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ABSTRACT
A NEURAL MODEL OF HUMAN PREHENSION

FEBRUARY 1987
ALTHEA RUTH IBERALL, B.A., NEW YORK UNIVERSITY
M.S., BOSTON UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Michael A. Arbib

Behavioral studies have shown that as the human hand reaches out to grasp
an object, it preshapes for the anticipated interaction. As it gets close to the
object, it encloses it. In order to evaluate such studies, a model is needed which
can be used to analyze grasping behavior characteristics as they relate to object
and task properties. We present here a framework for studying human prehensile
postures and movements, which is based on architectural features of the hand.
While a grasping task will involve many fingers, we note that fingers group to-
gether to apply an opposing force against other fingers or against task torques.
We call these groupings virtual fingers, and we call the coordinate frame in which
they move an opposition space. This space provides a description of the ways
virtual fingers can apply oppositions, as well as a method for defining the rele-
vant object/task properties. In order to test this style of analysis, we performed
behavioral experiments, and show here how our framework can be used by motor

and sensory psychologists as an effective method for analyzing grasping behaviors.

To account for the coordination and control of these complex movements,
we use schema theory. A perceptual schema must choose where to place the
hand relative to the object. We show how such a choice could be performed by
a neural network, simulated on a computer here using an Amari-Arbib cooper-
ation/competition model. The preshape schema then drives the virtual fingers

into general ballpark configurations, and the enclose schema fine tunes the virtual

vi
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It took Picasso’s genius to capture a hand (the upper one) both pre-

shaping and enclosing an object at the same moment in time.

vili



TABLE OF CONTENTS

LIST OF FIGURES

LIST OF TABLES

................................

CHAPTER
I. Introduction
II. What is the Human Hand?

§1. The Need for a Functional Prchensile Classification

.....

§2. Architectural Analysis of the Human Hand

III. Functional Analysis of Prehensile Movement
§1. Virtual Fingers

.........................

§2. Task Requirements

§3. Oppositions . .. ....... ... ... ... . . ... . ..
§4. Opposition Spaces . . . . . .. ... ... ...
§5. Mapping Task Requirements into Opposition Space . . . . .

X

11

19



IV. Quantifying Opposition Space Parameters for Pad Opposition 51
§1. Methods and Procedure . . .. ... ... ... ....... 55
§2. Recording System . . . . . .. ... ..o 57
§3. Data Analysis . . . . ... ... .. e 58
§4. Results . . . . .. ... ... e 59
§4.1 Aperture Trajectory. . . . .. ... .......... 60
§4.2 Object Properties . . . . . . .. . 61
§4.3 VF Parameters . . . . ... .. .. .. .. ...... 64
§5. Discussion . . ... ... .. ... 68
V. Neural Model of Pad Opposition ' 92
§1. Object Perception . . . . . ... ... .. ...... . 93
§2. Mapping Task Requircments into Opposition Spaces . ... 95
§3. The Preshape Schcmé. for Pad Opposition . . .. ...... 98
§4. The Orient Wrist Schema for Pad Opposition . . . . . . .. 101
§5. The Enclose Schema for Pad Opposition . . . . . . . . . . . 101
§6. Move ArmSchemas . . . . ... ... ... ... .. ... 101
§7.

Modeclling the Approach Vector Selector for Pad Opposition 102

1 3

! !

3 1

!

B

|

3 3 31 3 31 _.3

'

3 _3



§8. Approach Vector Selector Simulation

§9. Modelling and Simulating the Preshape and Enclose Schemas
115

§10.Comparison of Simulation to Waterloo Empirical Results . . 116

§11. Discussion

............................ 118
VL. Cortical Contributions to Prehensile Movement 124
§1. Somatosensory cortex . . . . ... ... .. ... . 131

§2. Motorcortex. . . ........ .. ... .. .. .. .. 135

§3. Posterior Parietal Cortex . . . . ... ... .. .. . 149

§4. Premotor Cortex and the Arcuate Premotor Area . . . . . . 152

§5. Supplementary Motor Area. . . . . ... ... ... 154

§6. FrontalEyeFields . . . . ... ... .. . . . .. . 155

§7. Subcortical Contributions . . . ... ... .. . . . . 158

§7.1 Basal Ganglia and Substantia Nigra. .. ... ... 158

§7.2 Thalamus . . . ... .. ... . . . . . . . 159

§7.3 Red Nuclews . . .. ... ... . . . ... . 160

§7.4 Cerebellimand Pons . . . .. . .. ... 160

Xi



§7.5 Superior Colliculus . . . . ... ..o
§8. Cortical Contributions to Opposition Space . ........ 161
§9. SUMMATY . . « o o v oo v vo e e s o e 165
-
VII.Conclusions and Suggestions for further research 167 -
o

REFERENCES

xii

{ | .
! 3[ ! jl A igl { 3'

E

{

i

' :v-]g

4

1

| '_zl

3
3

|

L3

i
z

{

4



10.

11

12.

LIST OF FIGURES

. Reaching for a visually-perceived object [from Jcannerod 1981] . ... 3
Structure and movements of the human hand . . . . ... .. ... .. 8
Architectural fecatures of the human hand . . . . . ... . ... .. .. 13
Preshaping and grasping mug using virtual fingers. . . . . .. ... .. 21
Place cylinder vs. shakecylindertask ... ............... 22
Task requirements . . . . ... ... L L L L. 25
The basic oppositions that make up human prehension . . . . . . . .. 29
Examples of grasps using opposition spaces on screwdrivers ..... 37
Examples of grasps using opposition spaces on wrenches . . . . . . . . 39
Examples of grasps using opposition spaces on hammers . . . . . . . . 41
Coordinated control program for reaching (from Arbib, Iberall, Lyons

1985)

Workspace of a pad opposition being measured. . . . . . .. ... ... 46

Xiil



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Sample workspace traced by index and thumb . . . . . ... ..o 47
Opposition space for pad opposition between thumb and index finger. 48
Move Schema describing ‘ballpark’ movements (from [Arbib, Iberall,

Lyons 1985]) . . . . .. e 53
Experimental paradigm in Waterloo grasping studies . . . . . ... .. 56
Aperture between the Thumb and Index Finger IREDs . . . . . .. .. 77

‘Object Distance r plotted overtime . .. ................ 79
Object Orientation ¢ plotted overtime . . . . . .. ... ... ..... 81
Dorsal Wrist Angle plotted overtime . . . . . . ... .......... 83
VI Parameters - VF1 length plotted overtime . . ... ... ..... 85
VF Parameters - VF1 angle plotted overtime . . . . .. ... ..... 87
VF Parameters - VF2 length plotted overtime . . ... ... ..... 89
VF l’arameteré - VF2 angle plotted overtime . . . . . ... ...... 91
Object perceived relative to various reference systems. . . . . . .. .. 94
Positioning of an opposition space relative to the object . . ... . .. 97
Updated Coordinated Control Program for Pad Opposition . . . . .. 99

Xiv

| {

3

3



—3 —3 —3 —3 —3 3 3 3

3

28. Modified Amari-Arbib Competition Model . . . . . . ... ... . . . 103
29. Approximation of Pad Opposition Space for Waterloo Subject . . . . . 109

30. Possible object-centered locations where Waterloo subject could put

wrist when grasping givenobject . . . . ... .. .. . .. . . 111
31. Object-centered locations for wrist reflecting solution constraints . . . 113
32. Approach Vector Simulation through a time course . . . . . ... ... 114

43. Approach Vector Selection Comparison of Simulation and Empirical

results 117

....................................

34. Opposition Space Comparison of Simulation and Empirical Results . . 119
35. Ascending and Descending Pathways of the Central Nervous System . 125
36. Pathways between Motor Cortex and Somatosensory Cortex . . . . . . 132
37. Neocortical Pathways Contributing to Reaching . . . . ... ... ... 141

38. Caudal Representation of Kinesthetic Motor Map, adapted from [Strick
and Preston 1982]

39. Subcortical Connections to Cortical Areas involved in Reaching . . . . 156

40. Hypothetical mapping of Coordinated Control Program onto CNS . . 162

41. Mapping from Task Requirements to Opposition Spaces

Xv



LisT OF TABLES

1. Prchensile classifications . . . . . . ..o .o oo e
2. Influence of wrist positions on relative force output . . . .. ... ...
3. Relationship of Oppositions to Schlesinger [1919] Classification

4. Relationship of Oppositions to Napier [1956] Classification . . . . . . .

5. Relationship of Oppositions to Cutkosky and Wright {1986) Classifica-

T T

6. Effect on peak aperture and time of occurrence by object orientation
(45 or 90 degrees), starting position (Midline or Shoulder) and end
position (Midline or Shoulder). . ... .......... ..o

7. Effect on wrist-to-object distance by object orientation, starting posi-

tion and end position . . . . ... ..o

8. Effect on angle between opposition vector and approach vector by

object orientation, starting position and end position. . . ... .. ..

9. Effect on dorsal wrist angle between palm vector and forearm vector
by object orientation, starting position and end position at three points

inthe trajectory. . . . . . ... . oot i

xvi

32

59

62

64

|

i

!

{ :

| i



1 73 T3 73 T3 T3 T3 T3

% .

10. Effect on VFI length between thumb IRED and wrist IRED by object

oricntation, starting position and end position at three points in the
trajectory

11. Effect on VF1 angle between thumb vector and palm vector by object

oricntation, starting position and end position at three points in the
trajectory

12. Effect on VF2 length between index finger IRED and metacarpopha-

langeal IRED by object orientation, starting position and end position

at three points in the trajectory.

.....................

13. Effect on VF2 angle between index finger vector and palm vector by

object orientation, starting position and end position at three points in
the trajectory

.................................

..............

xvil



CHAPTER 1

INTRODUCTION

“The hand joins, in the same anatomscal structures, the power of
knowledge and action. It is both the origin of very precise information

and the irreplaceable ezecutor of the brain. The hand is the privileged
messenger of thought.”

~ Raoul Tubiana

Over the last 30 years, artificial intelligence research has been trying to cap-
ture key aspects of higher cognitive thought [e.g., Quillian 1968, Schank and
Colby 1973, Minsky 1974, Simon 1977, Minsky 1986]. By making explicit our
human understanding of the world, these researchers look towards building ma-
chines which can reason and draw conclusions. In the human brain, complex skills
such as language, conceptual thinking, and planning have evolved as the infor-
mation processing capability of the neocortex increased [see, for example, Eccles
1977, Arbib 1972]. At the low end of the cerebral cortex, close to the periphery,
sits motor cortex. In the neurophysiological literature, it has been noted that
the control of fine, fractionated finger movements [Kuypers 1973] is permanently
impaired in monkeys, apes, and man by ablation of motor cortex [Denny Brown
1960]. Brinkman and Kuypers [1972] have shown that after a pyramidotomy
(which cuts the direct pathway from motor cortex to the motoneurons), a mon-
key cannot grasp small objects between its fingers or make isolated movements of
its wrist. As a way of gaining insight into neocortical organization, we therefore
look at primate hand movement, with the goal of being able to suggest algorithms

which could also be at work at various levels of human intelligence.



A parallel, if not equivalent, concern of our research is to understand the
human hand as a versatile model for the design of robot hands. With its over 25
degrees of freedom, the hand represents a level of complexity beyond the capacity
of existing mechanical hands and their controllers. Its structure and adaptability
have been a constant source of fascination to people for hundreds of years [Bell
1832, Wood Jones 1920, Bunnell 1944, Napier 1956, Brun 1963, Tubiana 1981,
etc]. Currently, research is underway to attempt to duplicate some its capabilities,
in three finger designs [Salisbury 1982, Okada 1982] and four finger ones [Jacobsen
el al 1984). We feel that a study of the human hand, in terms of its functionality
within particular contexts, will offer insights for the design of future dextrous

robot hands.

We focus our studies on one specific type of hand movement, that of prehen-
sion, or the grasping of objects [Napier 1956, 1961). As a movement, we note its
complexity, which is in part due to it involving some level of object recognition. As
the hand reaches to grasp a visually observed object, it preshapes into a posture
suitable for the interaction (see Figure 1, from [Jeannerod 1981]). When it has
been moved close enough by the arm, the hand encloses the object. Although the
object presents to the central nervous system (CNS) many sensations, only a few
properties seem to effect these prehensile movements. Such focused, goal-directed
motor behavior is an example of the action-perception cycle [Arbib 1972, Neisser
1976): expectations of the interaction between hand, arm, and object drive the
reach and preshape, leading to new sensations and perceptions, which in turn
lead to further expectations. In the field of artificial intelligence, goal-directed
algorithms have been put forth with notable successes [see, for example, Shortliffe
1976, Hayes-Roth and Lesser 1977, deKleer et al 1977). We therefore direct our
research to determining what properties might be being perceived, and how the

CNS might be translating them into goals for prehensile movements.

This dissertation approaches these issues by lookirg first at the primate hand
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Figure 1: Reaching for a visually-perceived object [from Jeannerod
1981]

As the arm reaches for an object, the hand preshapes into a posture
suitable for the interaction. The dots represent fixed time intervals,
showing how the arm speeds up during the movement.



and then at the context within which it is used. Using a task-oriented approach,
we focus on only a subset of the hand’s features, creating a point of view for
our current hand research. Hopefully in the future, we can relax some of the
constraints imposed in this first study, and go on to look at other types of hand

movements.

Chapter 2 of this dissertation provides an anatomical and physiological de-
scription of the hand, with particular emphasis on aspects that enhance prehensile
functions, as well as aspects which constrain those same movements. The goal
of this chapter is to lay a foundation for a functional description of prehension

which is supported by the basic architecture of the hand.

Only certain object properties seem to influence the preshaped posture of the
hand during reaching. We suggest that by understanding the task within which
the object will be used, we can define relevant goals of the preshape movement.
In Chapter 3, we put forth a set of components that we believe are generic to
all prehensile tasks, and we show that these can be mapped into basic hand

prehensile functionality.

In Chapter 4, we define an experimental paradigm which we are using to
relate task descriptions to prehensile movements. From the data collected in
these experiments, we look at key points of the hand’s trajectory. This type
of data can be used to quantify the mapping of object and task properties into
hand configurations, in order to look at how constraints are imposed on the
movements. We go on to suggest other experiments which could be performed

by motor psychologists interested in studying prehensile movements.

Schema theory [Arbib 1981] provides a vocabulary for describing interactions
between perceptual and motor structures. In Chapter 5, we describe a coor-
dinated control program involving interacting schemas for prehensile tasks. As
part of that coordinated control program, a model for a selector mechanism is

described that is effective at determining prehensile goals.



5

Although somatotopic maps in various cortical and subcortical areas have
been put forth as representations of the body within the environment, it is not
yet clear what is the nature of the information being represented in these maps,
what is transmitted between them, and how motor behavior emerges from such a
representational scheme. A schema-theoretic approach to modelling the CNS
offers a top down analysis to these questions. Instead of looking at cortical
and subcortical areas individually, trying to glean their information processing
contribution from an analysis of neuronal activity, Arbib suggests looking at the
functional requirements of the system. After identifying functions, schemas as
units of motor behavior are defined to account for the ability of the system to
perform such functions. Multiple cortical and subcortical areas contribute to
a given schema, and it is in the interaction of these schemas that the motor
behavior emerges. The task, then, for the brain modeller is to not only identify
potential schemas which constitute the motor behavior, but to also show how
these schemas map into the known neural circuitry. In Chapter 6, we show how
the models of Chapter 5, using the framework of Chapter 3, could possibly be laid
out in the central nervous system. The plausibility of this scheme is supported
by the neurophysiological literature through lesion and microstimulation studies.

Neurophysiological experiments are suggested that would help to support the
model.

Finally, in Chapter 7, we conclude by making suggestions as to how this
study can be used by researchers from various fields. Neurophysiologists could
help prove or disprove the models presented by trying the suggested experiments
and looking at their data with our point of view. Psychologists and kinesiologists
could use our framework in thejr experiments, helping to show its usefulness
for addressing constraints acting on the hand. Roboticists developing dextrous
robot hands might gain insight from this study, both for designing those hands as
well as for controlling them. The human hand, represents a level of complexity

beyond the capacity of mechanical hands and their controllers. Understanding



how the human hand works will both help in the design of future robots and in

the understanding of the human brain.
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CHAPTER 1

WHAT IS THE HUMAN HAND?

“The functional architecture of the hand offers this organ mullsple
possibililies of adaptation, ezploration, ezpression, and prehension.”

- Raoul Tubiana

The human hand (Figure 2) consists of wrist bones (carpals), palm bones
(metacarpals), and digit bones (phalanges) [see Kapandji 1982]. Joints between
bones provide one or more degrees of freedom, or dofs. Examples include the
distal interphalangeal joint (DIP), the proximal interphalangeal joint (PIP), the
metacarpophalangeal joint (MP), and the carpometacarpal joint (CM). The num-
ber of dofs at each joint depends at least in part on the articular surfaces at the
ends of the bones. Active movement at the joint is caused by both the extrin-
sic muscles in the forearm, which send tendons into the palm and digits, and
the intrinsic muscles within the palm. Ligaments and sheaths around the bones
make up the fibrous skeleton which both stabilize and restrain movement at the
joints, while also guiding and containing the tendons. Movement is performed
by tendons and muscles working together, developing a well-coordinated balance
of forces around the joints, and preventing the ligaments and joint capsules from

seeing excessive tension [Chao et al 1976).
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§1. The Need for a Functional Prehensile Classification

When the human hand is used in prehension, particular styles of postures have
been noted, as seen in Table 1. Schlesinger [1919] put forth a now classic taxonomy
which tried to incorporate two critical notions, that of object shape and that of
particular hand surfaces. McBride [1942] stressed the importance of which hand
surfaces are being brought into play. Griffiths [1943] suggested a taxonomy based
on the shape the hand takes on, while Slocum and Pratt [1946] strove for a simple
description of postures. One of the most widely referenced taxonomies is that of
Napier [1956]. Napier defined precision grip and power grip as basic prehensile
postures, with the hook grip as a non-prehensile posture for grasping. Landsmeer

[1962] extended Napier’s concept of the precision grip to one of precision handling,

thus bringing in the dynamic aspect of the movements during fine translations
and rotations. In the robotics literature, Lyons [1985] suggests encompass grasp,

lateral grasp, and precision grasp, and Cutkosky and Wright [1986] has further
broken down precision grasping into 7 types and power grasping into 9 types.

While these classifications are useful as broad general descriptions, they do not
provide a useful mechanism for describing the goal of the prehensile posture. We
define this goal to be the bringing to bear of funclionally effective forces against an

object for a given task consonant with the hand’s anatomical constraints [Iberall,
Bingham, Arbib 1986).

In our own first attempt at a prehensile classification [Iberall and Lyons 1984,
1985], we suggested six Postures, searching for a way to capture the issue that
hand postures are not as discrete as most classifications suggest. Objects are
not as regular as Schlesinger or Griffiths presume, and yet the hand can pick
up a vast range of object shapes. Cutkosky and Wright [1986], in an extremely
thorough analysis of tool usage, attempt to solve these problems by making even
more explicit the object shape and size, and the way the hand applies the forces.

But forces are subtly applied at multiple places around an object, indicating
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3 3

Schlesinger 1919

cylindrical grasp
spherical grasp
hook prehension

palmar prehension
tip prehension
lateral pinch

McBride 1942

whole hand grasping
palm, digits grasping

thumb, finger grasping

5 3

: { .
-3 3 _3

g

precision grasp

Griffiths 1943 cylinder grip pincer grip
ball grip pliers grip
ring grip
Slocum and grasp hook
Pratt 1946 pinch
Napier 1956 power grasp hook grasp
precision grasp
Landsmeer 1962 power grasp hook grasp
precision handling
Iberall and basic power basic precision
Lyons 1984 modified power modified precision/power
basic precision/power fortified precision/power
Lyons 1985 encompass grasp lateral grasp

Cutkosky and
Wright 1986

sm diam. heavy wrap
Irg diam. heavy wrap
medium wrap

adducted thumb wrap

light tool wrap

5 finger precision
4 finger precision
3 finger precision
2 finger precision
disk precision

disk power spherical precision
spherical power tripod prec sion
hook lateral pinca

3

Within various disciplines taxonomies have been developed to describe

Table 1: Prehensile classifications

* i
-3 13

human hand postures. These include anthropology, biomechanics,
hand surgery, and robotics.
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to us that more than one type of grip is being used at a time, instead of the
either/or nature of these classifications. Even Napier stated that ‘although in
most prehensile activities either precision or power is the dominant characteristic,

the two concepts are not mutually exclusive’ [Napier 1956, p 906).

These various taxonomies attempt to capture the complex dexterity of a hu-
man hand used in prehensile tasks. They all fail in their inability to explain all the
exceptions which usually occur due to task constraints. They also lack a mecha-
nism for describing the complete grasping process, from perceiving an object, to
preshaping the hand, to enclosing the object, to lifting, and to manipulating the
object. We feel that a classification is needed that describes a prehensile posture
in goal-directed terms; i.e., in terms of how many forces are needed in the task,
in what direction they are to be applied, and at what strength they must be
applied. The style of posture chosen must then match the task requirements (or
the forces and degrees of freedom needed) with the hand’s capabilities (the forces
and degrees of freedom available).

However, while we find these classifications lacking in their ability to describe
task constraints and the complete prehensile movement, we note their common-
ality. The very fact that classifications of this type can be made, describing
prehensile postures in stereotypical and limited terms, suggests to us that there
are anatomical and physiological constraints in the hand-object interaction, which

the CNS in turn uses. Thus, we turn to an architectural study of the hand.

§2. Architectural Analysis of the Human Hand

Basic postures seem to be stereotypical and limited in number, and so we
would suggest (as argued by [Chao et al 1976]) that the chosen postures will

likely be ones where joints are stabilized and where forces can be applied opti-
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mally without undue stress and strain on the ligaments, tendons, and muscles.
One such posture is an equilibrium position between the agonist and antagonist
muscles, called the position of function [Kapandji 1982]. An example of a posi-
tion of function is seen when the fingers are naturally relaxed, with the metacar-

pophalangeal joint being flexed to about 40°, in what is called the position of rest
[Tubiana 1981].

Another stress-limiting posture is when articular surfaces are coadapted, an
example of which is seen when the wrist is approximately 30° adducted (also,
when 40° extended). In these positions, the articular surfaces of the proximal
row of carpals and the radius are coadapted, thus allowing any force directed at
the wrist to be directly transferred into the radius. In this position, little active
force is needed to maintain contact between these two surfaces. Such an attitude

is typically seen as people grasp objects, as noted in the literature [Napier 1956,
Kapandji 1982].

Articular support can either enhance or hinder prehensile movements. The
carpals form an arch (see Figure 3a), allowing the tendons of the extrinsic flexors
into the hand. This arch creates three basic columnar supports as seen in Fig-
ure 3b: one for the thumb and index finger, one for the middle finger, and one
for the ring and little fingers [Kapandji 1982]. The advantage is two-fold: first,
the hand is smaller since fewer muscles reside in it [Tubiana 198 1}, and secondly,
the arch acts as a strong base for finger movement [Kapandji 1982]. While the
lateral column branches into two subcolumns in the distal row of carpals, the me-
dial column does not. Differentiated strength is given to the thumb, index, and
middle fingers, with little articular differentiation at the carpal level provided to
the ring and little fingers. However,a disadvantage exists in this scheme because
the position of the wrist affects the tension of the tendons, and thus the force

output of the extrinsic muscles.

In Table 2, the relative amount of force available in various wrist positions

|
3




—3 73 3

—3a "~ 3 3 — 3 —3 3 "3 3 7 3 3 E| 3

13

A
a %U AEN Extrinsic flexors

Flexor from forearm
Retinaculum
Arch made by carpals
b
Medial
Column

1/

Lateral
Column

Intermediate
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Figure 3: Architectural features of the human hand

(a) The carpals are oriented in such a way to let tendons of the flexor
muscles to enter the hand from the forearm. The flezor retinaculum lig-
ament acts as a band to contain the flexors. (b) The carpals provide
support for the metacarpals. Due to their uneven structure and most
likely, evolutionary pressures, three basic columns are noted. See text.
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Neut. Ext. Add. Flex. Abd.
Bunnell best best
1942 (20°) (10°)
Anderson best
1965
Slovly best
1967 (30°)
Kraft and best best least
Detels 1972
Hagzelton 2nd 3rd-4th best least 3rd-4th
et al 1975 (0°) (< 60°) (21°) (< 45°) (14°)
Pryce best best
1980 (0-15°) | (0—15°)

Table 2: Influence of wrist positions on relative force output

Various researchers have studied the influence of wrist position on
the amount of force available at the fingers. Two of the wrist’s dofs
(Aexion/extension and adduction/abduction) provide four different di-
rections it can be moved. The angles at which the measurements were
taken are noted in the parentheses. Hazelton ef al did not use a fixed
angle, but let each subject use a different angle, within the range noted.
The general conclusion is that more force is available at the fingers if
the wrist is slightly extended (dorsiflexed) and/or slightly adducted.
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is summarized. Wrist positions in this table were measured as angles (noted in
parentheses) relative to the position when the hand is sticking straight out, aligned
with the forearm. Although these experiments were all carried out using different
wrist angles, it is obvious from the table that in dorsiflexion (wrist extension)
and/or ulnar deviation (wrist adduction), the amount of force that the fingers
are able to apply is greater than in other positions. Hazelton et al [1975] note
that the relative amount of force available at each finger remains constant across
wrist positions (25% at the index, 33.5% at the long finger, 25% at the ring finger,
and 16.5% at the little finger).

The long extensors (eztensor digitorum communis) have a common origin
within the forearm, as do the long flexors of the fingers (flezor digitorum sublimis
and the flezor digitorum profundus) thus causing movements of the fingers to be
interdependent. Of the fingers, only the index and the little fingers have additional
individual extensors (eztensor proprius indicis and eztensor digiti minims), thus
allowing some measure of independence. The little finger also has an individual
extrinsic flexor (flezor digiti minimi), which moves synergisticly with the abductor
digiti minsms to abduct it. The index finger, on its own carpal subcolumn, has
more independence than the little finger which is on a column with the ring finger.
Movement of the little finger allows the cupping of the palm around an object
(using the opponens digiti minimi), allowing a finer control of the molding of the
hand’s shape to the object. This cupping movement is enhanced by the extra de-
gree of freedom the little finger has at the carpometacarpal joint. The thumb can
be moved in different directions during flexion, allowing it to fit around a variety
of object shapes [Kapandji 1982]. However, when the fingers are fully flexed, an
interesting interaction occurs between tendons and ligaments; the ligaments are
tensed up and no longer allow sideways movements (adduction/abduction) of the

fingers. It is this sideways movement which gives the hand the ability to grasp
larger objects.
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The palm gives the fingers leverage, separating the thumb from the fingers.
It lets the thumb move into a position of opposition to the fingers, due to the
thumb’s lower position on the palm, its articular surfaces, and smaller stature.
As 2 result of this movement of the thumb (caused by four muscles, the abductor
pollicis longus, the abductor pollicis brevis, the opponens pollicis, and the flezor
pollicis brevis), the size and shape of the palm are changed, which affects the direc-
tionality of the forces applicable to objects through the palm. We note, however,
that stabilization of the thumb is quite different from the rest of the fingers and
quite complex [Kapandji 1982]. At the carpometacarpal joint of the thumb, four
ligaments and muscles maintain articular contact by axial compression. The style
of forces acting at the carpometacarpal joint is much like balancing a tent pole

from external rigging [Kapandji 1982].

Movement of both the ﬁngefs and thumb tend to bring the pads into the same
plane. These pads are highly specialized for prehension, in that they provide
friction, due to the epidermal ridges, sticky self-lubricating excretions through
the tops of the ridges, and their ability to comply [Quilliam 1978, Glicenstein
and Dardour 1981). Being padded, these surfaces have a good measure of elastic
compliance, which tends to increase the amount of friction between the hand
surface and the surfaces of objects grasped. This automatically supplies a force
sufficient to counteract small amplitude perturbations of the object, useful in
stable grasping [Hanafusa and Asada 1982, Moore 1972, Fearing 1983, 1986).
The lubricant is greasy, having good adhesive qualities at low shear velocities,
enhanced by the hills and valleys of the ridged surface which extends the total
shearing surface area [Moore 1972, 1975]. At high shear velocities, friction is

reduced, thus minimizing wear and tear of the hand surface.

Comaish and Bottoms [1971] analyzed the coefficient of friction between skin
and various materials in order to determine if it obeys Coulomb’s law, which

states that the tangential force of friction is constrained to be no greater than the
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product of the normal force with the coefficient of static friction [Amontons 1699).
They found that the frictional force is not proportional to the load, and that, for
some materials, the static coefficient of friction increased with the area. While
their data showed a proportional response for loads over 100 grams for sn vitro
skin, the data for fn vive skin was definitely non-linear. Skin has been shown to
be visco-elastic [Wilkes et al 1973], meaning that it is capable of both deformation
and flow in response to an applied load. Thus, as Coulomb’s law holds for plastic

deformations between materials, living skin does not obey Coulomb’s law.

The pulps of the fingers also have numerous tactile receptors, more so than
most other parts of the body, thus giving the CNS much information about the
object with which they come into contact [Johansson and Vallbo 1983). The tra-
Jectory of the pads of the thumb and fingers is highly complex, changing direction
as the digits move. This is due to the metacarpophalangeal and interphalangeal
articulations and the ligaments [Kapandji 1982), which as a result couple finger
interphalangeal joint movements. So, while each finger has four dofs, they are
highly coupled. As a result, it takes more effort on the part of the muscles, and
the CNS controlling them, to not bring the finger pads toward the thumb.

In conclusion, the shape the hand takes on during prehension depends on a
large variety of architectural issues. The different types and orientations of the
articular surfaces of the bones affect how they can be used to minimize stresses
and strains on ligaments, tendons, and muscles. Forces are directed by muscles
and tendons to apply leverage in such a way as to get the maximum mechanical
advantage at some minimized level of stress and strain. Subtle couplings between
articular surfaces, tendons, and ligaments either enhance or detract from the
independent use of available dofs, thus constraining the way forces can be brought
to bear. The frictional component of force is enhanced by directing pad surfaces
towards the object, which also increases the amount of information supplied to

the CNS. Thus, stereotypical postures, seen by so many researchers, are likely a
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result of these, among other, architectural issues.

The hand of Homo Sapiens Sapiens represents millions of years of evolution-
ary pressures and changes [see, for example, LeGros-Clark 1959, Abbott 1970,
Musgrave 1971, Phillips 1971, Lewis 1977, Marzke 1983]. LeGros-Clark [1959]
notes the development of the pentadactyl (five-fingered) hand, the replacement
of claws by nails, and the specialization of the finger pads. Other signs of refined
functionality have been noted due to changes in tendon insertions [Abbott 1970},
the remodelling of joints [Lewis 1977, Marzke 1983}, and intradigital proportions
between phalanges [Musgrave 1971]. While the study of evolutionary pressures
presents one method for understanding human hand functionality, we suggest that
clues for this research might be discovered by looking deeper into stereotypical
postures. We note, however, that under degenerate conditions, when fingers are
either totally or partially missing, different postures emerge, as the CNS modifies
its strategical use of the hand. We suggest that it is not the posture that matters
as much as the problem that the posture is addressing. As Wood Jones notes,
“The difference between the hand of a2 man and the hand of a monkey lies not
so much in the movements which the arrangement of muscles, bones and joints
makes it possible for either animal to perform, but in the puri;osive volitional
movements which under ordinary circumstances the animal habitually exercises”
[Wood Jones 1920]. It is therefore our goal to understand what problem this

posture is a solution of.
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CHAPTER 1l

FUNCTIONAL ANALYSIS OF PREHENSILE MOVEMENT

“Our hands become extensions of the intellect, for by hand movements
the dumb converse, with the specialized fingertips the blind read; and
through the written word we learn from the past and transmit to the
Juture.”

- Sterling Bunnell

Prchension involves applying opposition to the forces arising during interac-
tion with an object, and stable prchension adds the requirement that opposition is
applied by hand surfaces directed against other hand surfaces [Iberall, Bingham,
Arbib 1986]. We call the applications of forces between hand surfaces oppositions,
and will note below that there are only a few basic ways humans apply opposi-
tions. Preshaping the hand to grasp an object sets up the required oppositions
for the task. Enclosing the hand around an object works within the area defined
by the preshape. It involves increasingly flexing the fingers and thumb until they
contact the object and can apply the required force. What determines the shape
the hand takes on during these processes, and how is preshaping and enclosing

achicved?

§1. Virtual Fingers

To gain some intuition into this question, we initially observed three tasks
[Arbib, Iberall, Lyons 1985; Iberall, Bingham, Arbib 1986]. In the first task,

which was to pick up different size mugs by their handles (see Figure 4), we noted
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that three basic forces were being applied: one to provide a downward force from
above the handle, one to provide an upward force from within the handle and, if
necessary, a third force to stabilize the handle from below. We hypothesized that
each of these functions could be represented as the task of a virtual finger |Arbib,
Iberall, Lyons 1985]. The real fingers move in conjunction within a virtual finger,
which has the same characteristics as real fingers. This both limits the degrees of
freedom to those needed for a given task, and also provides an organizing principle
for task representation at higher levels in the CNS. It is then a subtask at a lower-
level to perform the actual mapping to real fingers, making task implementation

somewhat “tool-free”.

Figure 4 shows an example of the use of virtual fingers. In the four examples,
the thumb, mapped into the first virtual finger or VF1, provides a force from
above the handle. For a teacup with a very small handle (Figure 4a), only one
finger will fit inside the handle. During the preshaping, only the index finger is
mapped into the sccond virtual finger VF2, which provides an upward force from
within the handle, and which opposes the force applied by VF1. The rest of the
fingers map into VF3, which provides support for cup stabilization. For a coffee
mug of the kind pictured in Figure 4b, two fingers will fit within the handle to
forin VF2, with the other two fingers becoming VF3. For the mug of Figure 4c,
VF2 will comprise three fingers, while Figure 4d demonstrates the case in which

all four fingers are mapped into VF2, with an empty mapping to VF3.

§2. Task Requirements

In [Iberall, Bingham, Arbib 1986], we looked at how the hand preshapes for
the same object used in two different tasks, and saw that the way the object
will be used also affects the preshape. The object was a medium sized cylinder

standing on its base. The first task (Figure 5a-c) was to grasp the cylinder, pick

3

1 1

'31

i

_-J — 1 ’E] ‘il 7,73 3

1 3

1

| |



21

Figure 4: Preshaping and grasping mug using virtual fingers.

The number of real fingers which map into the second virtual finger
(VF2) varies, depending on the size of the handle. In (a), the index
finger maps into VF2. In (b), the index and middle fingers map into
VF2. In (c), the first three fingers, and in (d), all four fingers.



Figure 5: Place cylinder vs. shake cylinder task

(a-c) Place Cylinder Task. The hand preshapes into a precision grasp
as the arm reaches toward the cylinder. It is lifted, carried to the
target location, and placed on the circle. (d-f) Shake Cylinder Task.
The cylinder is picked up in the same precision grasp. It is then rotated
in the hand, clasped into a power grasp, and then shook.
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it up, and set it onto a circle on which it could just fit (the “place cylinder” task).
The cylinder, providing two opposing surfaces which were pinched between the
thumb (VF1) and finger pads (VF2), was lifted (Figure 5b) and carefully guided
onto the circle (Figure 5¢c). Typically, this precision grasp [Napier 1956] allows
the object to be translated or rotated in the fingers and thumb so that fitting
the cylinder onto the circle could be more easily and accurately accomplished.
Such fine control is better effected by the fingers, a low mass system, than by the
arm with its greater structural mass. The second task (Figure 5d-f) was to grasp
the cylinder, pick it up, and shake it vigorously two or three times along its long
axis (the “shake cylinder” task). The cylinder was initially grasped (Figure 5d)
using the same precision grasp between thumb (VF1) and finger pads (VF2)
as described above. However, once the object was securely lifted in the hand,
a transition in grasping postures occurred (Figure 5e). Using an axis between
thumb and index, the object was allowed to be rotated by gravity into the palm
where first the ring and little fingers and then the middle and index fingers and
thumb wrapped it in a secure grip against the palm (Figure 5f). This latter grasp,
a power grasp [Napier 1956}, provides a strong and stable grasp to counteract the
forces that developed during the shaking task. The cylinder body again provided
opposing surfaces to grasp, but this time the palm (VF1) and digitg (VF2) were

used. The thumb, pressing against VF2, secures the object.

It was our goal in this analysis to observe how the preshaping for stereotypical
postures emerged. By using the same object under different conditions, we could
begin to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>