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The design, analysis and control of a dextrous end-effector used for grasping rigid
objects in an unstructured environment has been investigated. The end-effector is a non-
anthropomorphic hand, consisting of three articulated fingers, placed symmetrically on a
circular base. The finger is not tendon-operated but has a sophisticated linkage
mechanism which results in three degrees of freedom in the task space. The advantages
are high reliability, low friction in the driving sense, no compliance and no back driving.

Analytical and numerical solutions are developed to solve the kinematics of the end-
effector. Inverse kinematics is solved in several methods: polynomial, analytically and
numerically derived Jacobian matrix, and neural network. The derived solutions can be
applied to manipulators with high non-linear kinematic equations. An evaluation and
comparison of the approaches in precision shows that the polynomial approach is the
best.

A grasping approach is proposed based on classification of objects into different shape
and size, to form grasp primitives as spherical, cylindrical, circular, and having two
parallel sides grasps. These primitives provide force-closure grasps either using the
fingertips or an envelope grasping. A set of finger inputs is provided for control system
to arrange each grasp primitive using the inverse kinematic solutions. For grasping
objects with unknown width or diameter, the input data are provided as functions of the
diameter or the width of object. These are fitted to quadratic functions in order to trace a
suitable trajectory and to complete the grasp. A useful approach is also proposed for
envelope grasping of either regular or irregular objects. The finger configurations are
simulated for the grasp primitives.

To grasp an object firstly the end-effector is aligned centrally above the object, then the
object shape is recognised and a suitable grasp primitive is selected. Finally a
position/force control approach is executed. Several control strategies are discussed and
the Proportional-Integrative controllers are proposed for the position/force control of the
end-effector under maximum force strategy for grasping rigid objects in unstructured
environment. Simulated results show a satisfactory performance of the control system.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Background

An ‘end-effetor’ allows a robot to interact with the environment. In the broadest sense,
an end-effector encompasses grippers for paint sprayers, and leak detectors to arc
welders. In all cases the ability of the system to complete the task depends on a clear
understanding of the requirements, user and environment. This research considers the
end-effector as a system that is capable of gripping and manipulating objects. Such end-
effectors are controlled through the orientation and positioning of a number of ‘fingers’
to perform a task. This research considers the design and control of a dextrous three-
fingered end-effector, which is capable of grasping objects in unstructured environment.

The research effort concentrates on the kinematic analysis and the simulation of control

systems.

1.1.1 End-Effector Design

A number of significant previous end-effector designs are discussed in chapter 2. A
considerable number of dextrous multi-fingered end-effectors have been developed to
mimic the human hand to implement dextrous tasks such as grasping objects and
manipulation. Depending on the requirements for the task such as dexterity and
robustness, an end-effector can be equipped with a number of fingers typically from two
to five. Of the anthropomorphic hands, the Standford/JPL hand has three fingers [Mason
and Salisbury 1985], the Utah/MIT hand consists of four fingers [Jacobsen et al. 1986],
and the Robonaut hand is a five-fingered hand [Lovchik and Diftler 1999]. From the
study of grip strategies it can be concluded that to achieve a flexible system, a dextrous
robotic hand needs only to have three fingers and a palm structure [Crowder 1991]. A
three-fingered approach simplifies the design as compared to the human based five

fingers while maintaining a high degree of flexibility for grasping an object [Lian et al. 1983].

The non-anthropomorphic design is an alternative choice to a dextrous end-effector in
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various grasping applications. This design is simpler and more minimalist while many of
developed anthropomorphic designs are complex, expensive, tendon-operated, and have
reliability problem. Examples of non-anthropomorphic hands are: a two-fingered end-
effector [Brown 1984], the three-fingered Delfat hand used in a hazardous environment
[Jongkind 1993, Van Der Ham et al. 1993], the three-fingered Karlsruhe hand
[Magnussen and Doersam 1995], the four-fingered Goldfinger hand [Ramos et al. 1999],
and a two paralleljaws end-effector designed for handling flexible product items

[Friedrich et al. 2000].

A large number of previous end-effectors are tendon-operated, which provide smooth
control at low speeds, the possibility for designing a light hand and a fully controlled
drive system, and to be fitted inside the small fingers. However, there are disadvantages
as follows [Kobayashi et al. 1998], [Mckerrow 1991}]:

e The mechanical design becomes very complicated due to tendon routing, and the total

number of parts significantly increases.
e Joint angle rigidity becomes rather low.

e Tension forces must be calculated at a high rate in order to keep tension forces
positive, so the control strategy becomes very complicated.

e The control accuracy is highly affected by friction generated in the transmission
system.

Examples of tendon-operated hands are the Utah/MIT hand with 32 tendons that has a

coupling problem and a complex control system, and the JPL/Stanford hand, actuated by

12 DC motors and 12 tension cables, and controlled by 12 microprocessors.

Consideration is given to the design of the drive system together with fingers to form
end-effector configurations. The finger drive system can be designed as ‘single driver’
system using a differential gearbox and one motor. However, this drive system can only
provide one degree of freedom for the finger, which significantly reduces the dexterity of
the hand. Alternatively, the finger drive system can be designed ‘fully-controlled’ to
provide the whole degrees of freedom of the finger if each joint can be driven
independently that requires two tendons or an individual geared motor placed inside the

finger to drive each joint. It is also possible that the drive system can provide the
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required degrees of freedom for the finger by a suitable linkage mechanism, which has a
number of advantages such as high reliability, low friction and no compliance [Crowder

et al. 1999].

1.1.2 End-Effector Kinematics

Kinematics plays a significant role in the analysis and subsequent control of an end-
effector. The position and orientation of a serial chain manipulator are controlled by the
corresponding input variables that are determined from the inverse kinematic solution. In
many cases, the size and shape of object can be known beforehand and then the specific
grip can be provided. Moreover, this approach can determine the trajectories along

which, the adaptable fingers can move in order to grasp an object.

Redundancy and singularity are significant issues in end-effector analysis. The degrees of
freedom and the degrees of mobility that are the basic properties of an end-effector are
also determined from this analysis. Kinematic redundancy occurs when a manipulator
possesses more degrees of freedom than those required executing a given task or where
the inverse kinematic solution of the manipulator is not unique [Chiaverini 1997].
Whenever the manipulator has redundant degrees of mobility, the inverse kinematics
problem admits infinite solutions, and some criterion has to be established to find a

reduced number of solutions [Caccavale et al. 1996].

Formulation of the Jacobian matrix for a manipulator is an alternative approach, which
can determine the redundancy. When the Jacobian matrix is square, the finger has the
same degrees of mobility and degrees of freedom. For this case the manipulator becomes
singular at a point if the determinant of Jacobian matrix becomes zero. As a result, at a
singular point, a small velocity in some Cartesian direction requires infinite leadscrew
velocities that are impossible. Therefore, the finger loses one or more degrees of freedom

at a singular point.

For a kinematic analysis, first the required linkage diagrams of an end-effector are
determined. Angles and displacements between the links are described using link
variables. Also the position of fingertip is described in a suitable reference frame. Then

kinematic equations are formed to find solutions for direct and inverse kinematics. For
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control purpose, the kinematic analysis mainly concerns active joints and the points on
the fingers, which are the contact points. The active joints are described with manipulator

inputs and actuated by the drive system.

Difficulties will arise in solving the inverse kinematics of the end-effector. The inverse
solution of the end-effector cannot be derived directly from the forward solution since
the forward solution of the proposed end-effector includes highly non-linear functions.
The Jacobian of a manipulator finds applications in various numerical approaches to
solve the inverse kinematics of robots. The usual way to solve inverse kinematics of a
general serial-chain manipulator is based on the inverse of the manipulator Jacobian
[Whitney 1969]. Xi has used the manipulator Jacobian for solving the inverse kinematics
of the free-floating space manipulators [Xi 1997]. However, finding solutions for the
inverse kinematics is closely associated to the singularity problem [Cheng et al. 1997],
[Chiaverini et al. 1997]. When a non-redundant parallel end-effector approaches its
singular configurations, the Jacobian matrix for inverse kinematics becomes singular, and
the end-effector becomes statically indeterminate [Gosselin and Angeles 1990]. At
singular configurations, a parallel robot manipulator requires unrealistically high joint
forces, which may cause serious damage to the robot manipulator [Merlet 1989]. In the
neighbourhood of singular points in the workspace, the fingers of the end-effector, or the
end-effector loses its ability to configure over certain degrees of freedom, and

consequently loses dexterity [Jongkind 1993].

An initial estimate close to the expected solution and the correct step size can avoid
divergence. It was shown that using an analytically determined Jacobian considerably
improves the rate of convergence [Mckerrow 1992]. In contrast, an iterative technique
was developed for manipulators where the knowledge of one joint variable that allows
closed-form solutions for the remaining joint variables and does not use Jacobean
[Manseur and Doty 1988]. To avoid the singularity problems associated with Jacobian
matrix, the genetic algorithm was used to solve the inverse kinematics [Nearchou and
Aspragathos 1996]. The algorithm minimises the distance between the actual position of
the end-effector and the desired path while the arm avoids the obstacles involved in its

workspace. Also, the solution can be used in situations where continuous motion of the
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end-effector is required. Perng and Hsiao present inverse kinematic solutions for a fully
parallel robot with singularity robustness [Perng and Hsiao 1999]. The solutions are
based on a unified damped least-squares method where the first solution is derived using

a velocity constraint, and the other uses a force constraint.

A neural network is a useful approach to approximate highly non-linear equations, which
can be applied to solve the inverse kinematic of the end-effector. For computing the
inverse kinematics of redundant manipulators a neural network was used [Tang and Jun
1999]. This approach generates the joint velocity vector when the desired velocities of
the end-effector are put into the neural network. A neural network can be used to model
and simulate the hand grasping where the hand is considered as a black box with the
inputs being the object and simulation time sequences, whilst the output is the grasping
postures over time [Taha et al. 1997]. The network was trained with samples of key
postures of the hand grasping for several object shapes and sizes. The back-propagation
technique was used to update the weights of the network. Neural network was used to

solve the inverse kinematics of manipulator arm [Morris and Mansor 1997].

1.1.3 End-Effector Control

Work reported in the literature shows that the use of fuzzy logic and neural network is
very effective to design a robust controller when a precise mathematical model of an end
effector is not available or the interaction of the end effector and the object through
grasping involves uncertainties. Intelligent controllers based on fuzzy logic and neural
networks are used to control non-linear systems and for systems, which are not precisely
determined [Malki et al. 1997]. These controllers are designed for robot manipulators to
work in unstructured environments to handle uncertainties such as load variation, system
variation, friction, and external disturbances [Choi 1999], [Chen et al. 1998], and [Yi et
al. 1997]. An adaptive fuzzy controller has been designed for position control of the
Karlsruhe dextrous hand [Doersam and Fischer 1998]. This was to overcome difficulties,
which were caused by non-linearities of the system, the variations of the stiction friction
and the increase of friction at low velocities. The friction in joints is a non-linear function
of the joint velocity and cannot be determined precisely. Load inertia is dependent on the
finger configuration and varies non-linearly when moving the finger. Lin and Huang have

developed an integrated fuzzy control system with sensor integration to position/force
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control for the NTU five-fingered robot hand [Lin and Huang 1996] since there are so
many joints to be controlled simultaneously and the hand involves the dynamics of

movement and force.

Recently, neural networks are being developed for the control of robot manipulators.
The neural network is applied to approximate an unknown system if only a set of input-
output data for the system are available. This is an easy solution to define a complicated
function such as inverse kinematic and dynamic of an end-effector. An adaptive neural
network control of robot manipulators was developed [Ge et al. 1997]. The controller
does not require the inverse of Jacobian matrix and it can be easily modified to achieve
robustness to network modelling errors and bounded disturbance. A scheme for the control
of a SCARA robot using neural networks was reported [Er and Liew 1997]. The main idea of
the proposed scheme is that position errors, actual joint angles, and angular velocities are
used as inputs to the neural networks through feedback error learning control strategy.
Jung and Hsia applied a neural network impedance force control to a robot manipulator

[Jung and Hsia 1998].

A fuzzy controller manipulates the inputs to get the desired output of system with
performing a set of defined control rules, in contrast to a neural network controller
approximates the system and then provides a desired output. A fuzzy neural controller
was designed for position/force control of industrial robot manipulators, which does not
require either previous experimentation or pre-learning [Kiguchi and Fukuda 1997]. The
disadvantage of a neural network controller in comparison with fuzzy logic controller is a
requirement of pre-learning or time for adapting. A robot manipulator using an adaptive
neural network controller might cause some damage to the environment before the

controller adapts to an unknown object.

Depending on the plan and the task, a suitable controller is selected that can be either an
intelligent controller or a conventional controller. Linear controllers such as
proportional-integral-derivative (PID) controllers show well reference action and
disturbance rejection if the parameters of the plan are known to a certain extent, and

friction or other disturbances are not taken into account [Kelly 1994, Ortega et al. 1994].
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Most commercial robot manipulators are equipped with conventional PID controllers
due to their simplicity in structure and ease of design [Malki et al. 1994]. Conventional
control systems are very efficient for systems which can be precisely modelled
particularly in controlling linear systems [Malki et al. 1997]. The PID controller has been

shown in practice to be effective for set-point control of robot manipulators [Kelly

1995].

The PD controllers provide high sensitivity and tend to increase the stability of the
overall feedback control system. These controllers can reduce overshoot and permit the
use of large gain by adding damping to the system [Ogata 1970]. Most commercial
robots employ PD controllers to control each joint independent of the others where
system formulated in joint co-ordinates [Kuo and Wang 1991]. A simple scheme of PD
controller plus gravity compensation was used to control a flexible payload, manipulated
by multiple robots to a desired position/orientation when damping the vibrations of the

payload at each contact [Sun et al. 1999].

The position control involves the uncertainties from friction and variation of inertia
particularly when tracking a trajectory. On the other hand, when the contact position is
considered as a target, the position control is not constrained to track a specific trajectory.
The control system moves from position control to force control just when the fingers are in
contact with the object. The sensing system is employed to detect this moment to reduce
error and to control undesired effects such as impact. In force control, the grasp force is
maintained just above the minimum required value to avoid slippage of the fragile objects
[Holweg et al. 1996]. Alternatively, the maximum motor torque can be applied for
grasping objects, which are rigid and strong enough particularly in unstructured
environments. When lacking in compliance, the force control has a problem with impact
[Whitney 1987]. To increase compliance and friction at the contact, the fingertips can be

covered with soft rubbers [Nguyen 1986].

The end-effector is controlled along with grasping, sensing and control strategies. A
grasping approach includes several steps that are: firstly the end-effector is aligned

centrally above the object, then the object shape is recognised and a suitable grasp
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primitive is then selected, and finally the position/force control is executed. The shape of
object is required to recognise in order to choose one of the grasp primitives. A
sensorless strategy has been proposed using an instrumental parallel jaw gripper to
recognise the shape of the object [Rao and Goldberg 1994]. One approach to recognise
the shape of an unknown object is made by a series of grasp actions using tactile sensors
[Kaneko 1994, Dario et al. 1987 and Brock et al. 1987] where the tactile sensors are
used to detect the contact points [Maekawa 1992]. Use of a rubber-based tactile matrix
sensor for object recognition, calculation of contact point and evaluation of pressure-
force distribution were described [Holweg 1994, Tschurtschenthaler 1995, Marconi
1995]. The position and normal data obtained from tactile sensors and force-torque

sensors were used for shape description [Charlebois et al. 1999].

The polyhedral object can be recognised using crossbeam sensing [Wallack and Canny
1997]. The crossbeam data is generated by moving an object through a crossbeam
sensor where the break points are recorded. The break points occur when each light-
beam sensor is initially broken or finally reconnected. A standard parallel jaw gripper was
equipped with several light beam sensors placed close to each jaw to implement a
reactive algorithm for grasping polygonal objects [Teichmann and Mishra 2000]. To
recognise an object, the use of touch for robots has been quite limited, especially in
comparison to developments in computer vision [Okamura et al. 1997]. A vision module
based on generalised cones has been used to describe the shape of the object and forming
relevant grasp modes that was implemented by the five-fingered Belgrade-USC hand for
grasping an object [Rao et al. 1988]. Stansfield has used computer vision to create a
representation of the object by scanning from several different views of the object, which
is used to pre-shape the three-fingered Salisbury robot hand [Stansfield 1991]. Nagata
and Zha have presented a model-based method for recognising an object from several
images [Nagata and Zha 1991]. Alternatively, another approach is an integrating of

vision and touch to determine the shape of unknown objects [Allen 1988].

Grasping an object with a multifingered robot hand requires a complete constraint of the
object by multiple contacts [Nguyen 1986]. This requires that either no object motion is

possible relative to the gripper or any external force on the object can be balanced by the



Chapter 1: Introduction 9

applicable contact forces. A grasp on an object is force-closure if any motion of the
object is resisted by a contact force. The most conservative approach is to require form-
closure that is a complete kinematic restraint by frictionless contact points [Okamura et al.
2000]. An algorithm for calculating planar form-closure grasps of n-fingers on polygonal
objects has been proposed [Liu 2000]. More commonly, friction is required and force-
closure is maintained such that, with sufficient grasp forces, the object can resist any
direction of disturbing force or moment [Mason et al. 1985], [Ponce et al. 1995].
Grasping by three fingertips cannot implement the form-closure grasp that is required at
least four contact points in the planar case[Reuleaux 1875] and seven contact points are

sufficient for all polyhedral objects [Lakshminarayana 1978].

Constructing a force-closure grasp involves consideration of contact forces applied on
the object and the kinematics of the end-effector [Bicchi 1995]. Park and Starr have
provided an algorithm to find an optimum force-closure grasp of a planar polygon using
a three-fingered robot hand [Park and Starr 1992]. Also, Nguyen has developed
algorithms for directly constructing force-closure grasps based on the shape of the
object. Based on the grasp synthesis given in these papers, a force-closure grasp is
constructed. However, these algorithms cannot be executed properly for the proposed
end effector since they have not considered the mechanical limitations of the finger and
the end effector that cause a problem with the points on the object that are out of access

and cannot be then considered as contact points.

The maximum force strategy for grasping objects is a robust force control approach,
which can overcome the uncertainties. The main reason for the minimum force control
strategy [Holweg et al. 1996] is to avoid damaging the fragile objects. Therefore, there is
no significant reason to apply this strategy for grasping objects, which are rigid and
strong enough. Maintaining the grasp under maximum motor torque will increase the
reliability of force-closure grasp to overcome the external disturbances. The position
control approach using a linear controller is designed to lead the finger to contact point.
This approach will not have a considerable problem with the friction if the approach is
not constrained to track a trajectory and it is designed for reference action. The PID

controller is not recommended for trajectory tracking. An investigation for trajectory
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tracking on the computed torque control method applied to a robot actuated by DC
permanent magnet motors with harmonic gear shows that the PID control presented the
less accurate performance in comparison with the feedback linearized joint torque
control [Baines and Mills 1998]. A PI controller can be used for the position control of
the finger when the contact point is given as a target. Grasping an object under the
maximum force is robust and reliable to overcome uncertainties using a PI controller.
The control system employs a simple sensing system, which is a current sensor to detect
the motor current. A simple PI controller can be used for force control if the finger is in

contact with the object [Volpe and Khosla, 1992, 1994].

1.2 Research Objectives

This research is concerned with the design, analysis and control of a dextrous three-

fingered end-effector used for grasping rigid objects in an unstructured environment. The

research continues the previous research at the University of Southampton [Dubey 1997]

on the end-effector to formulate the mathematical kinematic model of the end-effector

and the simulation of control system. The specific research objectives are:

® Analytical solutions to the direct kinematics of the end-effector.

e Analytical and numerical solutions to solve the inverse kinematics of the end-effector
using several methods: polynomial approach, analytically and numerically derived
Jacobian matrix approaches, and neural network approach.

e [nverse kinematic solutions will be evaluated and compared.

® The end-effector design will be analysed in terms of degrees of freedom, redundancy,
singularity, and being fully controlled.

e (Grasping, sensing and control strategies will be discussed and the control system will
be simulated.

® A grasping approach based on classification of objects will be proposed.

1.3 Overview of the Thesis

This research is investigated the design, analysis and control of a dextrous three-fingered
end-effector used for grasping rigid objects in an unstructured environment. The end-
effector consists of three articulated fingers, placed symmetrically on a circular base. The

finger comprise three segments, three active joints, ten passive joints, four solid control
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links, and three independent inputs, which results in three degrees of freedom for curling,
bending and rotation actions in the task space, chapter 2. The end-effector employs a
fully controlled drive system based on linkages mechanism rather than tendon-operated
system to provide three degrees of freedom for each finger. The finger drive system
consists of a sophisticated finger mechanism driven by three DC motors, two ball screws
and a worm and wheel gearbox, with advantages of high reliability, low friction in the
driving sense, no compliance and no back driving. The drive system can provide required

degrees of freedom to form suitable configurations for the end-effector to grasp objects.

The thesis is concerned with finding analytical solutions for the direct kinematics of the
end-effector, chapter 3. The end-effector’s finger has not a simple kinematic geometry
such as a serial manipulator, which can be solved based on either a homogeneous matrix
or trigonometric solution. Of the thirteen joints in the finger there are ten dependent
Joints that complicate the analysis. Two approaches are proposed: one approach is based
on vector analysis applied to the finger’s linkages diagrams. The second approach is
based on a relationship between a link and its two joints applied for a configuration,
consisting of two links with an unknown common joint and two known joints. The
position and orientation of the fingertip and the joints angles are obtained as functions of

the finger inputs.

Several approaches have been used to solve the inverse kinematics of the end-effector: a
polynomial approach in chapter 4, a Jacobian matrix approach in chapter 5, and a neural
network approach in chapter 6. Two cases are considered for the inverse kinematic
analysis of the finger. One case is to provide the inverse solution for a given fingertip
position and another case is the inverse solution for a given direction of fingertip at a
specified x component of the fingertip that has a consideration to the orientation of the

fingertip and the size of object.

An analytical solution for the inverse kinematics is developed using a polynomial that is
derived from the kinematic equations formed for linkage diagrams of the finger. The
inverse analysis becomes complicated since the equations are non-linear and their

unknowns are more than two so a one-variable equation is derived from the kinematic
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equations. Since the equation includes only sine and cosine functions, the equation can be
converted to a polynomial, which can be solved by MATLAB. Results are shown over
the operating range and the solution is evaluated. The advantages are the robustness and

the fast response with a high precision as it can be applied for on-line processing.

As an alternative approach, numerical solutions can be found for the non-linear
equations. A numerical solution to the inverse kinematic of the end-effector is developed
using an analytically and numerically derived Jacobian matrix. The Jacobian of the finger
is derived analytically, based on kinematic equation formed in linkage diagrams. A
remarkable advantage of this approach is where the homogeneous matrix cannot be
formed to derive the Jacobian of the finger. The solution is evaluated and an
improvement to reduce the errors is made by resetting the process. In comparison with
the use of the numerically derived Jacobian matrix, the use of the analytically derived

Jacobian matrix can save significantly computation time.

The neural network approach is based on the required inputs and outputs for the inverse
kinematic solution and corresponding data for the inputs and the outputs, which are used
to arrange a suitable network to provide the solution. The proposed network is a two
layers network consisting of a sigmoid layer and a linear output layer. The
backpropagation training algorithm is used to update the weights and biases of the
network until it can approximate the imverse kinematic function. The neural network
solution is applied to solve the inverse kinematic of the end-effector where the precise
data is provided from the forward kinematic solution. The disadvantages are slow
response and low precision. However it can reasonably approximate the inverse

kinematic function.

Applications of inverse kinematic solutions for grasping objects are presented in chapter
7. Nine useful grasp primitives are defined that are selected depending on the shape of
the object. This requires a classification of objects into different shape and size, to form
primitives as spherical, cylindrical, circular, having two parallel sides and irreguiar
objects. These primitives are formed based on either using the fingertips to provide a

force-closure grasp or an envelope grasping that are implemented as either external
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grasps or internal grasps. The fingertip can move to any point in the workspace and also
can move in any specific trajectory. The finger capabilities are determined for moving in
several significant trajectories such as moving horizontally, vertically, and in a constant

fingertip angle that are useful for control purpose.

To arrange each grasp primitive, a set of finger inputs, which are the finger rotation
angle, 0, and the corresponding leadscrew displacements, d; and d,, are determined using
the inverse kinematic solution, chapter 7. These inputs are used for the control system
when grasping an object. For grasping an object with unknown width or diameter, the
input data are provided as functions of the diameter or the width of object that are fitted
to quadratic functions to trace a suitable trajectory to complete the grasp. Alternatively
another approach is presented for wrap grasping of either a regular or irregular object.

The finger configurations are simulated and shown for each grasp primitive.

Grasping, control and sensing strategies are explained, chapter 8. An approach is
developed based on object classification and forming primitives for arranging a force-
closure grasp for an arbitrary object. The object recognition approaches along with
grasping objects are described. The applications of intelligent controllers and

conventional controllers to control an end-effector are considered for grasping objects.

This research continues the research program on the end-effector at the University of
Southampton. A fuzzy controller was proposed for the three-fingered end-effector to
execute the force control to provide a required minimum force using tactile sensors so
that the object does not slip and is not damaged [Dubey 1997]. The controller has two
input signals from a slip sensor and a FSR to detect the slip and force on contact point
respectively and the output of controller passes to the DC motor in a single driver system
to provide the required motor torque. Although the controller was designed for the
finger, driven by a single driver system, it can be employed for the finger driven by a fully
controlled drive system as the controller is used to control one of the three DC motors

for force control.

Alternatively, PI controllers are proposed for the position/force control of the end-
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effector under maximum force strategy, chapter 9. The dextrous three-fingered end-
effector will be employed for grasping rigid objects in unstructured environment. The
position/force control approach for grasping rigid objects in maximum force is a special
case that uncertainties and disturbances are expected to be under control even if a fuzzy
controller is not used. This approach provides a high reliability that is required to control
undesired effects from interaction between the end-effector, the object and the
environment. The end effector control requires overcoming the uncertainties such as
friction, external disturbances, inertia variation and hazardous effects. A position control
approach using PI controllers is designed to lead the finger to contact point. This
approach does not have a considerable problem with the friction since the approach is
not constrained to track a trajectory and it is designed for reference action. A linear
controller is designed to apply the maximum motor torque, which employs a simple
sensing system only using a current sensor. Three individual systems are modelled as
linear systems comprise of DC motors and linear controllers for the three finger’s inputs.

The control system is simulated and the time response of the system is shown.

The research achievements and the future work are described in chapter 10.
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Chapter 2

The Design of a Dextrous Three-Fingered End-Effector

2.1 Introduction

In this chapter, previous end-effector designs are reviewed and the dextrous three-
fingered end-effector, designed at the University of Southampton is described.
Depending on the requirements for the task such as dexterity and robustness, the end-
effector is equipped with a number of fingers from two to five. An articulated finger has
a number of joints, typically three like a human finger, to provide required degrees of
freedom to perform a dextrous task. Any independent or active joint, which is either a
revolute joint or a proximal joint, provides one degree of mobility for the end-effector
but not necessarily one degree of freedom. The number of degrees of mobility shows the
dexterity of the hand. The number of independent movements which an object can make
with respect to a coordinate frame is called its number of degrees of freedom that is in

maximum six degrees of freedom for an unconstrained object [Mckerrow 1991].

The end-effector drive systems are also discussed in this chapter. The basic components
of an end-effector drive system are power amplifiers, actuators, transmission elements,
and sensors. A theoretical study comparing electric, hydraulic, pneumatic and shape
memory actuation, showed that electric actuation is the most appropriate solution
specially when the development time and costs are taken into account [Reynaerts 1987].
The transmission elements are designed to transmit power from actuators to joints and
linkages with features such as zero backlash, low weight, low friction, low compliance,
compact size, and high torque capacity. The main requirement for using a transmission
system is that the end-effector joints are driven at low speed and high torque while
motors with high torque and low speed cannot be employed since they are heavy and
bulky. However, the direct drive systems have no backlash. low friction, low compliance,

high reliability and fast dynamic response.
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Gears, tendons and linkages are typical devices, which are used as transmission elements.
Gears are used in transmission systems to reduce the motor speed and to increase the
motor torque. They are designed in several types: rack and pinions, lead screws, ball
screws, gearboxes, and harmonic drives. Ball screws are efficient, moderately stiff, low
friction in the driving sense, very accurate and difficult to back drive. Harmonic drives
have in-line parallel shafts, very high gear ratios, compact packages and near zero
backlash, however, they suffer from high static friction and cyclic frictional torque
variation called cogging [Mckerrow 1991]. Linkages are rigid and in comparison with
tendons they do not suffer from inaccuracies due to stretching and wear. Traditional
gear-driven or belt-driven mechanisms introduce backlash, cogging, complex
compliance, reduced speed, and wear [Arocena and Daniel 1998]. Anti-backlash
mechanisms can only reduce some of these problems. Even harmonic drives, which are
highly regarded for their low backlash, are not free from these drawbacks. Consequently,
the control of the end-effector involves with the complex effects such as the stick-slip

phenomenon due to friction, high transient impacts due to backlash, and non-linear

compliance.

The finger drive system can be designed as single driver system using a differential
gearbox and one motor to drive a finger. However, the finger drive system can provide
only one degree of freedom for the finger, which significantly reduces the dexterity of the
hand. Alternatively, the finger can be designed fully controlled if each joint can be driven
independently which requires two tendons or an individual motor to drive each joint. It is
also possible that the drive system can provide the required degrees of freedom for the
finger by a suitable linkage mechanism, which has a number of advantages. In this
chapter, a single drive system and a full controlled drive system, designed for driving an
articulated finger used in a dextrous three-fingered end-effector are described. Friction
and compliance in the fully controlled drive system are significantly reduced using solid
mechanical linkages and ball screws. Also the controller is more robust as it does not
have to cope with the compliance of tendons. Moreover, the design is also have an
advantage of employing electrical motors which are high reliable, fully controlled, with a

fast response, and are small.
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2.2 A Review of Previous End-Effector Designs

Various end-effectors have been developed for grasping an object and dextrous
manipulation. One of the initial approaches is a three-fingered hand, built for the NASA
Skylab Project, which could arrange only four useful configurations for grasping a
regular shaped object, Figure 2-1 [Skinner 1975]. The fingers are arranged symmetrically
on a triangular base. Each finger has three revolute joints and three links. The hand drive
system operates with four motors using two dependent mechanisms. One electric geared
motor drives the cross four-bar chains, miniature compound pulleys and tension cables to
bend each finger. Another electric motor drives the double-dwell mechanism to turn all
the fingers to arrange the end-effector configuration. Since the double-dwell mechanism
has the disadvantage of allowing only several specific prehension modes due to the
coupling of the three fingers, the hand cannot arrange other end-effector configurations.
Moreover, the bending mechanism cannot provide the required degrees of freedom for

the finger to track a specified trajectory.

Figure 2- 1 The three-fingered hand built for NASA [Skinner 1975]

In 1977, a three-fingered end-effector was designed for a remote manipulator in space,
viewed by the operator through television cameras and screens [Croosley et al. 1977].
The hand consists of a thumb and two fingers to form an anthropomorphic model. The

inside surfaces of the hand were covered with a layer about 3mm of soft silicone rubber
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to have a high friction. The hand drive system operates by four motors and employs
turnbuckle mechanisms, which are finger bending mechanisms to drive inter-phalangeal
joints by flexible cables. Each finger is driven by a motor and the thumb is driven by two
motors which provides one degree of freedom for each finger and two degrees of
freedom for the thumb. The thumb includes a nail to pick up a number of objects by
getting the nail under them. A set of parallelogram four bar linkages in cascade was
mounted in the side plates of both thumb and index finger, which added the advantage of
a parallel-jaw end-effector. Their effect was to maintain the inside surfaces of the
ultimate phalanges of these two digits parallel to one another and perpendicular to the

surface of the palm. The hand was enable to pick up various objects such as a plate, a |

hammer, an electric drill, and a needle.

A three-fingered hand was designed using simple straight fingers, standing on a base and
parallel to each other to arrange three basic prehensile patterns for grasping objects [Van
Der Loos 1978]. The end-effector can arrange three configurations: using two-finger for
example grasping a plate, three-finger concentric for example grasping a cylinder, and
three fingers wrap such as grasping a block. The hand is actuated by three DC motors to
provide three degrees of freedom to arrange the hand configurations, employing two
coupled Cardan gearing assemblies for the two orientable fingers and an independent
four-bar linkage system for the third finger. The hand is able to grasp objects with a
maximum weight of 1kg and a maximum diameter or width of 100mm where the weight
of the hand is 1kg in a size of 100x100x150mm and the maximum duration of gripping
operation is 2sec. Each finger has a length of S0mm covered by rubber and equipped by

pressure-sensitive pads for contact-force feedback.

In 1979, a three-fingered hand was designed as an object-handling system for manual
industry, Figure 2-2 [Okada 1979]. The hand consists of a thumb with three joints and
two fingers with four joints where each joint is controlled by a hardware servo system.
The fingers have structures similar to those of a human, a hollow cylindrical shape with
bending. extending and also lateral flexing motions as adduction and abduction. The hand

operates by cables and eleven DC motors with a power 2.2 W, and a gear ratio 1/94.3 to
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implement a position/torque control based on the feedback control with the minimum

grasping force so as not to crush object.
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Figure 2- 2 The Okada hand [Okada 1979]

An end-effector was designed for handling objects using the thumb, the index and the
middle fingers arranged on a triangular base [Lian et al. 1983]. The hand is flexible,
simple, light, with nine degrees of freedom where each finger has three joints, controlled
independently. Each finger is made with hollow aluminium tubes and a replaceable
hemispherical fingertip. This has a high coefficient of friction, including a suitable
compliance when grasping an object and can house a tactile array sensor. The hand is
tendon-operated using stainless steel cables and driven by DC motors, placed on the |
forearm of the robotic manipulator to reduce the weight of the hand and to maximise the
payload. The drive pulleys for the cables are connected to the motors through a worm
gear pair to provide a high gear ratio gear in a minimum space and for self locking.
Therefore the transmission is unidirectional (i.e. not back driving) which does not require
the extra brakes or clutches in order to hold the object when the power is lost. A
position/force control approach is applied based on state space techniques where the
state vector of the system has four variables: the motor velocity, the motor position, the
tension in the cable, and the velocity of the finger joint. The weight of the hand is

approximately 1kg, which can carry the objects up to 2.5kg load.

A shape memory alloy (SMA) was used to develop a three-fingered robot hand with
twelve degrees of mobility for dextrous manipulation, Figure 2-3 [Nakano and Hosada

1984]. Shape memory alloy is capable of generating a very large force per unit of weight,
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which allows the volume and weight to be reduced to one-tenth that of previous
technologies. The hand has a human-like wrist and three fingers, which represent the
index finger, middle finger, and thumb of human hand. Each finger has four joints, which
enable the hand to grasp objects firmly. The fingers are driven by 12 SMA actuators
(four per finger) where each finger joint is bent by pulling the drive wire and is relaxed by
a spring set into each joint. The control system is based on feedback control to reduce
the error between the reference angle and the joint angle, Figure 2-4. The joint angle is
varied by modulating the electric current passing through the SMA wire, which is heated
by the current to provide the actuating power as pulling the wire. The hand is 4.5kg, the

block of actuators is 1.5kg, and can manipulate objects of a maximum 2kg.
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Figure 2-3 The Hitachi’s hand [Nakano and Hosada 1984]

: o L ——'-HEATING
R 7S COOLING

© | [uearing
Icunnem .

REF ERENCE

ANGLE O  POWER AMP

Figure 2-4 The control system
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In 1984, a two-fingered end-effector with two degrees of freedom was designed for
grasping objects in different shapes where the fingers are mounted on linear bearing
slides and driven through a rack and pinion by two DC servo motors, Figure 2-5 [Brown
1984]. The mechanism is capable of back driving, meaning that a force applied to the
finger will cause the motor to move. This feature allows the drive mechanism to function
as a mechanical impedance applying all of the appropriate effects of mass, damping, and
compliance directly to the finger. The grasping force is measured with capacitive tactile
sensors located in the jaws of the gripper and the position of the finger is detected by a
capacitive measuring system. A controlled impedance approach based on state equations

is implemented to grasp the fragile objects.

Figure 2-5 The two-fingered end-effector [Brown 1984]

The three-fingered Standford/JPL hand with nine degrees ot mobility was designed for
grasping objects and dextrous manipulation, where the hand concerns the
anthropomorphic design, Figure 2-6 [Mason and Salisbury 1985]. The hand operates by
twelve DC motors using a tendon-based transmission system to drive the joints
independently. Each finger has two revolute joints with parallel axis to curl and a
proximal joint, perpendicular to the other axis for lateral motion. which are driven by

three motors to provide three degrees of freedom for each finger and another motor is
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used to extend each finger. The hand has equipped with the strain gauge sensors to
measure the fingertip forces in contact point. The hand can grasp objects in different

shapes and sizes using position/force control.

Figure 2-6 Stanford/JPL hand [Mason and Salisbury 1985]

The Utab/MIT hand is an anthropomorphic dextrous hand consists of three fingers and
an opposing thumb, designed as a research tool, Figure 2-7 [Jacobsen et al. 1986]. Each
finger has three revolute joints with parallel axis to provide curling action and a proximal
joint with perpendicular axis to provide lateral motion that produces in total four degrees
of mobility. The hand (included wrist) is tendon-operated using 38 independent tendons,
driven by 38 pneumatic actuators to produce tendon tension in a proportional manner
from 0 to 300N. The tendons constructed of polymetric fibres and sheets to provide low
internal stresses in bending and high lateral compliance which allows the tendon to be
more safely routed over small radii and convoluted pathways. The hand uses touch
sensors to detect touch force over a circular area of diameter 20mm, in a range from 0 to
10ON, which is based on the optical properties of the bifringent material with optical
fibre links. A capacitive tactile sensing array has also been incorporated in the hand. A
complex control system has been required since the hand is a multi function, highly non-

linear, cross-coupled dynamic system.



Chapter 2: The Design of a Dextrous Three-Fingered End-Effector 24

Figure 2-7 Utah/MIT hand [Jacobsen et al. 1986]

The Belgrade/USC hand has five fingers, each finger has three revolute joints with
parallel axis, driven by four DC servomotors, Figure 2-8 [Tomovic et al. 1987, Bekey et

al. 1990].

Figure 2-8 The Belgrade/USC hand [Tomovic et al. 1987, Bekey et al. 1990]

The drive system employs two motors for four fingers which one motor drives two
fingers, and two motors for the thumb so that one for lateral and the other for curl

motion. A sophisticated mechanical linkage allows all the fingers to close as far as
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possible, thus making the hand automatically shape adaptive and enabling a selection of
two grasp modes: a three-fingered mode and a five-fingered mode where the hand has
four degrees of freedom. Conductive plastic potentiometers are used as position sensors

and force sensing resistors (FSR) are used in finger tips and on the palm.

In 1989, the design, construction, control and application of the Leuven hand which is a
dextrous three-fingered robot hand with nine degrees of freedom were described
[Brussel et al. 1989]. The fingers are arranged symmetrically on a circular base for
grasping and manipulating objects. Each finger has three active revolute joints driven by
DC motors, which are located in, the envelope of the finger using planetary reduction
gears (1:1164) to generate an acceptable torque. The technical specifications of the DC
motor are: dimension 24x60mm, weight 1.2N, maximum speed 6.8rps, and maximum
torque 2-3 Nm. A miniature incremental position encoder (125 pulse/rev) is attached to
the motor shaft. Each finger is also equipped with a three dimensional force sensor using
strain gauges. Each fingertip comprises a rubber ball to introduce friction at the contact
points. The controller is hierarchically divided into three main levels: the finger
controller, the hand controller and the task controller. The controller is based on the Intel

80286 microprocessor with 80287 numerical coprocessor, both running at 9 MHz.

The Bologna hand consists of a thumb and two articulated fingers [Caselli et al. 1990].
The fingers have three rotating phalanges each, with six degrees of freedom overall, plus
one shared degree of freedom associated to the finger adduction-abduction movement.
The thumb has two rotating phalanges with three degrees of freedom. Each degree of
freedom is driven by a geared DC motor and steel cable. The hand is equipped with
potentiometers placed inside the proximal phalanges to measure the position, and strain

gages, placed in the phalanges, to detect the force at the contact points.

The five-fingered Southampton mechanical hand was designed for operating in
unstructured environment, Figure 2-9 [Crowder 1991]. The end-effector consists of four
mechanically adaptive fingers and a jointless thumb, employing three motors, which
provide three degrees of freedom for the hand. The complete finger mechanism operates

by a frameless brushless DC motor, which is mounted within the palm with a high-ratio
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harmonic gear box and a rotary-to-linear mechanisms fitted to each side of the palm.
The selected motor and gearbox combination is capable of producing a continuos output
torque of 1.9 Nm at 70 rpm. The finger mechanism can capable to adopt a posture
dependant on the object being grasped at the time using only a limited number of
actuators. A whole arm manipulator was developed that the control of the hand was
based on touch sensing and three basic operating configurations including touch, pinch
and grip, together with a home position. A maximum load capability was specified Skg

load in the hand and the applied finger pressure was typically 30 N at the fingertip.

Figure 2-9 The five-fingered hand [Crowder 1991]

In 1993, a three-fingered end-effector, used in a hazardous environment was developed
at the Delft University of Technology, Figure 2-10 [Jongkind 1993], [Van Der Ham et
al. 1993]. The fingers are placed symmetrically on a rotating base to grasp an object from
both outside and inside. The hand has 14 degrees of freedom and operates by 14 geared
electric motors to drive pumps and the hydraulic actuators located inside the fingers.
Each finger comprise of three segments and has four degrees of freedom placed on the
base which has two degrees of freedom. This hazardous environment restricts the choice
of actuators and sensors where the operational temperatures up to 220°C are foreseen as

well as radiation backgrounds of 50 RAD/hour and a lifetime dose of 10° RAD. The
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hydraulic actuators can resist the foreseen temperatures and radiation doses and also the
power-weight and the force-weight ratio of hydraulic actuators is superior to that of
electric motors for the equivalent power output. Inductive sensors based on the linear-
variable differential transformer (LVDT) principle are employed for position and force
measurements. This type of sensor is sensitive, reliable with respect to radiation and
temperature resistance and has a good resolution. The hand weight is 4.5kg with a
maximum grip force of SON and the maximum time of 3sec for grasping operation. Each
finger has length of 10cm and the fingertip width of 2cm. A model-based hybrid position-
force control is applied which is able to keep grasping forces at a desired value in the

presence of varying external forces.
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Figure 2-10 The Delfat hand [Jongkind 1993]

The Karlsruhe hand is a dextrous three-fingered end-effector that the fingers are
arranged symmetrically on the base, Figure 2-11 [Magnussen and Doersam 1995]. The

drive system operates by DC motors, ball-spindle drives, harmonic drives and timing belts.
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Each joint is equipped with encoders to provide accurate information on its position, and
is also equipped with a force sensor in the first link to detect the applied force to the

fingertip.

Figure 2-11 The dextrous three-fingered Karlsruhe hand
[Magnussen and Doersam 1995]

The dextrous five-fingered NTU hand has used a number of high performance micro
motors and small gears, which are located in the envelope of each finger, Figure 2-12
[Lin and Huang 1996]. To provide a fully-controlled drive system, the finger segments
are independently driven. The hand employs 17 actuators, 18 FRS for tactile sensing and
the potentiometers to detect the positions. The weight of the hand is about 1.6 kg and
the rated weight of object to be grasped is 1 kg. Each finger consists of the distal
segment, the middle segment, the proximal segment and the base finger segment. Each
finger segment except the distal segment contains one micro motor, which drives a set of

special, arranged gear trains to rotate the finger segment.
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1.Fingertip 6.Cover of the finger segment
2.Base of the fingertip 7.High performance micromotor
3.Shaft 8.Gear on the motor shatt
4.Shel of the finger segment | 9.Seat of the motor

S5A.Gear train A (96:1) 10.Position sensor

5B.Gear train B (812:1) 11.Tactile sensor

Figure 2-12 The dextrous five-fingered NTU hand [Lin and Huang 1996]

In 1997, an anthropomorphic five-fingered hand was designed for robotic application in
unstructured environments [Kyriakopoulos et al. 1997]. The hand, which called “the
anthrobot dextrous hand”, is very similar to the human hand in anatomical consistency
such as the number of fingers, the placement and the motion of the thumb, the
proportions of the link lengths, and the shape of the palm. The hand includes 20 joints
where the thumb has four joints with four degrees of freedom and each finger has four
joints with three degrees of freedom. The mechanical structure made from 6061-T6
aluminium, the fingers made from silicon and the palm is soft where the entire package
weighs 4.54kg and the overall length is 45cm. The servo motor packages comprise 16
motors and actuate the fingers via a tendon-driven system. The motors are controlled by
a torque regulator circuit using pulse width modulation on the servo voltage. The

position/force control for the hand is implemented by the PID controllers.

A three-fingered hand was designed for grasping unknown objects by groping [Konno et
al. 1997]. The robot hand has a thumb, index finger and middle finger with a total of
eight degrees of freedom where the thumb and the index finger has three degrees of

freedom each and two degrees of freedom for middle finger. The hand was designed to



Chapter 2: The Design of a Dextrous Three-Fingered End-Effector 30

have the similar dimension of a human hand and eight DC servo motors which are
originally used for controlled toy cars, actuate the fingers. Eighty seven touch sensors
were distributed over the surface of palm and fingers of the robot hand. Groping was
used as the grasping strategy, which is based on active sensing to find a grasping

configuration for unknown objects.

In 1999, the Gifu hand I was designed which is an anthropomorphic five-fingered hand
with 20 joints and 16 degrees of freedom [Kawasaki et al. 1999]. It was designed to be
compact, lightweight and anthropomorphic in both geometry and size such that it
performs grasping and manipulation like the human hand. The thumb has four joints with
four degrees of freedom and the other fingers have four joints with three degrees of
freedom each. The hand can equip by six axes force sensor at each fingertip and
developed distributed tactile sensors with 624 detecting points on its surface with a
maximum pressure of 7.4x10* N/m’. The joints are driven by the built-in DC
servomotors where the transmission systems are equipped by high stiff gears with high
gear ratios. The hand has a weight of 1.4 kgf, a maximum force of 8.8N at thumb

fingertip and 1.1N at others.

A highly anthropomorphic human scale five-fingered robot hand was designed for space
based operation [Lovchik and Diftler 1999]. The Robonaut Hand consists of a forearm, a
two degrees of freedom wrist, and a twelve degrees of freedom five-fingered hand. It is
driven by fourteen brushless DC motors, which are housed in the forearm. The motors
equipped with 14 to 1 planetary gear head where stainless steel high flexibility shafts are
coupled to the motors. The hand consists of two sections: a dextrous work set which is
used for manipulation and a grasping set which allows the hand to maintain a stable grasp
while manipulating an object. The grasping set comprise of a one degree of freedom
palm, a two degrees of freedom ring finger, and a one degree of freedom pinkie finger.
The manipulating set includes a two degrees of freedom pointer finger and a three
degrees of freedom index finger, and a three degrees of freedom opposable thumb. The
transmission system is a flexible drive train, which includes the flexible shafts, leadscrews
and connecting cables. Overall the hand is equipped with forty three sensors not

including tactile sensing where each joint is equipped with embedded absolute position
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sensors and each motor is equipped with incremental encoders. Each of the leadscrew
assemblies as well as the wrist ball joint links are equipped by load sells to provide force

feedback.

A two parallel-jaws end-effector is designed for handling product items that are flexible
or variable in physical properties such as size, shape or firmness, Figure 2-13 [Friedrich
et al. 2000]. The drive systems comprise small DC servomotors with encoders for
position measurement. The fingers are driven by a ball screw and guided by a linear
bearing system. The fingers are equipped with a textured surface to efficiently secure the
grasp and are compliant to assist force distribution and reduce the pressure exerted on
the object. The strain gauges are used for tactile sensing, the optical encoders are
employed for position measurements and a 68HCI1 micro-controller as a heart of
controller. The object can have a maximum weight of 2kg and a maximum size of
200x200x100mm. The position resolution is 0.1mm, the force resolution is 0.1N and the

overall grasp is completed within 2 seconds.
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Figure 2-13 The experimental gripping device [Friedrich et al. 2000]

2.3 The Articulated Finger Design

The University of Southampton has developed a number of articulated fingers for a

dextrous end-effector [Crowder 1991]. The dextrous end-effector consists of three
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articulated fingers, which are placed symmetrically on a circular base. The finger
transmission system employs the solid mechanical control links rather than the tendons
[Crowder et al. 1999]. The finger consists of three sections where four links are used to
control the finger movements. The control links are hinged at points M-K, L-B, I-D, E-G
and the finger segments are hinged at points C and F, Figure 2-14. The finger can rotate
around its axis at the revolute joint O, where the rotation angle of the finger is a finger
input. The curling and bending actions in a plane for the finger are provided by driving
the two finger inputs, d; and d,, which are the vertical movement of joints L. and M. The
finger comprise of 13 revolute joints where two joints A and J are hinged to the frame
and other joints can move with respect to the frame. A detailed force analysis was
derived and values of maximum force on every finger component determined [Dubey

1997]. The finger component dimensions are given in appendix A.
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Figure 2-14 The articulated finger diagram [designed by Whately, University of Southampton]

2.4 The Finger Drive Systems

Many dextrous hands are tendon-operated where the actuators are required to be remote
from the hand for reducing the hand inertia [Jacobsen et al. 1986, Mason and Salisbury

1985]. However, this transmission system consists of many tendons and actuators which
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requires a complicated control system. To achieve a full joint motion, each finger joint
requires a minimum of two tendons. An Example of tendon-operated hand is the
Utal/MIT hand using 32 tendons [Jacobsen et al. 1986], which has a coupling problem
and a complex control system. The three-fingered JPL/Stanford hand has 12 DC motors
and 12 tension cables and is controlled by 12 microprocessors [Stansfield 1990]. The
tendon-operated approach involves the friction and elasticity, which mask the subtle
changes in grasp forces in contact points when rolling or sliding on an object so a precise

control of contact forces is difficult [Howe et al. 1990].

In many applications for a fully dextrous hand to operate satisfactorily, electric actuators
need to be located within the profile of the end-effector [Crowder et al. 1999]. Use of
electrical motors, which are high reliable, fully-controlled and fast response in small size
and using solid links, which have no compliance, together can provide a precise

position/force control for the end-effector.

Single driver system and fully-controlled drive system are two approaches, which are
proposed to drive the articulated finger. The University of Southampton has developed a
range of adaptive finger mechanisms which only require a single driver [Codd 1975],
[Moore 1980]. Use of a single driver system requires either an equalising system or a
harmonic gearbox to drive the finger inputs while in fully-controlled drive system, the

individual motors are used to drive the finger inputs.

2.4.1 Single Driver System
A single driver system has been designed for the articulated finger [Dubey 1997]. The

finger drive system consists of a brushless DC motor, three electrical brakes, a
differential gearbox, two leadscrews and three timing belts, Figure 2-15. The finger is
attached on the top of the mechanism and the two leadscrews, which are supported on
bearings. are driven by timing belts from the two outputs of the differential gearbox. The
gearbox 1s connected by a timing belt to the motor output shaft such that the housing of
the differential is a driven element. The differential gear is supported on bearings to allow
the two pinion outputs to be transferred to the leadscrews from the top and the bottom
ot the differential unit and the electromagnetic brakes are employed on each leadscrew

shaft. The finger is driven by three inputs including the two leadscrew displacements and






