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Abstract
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Research into the development of artificial mechanical hands for prosthetic applications has been conducted over many
hundreds of years. Dexterous mechanical hands are now being applied to advanced robotic applications, including tele-oper-
ated manipulators. The successful application of dextercus mechanical hands depends on the development of suitable
mechanisms, actuators and control strategies. Recently the requirement arose for a manipuiator to fit and operate within a
standard glove box glove. The design and development of a fully anthropomorphic dexterous end effector for the manipulator
is discussed in this paper. To arrive at the final design a study of the operation of the human hand was undertaken. The end
effector consists of four mechanically adaptive fingers and a thumb. The mechanism developed for the fingers will simulate
the curl of the human finger, The complete finger mechanism requires only a single actuator to produce fully the required
motion, leading to a compact design for the end effector. To gain the full operational advantage of the dexterous hand a
control strategy has been developed based on global sensing and a hierarchical control structure. The results of handling trials

are presented.
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1. Introduction

The commercial industrial robot typically con-
sists of an end effector attached to the end of a
multi-degree of freedom mechanical arm. The pur-
pose of the arm is to position and orientate the
end effector and then act as a support while the
required task is performed. The end effector can
be either a tool, for example a welding head, or a
gripper to hold other tools or the work piece. The
most widely used form of robot gripper consists of
two or more movable rigid fingers working in
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opposition, this however limits the sizes and shapes
of objects that can readily be grasped. The orien-
tation of the gripper relative to the object is cru-
cial if the grip is to succeed, and can only be
modified by the manipulator. This restriction leads
to the requirement for a gripper that can grip a
wide range of different shaped objects from vari-
ous orientations. If the end effector has the ability
to adapt to the shape of the gripped object and
manipulate it within the confines of the gripper,
the resultant end effector is commonly termed a
dexterous hand. The earliest use of mechanical
hands was for prosthetic applications of which
examples have been recorded as far back as four-
teenth century [1]. The current level of technology
is such that the prosthetic hand is limited to
gripping cbjects, the detailed manipulation is then
the function of the remaining arm joints of the
amputee. Efficient hand operation currently de-
pends on direct visual information to guide the
hand and not from the dexterity of the prosthesis
itself. For this reason the prosthetic hook is still
widely used relative to the more cosmetic, but less
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flexible, anthropomorphic hands available. Recent
work [2], has shown that the addition of touch and
slip sensors to a commercial prosthetic hand gives
a considerable improvement in dexterity which is
achieved without a corresponding increase in con-
scious effort from the wearer.

The requirement of the nuclear, space and sub-
sea industries has caused the development of a
wide range of tele-operated and master-slave
manipulators, because of the hazards to a human
operator working in these environments [3]. The
addition of a dexterous mechanical end effector to
these manipulator systems would greatly enhance
their performance. Over the years a number of
non-prosthetic dexterous hands have therefore
been developed which are based on the use of
multi-jointed articulated designs that mimic the
motion of the human finger. Details of a number
of significant designs have been published, includ-
ing the Utah/MIT hand [4], which has four fuily
articulated fingers. Conversely, the hand devel-
oped by the University of Standford and JPL [5],
s based on a three-finger design. These and other
hands have been developed primarily as tool for
research into artificial intellegence and gripping
strategy. Within the remote handling field the use
of the dexterous end effector is still limited due to
the difficulty in developing suitably rugged mech-
anical and sensing systems required by these ap-
plications. If the use of the dexterous end effector
was more widely applied to more traditional in-
dustrial applications, its inherent ability to adapt
o the object being gripped would reduce the
nventory of specialist grippers and hence lead to
n increase m the application of robotic systems.

2. Project background

Within industry, world wide, the awareness to
he hazards of radioactive, chemical and hiclogical
naterials has increased rapidly over recent years.
[his has led to a reduction in the amount of
:xposure {o which an operator can be subjected.
[he result is an urgent requirement to remove
wman operators from the hazardous environ-
nents and hence, this leads to an increasing reli-
ince on robotics and dedicated automated sys-
ems. However, due to the nature of some processes
here is still a requirement for a high degree of
nanual intervention, due to the complexity of the

task and/or its unsuitability for direct automa-
tion.

A large number of these processes are carried
out within a standard industrial glove box, the
operator is protected by the use of heavy duty
synthetic rubber gloves. One solution that would
reduce the hazard to the operator is for a manipu-
lator to have access to the hazardous environment
using the operators’ glove. This however requires
that the manipulator and its end effector are capa-
ble of operating within the glove and in particular
the end effector has to be fully anthropomorphic.
In spite of the complexity of the manipulator this
approach has a number of significant advantages
over an individual robot per glove box. Firstly the
manipulator is ouside the hazardous environment
and hence can easily be moved between glove
boxes without distroying the integrity of the glove
box environment, and secondly the number of
manipulator systems reguired to equip a facility is
minimised.

Recently, this particular application arose
within the UK nuclear industry. Initial ap-
proaches were made to the manufacturers of pros-
thetic limbs, but it was realised at an early stage
that the level of technology within this industry
was not at that time capable of meeting the design
requirements for such a glove box manipulator. As
a result of this requirement the Department of
Electrical Engineering at the University of South-
ampton has developed the whole arm manipula-
tor, a six- axis glove box mantpulator. The signifi-
cant feature of the manipulator is the mulii-
fingered hand incorporating mechanically adap-
tive finger mechanisms,

This paper discusses the design and develop-
ment of an anthropomorphic mechanical hand
that is capable of fitting and operating within a
human sized glove manufactured from synthetic
rubber. A previously published paper has given an
overview of the complete system [6].

3. The design of the mechanical hand

In the preparation of the outline design for the
anthropomorphic end effector, a number of areas
had to be considered, including the operation of
the human hand both in and outside the glove.
Only then could a specification for the mechanical
design of the anthropomorphic end effector for
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the whole arm manipulator be developed. In
parallel with the mechanical design, the control
strategies for the hand had to be identified. Due to
the complexity of the tasks that have to be per-
formed, an easy-to-use operator interface is re-
quired for the whole system therefore reducing the
work load on the operator.

3.1, The glove

The objective of this project was the design of a
manipulator capable of performing a wide range
of tasks inside a glove box whilst being enclosed
within a standard glove The integrity of the glove
box must not be damaged during normal oper-
ation or in the changeover between the manipula-
tor and a human operator. This ensures that
neither the manipulator nor the local environment
become contaminated with the contents of the
glove box.

Details of the hand of the glove into which the
whole arm manipulator is designed to operate is
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Fig. 1. Dimensions of the hand of the synthetic rubber glove,
The variations are due to different moulds used during manu-
facture.

shown in Fig. I, the overall length of the glove is
780 mm. Due to the position of the glove when
installed in the glove box the maximum nternal
reach of the manipulator is limited to 500 mm
from the glove box face, this is equilvalent to the
operator inserting his arm into the glove up to the
elbow. Based on this criterion the length of the
forearm of the manipulator and its relationship to
the elbow and hand is fixed. The size of the hand
1s similarly determined by the size and location of
the glove’s fingers together with the position of the
forearm. The length of the individual fingers are
determined from the datum position located at the
crotch of the third and fourth fingers. The mini-
mum inter-finger spacing was determined by the
thickness of the glove within the crotch. To allow
for satisfactory operation the finger spacing was
set to 4 mm. The major dimensions of the hand
and the manipulator are shown in Fig. 2. To
prevent contamination of the operator in case of a
glove puncture the inside of the glove box is held
at negative pressure of 500 Nm 2 (5 Mbar), at
this pressure differential the glove becomes quite
rigid.

3.2. Review of human hand operation

The structure and operation of the human hand
is one of the significant differences between hu-
mans and the other members of the ape family.
The human hand consists of the wrist (the carple
bones), the palm (the metacarple bones) and the
fingers (phatanges). The palm and fingers of the
human hand together have twenty degrees of free-
dom; two in the knuckles, one in each of the other
finger joints, three in the thumb and one in the
palm. However, the most characteristic feature of
the human hand is its truely opposable thumb
whereby the thumb can rotate and oppose any of
the fingers to pinch an object. It is this feature
that gives the human its superb dexterity with
tools. The operation of the hand may be consid-
ered either as static (gripping) or as a dynamic
operation (manipulation). Schlesingert [7], indenti-
fied six hand configurations that characterise the
static gripping functions of the human hand,
namely:

(1) Cylindrical grasp — the grip used to enclose a
cylindrical object.

(2} Spherical grasp -—— used when grasping a
spherical object.
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Fig. 2. Overall dimensions of the whote arm manipulator.

(3) Hook grasp — the grasp used when holding a
suitcase or similar object.

(4) Tip grasp — pinching a small object between
the finger and thumb tips.

(5) Palmer grasp - the grasp used when holding
a pen.

(6) Lateral grasp — pinching a flat object be-
tween the thumb and the side of the index
finger.

It can be observed that these six configurations

can be achieved by the use of only two fingers and

the thumb, the remaining fingers are used to pro-
vide grasp stability and additional strength. The
palm of the hand is primarily used as the finger
supporting structure, it only touches the work
piece in the cylindrical, spherical and hook grips,
these are commonly termed the power grips. In
contrast, the precision grips take place at the
extremity of the hand between the tips of the
fingers and thumb.

Once gripped, it is possible to manipulate the
object in the hand by modifing the grip dynami-

cally. The types of manipulations possible have
been summarized by a number of researchers, in
particular Crossley [8]. However, the applications
for which the whole arm manipulator was desig-
ned excluded the direct manipulation of objects
by the motion of the fingers. Any re-orientation of
grasped objects would be achieved by the move-
ment of the manipulator.

3.3. The design philosophy for a mechanical hand

From the study of grip strategies it can be
concluded that to achieve a flexible system a dex-
terous robotic hand needs only to have three
fingers and a palm structure. However, the mecha-
nical hand for this application has to be designed
so that it will fit within a glove intended for a
human operator. Thus the mechanical hand re-
quires four fingers and a thumb, in a package
equal in size to a human hand.

To simplify the mechanical hand, a number of
design decisions were made, which place limita-
tions on the hand’s performance compared with
that of the human version. These ensure that the
resultant mechanical end effector would be practi-
cal, give reliable operation, fit within the glove
and be capable to performing its main task, that
of gripping objects. The significant points that
where considered prior to completing the final
design were:

(1) In the human hand the lateral motion be-
tween fingers can be achieved only when they are
fully extended, normally when pushing against an
object. It was considered that the advaniage of
this extra degree of freedom was insignificant
compared with the mechanical complexity re-
quired to achieve the motion. Additionally it was
noted that due to the rigidity of the inflated glove,
it is difficult for a human operator to perform this
task in the glove.

{2) Within the human hand the upper two ele-
ments of the human finger are linked together,
this constraint is of considerable benefit to the
designer of a mechanical anthropomorphic hand.
When the middle element of the human finger
moves about its lower joint, the upper or distal
part of the finger moves as well, The distal finger
member moves at a faster rate to provide a grip-
ping or curling motion.

(3) The human finger consists of three joints,
which have to be incorporated into the design so
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that the correct shape will be achieved when the
mechanical finger is curled. The finger joint is one
of the few in the human body that requires a
maximum movement of 90° between compo-
nents.

(4) In a human hand the thumb is opposable so
that pinch grip can occur between the thumb and
any of the four fingers either to the sides or to the
tips. If this was to be achieved in the mechanical
hand, the thumb abduction would require control.
This motion has since been achieved at the Uni-
versity of Southampton on a prosthetic hand, but
due to the size constraint of the anthropoemorphic
mechanical hand required in this application, this
movement could not be incorporated. In the final
design the tip of the index finger and tip of the
pseudo-opposable thumb are used to provide the
pinch grip.

The effect of these considerations is the reduc-
tion of the number of independent degrees of
freedom that require control. To pinch an object
the thumb and index finger require independent
control. For the hand’s power grip, this being a
cylindrical grasp, all four fingers are used. It is
therefore possible to fully contrel all the required
functions of this robotic anthropomorphic hand
with only three actuators, thumb, index finger and
the remaining fingers as a coordinated group.

The specifications of whole arm manipulator
require that the maximum load capability of the
system was to be 5 kg load in the hand, irrespec-
tive of hand orientation and object shape. Ad-
ditionally, the applied finger pressure was to be
equal to that of a human, typically 30 N at the tip.

4. The Southampton mechanical hand

The mechanical hand can be considered to con-
sist of three separate areas: the fingers and their
associated mechanisms, the thumb and the palm.
The satisfactory operation of the hand depends
upon the ability of the finpers to curl around an
object of unknown shape, therefore the fingers
and their associated mechanisms will be consid-
ered first.

4.1. The finger mechanism

The basic design requirement of the fingers and
hence their mechanism is that each finger is to
consist of three segments, the maximum relative

movements between segments to be 90°, and the
upper two finger sections are required to produce
a coordinated curling motion. The finger must
have a rigid structure for the load requirements
and be capable of accepting touch sensors and any
associated wiring. The construction of the fingers
is based principally on the use of side plates and
cross pivots. This mode of construction gives the
maximum clear space within the profile of fingers
for the mechanical linkages and sensors.

The correct selection of the finger actuators is
of crucial importance to the operation of the whole
arm manipulator. The main requiremnent of the
manipulator is that it is able to operate within the
glove. A design study clearly showed that the
maximum clearance between the glove and the
arm of the manipulator was 10 mm. When the
manipulator rotates within the glove, the glove
will become twisted which reduces the clearance.
This movement had in no way to interfere with
the operation of fingers, even at minimum
clearance.

A number of dexterous hand systems are based
on tendon actuators [4,5], where each finger joint
is connected to a remote actuator by a flexible
cord or tendon. To achieve full joint motion a
minimum of two tendons are required per joint, in
the case of the whole arm manipulator, a mini-
mum of twenty-six individual tendons, actuators
and control loops would be required for the pro-
posed hand. The advantage of this approach is
that the actuators are remote from the hand and
hence reduce the overall inertia by removing mass
from the end of the manipulator. The clearance
restriction imposed by the movement of the
manipulator within the glove was such that the use
of external. actunators together with tendons was
not a practical proposition for this application.
Furthermore, the use of hand mounted pneumatic
and hydraulic actuators was eliminated for identi-
cal reasons. It was concluded that for this hand to
operate satisfactorily, electric actuators would have
to be located within the palm area of the hand. As
the physical size of the palm limits the number of
actuators to a maximum of three, this design
solution is only possible if the motion of the
fingers could be controlled by their mechanical
linkage. An advantage of this design is the high
reliability of electric motors, this was an important
consideration as the manipulator is intended for
continuous industrial operation.
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Fig. 3. The central core of the palm, with the motor and gearbox, (The motor armature is to the left.}

The requirements for the actuator are high
power, small size and high reliability. The combi-
nation selected was a brushless de motor (Inland
type RBE 00500} driving a high-ratio harmonic
gear box (Harmonic Drive type HDUF 8-100-2),
The selected motor and gearbox combination is
capable of producing a continuous ouiput torque
of 1.9 Nm at 70 rpm. In the hand the frameless dc
brushless motors are mounted within the palm
block, with the harmonic drives and the rotary-to-
linear mechanisms fitted to each side of the palm,
supported by the outer face plates. The motor and

gearbox together with the central core of the palm
is shown in Fig. 3.

4.1.1. Principle of finger operation

The University of Southampton has developed
a range of adaptive finger mechanisms which only
require a single drive input [9,10]. The mechanism
design for the hand of the whole arm manipulator
was based upon this work. In terms of the actual
finger operation, a mechanical finger can be desig-
ned to operate by one of two basic methods, either
the mechanism can be designed to give a con-

-~ PIVOT A

(O

ouUTPUT

o ——— INeuUT

T~ PIVOT B

Fig. 4. The basic equalising bar.
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OUTLINE OF CLOSED FINGER

LINK A

Fig. 5. The operating mechanism for the index finger.

trolled relative movement between each finger seg-
ment and the knuckle pivot or a differential mech-
anism giving independent movement between each
finger section and the knuckle. The selected mech-
anism has to allow the hand to grasp objects of
various shapes and sizes. The first mechanism will
give a fixed trajectory of finger motion irrespective
of the gripped object, hence for this application
the differential mechanism was selected as it al-
fows the finger to have the required wrap-around
capability.

The fundamental operating principle of the
finger mechanism is based on the use of an
equalising bar (Fig. 4). When the pivot at the
centre of the equaliser bar moves along the path
shown, with links A and B free to move, the
applied force will be transmitted to the outputs 1
and 2. The magnitude of the output force is half
that of the applied force. If however output 1
becomes fixed for any reason, the equaliser bar
will rotate around pivet A and all the input force
will be transmitted via link B. This operating
principle can be clearly seen in Fig 35, the index
finger.

The index finger consists of three segments
{lower, middle and tip} pivoted together. The up-
per segment is linked to the lower segment by link
A, so that any motion of the middle segment will
cause the upper segment to move. This linkage
will produce the required curl motien. The lower
and middle segments are individually connected
by links (B and C respectively) to either end of the
equaliser bar, The link to the upper segment is
split by a crank, this geometry produces a poorer
mechanical advantage compared with the lower
segment and link B. Finally, the equaliser bar is
connected by a slider and crank mechanism to the
rotary actuator.

In the rest position the finger is considered to
be in the fully extended position. To close the

finger the equaliser bar is driven to the left. Due
to the difference in the mechanical advantages
between links B and C and their respective seg-
ments the whole finger will preferentially rotate
around the pivot of the lower segment and the
palm. The design of the mechanism is such that
the finger remains straight while it rotates around
this pivot, which is located behind the crank in
Fig. 5. The rotation of the complete finger will
continue until such time as the lower segment is
stopped either by its mechanical limit or by an
external object. As the lower segment and link B
cannot now move the closing force is transferred
to the middle segment, via link C, thus causing the
upper two segments of the finger to curl over and
complete the grip around the object. The outline
of the closed finger is also shown in Fig. 3. This
design ensures that the tip just clears the palm on
closure. The resultant finger motion is similar to
that of a human finger and is described as being
“tip driven”, as the finger tip effectively leads the
motion. On motor reversal the finger will open
and return to the rest position. Due to the {loating
nature of the upper two segments a spring return
is required, in the case of the whole arm manipula-
tor this is provided by the elasticity of the syn-
thetic rubber glove.

The other three fingers are operated simulta-
neously, but independently of the index finger, by
the mechanism shown in Fig. 6. The upper link, B,
from the equiliser bar is directly coupled to the
lower segment of the fourth finger. The lower
segments of the other fingers are directly coupled
to the fourth finger, hence the motion of all the
lower segments will stop when any of the three
segments touches an end stop or an object. This
will cause the equiliser bar to transfer the closing
force to the upper segments which will then curl

Fig. 6. Operating mechanism for second, third and fourth

finger. Point 1 is connected to the lower link of the fourth

finger. Points 2, 3 and 4 are connected to the middle links of
the fourth, third and second finger respectively.
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round the object, until at least one is in contact
with the object. The design of the hand ensures
that there are at least three fingers in contact with
an object at any time.

The action of the finger mechanism primarily
depends on the differences between the mechani-
cal advantages of the output links of the equaliser
bars of the mechanisms shown in Figs. 4 and 5.
The differences in the frictional forces between the
links and the stiffness of the glove will also effect
the motion of the fingers. It was therefore neces-
sary to trim the mechanism to achieve optimum
performance; this was achieved by moving the
central pivot point of the equaliser bar away from
the geometric centre of the bar, in the case of the
index finger a 5 mm offset was found to be
required.

4.2. The thumb

As discussed previously the thumb i1s designed
to make contact with the tip of the index finger to
form a pinch. In this anthropomorphic mechanicat
hand the thumb is jointless and is directly coupled
to the output of its motor / gearbox assembly. The

shape of the thumb and its actual location relative
to the index finger are designed to allow a tip-to-tip
pinch to be made when the plane of the pinch is
normal to the palm’s surface.

4.3. The construction of the hand

All the finger mechanisms together with the
actuators are contained within the profile of the
hand. To achieve a rigid structure the hand is built
around a central ‘T” shaped block, this is shown in
Fig. 3. The motors are located within this block,
the mass of material is used to improve the ther-
mal characteristics of the motors. The field wind-
ings of the motors are glued in place when the unit
is assembled. The finger mechanisms are posi-
tioned on either side of the ‘T” block. The cross
piece of the ‘T contains the individual pivot points
for the fingers, as in the human hand those for the
fourth finger are located behind the others.

Considerable care was taken in the selection of
materials used to construct the hand and special
attention was paid to the strength and wear char-
acteristic of the materials. Aircraft grade
aluminium was used for structural elements, with

Fig. 7. The constructed hand, attached to the arm. The gearbox and slider mechanism for the second, third and fourth finger can be
seen behind the lower side plate.
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bronze for the finger mechanisms, In certain loca-
tions stainless steel was used where high wear was
predicted. During the design stages and building
of the hand considerable care was taken to mini-
mise the chances of glove puncture, largely through
elimination of all possible sharp corners and points
where the glove could be trapped.

The main features of the hand can be clearly
seen in Fig. 7.

5. Hand control strategy

The mechanical design is such that only three
motors need to be controlled to fully operate the
hand. But as a unique motor position does not
correspond to a unique finger position due to the
mechanical design of the finger mechanisms, the
development of a control strategy was of crucial

importance to the project. The control strategy of
the hand is based on that originally developed for
the prosthetic hand work [2], namely that of a
hierarchical contro! structure coupled with a small
number of high-level input commands. The basic
principle of this form of controller can be seen in
Fig. 8. Within the system there are three basic
levels:

Level I.This contains the basic motor speed
and terque control loops. The inputs to this level
are the speed and torque requirements of the
selected motors. Provision is made for touch sens-
ing in this level, this may be derived from the
motor current and the positional error as wel] as
sensing elements mounted on the finger tips.

Level 2. The main hand control algorithms that
take the operator’s commands and determine the
required hand motions are found at this level. The
posture controller will determine which fingers

farce Pasture
’ {onlrol

level ?

Contact

Inbibitory Gensars

Selection

fisplacenent
Sensars

forze

Sersors

Fig. 8. The hierarchical control structure as used in the hand for the whole arm manipulator.
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have to be activated. The force controller calcu-
lates the required motor speeds and torques. Logic
at this level will determine wheater a movement is
valid.

Level 3. The upper level takes the required op-
erator commands and converts them into the com-
mands required by the second level.

The gripping of an object by a dexterous hand
15 an area of considerable importance, but how-
ever is not fully understood. The problem is com-
plicated by the fact that the object has to be
moved once grasped, but due to the unstructured
environment within which the hand has to oper-
ate, there is little or no control over the object’s
location and orientation relative to the hand. In a
successful grip the applied mechanical constraints
will restrict the movement of the object. In the
control of the hand for the whole arm manipulator
two areas have to be addressed, firstly controlling
the hand to achieve a grip and secondly its moni-
toring to ensure that the grip does not fail. To
achieve satisfactory operation the hand must oper-
ate within a force feedback loop, the hand must
therefore have sensors, either global or localised.
Global sensing is the measurement of the total
force exerted on the finger, while local sensing is
the measurement of the forces at one particular
point, namely touch sensing [11]. -

The philosophy on which the control of the
hand is based is by the use of three basic operat-
ing configurations fouch, pinch and grip, together
with a home position. These were determined as a
result of the work on the prosthetic hands. As the
whole arm manipulator is a tele-operated system,
the operator will have direct control over the
configuration selected to perform the required
tasks. The home position is defined as the position
where all the fingers are in the outstretched posi-
tion with the thumb parallel to the palm, This is
the configuration required to load the arm into the
glove. Selection of the rouch mode will cause only
the first finger to move, pinch will move the
thumb and index finger in opposition. The selec-
tion of the grip mode will cause the thumb and all
four fingers to form a cylindrical power grip.
These modes can be cancelled as required by
asking the hand to relax, causing the hand to open
i a controlled manner.

3.1. The ohjectives of sensing

The stiffness of the mechanism determines what
force will be applied to an external object when

the link is deflected from its nominal position. The
artificial stiffness of the finger is controlled by the
applied motor torque, hence for satisfactory con-
trol a measure of the stiffness is required. A direct
measure of the applied torque can be obtained
from the motor control system, thus the state of
the individual fingers need not be measured. It
should be noted that the mechanical design of the
finger mechanism ensures that there is no direct
relationship between the applied motor torque
and the actual finger tip pressure,

The control strategy used at present is achieved
by operating the required finger firstly under posi-
tional control. On touching an object the posi-
tional error will increase, leading to increased ap-
plied motor torque. On detection of this condi-
tion, the controller will become a torque limited
system and by control of the applied torque satis-
factory grip control can easily be achieved. If the
object moves within the hand as the manipulator
is repositioned the fingers will adjust to achieve a
stable grip. As the whole arm manipulator is a
tele-operated manipulator the visual feedback to
the operator is important to the overall control
strategy.

5.2 The finger touch sensor

In order to determine the absolute force being
applied by the finger touch, sensors have been
developed and built into the hand at the following
points:

(1) Two sensors in the thumb.
{2) One sensor in each finger tip, with the excep-

‘tion of the fourth finger.

{3) Six sensors on the upper surface of the palm.
The specification for the touch sensor was de-
termined with reference to the operating require-
ments of the hand. The design of the hand placed
size and environmental constraints on the sensors
and hence the enabling technology of the sensors.
A range of technologies were investigated includ-
ing optical, piezoelectric materials, compressible
resistive foam and magnetic sensing devices. As a
result of this study and the construction of a
number of prototypes an optical reflective touch
sensor was developed.

The final design is shown in Fig 9. A miniature
optical transmitter and receiver package is
mounted within a ‘U’ shaped spring. The principle
of operation is that the amount of reflected light
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depends upon the distance between the optical
device and the reflecting surface. The actuation of
the sensing element is via a cover plate assembly,
the force is transmitied to the spring by a point
contact. The output from the sensor is conditioned
by an electronic circuit, before being fed to the
analogue-to-digital converter. The conditioning
system has offset and gain controls to allow
calibration of the transducer assembly. Results
have that the design has good linearity and low
hysteresis, The sensing units have been integrated
within the hand and proved to be highly reliable.

5.3. Implementation of the control stralegy

The three hand motors are controlled by indi-
vidual proprietary microprocessor drive cards.
These cards are capable of controlling the motors
in terms of speed, position or torgque. The de-
mands of the motors and the mode of operation
are determined by the system controller as the
result of the commands selected by the operator
and the present status of the hand, determined
from the drives and the sensors.

The operator has control of the hand from a
remote pendant. The controls used by the oper-

ator consist of a number of push buttons, six for
the three configuration and their respective relaxa-
tion modes and two to allow the operator to
increase or decrease the applied grip force, based
on a knowledge of the task.

The operation of the hand can be considered by
reference to the state diagram (Fig. 10). The mni-
tial conditions are set during the datum routine
normally carried out after power on. Once the
hand is at 14s home position one of the three grip
options can be selected (touch, pinch or grip). The
control system will then command the required
digit(s) to move at a predefined speed and/or
torque until an object has been touched. Once a
mode has been selected, it is not possible to select
any other mode unless the initial selection has
been returned to the relaxation state,

The initial selection of the relax option will
cause the respective drive(s) to enter the ‘servo
hold’” mode in which the digit(s) will hold position
irrespective of any external force. A second selec-
tion of the respective relax option will cause the
‘motor off’ mode to be entered, in which power is
removed from the corresponding motors, The third
and final selection will cause the corresponding
motors to move to the initial home position. Once

ACTUATING BAR

FLEXIBLE MEMBRANE

SURFACE TOUCH PAD

>
|

/.

REFLECTOR —-

SENSOR BASEFLATE —

MULTISENSOR BASE PLATE

SPHING SIDE SUPPORT _

OPTO-REFLECTIVE SENSOR

Fig. 9. Outline of the touch sensor mounted in the palm of the hand, The finished unit is approximately 2 cm long.
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a relaxation mode has been set it is possible to
select any of the three hand closure options. In
moving between modes the digit(s) not being used
will remain in the relaxation state previously at-
tained.

6. Performance trials and observations

Trials have been conducted on the hand to
investigate its operational characteristics. As the
whole arm manipulator 18 a tele-operated system
and hence certain of the performance indicators
are a function of the operator’s dexterity and
performance.

0.1. Basic handling tesis

Using a number of standard test objects such
as pyramids, cylinders, discs and cubes of various
masses, a series of tests were conducted, the result
of which are summarised in Table 1. The criterion

Table 1
Summary of handling trials

Object and Test 1 Test 2 Test 3
neminal mass T E——

—
—
—
—
(3=}
—

Disc (b1 kg
BDisc 0.2 kg
Disc 0.5 kg

= %

Cube 0.5 kg
Cube 1.3 kg
Cube 3.0 kg

Rod 0.5 kg
Rod 1.3 kg
Rod 3.0kg

Pyramid 0.5 kg
Pyramid 1.0 kg,
Pyramid 3.0 kg

W OWP WO

[oR-" 2

C/B

HXKEE WP XOPF P
[eNp!

MR XM KO M XX

used to judge the operation is quite broad, but
allows for easy assessment of the individual tasks.
In addition, the performance of the human oper-
ator was used as a bench mark for the trials. Each

Fig. 11, Optimal pinch position. The silicon rubber at the end of the finger is to prevent damage to the glove, in later tests this was
replaced with rubber finger tip covers.
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task is graded on a scale A to C, with X indicating
that the task is impossible. In test 1 the object was
placed by an operator directly into the hand. Test
? measures the ability of the hand to directly
erasp an object from a flat surface, column 1 is
when the ohject was flat on the surface, column 2
s when one edge was raised above the surface.
Test 3 was with a skilled operator performing the
same handling tasks.

0.1.1. Discs

Due to the limited thickness of the discs it was
not possible to pick them up directly from the
table top, when flat, largely due to the rigidity of
the finger tips. [t is necessary to raise the disc
from the table by some means and then pinch the
disc. One possible solution 1s for the base of the
slove box to have a corrugated or equivalent
surface.

Fig. 11 shows the optimum pinching position,
with the smallest disc. ft was found that with the
hand inserted into the glove the position shown in
Fig. 12 gave the most satisfactory results. This
posture also results in the least strain on the glove,
an important consideration to prevent the glove
from being torn.

6.1.2. Cubes

The 0.5 kg and 1.3 kg cubes could be picked up
in all tests. Care has to be taken in the orientation
of the whole arm manipulator to ensure that
satisfactory grip points on the cubes’ faces were
being used. However, with the 3.0 kg cube the
span required is in excess of that achievable by the
manipulator without causing damage to the giove.
It should be noted that this object is difficult for a
human operator to manoeuver.

6.1.3. Cylindrical rods

It is not difficult for a human operator to pick
up this object. The whole arm manipulator again
needs a raised edge to get a full power grip around
the object. Again this is largely due to a lack of
compliance in the manipulator’s finger tips. Fig.
13 shows the manipulator holding a rod in the
cylindrical power grip.

6.1.4. Pyramids

This shape poses problems in that there are no
faces capable of providing a gripping surface for a
direct lift. A human will pick up the pyramid by
pinching and rely on the surface friction and the

Fig. 12. The whole arm manipulator gripping the 0.5 kg disc,
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Fig. 13. The 1.5 kg rod being held in the cylindrical power grip. The sensors can be clearly seen on the thumb, second and third

compliance of the finger tips; with the manipula-
tor this is not possible.

6.2. Observation relating to the operation of the
fouch sensors

The handling trials discussed above were con-
ducted with the hand in either a side-on or palm-
down orientation. The resultant grip in these con-
ditions was usually a pinch between the thumb
and mndex finger. It was found that there was little
or no contact with the palm plate sensors. As a
result, additional tests were conducted to study
the location of objects when grasped relative to
the sensors.

In a gloveless hand, the centre of the power
grip for an object is equidistant from the finger
pivots to the thumb pivot, this is clearly seen in
Fig 13. The effect of placing the hand in a glove is
to move this point towards the fingers and away
from the palm plate area. The presence of the
glove stretching prevents the object touching
sensors located to the rear of the palm. This

movement of the object also affects the lower
thumb sensor which shows little responce unless
the object is forced against the bottom of the
thumb, with the resultant additional stretching of
the glove material.

It was noted that which sensor responds is
largely dictated by the shape and size of the object
fogether with iis position in the hand. The same
object picked up in a similar grip does not nec-
cessarily cause an identical sensor response. It was
concluded that the control of this type of hand
should be based on the torque control method.
The individual touch sensors are used to provide
local information as and when required.

7. Conclusions

The development of dexterous hands is consid-
ered to be of considerable importance to further
the implementation of robotic systems in
hazardous environments. The fitting of a dexter-
ous hand ensures that any resonable task can be



268 R.M, Crowder

performed by a manipulator without the need for
a range of end effectors. The work discussed in
this paper has centered on a specific requirement
— that of a robot for glove box applications; this
required the development of an anthropomorphic
hand. The hand discussed in this paper has all the
major attributes of the human hand, namely, four
fingers and thumb, together with all the actuators
within the size profile of the human hand. To
achieve this a number of novel mechanisms have
had to be developed. The resultant finger motions
are closely analogous to those of the human finger.
To achieve full benefit from this unique mecha-
nical hand, a control package has been developed
which allows total control of the hand using a
small number of high-level commands. The trials
that have been conducted have clearly demon-
strated that the hand is capable of performing a
range of tasks suitable for a tele-operated robot.
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