robot hand is positionally oriented in the three dimentional space, the fingers
dynamics can be grouped together which results in what is referred to as the hand
dynamics. The hand dynamics could be considered as a system where the inputs are the
corresponding joints motion parameteré and the corresponding outputs are the motion as-
pects of the four fingertips and the displacement of the grasped object.  For non dynamic
coupling hands, the resulting fingertips motion will be independent of each other. How-

ever, coupling among fingertips will appear once the hand is in the grasping mode of an

object. This will be further discussed in the next section.

6.3.2) Group Dynamic of the Hand and Coupling Effects

The equation of motion for the hand-object system will be derived in this section. First,
suppose that the joint driving torque is applied to the fingers while holding the object, and
forces are exerted by the fingertips on the object surface at points of contacts. The joint
driving torque that contributes to the object motion is represented by T_- J. tip*
Eq. 6.5 was the discrete dynamic model of the fingers separately, however, for describ-
ing the hand-object dynamics system, we need to concatenate the dynamics of the four
fingers altogether, and work out the required torque to displace an object in the hand’s
working environment.  Of great importance in the hand dynamics is the hand Jacobian
matrix of, which has to be calculated, since it relates the required joint torques T, to

the required fingertip forces f;ip by :



Defining :

T
e,=l0, 0, 0, ©,]

. T
M, = diog LM, M, M, M/} N,=[N, N, N, N, ]

T T
c,=1¢, ¢, ¢ ¢ T, =0T, T, T, T, 1 66

o), in the force domain is described at each point of contact with respect to the coordinate
frame located at the hand palm frame in such a way that orthagonal axes coincide with
the axes at the point of contact, where each finger J, is expressed with respect to the
finger roots. The dynamic equation of 'a four fingered robot hand is obtained by aggregat-
ing the four dynamics equations of the four fingers. Then, the overall hand dynamics can

be grouped to yield, ZUOFENG et al. [1991] :

° T
Mh ®h + Nheh + Ch + Vh + Ki = Th - Jh f;

ip

(6.7

Physically Eq. 6.7 represents a torque vector of € %’ inthe entire hand which is to
be computed using the inverse dynamics of the hand. The torque vector will thus accom-
modate the dynamical motion parameters in addition to the forces acting at the fingertips

of the hand due to the dynamics of the object.

As described in section (6.2.3), the main control objective is to manoeuvre the grasped
object to track a given trajectory by specifying a set of joint torque inputs T. There are also
secondary objectives:

(&) The load distribution,

(i1) Force control computation so that the entire solution satisfies the frictional constraints,
the geometric constraints of the object shape, and the physical limits of the hand actuation

already presented in Chapter Five.
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(6.4) OBJECT MOTION with CONTACT FORCES.
6.4.1) Equation of Motion for Hand-Object System

Computed-Torque Control

Eq. 6.7 represents a highly coupled nonlinear system control, which is the entire hand.
In the computed torque technique the effect of the dynamics nonlinearities are computed
using the inverse dynamics model and are feed-forward joint control, as a varying voltage

to the normal joints closed loop system. Hence the achievement of dynamic decoupling of

the joints, MCKERROW [1991].

Meanwhile, by moving the inverse dynamic model into the main control loop, the control

scheme needs to be fed with the joint positions, velocities, and acceleration of the joints.

Having considered the requirements for controlling the fingers based on their dynamical
models, then the technique followed here is to cancel the nonlinear terms by computing
the terms which are of time varying nature. Computed torque is one branch of multi-
degrees of freedom control, which is the counterpart of the noncomputed-torque-link

which appears in robust control, adaptive control, learning control, and so on.

Coordinated Dynamic Controller (Combined Torques )
A hand jointis required to generate two torques, one is responsible for the hand fingers
links motion, and the other for grasping and generating a resultant force on the object

under consideration. This combined torque is represented mathematically by,

YOSHIKAWA and ZHENG [1993] :

h obj hand
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The combining of two torques under two decoupled servos, the force servo and the
position servo, has been called hybrid dynamic control by NAKAMURA [1991]. Gen-

erally speaking, the control system needs a feedback loop for each position control and

force control.

In hybrid poesition-force control, the position control and the force control are decoupled
in nature, and therefore their closed loops are designed independently. However, in
this hybrid position and force control problem, they are coupled, and their dependence
must be considered. For the practical implementation of joint torques control in manip-
ulation of an object, further study of: the synthesis of feedback control system must be

undertaken.

Later in this chapter, aspects of the controller structure will be shown, which are based
on the forces optimization as computing mechanism and not as a force feedback system.
To maintain contact during manipulation the finger joint velocity and the object velocity

[v, ; O)O]T must fulfil the following velocity constraint :

0 = J7GT (6.8)

Constrained Acceleration :
Eq. 6.8 suggests that the joint space trajectory of the hand obtained from the object space
rate trajectory provided by the entire hand Jacobian is not singular. Having found

the position and velocity of the joints, the last term is the joints acceleration 0,.

The acceleration constraint is obtained by differentiating Eq. 6.8, this results in :

4,0, + J,0, = GT[DO ;mo]T+ Glv, ; mD]T (6.9)
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In the case where the hand Jacobian is a non-singular matrix, it can also be expressed

0, as: . PP R .
0,=d, G [v;ol-d7d,0,+d7Gh, ; ol (6.10)

However, due to the fact that the fingertips do not slide (non sliding or rolling contact )
over the surface of the grasped object, the Grasp transform parameters remain constant
over the manipulation time and é(t) =0. When the ﬁngertips roll on the object, the
control law will require an extra term that depends on the contact parameter to be in-

cluded which involves the kinematic equations of contact as has been described by

MONTANANA [1986].

Once the fingertips roll on the object, the right first term of Eq. 6.9 will not be zero and
rolling analysis has to be included. From this assumption Eq. 6.10 can be simplified and

rewritten as :

0,= 4,6, ;0l'-J7"d0, x> (6.11)

Eq. 6.11 is interpreted as; joint space acceleration of the mechanical hand expressed in
rad/s® consists of points of contact acceleration transformed to joints by «f hﬁl.
f;ip for dynamic motion is given by, RAMADORAI et al. [1992]:

f,®=GF,® + f,,@& (6.12)

ip
Due to the non-sysmetic structure of the grip transform, there is a redundancy in ob-
taining the fingertip forces to result in the desired object dynamics F,(¢). Furthermore,
due to the use of the generalized inverse of G", thereis associated with it a vector which
will not produce a force in the grasped object, and known as before the internal forces.

Substituting back the value of ©, in Eq. 6.7 gives the following computed torque equ-

6-12



ation for manipulating a grasped object and moving the hand links together in the

presence of internal forces, WALKER et al. [1991]:

o 0
T ., T T
T, =4dJ, G +JhG+ + J, M+

(nooncoo 0 I ®,
v
(]

-1, -1

Nh+Ch+Mh[Jh G - dJ, d @h]

0)()
2x1]
T =T * Thna € (6.13)

This can be interpreted as the joint torques and consists of two components in accordance

with Eq. 6.7. The first is a torque vector to grasp and manipulate the object, whereas

the second is to move the hand links satisfying the motion constraint.

Regardless of how the fingertips are to be computed in Eq. 6.13, there exist optimization
techniques, as in Chapter Five, for solving such redundant force problems during motion.
One aspect of this optimization will be to find the minimum joint torque (based on internal
forces optimization) for an object motion, hence the problem is reduced‘ to the computa-

tion of the A vector of Eg. 6.13.
To cope with modelling errors and disturbances that are inevitable in real applications, a

control law has to be defined where a PID servo compensation is used. The control law

is selected in such a way to keep the tracking error to a minimum. Then the overall
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hand-object input torques become :

-1 T -
Th =Mh le [G eu _Jh 91 + Nh + Ch +

mE 0 ) -m, g
T T T
J,G" + J,G" + o, M (6.14)
0 I o, o, xI o

where 0 =( + Kue +er + KiJe ) e RUZ

While the control law matrices are nondiagonal ones, this would result in a coupled
control. Choosing the gain matrices as diagonal will make the closed-loop system keep
the decoupled characteristics of the linearized system, TAO and LUH [1992]. Rewriting

Eq. 6.14 in its general form with the object dynamics gives :

Ta = M, ©,+N, 0, +C, (6.15)
'l)O
- . : P
where © = [dJ, G ( + Ke+Ke+Kle) - J,d,0,]
()

The second is the torque to grasp the object and to define a manipulation force :

T
T,=d,GF,  ex® (6.16)

where ©, represent the constrained acceleration of the hand-object system. We have
ended up with anequation that is composed of two main parts, where each term

represents a generated joint torque to the grasped object. In addition, restoring
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torques in according to a PID control law, will be generated if the object deviates from the

described manipulation path in the three dimensional space.

The use of such control law for a robot hand has a non linearity cancellation term defined
—1 . . . T
by [N, + M, d, ( GT PX - J,0,)+d, G+No ]. Also there are proportional, derivative,

and integral error feedback terms to give the system decoupled linear error dynamics.

The computed torque for the constrained motion is subject to a number of issues concerning
the cartesian defined task. For instance the derived equation for a four fingered hand will
certainly pass through singular conﬁg‘uration of some of the fingers (since dealing with
cartesian based motion). Furthermore, the object motion will be subjected to the hand

working volume limits.

Two methods of choosing the contact forces are to be discussed. The optimization of inter-
nal forces using the linearized contact model, and, using the nonlinear constraints
optimization. Furthermore, the use of nonlinear constraints to compute the required
fingertip forces allows the addition of the internal forces vector. These internal forces are
computed based on the decomposition of the entire contact force vector into orthagonal and

parallel components.

6.4.2) Additional constraints for a coordinated motion

Main Dynamic and Kinematic Problems :

One problem associated with Eq. 6.14 is that the object defined motion might pass the
fingers to a singular configuration, as in Chapter Three. At such configuration the hand
Jacobian o, determinant vanishes to zero and its inverse results in an undetermined

solution, and contact forces might not satisfy the constraints. The main constrained equa-
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tion of motion given by Eq. 6.14 has two main drawbacks :

(@) The first is a kinematic issue represented by the the possible approach of the fingers
to a singular configuration due to the inversion of the hand Jacobian «J, ,»  since the object

motion is expressed in a cartesin based frame.

(#1) The second is dynamic constraint, represented by the fact that contact forces between
the object and the grasped object must be preserved over the entire object dynamic

motion.

Both issues will be discussed and possible solutions will be explored. Further considera-
tion of the dynamic coordinated motion of the grasped object and the problem of somé
of the fingers being pushed into the area of singularity, hence the inverse of the hand
Jacobian J, is no longer a valid issue. Since the singular points of the fingers are found
not only in the boundary of the workspace, but also in the middle of it, the singular points
limit the trajectories that a finger should follow in solving inverse kinematics and inverse
hand Jacobian h_l . However, the most serious problem of singularity is not at singular
points, which have zero volume in the workspace, but rather in the neighbourhood of sin-

gular points, which have finite volume.

(6.5) CARTESIAN ROBUST - SINGULARITY
INVERSE of HAND JACOBIAN [RSI].
In this section, we introduce the concept of robust-singularity inverse, which is known as
the RSI of the hand Jacobian. It is clear from the constrained dynamic acceleration
equation of motion defined by Eq. 6.14 that : it is dependent on the evaluation of the

inverse hand Jacobian Jh—l. However, due to the fact that the fingertips are to pass
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through some locations of singularities as developed in Chapter Three, a method of
solution has to be employed for the computation of the hand Jacobian inverse even in the

neighbourhood of singular points.

Furthermore, due to the closed kinematic structure of robot hands, the joint velocities
used in Eq. 6.8 would be computed from the corresponding object velocity vector. Hence
. . >

O, would be computed from 0,=dJ, G'[ LURH u)O]T which also involves the use of the

inverse hand Jacobian.

In addition, the corresponding forwc;ird hand Jacobian, which is a function of the four
finger Jacobians, is a function of the joint space vectors that reaches a maximum value
or gives multiple solutions at singularity. In summary, the problem of the hand Jacobian
getting ill-conditioned during an object motion has the effect on the individual parameter

acceleration equation represented by Eq. 6.14.

If the inverse within the ill-conditioned case is left unbounded, then using ©, in Eq.
6.14 will magnify the corresponding joint space error. The severity of the error can be

reduced by having a much more robust inverse for the Jacobian matrix.

In Chapter Three it was shown that a finger will come to singular locations once the
fingertip is fully straightened or folded back to the Z axis. Fig[6.1] shows the deter-
minant function of the hand Jacobian for a given manipulation task involving the motion of
all the hand joints. The manipulation task consists of moving the hand fingers in a con-
tinuous cyclic motion. The hand Jacobian becomes singular during the forward and

backward motion as can be seen from the figure.

The determinant function approaches the zero value (indicating that the matrix is close to
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singular or at singular) at some defined range. Thus if a technique is employed to give
a solution of the hand Jacobian at singular locations, then the manipulation task can be
achieved. One approach is to employ the Gengralised inverse of o, using BOULLION
function, BOULLION and ODELL [1971). However, using the generalised inverse of J A
might result in solutions which are not homogenous with the solutions before and after the
singular locations boundaries. The other approach is to employ what is known as the Ro-
bust Singularity Inverse where singularity robustness is defined as a property of inverse
kinematics that allows us to provide continuous and feasible solutions even at or in the
neighbourhood of singular points. The details of the RSI are presented in the Appendix

[Al], meanwhile, the RSI can be defined as:

Ji=(d d +x E) J, (6.17)

where the x_ is a scalar which determines the weighting between the exactness and the

feasibility, and E is an identity matrix of € RUZ*2] dimension.

The choice of the scalar «_ determines the feasibility of the solution, furthermore the
exactness and feasibility of solutions are contradictory requirements. The value of ¥, can
be changed adaptively depending on the configuration of the hand itself, such that
¥ takes larger values in the neighbourhood of singular points and small values or zero
outside the neighbourhood of singularity.

The manipulability measure already introduced in Chapter Three can be used as the
evaluation factor over the hand motion. The measure of manipulability for a particular
finger M becomes zero at singular points and takes positive values elsewhere. Since the
measure of manipulability changes continuously as the hand moves its fingers it can be
considered as a kind of distance from the singular locations. An approach to change the

value of «_ is based on the following equation:
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M 2
K =31k (1l-——) for  x <x
M, \
0 for K, 2 K (6.18)

where K is the scale factor at singular points, and M is the measure of manipulabililty
on the boundary of the neighbourhood of singular points. Basically it is necessary to vary
the scalar «_in Eq. 6.17 so that it can be used in Eq. 6.18 for defining the RSI.  This

variation is based on how good the dexterity of the finger is.

In reality the effect of using the RSI is clear when the hand Jacobian is decomposed into
the three bases matrices using SVD method. The SVD of a for one finger is viewed

as, DEO and WALKER [1992] :

J, = ULV 6.19)
where X is the matrix representing the singular values of J, and is expressed by:
X = diagls, o, o] (6.20)

where 6,> 0, > 0, arethereal singular values of ;. Furthermore, the pseudoinverse

J* can be computed as

Jt=vz U (6.21)

where 3" is e R diagonal matrix with
L.y = 1/ g, if o, = 0
= 0 if Gi = 0

If Eq. 6.17 is redefined as :
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g5 =(J" J,+8)d", (6.22)

where S = diaglA4, A, A Ayl and A = diagl x, x. .1 fori= 1to 4
and x; isdetermined from Eq.6.18 for the ith finger. Further analysis using the SVD
of Eq. 6.22 resultsin :

I, = vi'UT (usE'UT + sUUTY!

then " , can be put as, Appendix [Al] :

S,
? 0 0
(o) 1 + KrI
Oy
2
0 o, t K, 0 0 0
_ 9% .
2
J=V | 0 0 o5+, 0 0 U
Oy
? 0 0
g 4 + Kr2
012
2
0 0 0 o 12 + KM
L ]
Egi[12x12]

(6.23)

Thus, as singularity is approached the smaller singular values of o, tend to go to zero
resulting in very high singular values of J'. Also, when the singularity is reached, there
is a discontinuous switch as the large singular values of J* drop from a very high value to
zero. From the developed results shown in Appendix [A1], the use of the RSI produces

an error which can be computed as:
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Il x-de Il = v( 21’/ (c?+x)1) (6.24)

It is clear that for the pseudoinverse ( when X, = 0), this error will be zero when the
Jacobian has full row rank. The RSI will not suffer from the problem of discontinuous
switching of solutions as the pseudoinverse does. As asingular value o, of J; goes to zero,
the term (o, / (ciz + k) increses until it reaches a maximum at ¢;=0 and then decreses
to zero, thus there is no discontinuous jump in the solution. Using this concept of varying
the x_ factor, the RSI is a normal generalised inverse, however, it has an extra term

which is adapted according to the dexterity measure of the finger.

6.5.1) Results and Analysis

Conventional Inverse :

Within this analysis, the same manipulation task for moving the object within the hand
palm in a cyclic form will be used. Due to the linkage between one finger Jacobian
singularity and the entire hand singularity some results of the already discussed RSI
will be shown here. TFig[6.2] shows the corresponding condition number of the entire
hand Jacobian ,, which by itself is a function of the four fingers. Due to the rotation
of some fingers Jacobian at points of contact, a finger Jacobian singularity will not
change, however, what will change is the singular value which will drive a particular
finger Jacobian to be zero determinant. Fig [6.3] shows the effect of the entire singularity

due to the singularity of each finger Jacobian for one, two, three, and four fingers.

Although the four fingers Jacobian are concatenated, thereis no change in the associated
condition number. In a similar way, Fig [6.4] shows the corresponding determinate func-
tion of one, two, three, and four fingered hands. In addition to this, due to the cyclic

nature of the defined task, two main zero determinant function of o, are evident from
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the grasp to occur. One during the forward motion and the other during the backward

motion.

If the singularity problem inherent in any cartesian based motion is left without being
overcome, then the corresponding displacement, velocity, or joint torques will approach
an infinite value, limiting the system performance. Fig[6.5] shows the simulation of the
constrained inverse dynamic problem for the constrained motion ( further analysis will be
given later ) for moving a finger over the defined period of time. The distal joint angle of
the third joint has to pass through the zero value ( which is the singular configuration ).
Due to the requirement of the inverse ;Iacobian in the dynamic model, the inverse falls
at the singular configuration resulting in a sharp rise in joint torques.

This discontinuity is totally undesired, since it results in the error being carried out for
both position and velocity and application of high value of joint torques to the finger.
Furthermore, it is clear from Fig [6.5] that the period during which a sudden rise in the
computed torque has occurred is spread over 10 msec. units of time at each end of the total

dynamic manipulation time.

The control must smooth this sudden change in the computed torque. The method em-
ployed is to invert the hand Jacobian matrix using the Robust Inverse Singularity RSI
technique presented at the beginning of this section. Use of this approach would require
the rescaling of the workspace within which the finger is to be moved. In Chapter Three
it was found that the manipulation space was dropped to zero only in and at the boundary
of singular locations, therefore the performance can be improved by reconstructing the

inverse itself at the presence of singularity.

Variable Scale Factor :

The properties of the singularly robust inversion with the variable scale factor x are
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further examined for the four fingers. Using the same trajectory motion described in the

last section, theratio of manipulability, (M/M ) is shown in Fig [6.6].

Fig [6.6-a] shows the manipulability ratio when the error of computed 0 and@are carried
out over the entire task.  Fig [6.6-b] shows the graph of the ratio (M/ M) drops to zero
value at the singular configuration only in accordance with the rule described by Eq.

6.18 when the computing of 0 is not carried out.

Fig [6.7-a] shows the « /x  scaling factor used in Eq. 6.22 when the error is carried
out. Also shown in Fig [6.7-b] is the ratio of K /x , Where the ratio is 380 in the
neighbourhood of singularity and zero elsewhere. In these computations the neighbour-
hood of singularity is chosen to be — 30° to + 30°.

Making «x, variable using this scheme will ensure the resulting inversion of the hand

Jacobian o, to be defined even when it is singular.

Tig [6.8] shows the effect of the variable scale factor in inverting o/ , and the computed joint
torques. In Fig [6.8] the required differential changes in 09, is solved using RSI for
differential changes in cartesian object position, and used to compute the constrained
torque to produce the object cartesian motion.

The rapid shot in the value of torque shown in Fig [6.8-a] ( during the interval 100 to 200
msec. ) and how it has been smoothed with the employment of variable scaling factor
K is clear from the graph. As x is approaching zero as in Fig [6.7-b], the inverse moves

smoothly to a generalized inverse rather than RSI.
In a similar way Fig [6.9] shows the corresponding changes in a finger joint space vector in

rad computed using the RSI of the hand Jacobian for the object motion. The RSI has

produced a solution used to move the corresponding fingertip even within singular
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configuration. Furthermore, the medial joint displacement reaches a near constant value

due to the fact that the effect of singularity is reduced to a minimum.

The employed technique of avoiding the effect of singularity has a drawback, the method
is quite expensive in terms of the required computation time. This increase in the compu-
tation time is due to the fact that a modified generalised inverse has been used. The
generalised inverse requires the computation and multiplication of the Jacobian transpose
J hT with the Jacobian itself, and invert the result. The use of the RSI would require,
in addition to this, another vector to be added to the inversion which represents the

effect of the variable factor K.

The mechanism of changing the value of x, in Eq. 6.22 gives a solution which is effective
only when the finger is at singularity. Compared to a similar approach of the use of
(damped least-squares) solution used by WAMPLER [1986], hence a reduced computation
is required. The reduced computation is due to the fact that a generalized inversion is used
(with less computation time) outside the singularity region, and a robust singularity
inverse is performed only within the ill-condition of ¢, , whereas the damped least square

solution will be used with a constant k_factor even outside singularity.

Having considered the aspects of variable scale factor used in the inverse operation, here
the computational requirements are further analysed and compared with conventional

existing inverse techniques.
In accordance with the computational requirements, as discussed by NAKUMARA [1992],

using RSI over the conventional inverse result in a great deal of arithmetic to be

computed. Such computations are time consuming, especially for real time applications.
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(6.6) DYNAMIC FORCES COMPUTATION USING OPTIMIZATION

6.6.1) Constraints Formulation in the Coordinated Motion

Internal Forces Optimization During the motion:

Under assumption 2 of section (6.22), the force balance equation for grasping during
dynamic motion can be expressed using the grip transform in the following way:

tip

F,) = Gf,® (6.25)

where the F,(¢) is the vector of the time varying object dynamic.

However, dueto theobject motion following a defined trajectory over time 0(¢), and

the B(¢) vector are time dependent.

0O = et (6.26)

Expanding the above inequality constraint equation in a similar way as done in Chapter

Five:
TIOAE) tip < B® 6.27)

The ¢,(t) vectors are the inequality constraints which take the following format:

c(t) =

-cooo

T, ..~M0,+NO+C, (6.28)

__ imax

Eq. 6.28 accounts for the physical limits in the joint torques for producing the object defined

motion by including the finger dynamics which change during the object motion. The
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equation also reveals the fact that, once the object is in a static mode, the hand motion
parameters such as the inertia M,, centrifugal force N, will be zero and the generated

joint torque is that which compensates only for the gravity effect parameters, as has been

investigated in Chapter Five.

An important issue for consideration, which is not apparent in the static mode of grasp-
ing, is the motion dependence in the defined task. = While the robot hand changes its
configuration to track the object motion, the Jacobians of the individual fingers change as
the motion progresses. This change puts another constraint on the object contact coor-
dinate, since it requires the computatién of the individual Jacobians as expressed at the
ith point of contact. Hence the direction cosine is computed only at the beginning of the
task since the points of contact do not change, it is only the orientation of the contact point

that changes.

Optimization of Dynamic Internal Forces :
Using the same development asin Chapter Five for calculating the null space components
of the Grip transform G which is based in the computation of the internal forces, then the

function to be optimized is given by :

Optimize D)) = Ce),, + D), WAE),
subject to G ﬂt)tip = F,(®)
and 1) f©),,, < B (6.29)

The C” force vector adds a biasing fingertip force if the object is to push against an exter-

nally acting force, e.g. an environmental force.

Following the same development outlined in Chapter Five for optimizing the internal forc-
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es, we are left with the following formulation for the dynamic case:
Optimize Q) = ¥%ingmi

Subject to TEmA < (BE)-TIE) AL),,) (6.30)

For dynamic manipulation, animportant issue regarding the internal forces optimization,
is their relation to the fingertip forces decomposition, into grasping and manipulation
forces, presented by YOSHIKAWA and NAGAI [1991] and described in Chapter One. |
The grasping forces described were added‘to satisfy the geometry and frictional
constraints. The optimized internal forces using optimization algorithm is the other view

of the grasp mode scalar which is added to satisfy the grasping forces as given by :

fop,=r+ 1, (6.31)
where the internal forces are represented by f; :

where I;, =B ghg (6.32)

and Bg is a matrix selected to satisfy the contact and geometrical constraint at the point
of contact. When employing non linear constraints optimization, the grasping forces are
blended within the manipulation forces, ‘since the calculated fingertip forces are already
satisfying the geometric and frictional contact constraints. As the object progresses in its
motion the Bg matrix will reach a stage where the contact constraints will not be

satisfied, and hence the grasping modeof (y,v, v,andy,)has tobe updated.

Fig [6.10] illustrates the hybrid controller structure expressed by Eq. 6.14 and which has
been based on the employment of nonlinear optimization of the internal forces. The con-

troller has been considered under the assumption that, the required cartesian object
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motion parameters are defined.  Since the motion is based on cartesian coordinates, the

hand inverse kinematics are used with reference to a fixed frame in the work location.

In the figure, the control structure adds two types of torque vectors at the summing
junction A. The computed torque technique is used to compute the inverse dynamic of the
whole hand. Also shownin Fig[6.10] are the internal forces which must be optimized to
produce the minimum effort to move the object. Due to the equilibrium of forces, the de-
fined object motion parameters will produce a cartesian force proportional to the object
mass. Also shown in the figure is the cartesian error which is generated by the difference

between the object motion and the real fingers position.

In the controller structure of the cartesian based hand motion, either using the linear or
nonlinear optimization technique, it requires the actuating of appropriate joint motors for
changes in the fingertips forces, due to the object dynamics. At each sampling period the
computation complexity of multiple contact object motion, is not as the case of computing
variables for a robot arm controlled in cartesian base. This is due to the dynamic of the

object in producing an effect on the fingers during the object motion .

6.6.2) Employment of Nonlinear Constraints Optimization During the Motion :

In the previous section optimization of internal forces based on the linearised model of the
contacts has been investigated. Another approach is to employ the nonlinear constraints
optimization in the dynamic manipulation, hence to define an optimal criterion during the

object motion.
Computation of the fingertip forces and hence the object resultant forces using a linearised

model of the contact is enforced by ignoring some areas of the friction cone model at the

point of contact. It also has the disadvantage of conatenating the Il(f) and B(f) matrix
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and vector respectively in the optimization, which is time consuming.  Another approach
to solving the same problem is to model the contact as a purely nonlinear model of a cone,

and solve the contact forces within this cone for keeping the object under consideration in

a stable grasp.

Force optimization of nonlinear constraints is done by the optimization of the real contact
forces fx " fy L fz 4 instead of the optimization of dummy variables, A vector, as in the
linear constraint problem which has been discussed by COI et al. [1992], when they used
the force ellipsoid to formulate the optimal load distribution of two robot arms. Having
this in consideration, the control stra.ltegy based on the optimized contact forces them-
selves and finding a suitable solution for the hand object system with four nonlinear

constraints is not a trivial task for dynamic motion.

In section (6.6.1) the force control strategy has been based on optimization of the contact
forces by the optimization of the grasp internal forces, and the controller structure shown
in Fig [6.11] has resulted. Within this section the employment of nonlinear constraint will

be used in the optimization scheme.

Define the E(t)e matrix to be composed from G the grip transform and Jh(t), such as:

5 N S— (6.33)

then E(#), is bounded by the time varying equality limits as:

L(#) (6.34)

lim

< E®), < U®

lim

where L(t), and U(), are dynamicbased vectors given by:
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The forces calculations expressed in Chapter Five can be rewritten in the following form

for the dynamics case as, AL-GALLAF and WARWICK [1994-a] :

L7

Optimize (I)(f;ip) = i‘, (f2 .+f2 vt fz zj)

subjectto L(1), < Et) <UQ®

lim lim

and R T (6.36)
The employment of the nonlinear constraints optimization simplifies the controller struc-
ture for a cartesian based motion. This can be seen from the controller structure shown in
Fig [6.12]. In the Figure the inverse dynamic model with constrained acceleration of the
entire hand is the same as that adopted in section (6.4.1). What has been changed is the

computation of the forces at contacts.

6.6.3) Results Analysis
Within this section some simulation results obtained for the object motion with optimal

contact forces will be presented.

Defined Manipulation Task. :
In order to illustrate the concept of object manipulation, a task has been defined and
involves the motion of an object within the workspace of the Cybhand. A spherical object

of defined mass and inertia parameters is required to be moved in a cyclic motion given
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by the following sinuosodial changes in its position with respect to the hand palm:

32 - 114 sin (h)t
100 ~ 50 sin (h)t_
X = |-166 + 70 sin (h)t ex® (6.37)
0
0

0 in mm

In accordance with Eq. 6.37, the cartesian path of the object is cyclic with respect to the
palm frame, hence such a cartesian path will be associated with cartesian velocities

and acceleration expressed as three element position vector with no change in the object

orientation.

Fig [6.12] shows the corresponding cyclic path of the object to be moved. In Fig [6.12-a]
the object direction of motion from bottom to topisin the Z direction. Fig[6.12-b] shows

the the object motion from a plan view where the cyclic motion is in X and Y directions.

Inverse Dynamic For One Finger :

First the analysis of the manipulation task, the inverse dynamic response of one finger,
will be investigated. The computed joint space parameters ( position, velocity, accel-
eration ) of a finger will be used to show the unconstrained motion of one finger using the
inverse dynamic model of the finger. The inverse dynamic has been based on the use of a

finger Lagrange.

Unconstrained Joint Torques :
Fig {6.13] shows the required joint torques required to move one finger for the defined
manipulation task using the inverse dynamic model of one finger. For instance, Fig

[6.13-a] shows the gravitational torques required by the three joints in one finger. Because
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in this analysis the hand orientation remains horizontal, the proximal joint requires zero
torque to overcome the gravity effect, whereas the the medial and distal joints require a

certain amount of torque to overcome gravity.

In a similar way, the centrifugal forces effects are shown in Fig [6.13-b], whereas the
inertia terms and their dependence on the joint acceleration are shown in Fig [6.13-c].

Similar results are obtained for the other fingers in the hand.

Fig [6.14] shows the corresponding velocity computed using RSI for three joints trajecto-
ries in one finger. Due to the fact thai: all the fingers have to start and stop motion at
the same moment of time as a requirement of manipulation, the other three fingers all
have the same joint space parameters of motion. Therefore, their fingertips locations with
respect to the hand fixed palm fréme are different due to their kinematics relation, pre-

sented in Chapter Three.

When the closed dynamic system represented by the object-hand motion occurs (fingers in
contact with object), the acceleration of the joints are constrainred. Fig [6.15] shows the

corresponding constrained acceleration of the one finger, Eq. 6.11. As the constrained
acceleration expressed by Eq. 6.11 needs the hand Jacobian to be inverted, the effect of
singularity is quite clear. Fig [6.15-a] shows the computed acceleration when the

normal inverse is used where the acceleration is corrupted due to the singularity problem.

Fig [6.15-b] has the same acceleration when the RSI has been employed rather than the
normal inverse. Since the motion of the entire hand has to pass the distal joints through
zero value of joint angle, (thus within singularity ) the result of this singularity is the peak

in acceleration.
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Constrained Motion Torques :

Fig [6.5] has shown the corresponding generated torque for the constrained motion case
due to the singularity problem. The generated torque for the joints were corrupted and
hence cannot be applied to the hand mechanical servo system, as that will produce a very

large joint space motion.

Fig [6.16] shows the corresponding torques for moving the two fingers all together, even
within the location of singularity. The application of the RSI has reduced the peak of the
computed torque. For instance, Fig [6.16-a] shows the corresponding computed torques
due to the computed constraint acceler;zltion for moving the first finger. The object must
be grasped during motion while the two fingers must move in the same direction. Fig
[6.16-b] shows the corresponding computed torques for moving the second finger. The four

fingers have similar torqures ensuring the direction of object motion.

Fingertips Location Using RSI :

The corresponding fingertip positions of the four fingers with respect to the hand palm
frame due to the computed torques are shown in Fig [6.17] and Fig [6.18]. In Fig[6.17]
the first and second fingertips displacement with respect to the hand palm coordinate are
shown. Due to the kinematic structure of the fingers, the corresponding positions are
different in terms of their position with respect to the hand palm reference. Fig [6.18]
shows the corresponding position of the fingertips for the third and fourth fingers. From
the structure of the grip transform, it can be seen that the fingertips actually move with

the points of contact as the object is displaced in the cartesian frame.

Optimization of Forces :
In the last sub-section the concept of generating the required joints torques for the fingers

motion has been presented. Within this sub-section the aspects of generating the fingertip
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forces at the four fingertips will be analysed, based on the use of optimization techniques.
As has been indicated in Chapter Five, two approaches of optimization have been adopt-
ed, the first is the extension of the use of intergal forces optimization and the second the
use of nonlinear inequality constraints optimization. Both solutions will be analysed and
compared in terms of formulation , computational requirements and the continuity of

solution.

() Linear Constraints Optimization :

For the analysis of the torque vector computation in achieving a defined manipulation
task, this section illustrates the use 'of the internal forces minimization for moving a
grasped object by the fingertips prehension.  Here the main requirement is to keep the
object in track while ensuring the contact forces do not stray from the frictional limits. The
torque vector of calculation of the hand is divided in accordance with Eq. 6.14, into two
main parts.  The first is constraint with the inverse dynamic of the hand which has been
based on computed torque technique. The second is the ability of the hand to generate
torques that are of importance in keeping the fingertips in contact with the object surface,

which is represented by optimization.

(i2) Internal Forces :

Since the whole concept of linear constraints quadratic optimization is the optimization of
the internal force vector, Fig[6.19] shows the six internal forces which have been com-
puted during the manoeuvre of the objecf. Further multiplication of this internal force
vector by a scalar will have the effect of increasing the grip on the object which might

cause damage if the object is not rigid.

Fingertip Forces :

Fig [6.20] shows the corresponding real fingertip forces ( normal and frictional ) of the first
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and second fingers, while Fig [6.21] shows the fingertip forces for the third and fourth

fingers. Using a similar argument, the normal forces f,, and f, arenormal to the frames

attached at each contact point.

The normal force at £he contact frames has greater value than the corresponding frictional
forces at each fingertip, thus satisfying the frictional constraints. Furthermore, the nor-
mal and frictional forces satisfy the geometric constraints imposed by the fact that the first
fingertip normal force should be in an opposing direction with respect to the second finger

due to the orientation of the frames at each fingertip.

Since the required motion of the object is cyclic in nature, the corresponding forces should
also be cyclic, ensuring that when grasping the object in a forward movement, the

same forces are used for the reverse movement.

Fig [6.22] shows the corresponding objective function to be optimized, the sum of squared
internal forces. The objective function has taken a cyclic shape with one maximum and one

minimum due to the cyclic cartesian motion of the grasped object.

However, there is a comment in the shape of the objective function obtained which repre-
sents the summation of the squared fingertip forces. The objective function has reached a
minimum and maximum for the same object displacement in the forward and return of the

object.

The use of internal forces optimization in robot hands will optimize the magnitude of these
internal forces, hence, the cost function shown in the figure represents the summation
of these internal forces magnitude rather than the real forces themselves. Due to the

requirement of the hand to grasp the object against the gravity effect at zero time of
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manipulation, the graph shows that at zero time there are internal forces of magni-

tude — 50.2 mN, required to grasp the object.

The cost function shows it has reached a minimum and maximum at a repetitive time,
indicating that, although the object dynamic after the middle of the task is similar to the

first half, the computed internal forces could be different, while the constraints are still

active.

Fig [6.23] shows the corresponding object dynamic force vector F,. Itis clear from the
graph that the object dynamic is domi;lated by the object weight. However, there are also
the inertial forces which the hand has to overcome. The resultant object force vector gen-
erated by the hand itself is shown in Fig [6.24-a], where, if this force vector were added
vectorially to the object dynamics, the motion would result in the entire force system of the

hand-object satisfying a zero resultant force as shown in Fig [6.24-b].

Joint Torques :
Fig [6.25] and Fig [6.26] show the corresponding finger joint torques which are respon-

sible for the generation of the fingertip forces.

The torque generated to allow the fingers to grasp the object has to be added to the torque
generated to move the hand links, especially when the hand is to move the fingers at high
speed, where the centrifugal and coriolis force of the object and the links are to be ac-
counted for. These combined torques are the result of decoupled torques which will be

acting at a particular joint during the motion.

({if) Nonlinear Constraints Optimization :

Within this sub-section we discuss the employment of nonlinear inequality constraints for

6-36



(m)N 100

&N 200

>

R

-500 “r ,Tr ~:|W3Tu.
~-600

o 100 200 300 400 500 600 700 800 900
Manipulation Time. msec.

o : x axis Foroe,

+ -y axis Force,
x : z axis Force,
- :Rot Torqure.

Figure : 6.23 : Corresponding Object Resultant Force Due To the Defined Trajectory.



600
(m)N
500 oy .
400
[
S 300
w R 200
100
o T T mr——— ?l
-100
a o 100 200 300 400 500 G600 700 800 200
Object displacement time. msec,
o : x axis Force,
+ : y axis Foroce,
x = axis Force,
- : Rot Torqure.
E-Gf,=0
x 1077
8
m)N |+ . 1 TH
6
4
N
2 &
N i ARV | i
o bl p
e ‘u’; rg_ n
-4 I~ v
-6
I1RI RN T A (D R NI N TN
b _80 100 200 300 400 500 00 700 800 900

Object displacement time. msec.

Figure 6.24: a: Resultant Force of Object Due to Fingertips Forces.
b: Object - Hand Resultant Force Vector.



X
Nm X0
d
(o]
N  -s00
-
P
D .1000
~
p
™~  -1500
~
[
b
-2000
?
-25000 100 200 300 400 500 600 700 800 900
Object Displacement Time. msec.

* : Proximal Joint,
o : Medial Joint,
+ : Distal Joint.

Nm xw's

M 'ml

_2o: WM"T-!"'M

-400

|
|

-800

1000y ol

~
N
S o) “
-1200 [, ]
™ h -
-1400
-16005 100 200 300 200 500 600 760 800 500
b Object Displacement Time. msec.

Figare 6.25 : a : First Finger Joints Torques Using Internal Forces Optimization.
b : Second Finger Torques.




5
Nm x0
- B
5 -500
P -
% =
' 700[Xwmg
\ f”
P’J‘, -800 \‘h ff
oo ] %\k“\ | o
PCRccoee™
a -1 100 200 300 400 500 600 700 800 200
Object Dispalcernent Time msec.

* : Proximal Joint,
o : Medial Joint,
+ : Distal Joint.

5
Nm o, Xi0
165 -300%1“ 2Z<canad * Aduans ' JJ
o [ sapumaremners*] B Ty
&
-500
S
-600
o
P -
T d N\ /f
b 800 Nbinsoaid
(3 160 260 360 400 300 500 700 860 200

Object Displacement Time msec.

Figare 6.26 : a: Computed Torques for tho Third Finger.
b: Fourth Finger.



calculating manipulation forces.

Using the same analysis done for the internal forces optimization, we analyse the force
to grasp an object during object motion. However, instead of calculating the internal
forces which are added to the pseudo-inverse solution to generate the appropriate fingertip
forces, the fingertip forces are computed directly by optimizing the suitable forces which

will satisfy both the equality and nonlinear inequality constraints already discussed.

Fingertip Forces :

Fig [6.27] shows the corresponding real fingertip forces (normal and two frictional ) of the
first and second fingers, while Fig [6.é8] shows the opposing fingertip forces for the third
and fourth fingers. The normal forces in both fingers, f,, and f, ,have a magnitude of
greater value than the corresponding frictional forces at each fingertip, thus satisfying
the frictional constraints imposed by each contact. The direction of the normal forces iz

and f, are opposite due to the rotation of contact frames at each contact point.

Fig [6.28] shows a similar description, of the generated fingertip forces for both the
third and fourth fingers. First the normal forces f,, and f, are of greater magnitude than
the corresponding frictional forces fa fay f,, and f, 17 meanwhile of similar direction of
application at the object surface. The direction of the normal forces in all the fingers do

satisfy the constraints imposed by the directional norms.

Fig [6.29-a] shows the corresponding cost function of optimization which represents the
summation of square fingertip forces. The cost function approaches a maximum value at
the middle of the manipulation task, indicating the increase of required forces at this
point. Furthermore, the cost function has similar behaviour during the first and second
phases of manipulation. For the manipulation task to start at zero time the cost

function is not zero due to the requirement of the hand to apply an amount of force to grasp
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the object against gravity.

Fig [6.29-b] shows the object resultant force dug to the object motion. It is clear from the
graph that there is a biasing force added in the Y’ direction, defining the force due to the
object weight. Thus the hand forces have compensated for the object weight in addition to
the dynamic forces due to its motion. Fig [6.30-a] shows the corresponding generated re-
sultant force of the object due to the motion, which is similar to the one obtained for the
internal forces optimization. Fig [6.30-b] is the vector of resultant force in the hand-object,
since the resultant force is to be zero, | the six dimensional resultant force vector is zero,

similar to the internal forces optimization method.

Joint Torques :

Fig [6.31] to Fig [6.32] show the corresponding finger joint torques which are responsible
for the generation of the fingertip forces. For instance, Fig[6.31] is the torques produced
by the first and second fingers in the hand compensating for the grasped object dynamics
during the entire manipulation task. Unlike force computation using internal forces op-
timization, due to the symmetric nature of' the task, the generated torques are symmetric
around the middle of the task where the object reaches its maximum motion. The other
observation is that torques generated by the proximal joints in both fingers nearly oppose
each other. Inasimilar way, Fig[6.32]illustrates the generated torques in the third and
fourth fingers in total. The generated torques are bounded within the maximum torques

produced by the hand actuators.

(6.7) COMPARISON BETWEEN LINEAR
and NONLINEAR FORCE OPTIMIZATION

In the last Section both linear and nonlinear constraints optimization techniques have been

used to compute the fingertip forces without mentioning any aspects of the computational
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comparison between the two approaches. Within this section requirements for formulat-
ing the optimization variables in terms of the hand Jacobian and the object dynamics will
be investigated and compared in terms of the required arithmetical operations.

The issues of comparison between the employment of the linear and nonlinear optimization
algorithms is the speed of convergence to an optimial solution and the continuity of
solutions. Speed of convergence to an optimal solution is mainly determined by the number
of constraints to be solved, whereas the continuity of solution is determined by the nu-

merical algorithm itself and the nature of the objective function to be optimized.

If the obtained fingertip forces for a s'mooth variation in the object dynamics is discontin-
uous, this will result in the change of the joint torques over all the hand for small
variations in the object dynamics. Table [6.1] shows the computational requirements for
both the linear constraints and nbnlinear constraints optimization formulations. The re-
quirements for internal forces optimization has been dropped to more than the half using

the nonlinear optimization approach.

Operation Linear Optimization Total Nonlinear Optimization Total
Addition Multiplication Addition Multiplication

fon 60 72 | 132 0 0 0
an 60 72 132 0 0 0
F, 6 9 15 6 9 15
Fu+fn 12 . 0 12 0 0 ‘ 0
B-TIf,, 28 50 78
J, 12 32 44 12 32 44
' 6 72 78 6 72 78
Total 491 132

Table [6.1] : Computational requirement for linearized friction cone and nonlinear optimization approach
without including householder rotations and for non zero null space matrix of G .

Both techniques minimize the contact forces applied by the fingertip prehension in the

object, however the computational aspects of the first method (internal forces optimiz-
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tion) is more intensive due to the use of inverse of the Jacobian matrices of the all fingers

to formulate the linear constrains outside the optimization algorithm.

Regarding the speed of convergence to an optimal solution, the number of constraints

‘determines how far the numerical method has to fulfil the inequalities.

SUMMARY

Chapter Six has focused on the development of controller design which includes the dy-
namic effect of the hand-object system: It started with the Lagrange formulation for the
combined hand-object system linked through the grip transform. The full dynamic model
of the hand has been developed as a basic model for manipulation by a multi-fingered

robot hand.

Due to the nature of motion and the dependence of friction forces to keep the object stable
even during high speed manipulation, two main issues have been of importance. First,
a kinematic problem represented by the approach to singularity of the entire hand Jacobi-

an, and second, the need tokeep contact by fingertips during object motion.

The first has been solved using RSI for the multiple contact system with different meas-
ure of manipulability for each chain, whereas the contact problem has been based on the
use of optimization using both internal forces optimization and nonlinear constraints

optimization.
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PARALLEL COMPUTATION APPROACH
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(7.1) INTRODUCTION

A major problem in effectively realizing advanced manipulation schemes for a multifin-
gered robotics system has been the difficulty of implementing the kinematic and dynamic
relations required for dynamic coordination in real time. This problem is accentuated by
the increasing structural and task complexities of the next generation of robots under
development. Coordination of multiple-finger systems operating in higher speed regimes,
while making and breaking contact with the environment, places stringent computational

demands on the control system.

Determination of the Inertia, Coriolis'and Centripetal terms in addition to the Gravity
terms as presented earlier involves a considerable amount of computation as has been dis-
cussed by CHEN et al. [1988] and JAVAHERI and Orin [1991]. In case of robot hands
holding an object, another task arises: the control of the constrained motion of the object

by the computation of fingertips forces.

Chapter Six has discussed the concept of computing torques for constrained coordinated
motion of the fingers; although using such complicated control law is a requirement, the
direct application of such control is not feasible for real time implementation. CHENG
and ORIN [1991], and CHARLES and SAKON [1990] investigated the constrained
equation by subdividing the entire equation into inverse dynamics and force distribution
problems and solved them separately by intensive computations. However, rela-

tionships exist between these two main issues which have to be investigated.

This chapter presents the employment aspects of transputer based control for the coor-
dinated control used in the manipulation of an object grasped by a four fingered robot
hand. The main concern of the transputer is how different processors in the network

communicate the variables. This chapter does not deal with the physical implementations



aspects, it deals with how dynamic and kinematic operations can be simplified for parallel

processing.

Chapter seven has been divided into six sections. Section (7.2) presents the problems
associated with a constrained motion dynamics. Section (7.3) investigates the computa-
tional complexity of the Lagrange dynamics associated with the four finger, whereas the
dynamics and kinematics issues are dealt with in sections (7.4) and (7.5), respectively.

Finally section (7.6) investigates the used optimization schemes.

(7.2) NATURE of PARALLEL PROCESSING
Within Chapter Six the constrained motion of a robot hand has been developed, where
the computational cost of the overall dynamic parameters cannot be performed using a
single processor system. There are several control algorithms of computation for articu-
lated system control that would involve the inclusion of the dynamic model of the overall
hand such as ZEXIAWG et al. [1989] and SCHNEIDER and ROBERT [1992]. However,

there are several associated associated that need to be resolved prior to practical

implementation. These are :

(@) Greater computing power is required to enable the on-line implementation of certain
control laws which cannot be achieved using a single processing unit. Although simpli-
fied or customized dynamic formulations have been used extensively as done by PAUL
[1981] and ZOMAYA Vand MORRIS [1989], even the simplified modelling suffers from
computational deficiency arising from the large amount of multiplications and additions

which hamper their on-line implementation.

(&) The constrained nature of motion of an object within the hand palm requires the on-line

application of force computation which might involve optimization technique due to



changes in object dynamics.

(i) The dynamic model must be simplified in a way that makes the grouping of dynamic

parameters direct and systematic.

(iv) Most robot hands have a three degrees of freedom kinematic structure of each finger,
thus the possibility for the finger to be in singular is very high without the approach being
avoided. This would require the employment of advanced inversion algorithms in real

time which are numerically time intensive.

(v) Robots hands are devices which are usually attached to robot arms, hence the gravita-
tional force effect in the dynamics of the hand will be orientation dependent ; this adds

extra orientation parameters to the complexity of the dynamics.

Since a numerical nonlinear constraint optimization approach has been adopted for cal-
culating the fingertip forces for a manipulation task, the optimization algorithm itself can

be sub-divided into a number of sub-tasks for implementation in parallel processing

machines.

(7.3) ASPECTS of PARALLEL COMPUTATION of the HAND
DYNAMICS.
In Chapter Six the concept of object manipulation and displacement within the hand palm
hasbeen presented. For very fine manipulation and high speed of operations the dynamic
model of the hand is of great significance that has to be accounted for in applied control.
Furthermore, in the coordinated motion of the fingers, modelling of the hand-object

subsystems have been treated as if they are one dynamic system coupled through the points.



of contacts ; this adds further complications because of the object dynamics and forces

acting at fingertips.

While discussing the manipulation of an object using the potential of parallel processing
machines, the control law defined by Eq. 6.14 is to be implemented in a real time basis.
The problem can be defined as: the coordinated unconstrained motion of the hand fingers,
thus Tyana » 10 addition to the constrained motion which involve the fingertips forces
and the corresponding torques, Tobject . This section will concentrate on the concept of
parallel computation of the hand dynamics: whereas the computational requirements for

the force optimization implementation will be discussed in section (7.6).

The parallel issue of one finger dynamics is much simpler than the dynamics computation
for a six degrees of freedom robot due to the fewer degrees of freedom. The entire hand
dynamics consisting of the individual fingers can be simplified because relationships
among the fingers’s kinematic structure exist which can be utilized. Such kinematic‘
structure suggests that one finger dynamics will be sufficient to be used for the entire hand
aslongas thefingers start and end motion at the same time and the fingers are of similar

dynamic parameter, which is the case in this research.

Furthermore, from a kinematics point of view, the location of the fingers would suggest
that finger Jacobians would be similar regardless of the rotation needed at each point of

contact.

Parallel Scheme :
The solution of the dynamic problem incurs a heavy computational load. This computation
of the highly coupled dynamic equations has always produced a bottleneck in real-time ad-

vanced dynamic control of the links. Parallel processing techniques can now be used to



reduce the determination time for models of a highly mathematical nature.

This subsection presents the aspects of a parallel processing scheme which allows us to
execute control computation in the minimum time on a multi-transputer system. Key
points for parallel processing on a general transputer system are : how to decompose the
computation complexity into several small parts called tasks ( and subtasks ) and how to

allocate or schedule the tasks to these individual processors through task time schedule.

7.3.1) Computational Modules of Euler - Lagrange Equation of Motion.
Since the finger dynamics have all been based on the use of the Euler-Lagrange equation of
motion as derived in Appendix [A5], the computation issues would start from this

formulation.

An investigation of the E-L equations of motion confirms a certain amount of parallelism
with a large amount of sequentialism in the flow of computation, LEE [1993]. The func-
tional decomposition separates the inertial, coriolis, centrifugal and gravity terms into

parallel form. Added to this there will be torques to overcome the object dynamics repre-
sented by o hT tip"
Fig [7.1]1 shows the computational flow and data dependence of the E-L equations for one
finger in the hand. All blocks represent, computational modules, with the object being com-
puted listed in the block, alonge with the number of computations required by the dynamic

modules.

The figure shows that the gravitational, coupling forces (coriolis and centrifugal ), and
inertial terms can be computed in parallel without any major dependencies on data from

the other terms except for the Uk(aTok )/ (38, which is used for computing both
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the coupling and inertial terms. The main bottleneck in this algorithm is the computation
of the coupling terms like (3°T,")/(20,06,) and (G’T,")/(2006,)1U,I@T* /(30)"] which ex-

hibit a highly sequential flow of computation rather than parallelism.

A major concern of this equation is the computation of the hand inertia matrix M ,» Which

by itself consists of the individual finger’s inertial matrices.

The main distinction between the configurations employed is how the task is classified,
that is, the amount of work carried out by each processor and the overhead caused by the
communication between the separate tr'ansputers in the network. In order to evaluate the
feasibility for real time operation, the computational requirements for setting hand in-

verse dynamics and force distribution problems will be investigated separately.
7.3.2) The Computational Investigation

Off-Line and Online :

Broadly speaking there are three main intensive computations in object manipulation.b
The first is what was discussed earlier, the hand dynamics, the second is the kinematics
which includes the Jacobian formulation, its differential, and its inverse and the third is

the computation of forces distribution which could include optimization.

1: Hand Dynamics :

Having considered this, there are a few terms which can be computed offline before an
on-line computation starts.  Further investigation of one finger dynamics suggests that
there is a simplification in the model that can be used, as there are zero elements in one

finger inertia matrix. Due to the dynamic structure of the finger these zero terms are given

inEq.7.1:



w0
0 Dy
0 0

(7.1)

The other expression in one finger dynamics are the coriolis and centripetal terms:

H,,
= H,
H,,

H21 H3 1 H41
H22 H32 H42
H23 33 H43

(7.2)

For simplification, let us open the individual terms and explore the corresponding com-

putational operation required. The corresponding computational requirements for the

hand inertia,

and Table [7.3] respectively.

Centripetal, Coriolis and gravity are given in Table [7.1], Table [7.2]

Operations Count (0OC)
Term Operation per Term
Multiplications Additions
On Line == Off Line ======f===== (On Line == Off Line ========
D,, 8 18 6 0
D,,D,, 0 0 0 0
D,, D, 0 0 0 0
D,, 1 6 1 0
' D,, D, 1 5 1 0
D,, 0 2 0 0
Total 10 31 8 0

Table [7.1] : Inertial Terms and the Number of Computation.
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Operations Count (0C)
Term Operation per Term
Multiplications Additions
On Line = Off Line ====f==== On Line == Off Line
H, 16 19 10 0
H 29 12 19 9 0
H 23 9 8 5 0
Total 37 46 24 0
Table [7.2] : Coriolis & Centripetal Terms and the Number of Computations.
Operations Count (0OC)
Operation per Term
Term Multiplications Additions
On Line =F Oﬂ‘"Line, ===x======= On Line :F Oﬁ"Line =—smemmmm e
o} 0 0 0 0
C, 3 8 3 0
C, 1 3 1 0
Total 4 11 4 0

Table [7.3] : Gravitational Effects Terms and the Number of Computations.

2- Hand Kinematics :
Hand Jacobian: The second computational complexity of the algorithm is the kinematics

which includes the Jacobian p itsinverse o h_l , and its derivative o e

The hand Jacobian can be simplified by looking at the individual fingers Jacobian,

since some terms will drop to zero due to the kinematic structure of particular
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fingers. Here the Jacobian of the first and third fingers is different from those of the

second and fourth due to the chosen point of contact frame.

— _ _ _
J, 0 0 0 J, 0

Jy=dy = |0 J Jy | and = |J, 0 J, (7.3)
0 0 J, 0 0 J,

3- Forces Optimization :

For the internal forces that consist of two main matrices, the first is the frictional con-
straints and the second the Jacobian v;'hich has been discussed above. The other part of
the linear constraints is the corresponding finger Jacobian J; which changes as the object

undergoes a manipulation motion.

On-line Computation:
The on-line computations are discussed next, starting with the requirements for the

linear optimization. The object dynamics can be rewritten in a simplified form rather than

the one defined in matrix.

The use of the matrices in the constrained dynamic equation is totally time consuming
while seeking fast computational requirements. One approach is to expand the terms in
non matrix forms and omit the zero elements in the equations. For the linear optimi-
zation case, extra computations are required to formulate the problem as the fingers move

with the grasped object.
Since the generalized inverse of the grip transform changes with time as the object dynam-

ics changes, Table [7.4] shows the computational requirements for the G+Fb

assuming the elements of the G matrix are obtained for non zero points of contacts.
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Of great importance in the computation for the linear optimization is the null space vector
representing the internal forces of the grasp. Also assuming non zero elements of the null

space matrix of the grasp transform, the computational requirements are represented in

Table [7.4].

The computation requirements of MA are mainly dependent on the structure of the null
space matrix T which is dependent on the grasp transform, thus depending on the
points of contacts around the object. Conversion from contact forces to the joint torques is

achieved by a number of operations which are also summarised in Table [7.4].

Thus the computational requirements for the total constrained part of the Eq. 6.14 is
totally determined by the G, u, F, and the corresponding resulting internal forces

magnitude A. This is summarized in Table [7.4].

Operation F, G'F, s FatThp J hTi;ip
Calcuation A M A | M A M A M A M
Linear |
Constraint 6 9 60 | 72 60 72 12 0 6 18
Total M= 161 A=144

Nonlmear ............. (.; |9 ............ 0]0 0 ..... 0 ...... 5 .......... (.) 6 ........ 18 .....
Total M =99 A=172

Table [7.4] : Online Computational Requirements for the Linear and Nonlinear Constraints.

What has been formulated in terms of the computational requirements is the determina-
tion of the corresponding joint torques. In addition to this, for the use of the linear
constrained type optimization, the problem is to be formulated in order that theITand B

matrices can be passed to the optimization algorithm. Table[7.5] show the corresponding
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computational requirements of the problem formulation at each instance. The difference
between force computation based on internal forces computation and nonlinear constraints

can be seen as quite obvious.

While dealing with internal forces optimization, a number of matrix multiplication such
as MA and B- If,, will increase the arithmetic needed. However, by employing

the nonlinear optimization, this amount of computation is reduced. This reduction can be

seen from Table [7.5].

The entire on-line major computation for the constrained and unconstrained motion of the

four fingered hand holding a single object is shown in Table [7.5].

Terms Add Sub Multi Div Total
Hand Dynamics M,N,C, 144 0 204 0 348
Hand Kinematics DADA 3 18 8 18 47
Object Dynamics F, 6 0 9 0 15

G'F, 60 0 72 0 132
Null Space nA 60 0 72 0 132
Tips to Joints ¢ hTfu.n 6 0 18 0 24
Formulation LinC1. 0 0 50 0 50
LinC2. 0 28 50 0 78
Final T, 48(36") 0 0 0 48(36")
Total LC 327 46 483 18 874
Nonlinear Constraints 213 18 293 18 542
Total NC 249 18 293 18 578

Table [7.5]: On-line Total Computational Requirements for Linear and Nonlinear Constraints by Treating
Fingers with Different Dynamics.
*
for the nonlinear case.
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There are a number of computations which need to be performed in parallel. Listing them
in order : The dynamic model of the hand which by itself consists of the dynamic model of
the fingers, Jacobian computation at each sampling period, Inverse Jacobian, the force
computation algorithm, object trajectory and the Newton-Euler formulation of the object

dynamics and, finally, the constraints requirements for implementing optimization.

However, due to the kinematic and dynamics structure of the cybhand, the use of one
finger dynamics or Jacobian is enough for other fingers in the hand, as long the fingers

start and end their motion from the same initial values.

For instance, the second finger Jacobian has a different fingertip axis due to the location
of the fingertip fame which opposes the other fingers. Furthermore, the gravitational
effect or vector of the fourth finger C , is different from the rest of the fingers due to the

orientation of the fourth finger by a defined rotation angle.

The computation of the described foregoing hand dynamic terminology with the optimi-

zation algorithm can be divided into five essential tasks which are relative to each other.

Task 1: Arrangement into 18 subtasks representing the effective and coupling inertia
terms.

Task 2: Arranged into 12 subtasks for the Coriolis and Centripetal terms.

Task 3 : Division into 12 subtasks representing Gravitational terms which add up toa
total of all subtasks.

Task 4 :  Deals with. Jacobians, its differential in addition to the inverse hand
Jacobian J,;I.

Task 5 : Is the computation of the Linear and nonlinear constraints to be utilized for the

optimization algorithm.
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Such subdivision is shown in Fig [7.2].

(7.4) HAND DYNAMICS
Aspects of Parallel Computation of Hand Dynamics :
The first three tasks of the parallel computations are the computation of the inertia (task1),
centripetal and coriolis forces (task2), and the gravitational forces (task3).
Task 1: Task 1 can be further subdivided into 4 subtasks representing the Effective and
Coupling Inertia terms. Inputs to this task are the elements of the constrained acceler-
ation coming from another task. Outputs from this task are the computed inertia torques
of the hand.
Task 2 : Is subdivided into 3 subtasks representing the Coriolis and Coupling terms. The
inputs are the joint space velocities, whereas outputs are the velocity dependent terms to
be added to the outputs of Task 1.
Task 3 : Is further subdivided into 2 subtasks representing the Gravitational terms.

Inputs are joint space vectors and outputs are torques added to results of task2.

(7.5) PARALLEL COMPUTATION of the HAND
JACOBIAN and its INVERSE

Task4 : 1 Hand Jacobian :

In principle the inverse hand Jacobian h_l is an essential factor in the computation of the
contact forces and the relating of cartesian displacement of fingertips to their joint space
vectors. Inversion of o , 1s generally computationally expensive and difficult to imple-
ment in real-time, furthermore, if the hand Jacobian is ill-conditioned then advanced
inverse computation to avoid this singularity would be even more computationally

expensive.

The formulation of the entire hand Jacobian, which is based in PAUL’s algorithm pre-
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Figure 7.2 : Sub-division of the Constrained Equation of Motion
into Six Sub-Tasks with Inter-Communication.



sented in Chapter Thee, would be extremely difficult to be implemented in real time if
expressed as concatenated matrix form. Due to the involvement of the all the fingers in
motion (fo start and end at the same instant ), the formulation can be simplified. There
is an extra matrix of rotation at each fingertip describing the orientation of the fingertip
frames with respect to the object surface as a requirement for formulating the optimization
of contact forces. From the hand kinematic design, for an object motion within the hand
palm, all fingers will have similar motion parameters, hence the computation of one finger
Jacobian will be used for the other three fingers, provided an extra computation is required
for rotating the fingertips frames. These extra rotations represent the reconfiguration of

finger Jacobian elements for each ﬁnge;', thus terms will be displaced in the matrix.

Using the same procedure given in Chapter Three, provided that the algorithm would

require an extra matrix for each finger, hence :

A3di [-n Dn ypx] 14 [~o Py +o ypx] Jj I[-a Dra ypx] k

A36i = ni oJ ak

A’ ="A, RoOT, 1<i < 4 (7.4)

Parallel aspects of Jacobian would be the individual formulation of one finger which will be
used to formulate the entire hand Jacobian through the appropriate consideration of fin-

gertip rotations, asshownin Fig[7.3-a].

Task4 : 2 Inverse Hand Jacobian :
The other source of computational complexity in real time is the inverse of the hand Jaco-
bian, especially when the matrix is in singular configuration and RSI technique is used

instead of conventional inverse. To compute the inverse of the hand J. acobian Gaussian
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a : Simplifications in Computing the Entire Hand Jacobian
b : Gaussian Elimination and Its Support to Parallelism.



Elimination Method is adopted for its support of parallelism. Further simplification of
applying GEM can be achieved by considering the fact that some elements of o , are zero

due to the kinematic structure of the fingers.

Parallel Gaussian Elimination Method

The Gaussian Elimination Method, where a flow chart is shown in Fig [7.3-b], is used to
solve a linear system of equations. For the parallel implementation of the algorithm we
need to invert a R matrix corresponding to the four Jacobians of the four fingers.
Since the hand Jacobian matrix o), does not depend on the type of contact, the complexity
in inverting it is determined by the number of fingers in the hand. The GAUSSIAN
ELIMINATION method is a general algorithm for inverting an RU212) matrix, hence a

parallel implementation of the algorithm can be achieved.

(7.6) ASPECTS of PARALLEL REQUIREMENTS for LINEAR and
NONLINEAR CONSTRAINTS OPTIMIZATION.
Task 5
The problem of involving numerical methods of optimization for the force computation is
certainly another source of complication to be achieved in real time, thus it is time
expensive. Within this section the requirements of constraint computation for the
linearized constraints case and nonlineér frictional cone limits applied in Chapter Five

and Chapter Six are discussed in such a way for parallel implementation.

7.6.1) Aspects of Parallel Linear Constraint Optimization

The main concern in using this approach is the processing time necessary to compute the
general inverse of the grip transform G. This is computationally intensive for evaluating
the particular solution if the fingertips slip over the object surface. For the non slipping

fingertips G(t) = 0, hence G’ is computed at each instant of the manipulation task.
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For dynamic computation of forces and at the beginning of each sampling period, the Jaco-
bian changes in addition to the changes in the dynamic motion of the object, hence the
constrained equation presented in Chapter Five or the optimization of the grasp internal

forces is given by :

ImA< (B- 1If ) (7.5)

where vector B, which has already been discussed in Chapter five, has tobe computed and
updated accordingly. Within this section, the aspects of dividing such computations are
discussed in a parallel format, rather than asa sequential implementation. The kinematic
terms of computing Eq. 7.5 have alrea'dy be discussed in Task 4, hence terms from this
task can be used directly and what would remain is the object dynamics. Another issue of
employing the internal forces optimization is the calculation of the real fingertip forces by

adding the puesdo inverse solution to the null space solution.

Further Reduction :

Having considered the two main assumptions that : ({) The kinematic deign of the entire
hand allows the fingers to have similar kinematics relations ; (i) The dynamic structure
of the finger links and the motion parameters ( position, velocity and acceleration ) are the
same for each joint in each finger. Hence the kinematic and dynamic model of one finger
can be employed to describe the dynamic behaviour of the entire hand for computing the

required torque.

Furthermore, the Jacobian computation in real time for one finger can be used for de-
scribing the Jacobian of the entire hand o » as long as the rotations at each fingertip are
considered by the hand controller. Ifthe fingertip rotations are made by a right angle (axes
are shifted in orientation), then what will distinguish one finger Jacobian from another

is the displacement of the Jacobian elements without change in the Jacobian matrix ele-
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ments numerical values. For other than right angle rotations of fingertip frames, there
will be extra elements appearing in the Jacobian matrix itself, representing the angle of

rotation of the ith fingertip to the previous fingertip frame.

7.6.2) Aspects Implementing of the Nonlinear Constraints
Taking into consideration the number of arithmetical multiplications, the nonlinear
equation is seen to be simpler, since it is formulated with only the object Newton-Euler

dynamics, where it does not involve the pesudo-inverse of the Grip transform.

A further look at the nonlinear formulation would suggest that one computational com-
plexity is in concatenating the grip transform ( which is a invariant matrix ) with the hand
Jacobian. The computation of the hand Jacobian has already been discussed in task 4,

hence what remains is the concatenating of the grip transform and the hand Jacobian.

After the fingertip forces have been computed using optimization, these forces have to be
converted to joint torques using the Jacobian transpose of the individual fingers. The
input to this subtask will be the formulated hand Jacobain from task-4, whereas the out-

put will be the computed torques required to grasp the object as shown in Fig [7.4-b].

SUMMARY
Generally this chapter has concentrated on the aspects of computing the hand-object
equation formulated in Chapter Six. Due to the nature of the problem, parallel compu-
tation is the most feasible due to the dependence of various terms of this equation on each

other.

Further discussed in this chapter is the concept of using one finger dynamics and kine-

matics to formulate the entire hand dynamics and the kinematics used for torques and

7-18



Task 5-1 : Linear Constraints Internal Forces Optimization

Hand Jacobian
from Task4

Task 5-2 : NonLinear Constraints Optimization

Figure 7.4 : Task 5 : Possible Optimization Variables Formulation.
a : Linear Constraints.
b : Nonlinear Constraints.

sub task

© FmemTomo—e————-o ' Hand Dynamics
:g E : ! .: from Task 1-3
§8 R | S M Ny Co
& | % | 3
S | | £ L
2 qg ] i =3 Friction and
';g : X Actuator Limits
1 1
] !
" : l
3R | :
=8 4 'yl e !
S5 . I
1
. I '
E 8 : sub task 5 Fb
To Algorithm
8
8
S T S
@ n o
§ © Optimization
z sub task

o m e Hand Dynamics
! | _§ from Task 1-3
' : .:2 :§ | Mh Nh Ch Fb
e ! T
! \ '3
5 E, | =
! i
1
! 5 E,
: :
C l
|
1
1
t



Jacobian computations where certain conditions are satisfied.

It has been shown that the use of nonlinear constraints optimization has the advantage of

reducing the arithmetical force computation over the use of internal forces optimization.

Finally the chapter considers the hand-object equation of motion as a problem which can
be broken into smaller subtasks ; interconnection is established between these various

smaller tasks if a parallel scheme of computation is implemented.
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CHAPTER EIGHT

CONCLUSIONS REMARKS and
FURTHER RESEARCH.
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(8.1) INTRODUCTION

Robotics and automated systems play a significant role today and in the future in indus-
trial locations, medical, remote manipulation, BRUNO [1992], manipulation in space,

NAGASHIMA and NAKAMURA [1992] and under sea environment exploration.

Although robot hands play an important role in today’s and future manipulation, they
are not capable of performing works and useful tasks by themselves unless they are

instructed and managed in a well structured manner.

In particular, robot hands start to be of significant use in automated environments
where an object path is specified from a much higher level of control.  This high level of
control of object motion could either be obtained from a camera based vision system con-
nected to a tele-operation mechanism, or defined object parameters of motion. In either
case, manipulation is tendered by a number of issues, some of which have been elabo-

rated within this thesis.

This thesis has addressed three of the issues regarding aspects of hybrid position-force
control on a grasped workpeice by including the dynamic effect of both the mechanical hand

and the grasped object for static grasping and dynamic manipulation.

Three main Issues :

(i) The employment of force feedback of the four fingers based on differential tendon
tension sensing .

(1) Use of nonlinear constraints of the frictional force cone in the computation of fin-
gertip forces to produce stable grasp for static grasping and dynamic manipulation. The
calculation has been achieved by optimizing the grasp contact forces. Results are then

compared with internal forces optimization already proposed by NAKAMURA et al.



[1989] and, NAHON and ANGELES [1992].

@ii) Use of the dexterity measure of the finger Jacobians to define a strategy for
inverting the entire hand Jacobian ( for the multiple contact system ) using a robust
singularity inversion. The hand Jacobian is employed in the hybrid dynamic controller

structure.

Furthermore, the above three concepts could not have been discussed unless the kinematic
and dynamic models of the robot hand are available. Hence, the research has also

looked at the following side issues:

(¢) The mechanical design and the construction of a four fingered robot hand (cybhand),
the derivation of the kinematics and dynamic modelling of the hand, and the definition of

a strategy for control.

(&) A brief discussion on the implementation of the constrained dynamic problem of the

hand-object motion using the potential of a transputer parallel computation hardware

structure.
The exploration of these three main issues, certainly, has wide the spectrum for further

research in the mechanics of manipulation.

(8.2) THE HAND DESIGN.
One aspect of this research work was the design and the implementation of a four fingered
robot hand. The hand has been designed with position control in all joints, and force
control in the distal joints.  The design of a four finger hand increases the control com-
plexity, meanwhile, it has been shown that it increases the grasp quality measure b;V a

considerable amount.
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Although the use of tendon and remotely actuating the hand is one aspect of hands design,
the development of fast and high driving torques direct-drive actuators are becoming pop-
ular as a' substitute to the use of indirect drive mechanism. Hence, further research
activity in the hand driving mechanisms, will undoubtly involve the use of direct drive
system as a substitute for tendons. The finger design based on Flexible Micro-actuator by
KOICHI et al. [1991] shows the future perspective of using flexible actuation in robot hands.
However, the question of modelling such flexible devices from dynamics and kinematics

points of view remains for further research.

(8.3) HAND KINEMATICS AND DYNAMICS.
8.3.1) Kinematics and Dynamics Relations
The work in hand research and the derivation of the all kinematic relations have been
achieved using the conventional DENAVIT HARTENBERG relations. Although the use
of the DENAVIT HARTENBERG transformation matrices to describe the hand-object
motion parameters is not an obvious task in multi-fingered robots hands due to the parallel
nature of contact motion, they have shown the possibility to have a full kinematic and

dynamic models of the hand-object system which are of great importance for control.

The computation of the direct (forward) and inverse Jacobian plays a major role in the hand

forces computation and advanced control in avoiding the singularity.

8.3.2) Hand Jacobian and the Dexterity Measure

The kinematic relations have led to the derivation of the Jacobian matrix of the whole hand
which later played an important role in cartesian based motion of an object. For a three
Jjointed ﬁn_ger, it was an easy task to obtain and visualize the dexterity measure of the
finger. However, for higher degrees of freedom finger design, the dexterity measure is

not a trivial task and hence other measures have to employed such as the configuration



space and the Global Task Space Manipulability Ellipsoid developed by CHIACCHIO et al.

[1991].

Use of the Quaternion Algebra :

It would be useful and convenient in further research to consider different kinematic mod-
elling techniques as alternatives to the homogeneous transformations employed within this
research. Of these techniques is the dual-number quaternion algebra as in ROBERTS
[1990], which treats rigid body translations and rotations in a convenient manner. Later
dynamic modelling and parallelism could be applied to speed up the inverse kinematics and

dynamics of the hand system.

Since the research has also considered the use of computed torque techniques for hand-
object motion, thatrequires the development of one finger dynamic model and hence the
dynamic model of the entire hand. A one finger dynamic model has been derived using the
Lagranigan equation of motion which indeed has been verified by the Mathematica Soft-
ware Package. The development of the dynamic model for one finger was achieved by
considering the customized model of the finger as already discussed by PAUL [1981] and
ZOMAYA, as in WARWICK[1993]. Furthermore, the model has been arranged in such
way as to ease the possible implementation in a parallel architecture machine, where
one finger kinematics and dynamics are enough to describe the entire hand dynamics as

long as certain conditions are satisfied.

(8.4 ) EMPLOYMENT of FORCE FEEDBACK.
Pure force control on an object is an important issue in any grasping, whereas combined
position and force hybrid feedback are essential for an objects dynamic manipulation.
Force control based on. force feedback has been employed in the four fingers of the hand

design. The amount of force to be applied to an object can be controlled by controlling the



torque produced by the driving pulley of the controlled joint.

This aspect of research has shown the force control on an object by controlling the amount
of strain a tendon produces on a beam. The amount of strain produced has been shown to
be a function of the physical structure of the sensor. The use of force feedback would
require the force control law to overcome the frictional present at the actuator, friction due

to the tendon routing and tendon hysteresis.

Equivalent Rotational Stiffness :

The angular displacement of the contfolled joint in force control is proportional to the
amount of force to be applied to the object by a constant which is known as the Equivalent
Rotational Stiffness. This constant has been derived for the designed force feedback 8ys-
tem which is entirely a function of the tendon layout and routing around the strain gauge
transducer. Future research in force sensing and control is to consider other techniques of

force sensing rather the use of strain gauges which exhibit the thermal drift problem.

(8.56) FORCE COMPUTATION and OPTIMIZATION.
The force control on an object and the problem of controlling an overall associated force of
an object have been addressed within this thesis. A new technique has been shown to be
effective that involves the optimization of contact forces on an object, rather than opti-

mizing a grasp internal forces.

Less Number of Constraints :

The optimization algorithm has been based on blending the linear equality constraints
with the nonlinear inequality constraints of the frictional cone either for static or dynamic

cases. The defined methodology has proven its ability to converge to an optimal solution
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with less computation time.

The use of nonlinear constraints optimization has reduced the arithmetic required, as
compared to the internal forces optimization. Although optimization and numerical force
computation gave reasonable results for both static and dynamic cases, these techniques
may require a considerable amount of time, especially when the algorithm is to search for
an optimal solution. The used optimality technique has been compared with the internal

forces optimization for the case of a four fingered robot hand.

Hence, one approach to speed up the computational requirements of the optimization
algorithm could be implemented in parallel fashion, added to the fact that, this algorithm

supports parallelism in the data flow.

(8.6) CONSTRAINED DYNAMICS and the SINGULARITY
PROBLEM.
Manipulation of an object requires the overall hand joints to be both controlled in position
and force coordinated mechanism. This thesis has looked at object motion considering
the physical constraints represented by the maximum torque produced by the actuators,
the frictional constraints at the points of contacts and the geometric constraints of the

normal force direction at the object surface.

Singularity in the Multiple Contact ;

An important aspect of cartesian based motion of the hand-object system is the singularity
problem in the multiple contact system which occurs to the hand Jacobian. A method of
solution has been employed which takes into account the singularity problem by extracting
the ill conditioned areas and use them to define the robust singularity inverse (RSI).

The method has shown the possibility of using advanced force position control scheme even
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in singular conditions. However, the price paid is the computational complexity of

using these advanced inversion methods.

Employed Assumptions :

The singularity problem has been addressed based on three main assumptions regarding
the trajectories of the joint space vectors stated as: (i) The physical lengths of the fingers
link are identical, i.e finger lengths are equal due to identical kinematic structure. (ii)
The joint space vectors of the four fingers are also equal and the four fingers start their
motions at the same instant with the same joint displacements. (iif) The entire hand
Jacobian oJ, is a block diagonal matrix, thus all the off diagonal elements are zero. Such
assumption are constraints from the kinematics point of view, since the velocity at the

points of contacts has to be similar to the velocity of the fingertips.

Non Identical Joint Displacements :

Using the singular value decomposition theory, for the RSI of the Jacobian matrix, once
the joints were identical in their motion, a similar result was obtained to the case when the

one finger dexterity measure was used for the entire hand.

When the three assumptions are not met, the entire dexterity measure, will be a function
of the individual joint positions, and the lengths of the finger links, in the entire hand.
For this case, the manipulability measure of one finger, cannot be employed for the all the
fingers. Hence, the individual fingers’ manipulability measures are used in the RSI, as
has been clarified using the singular value decomposition theory. The use of this theory,
in particular Eq. 6.23, has shown that : the individual dexterity measures can describe how

a finger is close to a singular posture.

Non identical joint displacements produce a complicated measure of dexterity, especially
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when the fingertips are displaced at different velocities. Such complications increase with

the number of fingers being used.

Future research would be the parallel implementation of this inversion computation
scheme with today’s advanced computing powers. The use of RSI does not necessitate
the use of a finger dexterity measure of the finger determinant function. However, itcan
be based on various measures, such as Task ellipsoid, the force and velocity ratios of the
task, or Global Task Space Manipulability Ellipsoid GTSME for multiple contact used

by CHAIACCHIO et al. [1991].

(8.7) PARALLEL COMPUTATION of HAND DYNAMICS.
Having considered the computational complexity of the constrained dynamic motion of the
hand-object system, such a method of control ( especially when using the full PID control
law ) cannot be achieved using single processor computation. Hence two approaches of
producing fast computation can be done, the employment of DSP or the use of transputer
based parallel computation hardware. The use of transputers has been emphasized here
due to the fact that : parallelism is more easily achieved using trasputers than any other

form of current computer hardware.

Although the research work addressed the computational requirements for the con-
strained problem, another important issue of consideration is the design of fast interfaces
between parallel processor systems and the hand control unit.  This would require the
building of electronic circuitry that establish a channel between the parallel computation

and spreads data to the appropriate servo system.

(8.8) GENERAL AREAS of RESEARCH.

The generation of manipulation based on robots hands will be utilized in application.
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This includes the application of robot hands in industry, medicine domestic, space, and
under sea environments.

With regard to the use of robot hands in industrial environments, this would include the
need to develop user programming languages that are applicable to the nature of manip-
ulation under parallel contacts. Unlike programming languages for conventional robots
arms, the programming language is to include the fact that the object motion is con-
strained rather than free of thé fingertips. The programming language has also to

consider the complex kinematics of the hand.

With regard to the employment of robot hands in remote and tele-operations, such as in
underwater and space environments, this would necessitate aslave robot hand motion
being translated to the master hand through camera based sensors in addition to a data
glove. A vision based system would translate the operator hand motion to a remotely
located robot hand motion. Image processing and extraction of motion parameters are not

trivial and would need further investigation.

The use of robot hands in medical environments is a further challenge. The operation and
control of robot hands in these environments would require hands of much more compliant

materials, and the challenge of control is also a non trivial issue.

Similarly, one of the most challenging long-term problems in general robotics is the effi-
cient control of multiple - robot systems. Control problems of multi-robot systems are
similar to concerned with the manipulatién of a common object grasped by a robot hand.
However, the problem could be simplified due to the fact there are no frictional con-
straints to be preserved during the object motion. Furthermore in this context, the

demand for massive computing power is obvious.
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APPENDIX Al

GENERALIZED, PSEUDO
and ROBUST - SIGULARITY INVERSE RSI

In robotics, for a non Symmetric matrix Ge R™" and X e R™™ the following equations
are used to define a generalized inverse, a reflexive generalized inverse, and pseudoin-
verse of G BOULLIONI and ODELL [1971] :

Generalized Inverse :

GXG =G (A1.1)

XGX =X (A1.2)
GX)" =GX (A1.3)
xo)" = xa¢ (Al.4)

Eq. A11 up to Eq. Al.4 are known as the PENROSE conditions, PENROSE [1955].
Pseudo Inverse :

A pseudo-inverse of a matrix G € ¥ is a matrix X =G e R satisfying Eq. A1.1 to

Eq. Al14 .

Properties of Pseudo Inverse Properties :

(1) G =G

@) G =@

6) G' =G'@'6¢" =G G6"

4) G'G, GG', E-G'G and E -GG"* are symmetric and idempotent.

(5) If G e R™" is symmetric and idempotent, then for any matrix B e R™" the following

equation holds :
GBG®)' =BG (A1.5)
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(2.2) Least-Squares Solutions Theory and its use in robotics.
For a linear equation X € %" where
GX=Y (A1.6)
where Ge R and Y e R™, the general form of the least-squares solutions is given by
X=GY+E-GGz (ALT)
where z eR" is an arbitrary vector, and E is an identity matrix. The minimum norm
solution among all the solutions is :
X=G'Y (A1.8)
The least-squares solution is the X that minimizes the error norm - namely :
min |1 Y-GX |1

where | 1 *| | denotes the Euclidean norm of a vector *.

Robust Sigularity Inverse RSI
In this section, we introduce another type of matrix inversion for the Jacobian matrix.
Here the singularity robustness is defined as a property of inverse kinematics that allows

us to provide continuous and feasible solutions even at or in the neighbourhood of singular

points.
RSI T -1 T
J, = (JhWIJh + W,) J, W, (A1.9)

where W, and W, are two weighting matrices. However W, and W, are generally

represented as :
T _T

W,=N,N, and W,=«x N.N, (A1.10)

N, and N should be determined depending on the task, the physical limits of joints, and
the dynamic characteristics of joints. The scalar x, determines the weighting between the

exactness and the feasibility of the matrix inversion.
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When N_ and N are identity matrices, then W, and W, are identity, the RSI of the

Jacobian matrix is defined as:

R T -1.T
g, =+ < B, (AL.11)
or
R T T -1
J, =d,J,d +x E) (A1.12)

The solution by the RSI belongs to the orthogonal complements as the solution by the pseud

oinverse. The x_  constant is used as an adjustment factor chosen to satisfy the system

physical limits.

Related Relations of RSI :

In terms of the SVD, the RSI is:

R T T -1
. =d ., +x E) (A1.13)

=VE'U WU + x UU"Y?!
= VEUWUCE + x B U
=vE'UweE" +x By UD

=ve'es +x B U

However, 2" matrix represents the sequare terms of the Jacobian singular values.
Multiplying sty K Ey?! by 37 resultsin :
J, =VQU" (Al1.14)

where Qr=diag[q1 2, 9, q,1 and q; are given as :

qj=

o’ + X, fori=1to 12, j=1to4

for i =1,47,10

terms, which are robust interms of o, get zero value.
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APPENDIX A2

DERIVATION of RELATION BETWEEN APPLIED

FINGERTIP FORCE and SENSED VOLTAGE.

Within this appendix the relation between an applied torque at the fingertip and the
generated voltage due to strain in the cantilever beam is presented. The derivation starts
by considering the relation between the tendon tension T actingin a pulley of S’Tp radius
generating an amount of torque acting at the centre of the pulley of 71 value and ex-

pressed as:

=R T (A2.1)

Using relations from Chapter Two, that due to the tension in the upper and lower tendons

there are acting vertical forces in the beam itself, a force for one beam is :

V.=2T, sin@) (A2.2)

=2(t/ %p) sin(B,)

In accordance to Fig [A2-1] and Fig [A2-2], the strain & acting in a beam of known

physical dimensions due to an applied edge force can be expressed by :
6 fo
€ = —————— (A2.3)
EW¢

where E' is the Young’s modules of the beam material expressed in N/m?>.

Substituting Vf from Eq. A2.2 in Eq. A2.3 gives an expression for the change strain
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Figure A2.1 a:Physical Mechanism of Force Sensing at the Fingertip.
b : Conversion from Forces to Digital Signal for Force Feedback.
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Figure A2.2: a :Strain Acting on a Catilevel Beam and the Associated Physical Parameters.
b : Strain Bridge.



in terms of the applied torque and the physical structure of the transducer.
Change in strain =

e = (6(2(c/R ) sin(B))y) / B, W) (A2.4)

Once an amount of strain is acting in the beam structure, there will change in the ma-
terial resistor, either the resistance to increase or decrease by an amount of AR.

The change in the resistor bridge gives :

AR = 2 Rnom E
12Tsin(B) x
= 2R (A2.5)
R E W
P s
which can be written as :
AR = k7 (A2.6)

where x=24R, sin B)x/(R E W)
If Ga is the instrumentation amplifier gain, hence V_ can be written as:

V,=G,V k1 (A2.7)

The torque 7t acting at the driving pulley of the distal joint is related to the force applied
at a particular location in the fingertip. Let this location be L,, which the physical length
of the distal link, where the velocity reference point is expressed as discussed in Chapter

Three.

Eq. A2.7 can be written in terms of that acting force as:

V = GaVref xF L, (A2.8)
which expresses force acting in a normal direction ( the case for grasping ) to a measurable

voltage suitable for feedback control.



Substituting of all the physical constants of the sensor given in Table [A2] in Eq. A2.8 :

Physical Parameter

Symbol Value Unit
Young’s Modulus A 196 x 10° N/mz,
Beam width w 6 mm
Distal Pulley Radius u 6 mm
Beam thickness t 0.2 mm
Strain Gauge Location X 2 mm
Angle of Tendon B 30 Deg
Distal Link Length L3 40 mm
Total Beam Length L 10 mm
Instr. Amplifier Gain G, 800
Reference Voltage Vref 5 Vv

Table [A2]:Physical Constants of the Sensor Structure.

Using the above constants gives x

0.0425 V/Nm.

Substituting the value of the constant x and the associated parameters in Eq. A2.8 gives a

relation for sensing the amount of force to be applied to an object surface. This quantity is

used later for closing the loop in force control of the distal joints.

V,=680 F

(A2.9)



APPENDIX A3-1

COMPUTATION of FINGER JACOBIAN
DETERMINANT FUNCTION

This appendix is related to Chapter Three where it shows how the determinant function of
a finger is derived from the first principles.  Since the finger determinant function plays
an important role in the robust singularity inversion of the Jacobian, a careful derivation

has been followed by determining the Jacobian matrix co-factors.

The finger Jacobian has been found in Chapter Three as :

—-5,¥ = (Lysyy + Lyc,y) = CLigSyy
Jy = c,¥ - SJ(L.'}SZ.'} + Lzsz) - srL3323 (A3.1.1)
B 0 L3c23 + L202 L3cz3 ]

Applying the rules of algebra, the determinant function of the matrix in Eq. A3.1.1 can

be found by:
(i) First co-factor CF p
CFI =-s,¥[- 31(L3sz3 + L232)L3c23 + 8 IL3823(L3623 +L,c,)]
=— sI‘I’LZLs[s 1(32302 - 62382)] (A3.1.2)

From standard trigonometry,

sin(92+93) = sin(OZ)cos(63) + cos(92)sin(93) (A3.1.3)
and
cos(92+93) = cos(ez)cos(es) - sin(ez)sin(es) (A3.1.4)
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Applying these two relations to Eq. A3.1.2 gives
2
CF, =-s (YL, Lgs, (A3.1.5)
(t7) Second co-factor CF, of Eq. A3.1.1:
2 .2 2
CF, = ¢ PP & PN +L,L.c PEA {9 (A3.1.6)
(Eii) Third co-factor CF, of Eq. A3.1.1:
2 .2 2
CF, = -c L 3593Cg ¥ —LLc” c,8,.¥ (A3.1.7)

By adding CF, to CF, that gives :

2 2
CF, =L,L,c 159¥Cq5 —L,Lc” cys,, ¥ (A3.1.8)
Adding CF, to CF . gives:
D=-YL,L,s,. (A3.1.9)
The result of determinant function computation is thus D = — ¥ L,L,s, which is a function

of the second link L,, third link L, and the sin(6,) of the third joint angular position.

APPENDIX A3-2

DEVELOPMENT of SYMBOLIC
SINGULAR VALUES of J o

In Chapter Three three graphs representing how singular values of one finger Jacobian
were changing as function of a defined manipulation task. - Within this appendix, the
symbolic format of the singular values are obtained for the purpose of further study and
analysis in which of the values drop to zero resulting in singular matrix. MATHEMATICA

software has been used for the development of the expressions. Due to the relation among
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the terms in one finger Jacobian, these expressions are presented for the kinematically

designed hand:

if UTJQV = diaglo, o, o,] then

Vid, JV = dieglo, o, o] and
VI, = diaglo), o, o

representing the right and left singular vectors of Jo

The singular values and the matrix determinant are related together by the relation that:

D(Je) = 0,0,0, (A3.2.1)

Which indicates the fact , the determinate (an important factor in matrix inversion) will

approach zero, as far one the singular values is zero value.
The eigenvalues of JGJGT are the squared singular values of Jo

Applying MATHEMATICA to JQTJG for eigenvalues determination, this gives the fol-

lowing three singular values :

First and Third Fingers, AL-GALLAF and WARWICK [1994-d] :

2
01-‘11

(L, + 2L +2LLC, +x°)

2

(L +2L7 + 2L L.C, —o*)

2

x = v (Lz2 + 2L32 +2L,L,Co+2L,L,S,) and ¥ as defined earlier in Chapter Three.

It is evident from the above three equations o, and o, never approaches zero, while O, is
the one responsible for the singularity when 0, iszero. Then 8, is zero in value, thus
the finger is stretched, the first terms in o, will be subtracted from L22 + 2L32 +2L,L,C,

resulting in zero value. Then 8, is not zero, there will be an additional term given by
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2L,L,S, that moves o, away from zero.
Second Finger Fingertip Frame Rotation:

For the purpose of aligning the second fingertip frame with the object surface, the fin-
gertip frame is rotated by a defined angle depending in the shape of the object contact
location (as elaborated in Chapter Five). 'This rotation will undoubtedly changes the
elements of second finger Jacobian, and hence there might be changes in the location of the

singular values of the matrix , itself.

For the purpose of investigating this issue which will be used in Chapter Six for the inver-
sion of the hand Jacobian ,» the singular values of J, have been computed using for

the rotated fingertip frame of the second finger. Hence the singular values are :

o, = w?
2 2 2
(L, +2L,) +2L,L.C, +x°)
0, =
2
(L, +2L+2LL.C, -x°)
05 =

2

which reveals that the singular values of the second finger are of smaller values to the first

and third fingers.

Fourth Finger:

Although the fourth fingertip has been rotated by a given angle for aligning it with the
object surface frame, however the determinant function also drops to null value once 9, is

Zero.
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APPENDIX A4 -1

DERIVATION of the EQUIVALENT
ROTATIONAL STIFFNESS of FORCE SENSOR

Within this Appendix the formula for the equivalent rotational stiffness k o, will be derived
from the geometric structure of the force sensor and the location of the driving pulley
itself. There are a number of techniques which can be employed to compute the physical
equivalent rotational stiffness, where the method adopted here is to draw a relation
between the displacement of the driving pulley and the corresponding deformation of the

stain gauge beam shown in Fig [A4-1-1-a].

The physical meaning of the rotational stiffness can be experienced when a force is applied
to the fingertip, there will be a restoring torque as the angular displacement increases

from an initial position.

Let k, and k o be the Y- directional sensor stiffness, as shown in Fig [A4-1-1], and the
equivalent rotational stiffness of the sensor around the driving pulley with radius

EKP, respectively.

The general definition of stiffness for both linear and rotational systems can be written as,

with reference to Fig [A4-1-1] :

V, =k Ay (A4.1D)

T=k  AB (A4.1.2)
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Tension pulley

Figure A4.1.1 : Further Analysis of the Sensor.
a : Angular displacement and Y directional displacement
of the sensor.
b : Sensor deformation for an applied torque.



where Vﬁ is the y-directional force acting on the sensor beam, and Ay, A8 are the y-
directional displacement and the 0 -directional angular displacement, respectively. How-

ever the formula for T and Vﬂ has already been expressed in Chapter Two as :

= R (T-T) (A4.1.3)

Vﬁ = 2T, sin (B) (Ad.1.4)
Equating Eq. A4.1.2 and Eq. A4.1.3, gives:
K A8 = S)ip(TI— T,) (A4.1.5)

From Eq. A4.14 T, and T, can be expressed as T, = Vﬁ /@ sin (B)). Substituting T, in
Eq. A4.15 resultin:
kA0 =R (V. =V )/(2 sin (B) (A4.1.6)

kA8 = Rk AY /(2 sin (B)) (A4.17)

Eq. A4.1.6 reveals that : to compute the rotational stiffness k o would require the knowl-
edge of the differential change, AY in the vertical position of the cantilever beam itself,

as illustrated in Fig [A4-1-1-b).

With reference to Fig [A4-2-1-b], let Au, and Ay, and Ay, be the y-directional displace-
ments at point C and the tension pulleys, respectively. The following geometrical
relations exist for describing the vertical movement of the location where the tendon is
acting on the beam :

Ay, =Ay,-Z o (A4.1.8)

Ay, =Ay +Z6° (Ad.1.9)
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where 0 and the distance Z are the deflection angle due to Vﬁ and the half length of the

sensor arm, respectively.

Assuming a sufficiently small deflection angle to keep Ay, greater than ZGZ, we obtain:

Ay = Ay, (i=01,2) (A4.1.10)

For expressing the rotation stiffness of the driving joint, it is needed to express the
changes at the driving pulley to deformation of the sensor beam.

Furthermore, in Fig [A4-1-1-a] the triangles EOE, and u ,0u, are having similar geo-
metric relation thus, taking the relationship between Ay and A8 into consideration, we can

rewrite Eq. A4.1.7 as:

k.= [(cosa— sino. sinB tan(o+B)k ] / (8 sinp sin(o+B)) (A4.1.11)

however the value ks which is the beam stiffness has been expressed in Chapter Two as :

k,=(WE (t/L)’) /4 (A4.1.12)

(coso. - sino sinp tan(o+B))k,

ks@ =

8 sinf sin(o+p) (A4.1.13)

From Eq. A4.1.13, itis clear that ko is proportional to /L)’ and thus k o can be changed
substantially by the parameter (¢/L) which is dependent on the sensor physical dimensions.
Using the physical structure of the sensor described in Chapter Two, and working under
the case when the beam sensor is having a stiffness value of 2352 N/m, we are left with a

numerical value of the equivalent rotational stiffness as:

k. = 102.2 Nm/rad

§0
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APPENDIX A4-2

For the CYBHAND, the numerical values of the actuator parameters are obtained from

the data sheets in addition to experimental verification. - The parametric data for the

motor unit are listed in Table [A4-1].

Parameter Symbol Value Unit
Terminal Voltage sermi 15 vV
Shaft moment of inertia . 35x107 7 kg.m’
Electrical Time constant T, 0.12x107° sec
Shaft damping B, 15x10 78 Nm/ radls
Back emf constant k, 3.5 v/ 1000 rpm
Armature inductance L 10x1073 H
Armature Resistance R 120 Q
Torque Constant k, 33x10° Nm/A
Frictional torque f;] . 0.094 x 107 Nm
Link frictional Torque T 93x107° Nm
Gear Ratio n 1/400°
No-load rated speed K, 320" rad/s
Rated shaft torque T, 425 x 107 Nm

Table [A4.1]: Parameters of the Motor.

* .

This gear ratio is seen at the motor shaft, hence the motor motion will be reduced by
1/400. ** . At the output of the motor shaft before gearing. f is the average friction
torque which exists in each actuator., whereas f,; is the friction torque which exists in

each assembly and must be overcome.
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APPENDIX A5

SYMBOLIC DERIVATION of ONE FINGER
LAGRANGIAN MECHANICS

What is of great concern in coordinated manipulation of an object is the dynamic model of
the hand which by itself consists of the dynamic model of all four fingers. For the purpose
of studying the dynamics of the entire hand dynamics, Lagrangian Mechanics provides
a useful tool for multiple degrees of freedom system. The derivation has been based on the

support of the MATHEMATICA Package.

From the Lagrangian mechanics point of view, the system dynamics behaviour is described
in terms of work and energy using generalized coordinate. The joint variables are defined

by (8, 8, 0,), and the mass of the links (m pmym,). Using the kinematic relation already

defined in Chapter Three, this gives:

¢, 0 s, L1cz ¢, =8, 0 L2c2 c; -8, 0 L,
OTI =|s, 0 -, Lzsz 1T2 =s, ¢, 0 Lzsz 2T3 =18, ¢ 0 L383 (A5.1)
01 0 0 0 0 1 0 0O 0 1 0
0 0 0 1 0 0 0 1 0 0 0 1_]
L — _— — —

Lagrange’s equation of motion for a conservative system is T’ = 7, 1, T, J, where
T, = (d[dL/ 09,1/ dt) - oL/ 89i fori=1to3 (A5.2)

where 8s are generalized coordinates variables » T is a three vector of generalised torque,
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and L is the Lagrangian operator. The Lagrangian function is used to drive the equations
of motion for one finger and is defined in terms of the kinetic energy K and the potential

energy P. Since Lagrangian is the difference between the kinetic and potential energies

of a system, then :

t
]

K-pP (A5.3)

The dynamics equations (Generalised torques T,1» Tup» T3 ) Which are applied to the corre-

1)

sponding joints of (8, 8,, 8,) are computed from Eq. A5.1 :
r V3

v, = dIdL/36,1/dt 3L /a8,
T,= dIAL/8,]/dt - 3L /3, (A5.4)

T,5= dIOL/38,1/ dt L /3,

Applying the Lagrange-Euler formulation to the Lagrangian function L of the finger gives

the necessary generalized torques T Ty Toae The torques in Eq. A5.4 can be inter-

preted as a sum of the torques due to the kinetic and potential energies present within the
system.

KINETIC ENERGY :

In general, the kinetic energy of the itA link in the finger of mass dm located at iri is

expressed as:
K, ='%T,[QT,/30,) U, OT,/30)" 8,61 + %J 0" (A5.5)
K, =% T, (9T, /38, U, @T,/38,)" 0,0, + (3T, /0,) U, AT, /26,)" 6,6,

+(@T,/00,) U, @T,/38))" 0,0, +@T,/30,)U, (T,/30,)" 0,0,] + 1%.J_0, (A5.6)

Ky='4 T, [QT,/30,)U,GT,/30,)" 0,0+ OT,/30,)U, (2T, /20,)" 0.0,
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+ (3T, /30,)U,(3T,/38,)" 6 8,
+QT,/30,)U,QT,/38,)" 0,0, + (IT,/30,)U,@T,/38,)" 6,0, + AT,/30,)U,@T,/3,)" 0,0,
+ @T,/30,)U,T,/30,)" 0,0, + 3T,/30,)U,@T,/38,)" 0,0, +

+ T, /30,)U,QT, /30,7 0,0,1 + % 0. (A5.7)

where T in Eq. A5.5 to Eq. A5.7 is the trace operator on a matrix and J_, is the ith

link actuator inertia. Hence the total kinematic energy of the finger is then found as:
K=K +K,+K)+K_ (A5.8)

In addition to the kinetic energy of the links of the fingers, we add to this the kinetic

energy of the actuators within one finger which is represented by :

) - - .
Kactu = /2 (Jale 1 + Jazez + Ja393 ) (A5.9)
where Jai are the moment of inertia of the joint actuators. In a number of cases the

inertia of the actuators are of significant value in that they reduce the inertia resulting

from the finger links motion.

Potential Energy Of One Finger :

If the gravity vector is expressed as :gT = lg, g, &, 0], then the corresponding potential

energy of one finger is :

P =-m, gTTl r,

P,=-m,g'T,r, (A5.10)
Py=-m, gTT3 r,

3

The total potential energy of the ith finger is the summation of the three potential energies

which can be expressed as :
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P =P, +P,+ P,
: T
P=-3 m; g Tiri (A5.11)
i=1
Using Eq. A5.9 and Eq. A5.11 the Lagrange formula of Eq. A6.3 can be written as:

actu

L =K1+K2+K3+K - (P1+P2+P3) (A5.12)

Using the notation by PAUL [1981]:
3 1 1

ce )
L= Y %[ 3 X T,QT,/38)UQT,/38)'1 08, +J,0; -m g'Tr'1 (Ab.13a)

i=1 J=l k=l
Through appropriate manipulation of terms we arrive at the following relation:

3 i . 3 J J . .
W= X X T,l0T/0UdT/00)16,+X X 3 T,10°T;/30,90,)UQT,/30)"1 6,9,
j=i k=1

i=1 k=1 m=l

3 . .
-3 m QL 100)r, + g0, (A5.13b)

J=1

which can be further rewritten in standard form as, WARWICK [1993] :

3 . 9 3 3 i
T, = 2, MO +J.8 +3 ZNjk 08, + C, (A5.14)
Jj=1 j=1 K-=1
2 T
where M, = XT, [0T,/90,U, (3T} /28)'] (A5.14.a)
L =max(i,j)
A S X s i 4b
Ny = X XT [T,/ 0098,)U,0T,/d0)] (A5.14.b)
L =max(i,)
3 r L
G = -Zmg @T /08)r, (AB.14.c)
L=i

The main concern in Eq. A5.14 is that it is expressed as a function of the two differential
operators the (9T, / d0) in case of inertia computation terms and (82TL / aej 00,) for the

centrifugal and coriolis case. For the intension of simplifying this equation, it can be
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simplified in terms of the inertial and centrifugal forces.

Paul’s have developed the partial derivatives given by Eq. A5.15 to simplify the computa-

tion needed in performing (oT',/ 96)).

@T,/38)= T, A, (A5.15)

Since all three joints in one finger are revolute, the differential translation rotation vec-

tors are defined for the ith frame in the finger :

L d -1 i~1 + -1 i-1
iw = Mie Ppy Ny Pre
L d. = i i~1 i-1 -1
iy ~ Op, P Ly + OLy Pr,
L d. = _i-—1 i-1 + i-1 i-1
iz ., P Ly aLy Dp,
L i-1 i-1 . i-1
o, =""m,i + o) + a, k (Ab.16)

L
hence A, is the standard differential operator of rotation and translation in T, coordi

nates with respect to the differential change of the ith joint which can be rewritten as :

—

L L
o -8, 8 df,
A" = &, o =&, d, (A5.17)
-8 ., o d"
iy ix iz
o0 0 0 0_|

Hence Mij can be expressed in terms of this differential operator as :

3 L L
M, =Y T, (A UA,) (A5.18)
L=max(ij)

What is needed in Eq. A5.17 is the knowledge of the ALi e P pseudo-inertia matrix

forlink . If the total mass of the ith link islocated at 'r’ = [x ¥ 2z 11 which
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is the coordinates in ith frame of the centre of gravity of the ith link, then U,, the

pseudo inertia matrix, can be expressed as:

T—uu+uyy+uzz)/ 2 Uy, u, mx, ]
u = _ Uy (um—uyy+uzz)/2 u, myy, (A5.19)
u,, . u, (u,+ u, - u,)/2 m;z,
My mpy. mz, m, ]

where the u, are the moment of inertia terms and Uij are the cross-product of inertia
of the corresponding link in the finger design.
Here an assumption is made regarding the cross-product inertia terms, for simplifying the

computation, the products inertia are assumed to be zero.

Let the moment of inertia terms and first moments to be designated as :

BLI 1= (—uxx+uyy+uzz) /2 BLI = mx
BL22 =, u tu)/2 BLz4 = my
BL33 =(u + u, - u,)/2 ﬁl’3 = Mz
B-, = m" (A5.20)

Effective and Coupling Inertia Terms :

L
Having expressed 0T,/ d8), by A, and U; by much simplified pseudo inertia matrix,
then by direct substitution of ALi in Eq. Ab.14 gives the inertia terms as :
3 L Ly
Mij = 3 T [A U, A7l (A5.21)

L =max(i,j)

By application of Eq. A5.20, assuming the off-diagnal inertia terms are zero in Eq. A5.17,
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using the simplification adopted by ZOMAYA [1992], and by the aid of MATHEMATICA

Package, then Eq. A5.21 can be expanded as :

2 2 2 2 2
M11=]J3m1L1 +m2L1 +m2L1L2 Cz+ 1/3L2 m2C2 + m3L1 +2LIL2m302

2,2 2, 2
+mgLy" Cy" + myL,L, C,Cpy + vsm,L," C,, +mylL L, Coy

M,=0 My =0 M, =0
M, = vsm,L,” + m.L” + L,L.m, C, + vaL,’m, (A5.22)

2
M23= 1/3m3L3 + 1/2L2L3m3 03 M31 =0

2 2
My, = vsm,L.” + Y%L Lm,Cy Mgy =vsm]L,

where M. is the effective inertia at the ith joint in the finger.
and Mij is the coupling inertia between the ith and jth joints in one finger. Futhermore,

M,, represents the inertia of the link itself , since the third link in the finger is not

connected to other further links.

For this finger design, 9 inertial terms of the matrix M are to be evaluated, but due to

the symmetry structure of the inertia matrix (MU = Mﬁ) the number reduces to 6 terms.

Coriolis and Centripetal Terms :

The velocity related coefficient in the Coriolis (éi, G.j) and centrifugal terms (éiiz) are of

great importance when an object is manipulated at high speed of motion. There are a
number techniques used to develop these velocity dependent terms. However, we shall
employ the algorithm adopted by ZOMAYA [1992] where the double differential term in
Eq. A5.14-b, the (BZTL/GOJ. d0,), are approximated by differential rotation and

translation. This can be stated as :

9 L L
@T,/38,90) = T A, &,
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Hence the Coriolis and Centripetal terms of Eq. A5.14 were stated as:

i

JoJ 9 T
Nyg= ZXT, (0T, /0008,)U, OT,/36) ] (A5.23)
L =max(ij)

In Eq. A5.21, a further simplification could be done by premultiplying and postmultiplying

T
by T, and T, respectively, since this will cause the trace operation to remain

unchanged, affecting the rotation part only. Thus Eq. A5.22 is expressed as:

: 8 L L LT
N, = X T, [AA UA] (A5.24)
L=max(i,j,k)

What we are after is the expansion of Eq. A5-23 in terms of AfAf{ U, AI: ! and
dropping the terms which are off diagonal in the pesudo-inertial matrix. Once again by
the application of MATHEMATICA software and through the simplification of the terms
we arrived at terms which are velocity dependent as:

N, ==L Lym,S, - vsL,'m,C, S, + L,Lym.C,S,-Lm¥S,+

) . .
U6 Ly 8,;Cyq — Y2 Lym @ S,,120,8, +[ 6 L,"m, C,, ~ YLyn ¥ S,,120,0,

Ny = =YL Lym, S0 0,° + [-L,Lym, S126,0, + UALL,m, S, + vs L’m, C,S, -

2 © 2
1/2L2L3m302382 -6 L3 m, 8'23023 + ’/2L3m3‘1’ .5'23] 0,

Nyy =% Lym¥ Sy, - U6 L,'my S,,C,18,° +[%L,Lym,S,10,” (A5.25)

Gravitational Loading Terms :

The third term in the dynamic equation of a finger is the vector of gravitational loading
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acting in the fingers links, which is important for static grasping of an object. The gravity
term can be expressed as:
C(©) = d P(6) 06 (A5.26)
3
With reference to Eq. A5.14.c, the gravity terms loading isgivenby — 2, m,
L=i
gT(BTL / 89i)rL .- If 0T,/ 08) is designated by UU then by expanding this equation
gives :
C;=-m, g U, 1"1 + ngT U212r2 + magT U, 3"3)
Cy= —(m, g U, 2r2 + m,g TU32 3r3) (A5.27)

T 3
Cy=—(myg Uy 'ry)
The matrix Uij is to be evaluated using :

0 i1 . .
U{.,. = Tj-1Q T, for j<i

0 for j>i (A5.28)
where @ is a matrix of partial derivative defined as :

— —

6 -1 0 0
Q = 1 0 0 0

0 0 0 0 (A5.29)

Further application of Eq. A5.27 give:

C,=0
C,= %gL,m,C,+Yg Lymy Cyy+g Lym, C, (A5.30)

Cy= YagLym, Cy,
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