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I am quite a wise old bird, but I am no desert hermit who
can only prophesy when his guts are knotted with hunger.
I am deep in the old man’s puzzle, trying to link the
wisdom of the body with the wisdom of the spirit until the
two are one. At my age you cannot divide spirit from body
without anguish and destruction, from which you will
speak nothing but crazy lies.

—PADRE IGNACIO BLAZON

in Fifth Business by Robertson Davies
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WORK ON THIS BOOK began in the summer of 1989, as I was starting a
sabbatical year in the department of neurology at the University of
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Sosniak (about whose work with the University of Chicago’s
Development of Talent Research Project you will read later in the
book): “No one had any idea what they were getting involved in at
the start; no idea how long it would take, no idea where it would
lead.”

Writing this book has been like that—exactly like that—and now I
face the serious but happy task of thanking the many people who
contributed over an extended period to the unexpected achievement
I believe our joint efforts represent. No one could have planned the
book that finally emerged from this cooperative venture, nor can
anyone know what comes next—how these ideas and experiences
will be received. But I think we can be proud of what we have
attempted to say, and to ask.
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never stopped reminding me of the book I had to write; Jack
Meehan, master teacher of music and a master of the art of balanced
living, who has kept me in tune with his hands, his sense of humor,
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need, and who watched over me and my family as if we were her
own; Franz Roehmann, composer, educator, mountain man, skier,
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Goodman in Chicago, and who will awaken you with wit and zest,
as actors do, when you are not watching or listening as closely as
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whose devoted work and love of life left a deep and lasting imprint
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father (whose warm and caring hands I can still see and feel); Eloise
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I know, continues to incite mirth, love, and a passion for the open
road among the unsuspecting but lucky living, as predicted by D. H.
Lawrence in Fantasia of the Unconscious:

The living live, and then die. They pass away, as we know, to
dust and to oxygen and nitrogen and so on. But what we don’t
know, and what we might perhaps know a little more, is how
they pass away direct to life itself—that is, direct into the
living. That is, how many dead souls fly over our untidiness like
swallows and build under the eaves of the living? How many
dead souls, like swallows, twitter and breed thoughts and
instincts under the thatch of my hair and the eaves of my
forehead? I don’t know, but I believe a good many. And I hope
they have a good time. And I hope not too many are bats.

OceanofPDF.com

https://oceanofpdf.com/


Prologue

EARLY THIS MORNING, even before you were out of bed, your hands and
arms came to life, goading your weak and helpless body into the
new day. Perhaps your day began with a lunge at the snooze bar on
the bedside radio, or a roundhouse swing at the alarm clock. As the
shock of coming awake subsided, you probably flapped the numb,
tingling arm you had been sleeping on, scratched yourself, and
maybe even rubbed or hugged someone next to you.

After tugging at the covers and sheets and rolling yourself into a
more comfortable position, you realized that you really did have to
get out of bed. Next came the whole circus routine of noisy
bathroom antics: the twisting of faucet handles, opening and closing
of cabinet and shower doors, putting the toilet seat back where it
belongs. There were slippery things to play with: soap, brushes,
tubes, and little jars with caps and lids to twist or flip open. If you
shaved, there was a razor to steer around the nose and over the
chin; if you put on makeup, there were pencils, brushes, and tubes
to bring color to eyelids, cheeks, and lips.

Each morning begins with a ritual dash through our own private
obstacle course—objects to be opened or closed, lifted or pushed,
twisted or turned, pulled, twiddled, or tied, and some sort of
breakfast to be peeled or unwrapped, toasted, brewed, boiled, or
fried. The hands move so ably over this terrain that we think
nothing of the accomplishment. Whatever your own particular
early-morning routine happens to be, it is nothing short of a
virtuoso display of highly choreographed manual skill.

Where would we be without our hands? Our lives are so full of
commonplace experience in which the hands are so skillfully and



silently involved that we rarely consider how dependent upon them
we actually are. We notice our hands when we are washing them,
when our fingernails need to be trimmed, or when little brown spots
and wrinkles crop up and begin to annoy us. We also pay attention
to a hand that hurts or has been injured.

The book you are holding is a meditation on the human hand,
born of nearly two decades of personal and professional experiences
that caused me to want to know more about the hand. Among these,
two had the greatest impact: first, as an adult musical novice, I tried
to learn how to play the piano; second, as an experienced
neurologist, I began to see patients who were having difficulty using
their hands. Each experience afforded its own indelible lessons; each
spawned its own progeny of questions.

Like most people, I have spent the better part of my life oblivious
to the workings of my own hands. My first extended attempt to
master a specific manual skill for its own sake took place at the
piano. I was in my early forties at the time and in my dual role as
parent and neurologist had become enchanted by the pianistic
flights of my twelve-year-old daughter, Suzanna. “How does she
make her fingers go so fast?” was the question that occurred to me
when I interrupted my listening long enough to watch her play. I
read everything I could about the subject and finally realized I
would never find the answer until I took myself to the piano to find
out.

As a beginning student I imagined that music learning would go
just as it is depicted by music teachers: begin with simple pieces,
learn the names of the notes, practice scales and exercises,
memorize, play in student recitals, then move on (shakily or
steadily) to more and more difficult music. But over the course of
five years of study my personal experience deviated further and
further from this itinerary. It was not that I was fast or slow, musical
or unmusical; at various times I was each of those. Despite the
guidance of a seasoned teacher armed with the highly polished
canons of music pedagogy, the whole enterprise was rife with
unexpected turns, detours, and diversions. Inside me, it seems, there



was already a plan for being a musician—a modest one, but a plan
nonetheless: the protocols of music had simply set the specific
cognitive, motor, emotional, and social terms according to which
hand and finger movements that were initially unsure and clumsy
would gradually become more accurate and fluent. As I hope to
demonstrate—even to the satisfaction of music teachers—I might as
easily have been in a woodcarving class, or learning how to arrange
flowers or build racing-car engines.

After several years of piano study I began to see musicians as
patients. Most came expecting that a doctor with musical training
would better understand their physical problems than one without
such experience. Later, the “hand cases” also came from restaurants,
banks, police stations, dental offices, machine shops, beauty parlors,
hospitals, ranches. All came for the same simple reason: they could
not do their jobs without a working pair of hands.

A major turning point in my thinking about the hand came as the
result of a presentation I made to a group of musicians about a
particularly difficult and puzzling problem called musician’s cramp.
I had brought along a video clip to show during the talk. It was a
brief clinical-musical medley of hands that had either been injured
or had mysteriously lost their former skill; formerly graceful, lithe,
dazzlingly fast hands could barely limp through the notes they
sought to draw out of pianos, guitars, flutes, and violins. Just a few
minutes after the film began, a guitarist in the audience fainted. I
was amazed. This was not the sort of grotesque display one
sometimes sees in medical movies; these were just musicians unable
to play their instruments. When the same thing happened at
subsequent presentations—a second and then a third time—I was
genuinely puzzled. I decided I must have missed subtleties or hidden
meaning in these films apparent only to very few viewers. It was not
until much later that I came to understand the real message these
fainting musicians were expressing.

I now understand that I had failed to appreciate how the
commitment to a career in music differs from even the most serious
amateur interest. Although I had worked very hard as a beginning



piano student, took the work seriously and spent a great deal of
time at it, it was not my life. Consequently I did not anticipate the
profound empathy for the injured musicians that would be felt by
some viewers of these films. Moreover—and this is a lesson I
learned, one person at a time, as I conducted interviews with
nonmusicians for this book—when personal desire prompts anyone
to learn to do something well with the hands, an extremely
complicated process is initiated that endows the work with a
powerful emotional charge. People are changed, significantly and
irreversibly it seems, when movement, thought, and feeling fuse
during the active, long-term pursuit of personal goals.

Serious musicians are emotional about their work not simply
because they are committed to it, nor because their work demands
the public expression of emotion. The musicians’ concern for their
hands is a by-product of the intense striving through which they
turn them into the essential physical instrument for realization of
their own ideas or the communication of closely held feelings. The
same is true of sculptors, wood-carvers, jewelers, jugglers, and
surgeons when they are fully immersed in their work. It is more
than simple satisfaction or contentedness: musicians, for example,
love to work and are miserable when they cannot; they rarely
welcome an unscheduled vacation unless it is very brief. How
peculiar it is that people who normally permit themselves so little
rest from an extreme and, by some standards, unrewarding
discipline cannot bear to be disengaged from it. The musician in full
flight is an ecstatic creature, and the same person with wings
clipped is unexploded dynamite with the fuse lit. The word
“passion” describes attachments that are this strong. As I came to
learn how such attachments are generated, it became the mission of
this book to expose the hidden physical roots of the unique human
capacity for passionate and creative work. It is now abundantly
clear to me that these roots are more than deep and more than
merely ancient. They reach down, and backward in time, past the
dawn of human history to the beginning of primate life on this
planet.



Paleoanthropology—the study of ancient human origins—has
until recently been better known to the public through cartoon
images than through its serious work. But this seemingly dryasdust
discipline is now followed by an enthralled public because of the
stunning discoveries and brilliant reporting of its most prominent
modern pioneers, including the Leakey family in Kenya, Donald
Johanson, and, of course, Stephen Jay Gould. New information
harvested from fossilized skeletal fragments millions of years old has
both enlivened evolutionary theory and joined it to the
developmental and behavioral sciences, linguistics, and even the
neurosciences. Charles Darwin’s name and his ideas are again as
widely discussed and debated as they were in the middle of the last
century. Indeed, the explosion of recent publications about Darwin,
neo-Darwinism, universal Darwinism, and even neural Darwinism
certify his genius; with the passage of time the impact of his insights
and his work simply grows and grows.

Reawakened interest in Darwin finds a quiet but highly significant
counterpart in a recent growing awareness of the remarkable life
and work of Sir Charles Bell, a Scottish surgeon who was not only a
contemporary of Darwin but one of the most respected comparative
anatomists of his day. As a young boy, Bell had not only studied
drawing but assisted his older brother in the teaching of anatomy. In
1806, having moved from Edinburgh to London and having become
an anatomy teacher himself, he published Essays on the Anatomy of
Expression in Painting, a book which was popular with both artists
and surgeons and which remained in print for over forty years.
Bell’s work on comparative anatomy was well known to Darwin,
and his Essays presaged Darwin’s publication, in 1872, of The
Expression of the Emotions in Man and Animals.

In 1833, with Darwin near the midpoint of his epic five-year
voyage on the Beagle, Bell completed and published the Fourth
Bridgewater Treatise: The Hand, Its Mechanism and Vital Endowments,
as Evincing Design. In keeping with the terms of the Bridgewater
endowment, Bell had intended that his book would help to establish
biology as a support for religious faith. But this was not the result.



His analyses of the behavioral consequences of variation in
anatomic structure, and his insights into the relationship between
movement, perception, and learning, were revolutionary and
seminal. The book, and Bell’s continuing work on the anatomy of
the nervous system, had a far greater influence on the development
of the science of physiology of the nervous system than on religious
thought or polemic.

It is genuinely startling to read Bell’s Hand now, because its
singular message—that no serious account of human life can ignore
the central importance of the human hand—remains as trenchant as
when it was first published. This message deserves vigorous renewal
as an admonition to cognitive science. Indeed, I would go further: I
would argue that any theory of human intelligence which ignores
the interdependence of hand and brain function, the historic origins
of that relationship, or the impact of that history on developmental
dynamics in modern humans, is grossly misleading and sterile.

Following Bell, we will begin with a brief review of what is
known of the human (and the hand’s) evolutionary timetable, and
then move to the present—to the “Decade of the Brain”—to consider
the most recent efforts by anthropologists and brain scientists to
create a comparable timetable, or track, for the evolution of
intelligence. This review is an essential preliminary to a later
chapter on human language and a discussion of the role some
theorists attribute to the hand in the emergence of symbolic
thought.

We will continue with a compact overview of the anatomic and
physiologic nuts and bolts pertinent to hand function. It is not
possible to understand the hand as a dynamic part of the body, or to
safely tackle broader issues concerning the hand in relation to brain
function or human development, without at least a minimal grasp of
the fundamentals of its physical structure and function. But what do
we mean by “the hand”? Should we define it on the basis of its
visible physical boundaries? From the perspective of classical surface
anatomy, the hand extends from the wrist to the fingertips. But
under the skin this boundary is just an abstraction, a pencil line



drawn by mapmakers, giving no clue as to what the hand is or how
it actually works.

On both sides of the wrist, under a thin layer of skin and
connective tissue, pale white, cordlike tendons and nerves pass from
the hand into the forearm. Are the tendons above the wrist—that is,
in the forearm—part of the hand? After all, we are able to hammer
nails or use a pencil only because of the pull of tendons and muscles
near the elbow. From the perspective of biomechanical anatomy, the
hand is an integral part of the entire arm, in effect a specialized
termination of a cranelike structure suspended from the neck and
the upper chest. Should we agree that the hand must be
conceptualized in biomechanical terms, we invite further
complexities of definition. We would know very little about the
living actions of the hand except for observations of the effects of
injury on its function; such observations are well documented from
the time of ancient Greece, when it was known that muscles could
be permanently paralyzed by cutting a thin white cord that
somehow activates the muscle. Such cords are called nerves, and
physicians and anatomists in ancient Alexandria already knew that
nerves originated in the spinal cord. What are we to do with this
fact? Are the nerves controlling the muscles and tendons that cause
the hand to move also part of the hand?

Another set of observations, beginning a little over a century ago,
has made it clear that the hand can be rendered useless by damage
to the brain from injury (a fall or a gunshot wound) or as the result
of a disease process (stroke, multiple sclerosis, or Parkinsonism, for
example). Pathologic change associated with specific diseases or
injuries, when confined to different parts of the brain, can have
quite different and distinctive effects on hand function. Should those
parts of the brain that regulate hand function be considered part of
the hand? The perspective of physiological or functional anatomy
suggests that the answer is yes. We need go no further than this to
realize that a precise definition of the hand may be beyond us.
Although we understand what is meant conventionally by the
simple anatomic term, we can no longer say with certainty where



the hand itself, or its control or influence, begins or ends in the
body.

The problem of understanding what the hand is becomes infinitely
more complicated, and the inquiry far more difficult to contain, if
we try to account for differences in the way people use their hands,
or if we try to understand how individuals acquire skill in the use of
their hands. When we connect the hands to real life, in other words,
we confront the open-ended and overlapping worlds of sensorimotor
and cognitive function and the endless combinations of speed,
strength, and dexterity seen in individual human skill and
performance. We also confront the vagaries of human learning.
Consider the following sequence of events:

Two people of the same sex and roughly the same age, physical
makeup, and education both begin piano lessons and juggling
lessons. At the end of one month, the first student seems to be
progressing at the piano faster than at juggling, and the second
student seems to be doing the opposite, and each reports that
her hands seem to have more of a “knack” for the one skill than
for the other. In response to these divergent results, piano and
juggling lessons are modified for each student, introducing
whatever changes seem most likely to equalize skill levels in the
two students. However, as time goes on, and despite all efforts
at remediation, the differences in performance increase. No
matter what is done, the first student continues to improve
faster at the piano than at juggling, and the second still does the
opposite.

How can this be? Are there significant but unseen structural
differences in the hands of these two individuals? If we knew more
about the detailed anatomy and biomechanics of their hands and
arms, could we explain the differences in their abilities to refine
these special skills? Perhaps. Or should we look to brain science to
explain the discrepancy? The answer here is also, at best, perhaps. If
it is true that the hand does not merely wave from the end of the
wrist, it is equally true that the brain is not a solitary command



center, floating free in its cozy cranial cabin. Bodily movement and
brain activity are functionally interdependent, and their synergy is
so powerfully formulated that no single science or discipline can
independently explain human skill or behavior. In fact, it is not
clear that what we have asked can be called a scientific question.
The hand is so widely represented in the brain, the hand’s
neurologic and biomechanical elements are so prone to spontaneous
interaction and reorganization, and the motivations and efforts
which give rise to individual use of the hand are so deeply and
widely rooted, that we must admit we are trying to explain a basic
imperative of human life.

Ultimately, this “meditation” seeks to juxtapose and integrate
three quite different perspectives on the role of the hand in human
life:

1. the anthropological and evolutionary perspective: where
the human hand came from and how it acquired the repertoire
of movements that have given it a central role in human life
and survival;

2. the biomechanical and physiological perspective: the
engineer’s view of the specialized structure and function of a
forelimb no longer used for weight-bearing and whose terminal
configuration is adapted for control of external objects;

3. the neurobehavioral and developmental perspective: how
the dynamic interactions of hand and brain are developed and
refined, and how that process relates to the unique character of
human thought, growth, and creativity.

The last of these three perspectives is the one that seems to me most
in need of illumination.

Early in 1990 I was living in Germany, having taken my interest
in performance problems of musicians to a research laboratory at
the University of Düsseldorf. My particular interest, as I have
mentioned, was in hand cramps, a problem that suggested to my
imagination a marionette whose strings had knotted up of their own



accord. Since Düsseldorf happens to be the home of a prominent
marionette theater, I sought out its director, Anton Bachleitner, to
find out how these puppets actually work. Inevitably, our discussion
of puppets led to a discussion of his own interest in them.
Bachleitner, then in his thirties and a man who had lived since the
age of eight in the world of marionettes, insisted that he knew the
first day he set eyes on a puppet that he had found his life’s work. A
master woodcarver, he has designed, carved, and painted almost all
the puppets for the shows produced by his company; he personally
trains all his players, chooses and adapts the plays, and performs in
them as well. Every bit as much as any musician I have known, he
lives through his hands.

How could Bachleitner have known when he was eight years old
that this was what he would do for the rest of his life? His
description of that realization did not seem to be just a young boy’s
escapist fantasy; he knew what he wanted to do with his life, he
acted on that knowledge immediately, and he got what he wanted.
What could possibly account for his clear, early vision of a future
life and the fortuitous mix of aptitudes he would later need? And
how can we possibly explain the directness and ingenuity with
which he got himself where he knew he belonged?

As I located and interviewed others whose careers depended on
unusually refined hand control I found that most could spell out in
five minutes the purely procedural demands of their work. But to
understand fully how they had incorporated that knowledge and
had turned it into a career was another matter. Each had made a
succession of discoveries that had been followed by a strengthening
of the desire to learn more and a determination to “get it right,” or
“find the truth,” no matter what the obstacles. This process always
resulted in a distinctive personalization of their work, and a growing
sense of (and demand for) independence. The process usually turned
out to have been not unlike my own experience with piano lessons:
improvisational—nothing like what was in the books. I also found in
these stories a hint of inevitability, as though, like Bachleitner, at
least some had known all along where they belonged.



Are people genetically predisposed toward a particular life’s work
based on a biological aptitude? If so, could genetic makeup
predispose certain people toward careers in which refined hand
skills are indispensable? If that were true, what would be the
implications for our cherished notions of intelligence and aptitude?
A deeper question about the nature of “innate talent” also arises,
since we are a species evolving genetically at a far slower pace than
the world in which we as individuals must survive.

The “design” of the modern human brain was completed 100,000
years ago, perhaps even earlier. Does that mean that each living
person is locked into a certain kind of mind as tightly as he or she is
locked into bone structure, hair and eye color, sex and limited life
span? And how could we possibly have in our midst someone “born”
to be an astronaut? That is, how can any human manage the
physical, mental, and psychological demands of space flight? Far
more mundane and commonplace human accomplishments are
equally difficult to explain. How do we manage to drive our cars at
freeway speed at night, seemingly guided by nothing more than our
own headlights? How did we ever learn the nocturnal trick of
inferring the true state of the road, its obstacles, and the other
moving vehicles, from the tiny parabolas of light streaking across
our retinas? How do we explain the melodic flights of a great jazz
pianist or violinist, or the marksmanship of a golfer?

These questions are neither exotic nor frivolous. If behavioral
potential has any significant degree of genetic underpinning, how
do we even begin to tolerate the modern world we live in? Where is
the fulfillment for a modern office- or factory-worker performing
automated or repetitious tasks within a physical and social context
that scarcely resembles any environmental ensemble from the
formative eons of human prehistory? What are we to do if the
human “gene pool” dictates the regeneration of stable percentages
of individuals with aptitudes of little or no value to modern society?
It is probably not a joke that computer games, spectator sports,
television violence fantasies, and weekend hunting and fishing
expeditions are the necessary transformations of outmoded but



undiminished vestigial drives and skills that humans still carry with
them. But is the creation of a menu of imaginative diversions our
only recourse to the unremitting sway of an obsolete “hunter-
gatherer” heritage?

In order to examine these questions, we will look at several
examples of the cultural transformation of the human career. Here,
using as guides people whose work is not only based in the hand but
steeped in the oldest traditions of every human culture, we will see
how powerfully a personal motive can invest and lend great
meaning even to modern endeavors when they are oriented toward
the satisfaction of basic human need. We will consider the
celebration of food, the rituals of medicine and magic, and the
affirmations of music. We will also consider what has been called
“the permanent immaturity” of the human brain, and whether
human culture may have become our own (“virtual”) Galápagos,
changing the direction and the timetable of human evolution.

Finally, and inevitably, we shall consider the impossible job we
have given teachers, and the equally impossible job our children
face, trying to absorb all that we insistently thrust upon them in the
name of the future we would like them to have. If sports and video
games rejuvenate the psychic connections to a primitive past, it is
the schools that bear us into the future.

Since the Industrial Revolution, parents have expected that
organized educational systems will tame and modernize their
children and “prepare them for life.” Such is the theory. But
education—ritualized, formal education, at least—is not an all-
purpose solution to the problem of inexperience and mental
immaturity among the young. I was completely unprepared for the
frequency with which I heard the people whom I interviewed either
dismiss or actively denounce the time they had spent in school. Most
of my interview subjects, although I never asked them directly, said
quite forcefully that they had clarified their own thinking and their
lives as a result of what they were doing with their hands. Not only
were most of them essentially self-taught, but a few had engineered
their personally unique repertoire of skills and expertise in open



retreat from painful experiences in a school system that had dictated
the form and content of their education in order to prepare them for
a life modeled on conventional norms of success.

Apart from a grudging deference to what might be called the
“right-brain lobby,” what is there in our theories of education that
respects the biologic principles governing cognitive processing in the
brain and behavioral change in the individual? How does, or should,
the education system accommodate the fact that the hand is not
merely a metaphor or an icon for humanness, but often the real-life
focal point—the lever or the launching pad—of a successful and
genuinely fulfilling life?

We cannot escape the fleeting character of our lives: each of us
moves within a single frame of a very long movie. But we are not
passive recipients of the particular model of the brain that ended up
inside our own personal skull. We know beyond any doubt that
education and experience alter the way the brain functions, but we
cannot agree how best to apply that principle to the benefit of our
children and ourselves. We devour the latest pronouncements of
educational psychologists and cognitive neuroscientists, but do not
know what the term “learning” means with respect to the brain
itself, apart from the rather dry notion of altered probabilities of
“synaptic strength” or “neural net” function. There is a lot we don’t
know.

When I began work on this book, I believed both in the basic
human desire for autonomy and in people’s resourcefulness. Time
and again the people I interviewed reaffirmed that belief, enlarged
and enriched it. These people also made it clear that self-definition,
even when it seems to have strong behavioral presets, is not a
passive process. Both literally and figuratively, it must be a hands-
on and hands-in affair. Sometimes it begins with the realization that
the assumptions and demands of formal education must be ignored
or actively resisted. Once launched, the process of self-education
and development never really stops. People are born resourceful and
they become skillful and “thoughtful” when they genuinely care
about what they are doing. One begins to understand the origins—



and learns to appreciate the interdependence—of human skill,
intelligence, and vitality by looking at the details, one piece and one
person at a time. That is the real story I hope readers will find in
these pages.
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The Hand
Preface to the eBook edition

First published in the summer of 1998, The Hand offers a view of
human mental and behavioral evolution rooted in and shaped by
decades of clinical work with performing artists. Its first premise is
the straightforward Darwinian proposition that we humans – each of
us a living Homo sapiens – are genetically prepared for a life that is
physically and behaviorally adapted for survival in a defined but
substantially unpredictable environment, and will inevitably die. In
this sense we are the same as all other living creatures.
But as to our own personal experience of life, and as to how human
ancestors and humans collectively have responded to and
transformed both the animate and inanimate world that we inhabit,
we are different. Humans are the creators of symbols, technologies,
and cultures that outlast us as individuals. Because we think,
imagine, remember, and build, we immortalize our subjective selves
and our collective existence. The second premise of the book is that
it is the human mind that has given us this power. If only we could
explain the human mind.
The Hand addresses the root question of human philosophy in a way
that seeks to give equal weight to our sameness and our
distinctiveness. It is offered as a critical dissent from the widely held
opinion that the human brain “explains” the human mind. It asks
how, if we are indeed fully integrated biologic organisms, any
person’s unique intelligence and self-awareness – how individual
human consciousness – could arise from only part of us. Is the
human mind what the human brain does? A great many people
believe this to be true; it is a seductive and hugely popular
proposition, but it cannot be true.
There are many reasons to suppose that the human brain alone
cannot account for the human mind. But it only takes one



demonstration of the flaw in this claim to defeat it, and that is the
task undertaken in this book. The counterclaim boils down to this:

Any theory of human intelligence which ignores the
interdependence of hand and brain function, the historic origins
of that relationship, or the impact of that history on
developmental dynamics in modern humans, is grossly
misleading and sterile.

Since its publication in 1998, readers of the book have not just
agreed, but have enlarged, enriched, and strengthened this thesis
and its implications in ways I had not anticipated. Much of this
affirmation has come in the form of comments and personal stories
sent by email—in 1998 still a novel way for readers to communicate
directly with authors. Comments have come from other writers and
from scientists, artists, teachers, physicians, and scholars in many
parts of the world eager to share their own work and ideas. I have
been asked to discuss the book at an astonishing variety of
professional meetings over the years: with heart surgeons and hand
surgeons; with educators; with evolutionary biologists and
psychologists; with movement scientists and space scientists; with
metalsmiths, historians, musicians, linguists, engineers, designers,
inventors, and even philosophers.
A small sample of the questions that have emerged as part of the
many discussions that have taken place would have to include the
following:
1. Why do engineering students lacking experience with common
construction tools have so much difficulty estimating the answers to
questions they can easily solve using a computer?
2. Why is the simple two-hook prosthetic developed 100 years ago
and powered by bodily movement still the most reliable functional
substitute for a missing upper limb?
3. If humans were to travel to Mars, what could they do that a
computer-controlled robot could not?



Because the conversations have been so rich and show no sign of
abating, I am particularly grateful to my publisher for the decision
to add The Hand to its growing catalogue of eBooks.
Readers are invited to join me, and many others, in the ongoing
discussion (general and particular) on my website,
www.handoc.com/

Frank R. Wilson
Portland, Oregon
September, 2010
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1
Dawn

OUR TEXTBOOKS LIKE TO ILLUSTRATE EVOLUTION WITH EXAMPLES OF OPTIMAL DESIGN—NEARLY

PERFECT MIMICRY OF A DEAD LEAF BY A BUTTERFLY OR OF A POISONOUS SPECIES BY A PALATABLE

RELATIVE. BUT IDEAL DESIGN IS A LOUSY ARGUMENT FOR EVOLUTION, FOR IT MIMICS THE

POSTULATED ACTION OF AN OMNIPOTENT CREATOR. ODD ARRANGEMENTS AND FUNNY SOLUTIONS

ARE THE PROOF OF EVOLUTION—PATHS THAT A SENSIBLE GOD WOULD NEVER TREAD BUT THAT A

NATURAL PROCESS, CONSTRAINED BY HISTORY, FOLLOWS PERFORCE.

—Stephen Jay Gould

THE EARLIEST DIRECT HUMAN ANCESTORS were the australopithecines, “southern
apes” of Africa who walked upright. The best known is Lucy, who
lived some 3.2 million years ago in Hadar (in eastern Africa) and
whose discovery created an enormous sensation not only in the
anthropological world but with the public at large. Twenty years of
careful research on her species have solidified her claim to
primacy.* She was the first anatomically bipedal human ancestor to
be discovered, and she had an unapelike hand and a chimpanzee-
size brain. At the time of her discovery there had already been a few
tentative suggestions that the modern human brain might have
evolved as a consequence of the increase in tool use among Lucy’s
descendants. This specific assertion was made by anthropologist
Sherwood Washburn, writing in Scientific American, just as the first
reports of a tool-using hominid* (Homo habilis) in East Africa were
circulating.



Now it appears that man-apes—creatures able to run but not
yet walk on two legs, and with brains no larger than those of
apes now living—had already learned to make and use tools. It
follows that the structure of modern man must be the result of
the change in the terms of natural selection that came with the
tool-using way of life.… From the short-term point of view,
human structure makes human behavior possible. From the
evolutionary point of view, behavior and structure form an
interacting complex, with each change in one affecting the
other. Man began when populations of apes, about a million
years ago, started the bipedal, tool-using way of life.

Washburn’s thesis actually contains three distinct assertions:

1. The brain and the musculoskeletal systems, as organs,
evolve just as organisms themselves do, by modification of
structure and function over time. Consequently, the behavior of
any living members of any species, at any given time, reflects
the operating characteristics of separate parts of the body in
general, and (for Washburn), of the brain and musculoskeletal
system in particular.

2. Two critical modifications in the musculoskeletal system
contributed to the launching of the hominid line. The first—as
Darwin himself asserted—was the adoption of a bipedal gait.
Subsequent changes in the upper limb, altering the repertoire of
hand movements in ways that favored tool use, were the final
catalyst for the subsequent split of humans from the same
primate line that had produced the great and the lesser apes
much earlier.

3. The driving force behind hominid brain evolution (which
Washburn, respecting Sir Arthur Keith’s influential opinion,
equated with increased brain volume) was not simply “selection
pressure” created by external environmental change. The brain
itself, and then society, ultimately overwhelmed the jungle
(metaphorically speaking) as a destabilizing element and an
organizing force in this process, with increasingly powerful



effects on a host of adaptive anatomic and behavioral changes
as hominid lines expanded their range into new habitats.*



FIG. 1.1 A recently constructed time line showing one possible scheme of relationships
among the various species of the human family, beginning with the emergence of primate
bipedalism. Although hand and wrist fossils recovered from A. afarensis are complete
enough to permit detailed inferences about hand function, the fossil record thereafter is
very sketchy until H. erectus, and specimens of the ulnar side of the wrist are not complete
until H. neanderthalensis. (Courtesy of Ian Tattersall.)

Washburn quite specifically insisted that the modern human brain
came into being after the hominid hand became “handier” with
tools, maintaining that the brain was the last organ to evolve. It is a
daring idea, one which requires us to look very closely at the
evolutionary background of this hand, and at the changes that
brought it its present anatomic configuration and functional
capabilities.

That we know anything at all about the earliest human origins is
due in large measure to the epic lives and work of Louis and Mary
Leakey, whose critically important African discoveries beginning in
the 1950s gave us not only our first vision of early hominid life but
some very specific ideas about the antiquity of the human brain
itself. Until recently, the search for a “founder” human brain has
rested on the premise that distinctive human behavior, particularly
language and tool use and the phenomenology of the mind, would
be found to spring from brain size. Under that particular
formulation, four reference dates assume special importance for
anthropologists. The first marks the appearance of Lucy’s clan, the
australopithecines, beginning with Australopithecus anamemsis
between 3.9 and 4.2 million years ago (mya). The second is the date
of the first member of the Homo family, Homo habilis, who appeared
about 2 mya. Next, sometime earlier than 1 mya, Homo erectus, also
appeared. The fourth date is that of the appearance of modern Homo
sapiens, established by fossils whose age has been dated at 100,000
years. During this time the brain grew from 400–500 cc (the
australopithecines) to 600–700 cc (Homo habilis), then to 900–1,100
cc (Homo erectus), and finally to our own approximately 1,350 cc
capacity.*



These dates give us a finite period to examine for evidence about
the state of and ongoing changes in the hand that might be
associated with both brain and behavioral evolution.

In point of fact, fossil specimens from arms and hands are even
rarer than those of skulls. But the importance of finding and dating
them can hardly be overstated: if we could learn something about
the sequence and timing of modifications that prepared the primate
upper extremity for refined tool use, we might be in a position to
associate those changes with the emergence of the modern human
brain. Enough is now known about the evolution of the primate
upper limb at least to make clear what we need to look for next.

The earliest primates, so far as we know, were Paleocene †

mammals, mouse- to cat-size creatures who began to make the
complex adaptations that an above-ground food source demanded
by way of hunting and gathering skill. Taken as a whole, primates
attacked the problem of successful tree life by accomplishing the
following generic physical changes:

1. orbits and eyes moved to a forward position in the head,
permitting binocular vision, certainly an advantage for
navigating in three-dimensional space and for finding and
catching small prey at close distances;

2. forearm and collarbone structure (a gift from insectivore
ancestors) were modified to permit greater flexibility and
perhaps greater safety in arboreal travel and dining;

3. paws retained the archaic but extremely useful five-ray
(pentadactyl) pattern, permitting the animal to grasp with
individual digits; toes and thumbs acquired the ability to close
the gap between the thumb and first digit (i.e., they became
convergent, though not yet opposable); nails replaced claws on
the dorsal surface of terminal digits, while palmar surfaces
acquired sensitive, ridged pulps—all these changes permitted
improved climbing and locomotion along trunks and branches,
and better grasping and holding of fruits, leaves, and insects;



4. the snout shortened, vision began to supersede smell as the
dominant sense, and jaws, skull, and teeth changed, consistent
with dietary change;

5. the brain changed in size and configuration, probably to
accommodate the geometrically more complex (and physically
riskier) living and hunting environment.

FIG. 1.2 Napier illustrates his proposed explanation for the emergence of brachiation. As
arboreal primates increased in body size, moving along branches became more stable from
a suspended position. (From John Napier, Hands, 1980.)

These changes were just beginning during the Paleocene epoch (65–
58 mya) and had become well established by the end of the Eocene
epoch (35 mya). It was also probably near the end of the Eocene
epoch that the anthropoids (or “simians”) appeared for the first
time. The early anthropoids lived in the trees and were exclusively
quadrupedal: none had yet made the shoulder or other upper-
extremity modifications that permit suspended locomotion in trees.
Those changes, and more advanced changes to the chest wall and



the bony structure of the shoulder girdle permitting full brachiation,
are believed to have taken place in the mid or late Oligocene.*

By the beginning of the Miocene (24 mya), the anthropoids had
branched into monkeys and apes. It is not clear why the monkeys
and apes should have diverged, but the reason may be found in
simple physics: apes are bigger than monkeys, and their size must
have become a problem at the tops of the trees, where the supply of
food is rich but the branches are small. Napier has suggested that a
quadrupedal method of movement along the branches becomes
unsatisfactory when body size and weight create an unfavorable
center of gravity.

By the end of the Miocene epoch the African apes were moving
out of the trees and back down onto the ground; the great apes were
large animals, and their dietary habits had changed somewhat.
Gorillas, the largest by far, had almost become a sort of land-based
whale, large enough to be safe from attack by most predators, and
able to exist on a very simple vegetarian diet. Chimpanzees were in
a state of locomotor and dietary transition, with a highly mixed diet
(including small animals) and very limited bipedal walking, usually
assisted by weight-bearing on the knuckles.

At the beginning of the Pliocene (when the hominid story begins)
the hand of monkeys and apes existed in several forms. First, in all
these animals the four fingers had essentially the same form and
functional capacity. The finger bones (phalanges) were relatively
flat and slightly curved in the direction of flexion. In apes, and a few
monkeys, there were strong attachments on the underside to keep
the flexor tendons tightly held next to the bone. Opposition to the
degree possible in the human hand was uncommon, although
gorillas and some old-world monkeys could come close.* Isolated
digital movements were possible to permit scratching, picking, and
digging movements, or for stripping, and small objects could be
pinched between the thumb and the index finger. (Grooming is a
favorite leisure activity with this hand among all its present owners,
just as it is with us.) Objects could be held and carried in any of
these hands exactly the way we hold a suitcase.



The greatest variability found in the prehominid hand was in the
thumb, which tended to be short compared to the fingers: shortest
in the chimpanzee and orangutan, more like hominids in the gorilla,
sometimes even absent in monkeys. Interestingly, although the
gorilla thumb most closely resembles the human thumb among
these precursors, the gorilla has never been observed spontaneously
to attempt tool use. Chimpanzees, with a much smaller thumb,
stand out among pongids as prolific spontaneous tool users and as
avid learners and improvisers in environments where the animals
can be influenced by human artifact and teaching.

Another development that appeared with apes was a freeing of
the attachment of the far end of the ulna (the major forearm bone of
the elbow that meets the wrist on its small-finger side). This change
must be considered critical to brachiation, since it increases the
twisting range of the arm below the elbow needed to swing the
body forward under the arm. It also allows the hand to tilt at the
wrist away from the thumb.

FIG. 1.3 Human hand compared with that of apes sharing a common ancestry. The ape
hands have been scaled to human size. Pongo is the orangutan, Pan the chimpanzee. (From
A. Schulz, The Life of Primates, 1969.)



FIG. 1.4 Lucy’s left hand (composite example from A. afarensis fossils) seen from the palmar
side. The tips (distal phalanges) of the thumb, fourth and fifth fingers, and four of the wrist
bones are missing. (Specimen courtesy the Institute of Human Origins, Arizona State
University, photographed by Diane Hawkey.)

We are now staring at a maddeningly blank page in our hand
story, because the best example we have of a prehuman hominid
hand is that of Lucy, who had acquired several humanlike features
in the hand and also managed a major overhaul in pelvic and leg
structure. In fact, it is her lower extremities that place her (and the
other australopithecines) at, or very close to, the head of the line
leading from the apes directly to man. The pelvis is short, and the
configuration of the femoral joint at the hip and at the knee, like
nothing ever seen before, is for all practical purposes the same
structure humans now possess in an elongated version. A. anamemsis
is thought to have walked upright on the basis of the structure of
the tibia; in Lucy, the tibia, femur, and pelvis have been recovered,
and there is no question that she was bipedal.



Mary Marzke, a physical anthropologist at Arizona State
University, has spent a great deal of time looking at the hand and
wrist bones of Australopithecus afarensis. Professor Marzke points out
that although Lucy does have an opposable thumb, other primates
also have this feature. Chimps and monkeys, in fact, are quite good
at bringing the thumb to the side of the index finger. What they
don’t do well (as Lucy herself could not do) is bring the thumb tip
all the way across the hand to the fourth and fifth fingers. Also,
neither the apes nor Lucy flex the fingers on the ulnar side of the
hand (the side with the little finger) toward the base of the thumb in
the movement known as “ulnar opposition.” We humans do this
without the slightest sense of marvel whenever we grasp the handle
of a hammer, a golf club, or a tennis racket and prepare to take a
swing.

FIG. 1.5 Anthropologist Mary Marzke compares the hamate wrist bones from A. afarensis
(Lucy in Marzke’s left hand) and Pan troglodytes (chimpanzee) in her laboratory at Arizona
State University. Above, right: Allie, a chimpanzee Mary has studied, relaxes at home in
Bastrop, Texas. Below, right: enlarged view of Allie’s left hand. While the differences



between these hamate bones are not so easy to appreciate, the differences between chimp
and human hands are strikingly apparent. In particular, note the size of the thumb and how
its position in relation to the fingers affects the capacity for manipulation of objects held
within the hand. (Photograph of Allie with permission of the Department of Veterinary
Sciences, University of Texas, M. D. Anderson Cancer Center, Bastrop, Texas.)

FIG. 1.6 Allie’s avid interest in tools illustrates critical similarities and differences between
human and chimp grips. In the top photo, she holds a screwdriver in a power grip almost
the way a human user would, closely approximating the oblique positioning that humans
use to turn the screwdriver by rotating the forearm. A more natural hold for her is shown
bottom left, in which she flexes the wrist to turn the instrument. Because of the small size of
her thumb and her inability to move the fourth and fifth fingers toward the base of the
thumb, her oblique squeeze grip is comparatively weak in this task. Bottom, right: The
structural basis of two major differences between chimp and human grip is clearly seen as



Allie’s handler offers her a wrench: (1) all of her fingers fold straight into the hand,
whereas his fingers curve toward the base of the thumb; (2) although chimp and human
finger size is comparable, the human thumb is proportionately much larger. (Photographs
by Mary Marzke, with permission of the Department of Veterinary Sciences, University of
Texas, M. D. Anderson Cancer Center, Bastrop, Texas.)

The advances in Lucy’s hand are nearly impossible to appreciate
without studying her wrist bones—fitting them together, moving
them around, and comparing them to the wrist bones of other
anthropoids. Having spent some years doing exactly this, Marzke
concludes that Lucy’s hand is at least partially “modern.” The most
impressive evidence for its modified design resides in the joint
surfaces at the base of the thumb, index, and middle fingers, and in
the changes in the size and orientation of the joint surfaces of the
wrist bones closest to those digits. The thumb is long in comparison
with the fingers, the ratio approaching that found in modern
humans and in few other primates. Taken together, these changes
move the radial (or thumb) side of Lucy’s hand dramatically toward
the twentieth century.The apparent functional advantages of the
changes are:

the thumb, index, and middle fingers can form a “three-jaw
chuck,” which means the hand can conform to, grasp, and
firmly retain irregular solid shapes (such as stones);
finer control can be exerted over objects held between the
thumb and the tips of the index and middle fingers;
rocks can be held within the hand to pound repeatedly on
other hard objects (nuts, for example), or to dig for roots,
because the new wrist structure is able to absorb (dissipate)
the shock of repeated hard strikes more effectively than in
the ape hand.

These changes would have given A. afarensis the capacity to
conform the thumb and first two fingers to a very wide range of
object sizes and shapes, allowing them to be held and manipulated
easily on the thumb side of the hand. Changes in the ligaments



suggest that Lucy had the capacity for prolonged periods of
percussion using small stones.

The area in Ethiopia where Lucy and her close relatives were
found is strewn with plain stones, so it is not fanciful to postulate
that pounding and digging with stones (or wood, or parts of animal
skeletons) was normal behavior for A. afarensis. But there is more.
As we have noted, Lucy also had a pelvis and the legs of a primate
capable of habitual bipedal locomotion. That means that she did not
simply happen to get up on her feet occasionally; this was her
natural standing posture. Yet her legs were not particularly long,
and she probably didn’t run any faster than her own ape neighbors
or ancestors. What could possibly have been the survival value of
this change in body structure? Marzke has examined the pelvic
specimens carefully to determine sizes of muscles and their
attachments and has come to a surprising conclusion: the bony and
muscular structure (especially of gluteus maximus) strongly suggest
that Lucy was equipped both to pound stones and to throw them,
accurately and with speed. Lucy, in other words, might have been at
home on a pitcher’s mound.

Chimps can and do throw stones, but mainly to display alarm or
aggression. They almost always throw underarm because they
cannot use hip rotation to accelerate the torso during an arm swing.
Lucy was not restricted in this way. She could have thrown overarm
because her shoulder had the capacity for full brachiation (including
forearm supination), her hand was capable of a “three-jaw chuck”
grip, and her pelvis and its musculature permitted a whipsaw
movement of the full axis of the body during the windup and
throwing motion.

Throwing may well have become more an attack skill in Lucy
than it ever could be in chimps, but a major improvement in
clubbing had to await the changes in the configuration of the ulnar
side of the wrist and hand, which came after the time of A. afarensis.
The trick of ulnar opposition is unique to modern humans, and as
the final piece in a mosaic of changes involving the entire extent of
the upper extremity from shoulder to fingertips, it may well have



unleashed the final stage of a unique mammalian strategy for long-
term species survival. Opposition of the fourth and fifth fingers
combined with ulnar deviation of the wrist permits a stick to be
seated tightly in the hand and oriented along the axis of the arm, so
that the swinging radius of arm-plus-stick (and, therefore, the force
of a blow) increases.*

Having the ability to telescope the arm outward would convey a
lethal advantage in close, hostile encounters, and once this obliquely
oriented “squeeze” grip was introduced into the hominid hand, no
adversary or prey in the same weight class was safe in its presence
without being unusually fleet-footed, hard-headed, or thick-skinned.

A second effect of ulnar opposition can be seen in an improved
precision grip, in which small objects are manipulated between the
fingers without contacting the palm.*

The hand with this biomechanical ability would have been able
not only to wield a large club and to manipulate and throw stones
but also to use all five digits in the fine control of small objects. This
one “small” modification, in other words, would have greatly
enlarged the functional potential of the hand at both ends of the
existing behavioral repertoire, opening the possibility for both a
more combative and a more digitally dexterous individual.

Darwin is credited with the first formulation of the potential
impact of an upright walking posture: a hand freed of the obligation
to support body weight can take on other tasks. But the paw-to-hand
conversion began in tree-dwelling primates, and to evolve into what
we now know as the human hand it had to be extensively reworked.
The reworking involved far more than the paw itself: structural
refinement was needed throughout the entire upper extremity,
including the shoulder, before the hand could even begin to
capitalize on the freedom it had been given. And during this long
process, the owner of the hand had grown heavy, powerful, and
aggressive.

In the earliest tree-dwelling primates, the need to cling to trunks
and small branches favored a tactilely refined hand, and one whose



movement and control repertoire had impressive range: from
delicate, dissecting movements of individual digits to powerful
grasping movements used both in sustained holding (prolonged
suspension) and in the sequences of quick hold and quick release
movements used in swinging and jumping. As experience with
locomotion in the trees was gained, visual-motor and tactile-motor
neurologic connections had to have undergone enormous change:
the visual and kinesthetic support of successful arboreal acrobatics
and predation demanded a bigger brain with very specialized
control characteristics.

Brachiation itself may have begun simply as a biomechanical
accommodation to increasing size and weight or to the advantages
of suspended feeding (being able to reach for a meal not just from a
sitting position but while hanging from a branch as well), or to
both, as Napier proposed. But the resulting increased mobility in the
upper arm effectively permitted the animal to locate either hand
virtually anywhere within a sphere whose center was at the pivot
point of the shoulder. The brain must have responded to this purely
biomechanical change by increasing the complexity of its
representation of the arm and hand in space, and there is no
question that we have benefited from the overall change in very
specific ways: without this freedom of movement, together with the
neurologic ability to monitor and refine a host of new movements,
ball and racquet sports would be nonexistent and car mechanics and
plumbers would be useless working in cramped quarters with
impaired visibility. In sum, we must infer that brachiation placed an
enormous burden on the brain’s kinesthetic monitoring and spatial
computing power, since there were so many new places the hands
could actually be while they were doing their job. Eventually there
must also have been countless new tasks for the arms and hands
that required differentiated use of the left and right hands, as well
as the capacity for refined coordination of the two hands during
bimanual tasks.

The importance of bipedalism itself must not be overlooked in
assessing the impact of changes in the upper limb. The great apes



and the larger monkeys have retained powerful musculature to
support the head, which itself is a primary attack and defense
structure for these animals. Cats, dogs, chimpanzees, and baboons
are all equipped to use their jaws and teeth in mortal combat. But
the survival of hominids, whose vertically oriented and delicately
balanced head is a weapon only in verbal warfare, would either have
depended on stealth as a defense or have come from transforming
the upper extremity into a platform for offensive weaponry. As
Marzke suggests, even Lucy would have been a remarkably
dangerous predator had she been able to throw stones accurately.
Once her descendants had the ability to pros-thetically lengthen the
arm, or to fashion more exotic projectiles and launching devices,
size and build per se would have become essentially immaterial to
the hominids, and the freedom to expand into new environments
much greater.*

Both the brain of the chimpanzee and that of the
australopithecines weigh approximately 400 grams. No one knows
whether brain enlargement is specifically related to increased tool
use, but it is known that tools did not become complicated in their
structure, nor were they kept and transported for long periods by
their users, until quite recently. It is a virtual certainty that complex
social structure—and language—developed gradually in association
with the spread of more highly elaborated tool design, manufacture,
and use; in the next chapter important new theories about the
interaction of these major human advances will be reviewed.

We know that sometime after Lucy, a more mobile joint
developed at the base of the small finger, but the origin of this
modification in hand structure is unknown. To date, no fossil
specimens from this region of the hand of H. erectus have been
recovered, so it cannot be said whether the increase in brain weight
from 400 grams to 1,100 grams occurred before or after this change
in hand structure. This particular unanswered question is surely one
of the great remaining buried treasures of human anthropology (see
Fig. 1.7).



Given the also-ran status of the arms and hands of apes and
monkeys, and the disappearance of the australopithecines, it is
probably no exaggeration to say that the final biomechanical change
at the base of the pinkie may have conferred an advantage to the
hominid hand comparable to supplying its owner not just with
gunpowder but with the biomechanical and computational
infrastructure for an entire ballistics technology. Considering
everything else that was already present, there was nothing this hand
could not do if it could learn how to do it. And apparently with
time, and with other opportunities and challenges encountered in
new environments, the brain did rise to the challenge, and greatly
modify itself in the process,* since there is very little now that this
hand, which makes tools that make machines that make computers
that make machines and tools (and so on), cannot do.



FIG. 1.7 The ulnar side of the wrist in transition, illustrating subtle but critical structural
modifications in the hamate and the complex articulations between it and the hand bones
(metacarpals) of the middle, ring, and small fingers. The anatomy of this part of the hand
and wrist (which includes the arrangements of ligaments, tendons, and muscles acting on
the joints) sets limits on the movement of the ring and small fingers during closing
movements of the hand (flexion). In humans, the hamate-metacarpal articulations function
together as a modified saddle joint, comparable to the joint at the base of the thumb. From
left to right, top and bottom rows: the specimens are human, A. afarensis (Lucy), and
chimpanzee. The letter H marks a palm-side projection (the hook) of each hamate. Top left:
view of the contact surface between the base of the third and fourth metacarpals. In this
specimen, the curvature between the base of the third and fourth metacarpals would favor
rotation of the ulnar side of the hand toward the thumb (supination and ulnar opposition).
Compare these joint surfaces with the same area in the chimpanzee, shown inside the box,
top right. The articulation in this specimen is flat, preventing rotation of the fourth
metacarpal during flexion. Also note in the chimpanzee that the hook of the hamate is
long, thereby restricting the movement of the fourth and fifth metacarpals. Top center:
Lucy’s hamate, seen from the side, has separate hollowed-out (concave) surfaces for the
fourth and fifth metacarpals, which would tend to limit ulnar opposition. The hook of the
hamate in Lucy is short compared with that of the chimpanzee. (Specimens courtesy the
Department of Anthropology, Arizona State University. Lower photograph by Diane
Hawkey.)

FIG. 1.8 Charles Bell’s drawing of the human arm … pronation and supination (Charles Bell,
The Hand, p. 69). This simple and graceful rendering depicts a unique and fateful suite of
“minor” modifications to elbow, wrist, and hand structure which permitted humans to
become, at once, both the most delicate and the most dangerous of the primates.



The sequence from Australopithecus anamemsis through Lucy to
Homo habilis, Homo erectus, and finally Homo sapiens has been well
worked out and exhaustively documented. Woven into that
sequence, certain behavioral traits acquired a dominant role in the
struggle for species survival. In retrospect, we have come to view
these as distinctively and exclusively human: tool use, language,
reason, and self-consciousness. But we still search in vain for
defining moments or events in this behavioral evolution; they were
not so much implanted as emergent. Quadrupedal apes with
occasional bipedality gave rise to habitually bipedal
australopithecines; increasing use of the hand in the employment
and modification of found objects conveyed a survival benefit to the
next descendants. Early tool use and manufacture were associated
with a modest increase in brain size in Homo habilis. The increasing
refinement and perhaps specialization of manipulative, hunting, and
offensive skills, as well as the ramification of social interactions
enabled by more structured communication (and migration) by
Homo erectus, had a further “kindling” effect on brain operations
and structure. Finally, intraspecies cooperation and competition
greatly increased the need for an elaborated social structure and
communication and for coordinated industry, all of which
demanded a more powerful and more versatile brain. When he
finally had enough brain to be able to guess what the brain itself
was doing, Homo pronounced himself sapiens.

Unless we are prepared to argue that language and reason
appeared de novo in the cortex of the brain, we must grant Professor
Washburn his point: the whole list of recently acquired and uniquely
human behavioral attributes must have arisen during the long
process of brain enlargement that began with the expansion of novel
and inventive tool use by Homo habilis and with the myriad new
experiences and environments that successful employment of such
behavior inevitably provided.

Recently, anthropologist Peter C. Reynolds has pointed out that
although stone tool manufacture is usually regarded in his
profession as a solitary endeavor, it need not have been. Reynolds



suggests that complex tools, such as axes and knives, may in fact
have been customarily manufactured by small groups of people
working together, each performing some part of the task. The
possible importance of this alternative transcends the mere
pragmatics of shared labor. Any such cooperative efforts would have
required a means of communicating, which would probably have
taken the form of hand signals and other bodily gestures or
vocalizations, or both. In other words, cooperative tool manufacture
could have provided a crucial precondition for the evolution of
language. An emerging language based in the growth of cooperative
tool manufacture would have fostered the evolution not only of a
more sophisticated tool manufacture but also of a more complex
social culture and a more refined language. As has already been
pointed out, these two behaviors, mutually interdependent and
mutually reinforcing, would also have been capable of gaining
enhanced representation in the brain. To whatever extent language
and tool use became specific, heritable traits (even when they
demanded priming through cultural exposure), they would have
profoundly altered survival prospects for all individuals with this
genetic endowment.

A related and more practical question for us concerns the
neurologic and behavioral implications of an obligatory hand-brain
marriage on a collapsed time scale. What might be the connection
between tool use, language, and thinking during the span of a single
human life? Recall that Washburn said (referring to what is fixed in
our own genetically determined anatomy), “From the short-term
point of view, human structure makes human behavior possible.”

If language and the employment of the hands for tool
manufacture and tool use co-evolved—effectively forging a new
domain of hominid brain operations and mental potentials that we
collectively refer to as “human cognition”—then we should find
analogous links, or reinforcing effects, between purposive hand use,
language, and cognition in the individual histories of living people.
Think what this means. “Intelligent” hand use might not be merely
an incidental bequest of our hominid heritage, but—along with the



language instinct—an elemental force in the genesis of what we
refer to as the “mind,” activated at the time of birth.

* From the beginning, Lucy has had to fight for her title as a human ancestor; see this
chapter’s endnote 13 to learn about the latest challenge.
* Hominidae (or, the hominids) is the name given to the family that includes
Australopithecus and Homo.
* This proposition is at the heart of what has been called “universal Darwinism,” by which
is meant the operation of the three cardinal elements of the theory—variation, selection by
fitness, and transmission—in any dynamic and protracted biologic, social, or even
intellectual process.
* The near doubling of cranial capacity from H. habilis to H. erectus was easier to explain
when it appeared that their emergence was separated by nearly one million years. If,
indeed, they appeared virtually contemporaneously, a hypothetical direct-line increase in
brain capacity becomes extremely difficult to defend. Based on present evidence, one
would have to postulate a far greater antiquity for H. habilis than has been documented, or
that H. habilis was possibly (like the robust australopithecines) a hominid form which
became an extinct offshoot in the hominid line leading to H. sapiens.
†  Our time scale encompasses the Cenozoic era (the age of mammals), which began 65
mya, and continues to the present. The oldest epoch, a subdivision of the era, is the
Paleocene (65–58 mya); next came the Eocene (58–35 mya); then the Oligocene (35–24
mya); then the Miocene (24–5 mya); then the Pliocene (5–1.6 mya); then the Pleistocene
(1.6–.01 mya to 10,000 ya); and finally the Holocene epoch, extending from 10,000 ya to
the present time. See Ian Tattersall, The Fossil Trail, pp. 3–16.
* Brachiation means “moving (swinging) suspended from the arms”—later we will consider
the remarkable mechanics of this trick in greater detail. In general, although monkeys have
the ability to move while suspending themselves from their arms (and tails), most lack the
limb structure for true or “full” brachiation.
* Full opposition of the thumb in humans is due not only to rotation of the thumb and to its
relative length, but also to rotational movements of the index and other fingers. These do
not occur in any prehominid hand.
* See figures 6.2, 6.3, and 7.1 for two important examples and uses of the oblique squeeze
grip.



* John Napier defined the two major grips of the hand as follows: “Stability may be
achieved in the normal hand in one of two ways: (1) The object may be held in a clamp
formed by the partly flexed fingers and the palm, counter pressure being applied by the
thumb lying more or less in the plane of the palm. This is referred to as the power grip. (2)
The object may be pinched between the flexor aspects of the fingers and the opposing
thumb. This is called the precision grip.” John R. Napier, “The Prehensile Movements of
the Human Hand,” Journal of Bone and Joint Surgery 38 B, no. 4 (November 1956), p. 508.
We will consider the issue of precision grips and precision handling in greater detail in
chapter 7.
* There would of necessity be major neurophysiologic ramifications to the linkage of
bipedality and throwing, as is proposed in A. afarensis. Although the monkey’s visuomotor
control of upper limb function is very precise, maintaining visual fixation on a relatively
stationary target (a branch) while swinging toward it is a very different problem from
tracking a moving target at a distance and using visual fixation to calculate the control of
the arm as a missile launcher. Study of control mechanisms, or confirmation of control
models, in the case of such complex movements is well beyond our technologic capabilities
at present, and likely to remain so for some time.
* The implications of this process of self-modification by the brain are addressed in the next
chapter and in the Epilogue.
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2
The

Hand-Thought-Language Nexus

IT IS NOT A WORD THAT IS DIFFICULT TO COMPREHEND, BUT THE CONCEPT BEHIND THE WORD WHICH THE

CHILD DOES NOT UNDERSTAND. THE RELATION OF WORD TO THOUGHT, AND THE CREATION OF NEW

CONCEPTS, IS A COMPLEX, DELICATE, AND MYSTERIOUS PROCESS.
—Leo Tolstoy

PHILOSOPHERS, PSYCHOLOGISTS (especially cognitive scientists and
psycholinguists), anthropologists, archaeologists, and plain, ordinary
neurologists share a singular fascination—mystification is perhaps
more accurate—over intractable problems raised by the attempt to
link together a small number of basic and widely accepted ideas
concerning the origins of human intelligence.

What exactly about the brain explains our unique dominion over
the rest of the natural world? We assert that the brain accounts for
what we call “intelligence.” What do we mean by intelligence? In
general terms, we mean the capacity to discover, weigh, and relate
facts in order to solve problems. We are, of course, not the only
animals with intelligence, according to this or any other serviceable
definition. However, humans are, for all practical purposes, unique
in the animal kingdom in our elaborate and essentially obligatory
employment of two problem-solving strategies.

First, we design and manufacture an indescribably large, diverse,
and specialized inventory of tools to help us. Some of these tools are
quite simple, and in fact work on the same principles as those
commonly used by a variety of animals (to some of whom we



undoubtedly owe our start in this direction). Humans did not
originate the use of rocks and sticks as weapons, hammers, probes,
or levers. But over the last tens of thousands of years human
toolmaking has taken a very different path from that of the most
advanced living primates, including our most recent ancestors. What
exactly have we done that is so different? We have made technology
the centerpiece of our survival strategy.

Second, we have a trick that we call language. Actually, we have
many kinds of language, each of which is based on a formal system
of codes and/or symbols through which we represent states of the
world. “Represent” means, of course, to “stand for,” but in a way
that leaves a great of deal of latitude in ordinary usage. When
referring to a postulated in-the-brain version of anything commonly
known as a real-world object or process, the word is a sort of
placeholder, implying but by no means proving that there are or
even can be neural structures, operations, or states directly
corresponding to any object or process outside the brain itself.

With respect to language, as with tools, we owe a great deal to
other animals who communicate in a variety of ways for a wide
range of purposes relating to their social lives and to their survival.
There can be no doubt that human ancestors were influenced by the
rich diversity of examples available to them. Like spoken human
language, animal calls are effective and widely used means of
signaling between members of the same species. Animals (including
insects) also use “body language” to express emotions and intentions
over basic survival issues: food, mating, and territory. Animals
communicate by means of objects and tokens, just as humans do.
And, in common with all the diverse forms of nonverbal animal
language—most transparently exemplified by the universal language
of facial expressions and by the sort of “emblematic gestures” (to
borrow linguist David McNeill’s term) we use to gain the attention
of waiters in restaurants—human language includes a large
assortment of social signals that can be read by anyone anywhere in
the world. Here, however, the similarities end.



Human language is not simply an elaborated improvement on
animal language; it involves the use of codes and symbols whose
correspondence to objects and events in the real world (that is,
whose meaning) is established by agreement between people. Its
underpinnings in the brain are so uniquely localized and
generalized, and its developmental history in the young is so
specific and so powerfully prescribed, that it demands its own
explanation.

No one disputes the basic propositions that humans are
behaviorally defined by their uniquely elaborated and refined use of
tools and language, lacking either of which human society (and for
all practical purposes, individual human life) would not continue.
Human language presupposes expressly cooperative relationships
between people with a common encoding-decoding plan. In other
words, language is prima facie evidence of an information-sharing
life between people. When people created formal languages, they
created mechanisms for sharing knowledge, and in so doing
authenticated the existence of mutual awareness and cohesive
purpose in their lives. The word we use for that arrangement is
“culture.”

The partnership of language and culture is so deeply woven into
human history, and so compelling a force in our own personal
development and acculturation, that we quite naturally come to
regard language as the trait that both explains and defines our
intelligence. But we must be extremely careful not to equate specific
behavioral strategies with a more general inclination to solve
problems in the interest of our well-being or survival. What is
needed is a better understanding of the various relations among tool
use, language, and intelligence, or perhaps (for now) just better
theories concerning those relations. Fortunately, a few theories of
this kind have recently been offered. None accommodates all of the
known facts; none is completely persuasive. But they are serious
attempts at explaining how modifications in size and structure
brought the hominid brain to its present state, and at relating those
modifications to the evolution of human behavior—and thus they



demand our attention. The following three are of particular
importance to the thesis of this book.

ROBIN DUNBAR’S THEORY OF BRAIN GROWTH, LANGUAGE, AND INTELLIGENCE

Robin Dunbar, who is professor of biology at the University of
Liverpool, has recently published a book titled Grooming, Gossip, and
the Evolution of Language. Succinctly stated, his basic and intuitively
appealing proposition is that brain growth, the evolution of
language, and the need for intelligent behavior were necessary
concomitants of the increasing social complexity of hominid
community life. As early hominids expanded their territory and
faced greater environmental challenges, their survival became
increasingly dependent upon group cooperation. Because large,
cooperative groups depend upon working relationships, which in
turn depend upon the degree to which members not only know each
other as individuals but understand the social fabric and dynamics
of the entire group, the minimal qualification for membership in the
group is what we might call social savvy. The more populous the
group, the greater the demands for a high level of social
intelligence, which seems to depend on having a big brain. Some
critical benefit of this kind must accrue to the ownership of a large
brain, because, as pointed out by psychologist Harry Jerison, the
metabolic cost of this privilege is quite high.*

Of course, there are other possible circumstances in primate
history that could account for the investment in a large brain. As
Dunbar notes, some have suspected it to be a consequence of dietary
change. The primate arboreal, fruit-eating life requires color vision
and a large feeding range, and would almost certainly demand a
bigger brain to accommodate the neural controls for the visual
upgrade and for mapping a widely dispersed harvesting territory.
But an examination of the actual numbers—primate brain size in
relation to the fruit-eating life—showed no evidence of such a
correlation. Dunbar then guessed that the analysis should consider
not the entire brain but only neocortex, which is the most recently



evolved part of the primate brain. Plotting neocortex size alone
against stable group size yielded a nearly perfect progression: the
larger the “tribe,” the larger the neocortex. This correlation held not
only for seventy primate species examined, but for the two
important nonprimate mammalians who were studied. Vampire
bats, which are highly social creatures, have a large neocortex;
carnivores who are solitary hunters have a very small neocortex.

The search for insight into the pragmatics of this relationship led
to the observation that monkeys spend a great deal of time
grooming each other in order to maintain what are called coalitions.
Longtime grooming partners are dependable allies, and in complex
societies one needs allies. In Dunbar’s research, grooming time
emerged as a universal, indexable, quantifiable means for tracking
the interpersonal servicing necessary for individual survival in large
groups. He calculated from neocortex size that humans should
ideally be living in cohorts of up to 150 individuals, then found a
number of examples confirming this estimate. Take, for example:
the size of a company in the military; the size of Hutterite
communities, which are required to break up when their
membership exceeds 150; and even the “ideal” size of small
businesses, which tend to abandon personal contact in favor of
written procedures and memoranda once their size exceeds about
120 individuals.*

Neocortex size is a reliable predictor of group size because
intelligence is mainly social intelligence; the more people there are
to keep track of, the greater the complexity of relationships to be
kept in mind and orchestrated, and the more time which must be
spent maintaining coalitions.†

What does language specifically have to do with all this? The
expansion of the brain to meet the computational requirements of a
calculating social life could not continue unchecked, nor could
grooming time expand indefinitely. Language, an alternative mode
for the exercise of social intelligence, proved an effective way of
ending both the upward spiral of brain size and the intolerable drain
on time demanded by one-on-one grooming. A single human being,



asserts Dunbar, tends to maintain a circle of friends (people from
whom he or she would willingly accept a dinner invitation, for
example) of a maximum of about 150 individuals, and does so by
means of intimate and cozy verbal communications with those
individuals; gossip, in effect, is a verbal surrogate for grooming.
According to Dunbar there are competent surveys showing that most
of what people talk about amounts to pure gossip—even (he claims)
in universities.

Convincing or not, this hypothesis hardly explains where modern
human language itself actually came from. Dunbar approaches that
problem by suggesting that there was a sort of proto-language that
was social long before it had to be technical. The language became
technical of necessity when tool use and the worldwide migration of
Homo erectus required substantive information exchange between
individuals and groups of individuals.

What Dunbar accomplishes with this formulation is important: he
makes a strong case for the linkage of brain enlargement to the
mental and social complexities of group life in the higher primates,
and he backs his thesis with a quantitative (but highly selective)
arrangement of biologic and ethnographic data. What he plainly
does not do is help us understand how human language, as
neurologists and psycholinguists characterize it, fits into this picture.
For that, we are obliged to look elsewhere.

MERLIN DONALD’S THEORY OF CULTURAL AND COGNITIVE EVOLUTION

Merlin Donald is professor of psychology at Queen’s University,
Kingston, Ontario. His book Origins of the Modern Mind: Three Stages
in the Evolution of Culture and Cognition was published in 1991.
Donald proposes that the human brain, complete with language,
arrived at its present state through a three-stage process whose
internal two boundaries coincide with periods of comparatively
abrupt transformations in the physical structure and behavior of
apes and hominids. Each of the three stages is defined by a specific



profile of motor and social behavior, and each corresponds to well-
documented species descriptions and to the established chronology
of human ancestry. The behavioral profiles form the basis for
inferences about the “cognitive architecture”* of the brain at each
stage, and the central postulate is that each stage was marked by a
fundamental change in the way the brain had come to respond to
the world around it:

The essence of my hypothesis is that the modern human mind
evolved from the primate mind through a series of major
adaptations, each of which led to the emergence of a new
representational system. Each successive representational
system has remained intact within our current mental
architecture, so that the modern mind is a mosaic structure of
cognitive vestiges from earlier stages of human emergence.…
The key word here is representation. Humans did not simply
evolve a larger brain, an expanded memory, a lexicon, or a
special speech apparatus; we evolved new systems for
representing reality. (Origins, pp. 2–3)

What Donald has really proposed is that, beginning with the apes,
knowledge itself began undergoing an essential change. What does
that mean? Perhaps the clearest explanation can be found in the
form of an illustration. Consider the following: a goat, walking
through a densely forested area, smells and then sees a discarded
Mars candy bar wrapper. It sniffs the wrapper, which still has some
chocolate on it, eats the wrapper, and moves on. If we can verbalize
for the goat, the meaning of this discovery was “food,” and the
motivational part of the story ends with the ingestion of the
wrapper.

Let us now place in this same situation a chimpanzee who has
previously been in contact with humans. The behavior of the chimp
goes like this: spot the wrapper, pick it up, turn it over, wrinkle it,
shake it, sniff it, then lick it, throw it away, and scamper off. This
being a backward, nonverbal chimp, we must supply words for the
“meaning” of his discovery: “Tasty paper  …  maybe there’s more



where this came from.” The motivational (and the nutritional) story
—the chimp’s quest for human snack food—may or may not
continue, depending upon how intent he is on finding more
chocolate. Next along the forest path comes a human who stops,
picks up the wrapper, looks around, scratches his head, suddenly
goes red in the face and gasps, drops the paper, turns around and
starts running in the direction he just came from. What kind of story
is this?

FIG. 2.1 Ape and man in mutual contemplation. The commonalities of physicality, instinct,
and intelligence bespeak a kinship undiminished by the differences in respective behavior
and cultures. (Le Singe et l’Homme A by Pierre-Yves Trémois. Copyright © 1998 Artists
Rights Society [ARS], N.Y./ADAGP, Paris.)

In each of these vignettes, the candy wrapper is “information,” or,
if you prefer, “data.” From the goat’s behavior we infer that it had



the sensory equipment and the experience to classify the wrapper as
food, and to act on its own judgment by eating it. The knowledge
the goat brought to this encounter was compact, focused, and
pragmatic, and its response to the wrapper was predictable.

The chimp’s handling of the “wrapper as data” is more
complicated. We can make the same default inferences about
sensory equipment and categorizing skills: the chimp, like the goat,
has a food/nonfood schema for partitioning objects in the world. But
the chimp’s behavior is more discriminating, more selective, than
that of the goat. To him, only part of this wrapper is food. We can’t
be sure if the chimp avoids eating candy wrapping because he lacks
the enzymes to digest this material,* or because his manners are
more delicate than those of the goat, or for some other reason. But
clearly the chimp’s decision to lick the chocolate from the wrapper
and then throw the paper away was influenced not only by the raw
visual and olfactory data present in the paper, but by additional
knowledge that he alone possessed, or by supplementary
information about the wrapper that, because of something unique to
his general store of knowledge, he sought and obtained through
inspection. The chimp’s behavior has some stray elements in it, but
is almost as predictable as that of the goat.

As for the odd behavior of the human after he had picked up the
wrapper, it can only be called totally unpredictable. However, since
the human has language, he can speak for himself:

“I’d been out looking for Jack all afternoon; bloke disappeared
after lunch and now we’re stuck. The truck needs a new axle,
the radio’s on the blink, and he’s the only one can fix it, and so
I go after him. About a half mile out I see this Mars bar wrapper
on the trail—fresh!—and I figure I’m going to catch up with
him. Then suddenly I realized Jack hates Mars bars, and in fact
the only person I know or even heard of who can stand ’em is
Blakesly, who’s out here somewhere and swore to shoot me on
sight if he ever found me. Boy, was that ever a close call!”



I have invented this small problem-story to illustrate what Merlin
Donald has set out to do in his book. Somehow we have to account
for the consistent and striking differences between what humans
and other animals know about the world and how the way each
knows the world informs their behavior or sets boundaries on the
behavioral repertoire which they exhibit. The story as presented
invites us to notice how the goat, chimp, and man differ in their
approach to the wrapper in both cognitive and motor behavior. The
striking differences, in my view, are between the motor behavior of
goat and chimp, and between the cognitive behavior of chimp and
man.

First, the motoric issue. The goat chews the wrapper and swallows
it. The chimp, however, goes through a procedure of the kind you
might expect from a member of your own family who has found
leftover frosting on the paper doily under your birthday cake. He
picks up and handles the paper, looks at it, smells and tastes it;
following these tantalizing preliminaries, he licks off the chocolate
and throws the paper away.*

There may be a cognitive difference between the goat and the
chimp in this example but, strictly speaking, we cannot describe the
behavior of the chimp as “more intelligent” than that of the goat,
because the goat almost certainly does not see the separation of
paper and chocolate as a problem requiring a solution. Nevertheless,
something—empathy, perhaps—leads us to infer that the chimp’s
behavior is more thoughtful than that of the goat. But make no
mistake: the goat is not stupid. Mountain goats are among the most
successful of the large mammals and flourish under environmental
conditions so extremely harsh as to exclude humans except in very
limited numbers and then only with very special survival provisions.
Mountain goats are “adapted” to this life on a genetic basis; they are
so good at it that they do not have to agonize over the details, or
even think about what they are doing at all.

When we look at the difference between the behaviors of the
chimp and the human, we encounter a major mental discontinuity,
indicated by the fact that the human does not treat either the



wrapper or the adhering chocolate as food at all. Thus, based on the
story he tells us, we must describe his behavior as vastly more
“intelligent” than that of the chimp—for even if we do not consider
him to be a particularly bright person, there is no doubt that he is
operating in a problem-solving mode, and there is nothing simple
about his problems.

But there is more. Notice how the man’s tale confronts us with the
real magnitude of the cognitive gulf between chimps and humans.
The man can read; he associates the markings on the paper with
trivial (but now critically important) habits of two other persons
known to him. In an instant, so rapidly that we hardly notice he is
doing it, he generates a complex hypothesis concerning the search
he is conducting (“Jack must be nearby”), tests it through a series of
mental operations, rejects it, generates another hypothesis
(unsolicited and immediately alarming), accepts that in favor of the
first—almost certainly by doing a crude, fast estimation of
probabilities and the important outcomes associated with those
probabilities—and, finally, in a flashy show of inductive reasoning,
runs for his life.

And there is still more. In his incidental comments our human
narrator makes fleeting but telltale references to human science and
technology: the wheel, the internal-combustion engine, and
construction by subassemblies, electricity, telecommunications, and
gunpowder plus ballistics. The importance of specialized human
cognitive and manual skill is also acknowledged: the radio (a device
for sending coded or voice messages) doesn’t work and Jack is the
only one who knows how to fix it. As if all this were not enough, the
human in our story displays a theory of mind. This means that he can
generate and attribute to others (in this case, Blakesly) specific
thoughts that are not his own, and can modify his own behavior as a
response to the mental state he has fabricated and attached to
another person.*

Finally, of course, he can relate all of this to his companions (one
of whom, we would discover later, speaks only French). How did we
get from the chimp to all of this?



Henry Plotkin, to whom we shall turn momentarily, would point
out that the placement of this story in a book for you to read
illustrates the operation of a nested hierarchy. It is like the path of a
ball balanced on a stick standing on the end of a spoon clutched in
the teeth of an acrobat doing a handstand on a swinging trapeze. I,
the author of the book you are reading, having actually invented the
story as a map to another story (which we are in the middle of),
have told it to you, the reader, as if it were real; and you, in turn,
having deciphered its message, discover yourself as its true object,
nested inside, now fairly bursting with wonder because you have
been made conscious of the acrobatics of your own
“representational system.”

But I have left an important piece of the story out, and it is, in
fact, the heart of Merlin Donald’s remarkable work. It is the part of
the story he invented to get us from chimps to ourselves. The
background to Donald’s invention is this: true, improvisational
problem-solving, and with it what we can begin to identify as
intelligence, begins with monkeys, increases in apes, and increases
further still with the australopithecines. Bipedality created
unprecedented opportunities and dangers for the hominids moving
away from the protection of the disappearing forest. But by Lucy’s
time, nearly 4 million years ago (as we discussed in chapter 1),
there was already a long history of increasingly varied use of the
forelimb and hand, and an unrestrained tendency in apes—
chimpanzees, in particular—to exploit the hand’s manipulative
capabilities. Moreover, by the time of Lucy, the radial (thumb) side
of the hand and its articulations with the wrist were beginning to
allow an extended range of grasping movements.

Donald attaches great importance to this history:

The chimp uses its hands for a wide variety of functions, and its
remarkable tool-using abilities have been known since the time
of Darwin. Although gorillas have some manual skills, theirs are
not as developed as the chimpanzee’s, particularly with regard
to exploration. This suggests that chimps have a more



sophisticated self-representation system, at least as it relates to
manual exploration.*

Note that hand control involves, for the first time in
evolution, a coming together of visual, tactile, and
proprioceptive* feedback on the same action system. Hand
control may be regarded as the crossing of a biological Rubicon
in that a dominant distal sense—vision—comes to control and
modulate actions directly. (Origins, p. 147)

Donald proposes that prehominid apes and hominids at this level of
development can best be characterized as having an “episodic
culture.”

Their behavior, complex as it is, seems unreflective, concrete,
and situation-bound. Even their use of signing and their social
behavior are immediate, short-term responses to the
environment.… Their lives are lived entirely in the present, as a
series of concrete episodes, and the highest element in their
system of memory representation seems to be at the level of
event representation. (Origins, p. 149)

Donald’s central argument concerns what happened between the
beginning of the appearance of Homo erectus and 200,000 years ago
—approximately when the transition between H. erectus and H.
sapiens occurred. Anatomically, cranial capacity averaged 1,000 cc
(with a trend toward enlargement) during this period, compared to
approximately 400–600 cc for chimpanzees and the
australopithecines. As noted in chapter 1, there are no published
reports of fossil remains from the ulnar side of the hand from this
period, so it is still not known when the change occurred that
allowed ulnar opposition, the most recent functional advance of the
modern human hand.

What is known is that by the end of this period H. erectus was
behaviorally extremely advanced:



Erectus developed a variety of sophisticated manufactured tools
and spread over the entire Eurasian landmass, adapting to a
wide variety of climates and living in a society where
cooperation and social coordination of action were central to
the species’ survival strategy.… Some features of the culture of
erectus suggest qualitative changes in cognition, rather than
more of the same. Widespread tool manufacture required both
an elaborate mechanism for inventing and remembering
complex sets of procedures and the social skills to teach and
coordinate these procedures. Erectus also cooperated in seasonal
hunting, migrated over long distances, used fire, cooked food,
and evolved a brain that reached 80% of the volume of the
modern human brain. (Origins, pp. 163–64)

Donald proposes that erectus evolved a new system of knowledge in
the course of its worldwide migration, which not only supported the
geographic and population expansion but (as Dunbar also proposes)
was demanded by it. By the end of an era of approximately 1.5
million years of honing of the erectus survival strategy, evolution
had prepared the stage for a new species: a small boost in erectus
brain capacity and the acquisition of speech was the formula for H.
sapiens.

What erectus really achieved during this period—its winning
strategy—Donald calls a mimetic culture. The foundation of erectus
culture was mimetic skill:

Mimetic skill or mimesis rests on the ability to produce
conscious, self-initiated, representational acts that are
intentional, but not linguistic.… Mimesis is fundamentally
different from imitation and mimicry in that it involves
invention of intentional representations.… Mimetic skill results
in the sharing of knowledge without every member of the group
having to reinvent that knowledge.… The primary form of
mimetic expression was, and continues to be, visuomotor. The
mimetic skills basic to child-rearing, toolmaking, cooperative
gathering and hunting, the sharing of food and other resources,



finding, constructing, and sharing shelter, and expressing social
hierarchies and custom would have involved visuomotor
behavior. (Origins, pp. 169–77)

In view of another comprehensive theory that places great
emphasis on the role of toolmaking in creating a cognitive base for
language, Donald’s position on this point is of special interest:

The example of toolmaking shows how these general and
special skills might have combined to enable an important new
mimetic skill.… Toolmaking is primarily a visual-manual skill,
but it also involves obtaining the necessary materials,
fashioning the appropriate tools at the right time, apportioning
responsibility, and so on.… Innovative tool use could have
occurred countless thousands of times without resulting in an
established toolmaking industry, unless the individual who
“invented” the tool could remember and re-enact or reproduce
the operations involved and then communicate them to others.
(Origins, p. 179)

Donald suggests that during this period control of facial
musculature was increasing, permitting an increased range of
emotion that could be registered in facial expression. But the
anatomy and function of the respiratory tract (especially the
position and function of the larynx and upper airway) had not
changed significantly, and the neurologic mechanisms necessary for
control of airflow and articulation could not have reached their
present state, so speech as we understand it now could not have
existed. Donald rejects the possibility that a visual language based in
the hands—sign language, which in its modern form is equivalent to
speech in its linguistic range and power—was in use.

The recency of formal sign language, and its resemblance to
some forms of writing, argues in favor of its classification with
ideographic writing and other modern visuosymbolic



inventions, rather than with oral narrative skills and speech.
(Origins, p. 308)

Gestural language, however, was almost certainly employed in
communication, and Donald allows this as a likely form of mimetic
communication and perhaps even “the precursor of the more
advanced semiotic inventions underlying speech” (Origins, p. 220).
However one finally chooses to construe the historical interaction of
speech and gesture, there is no doubt they overlap and reinforce
each other in human language. The association of gesture with
human thought is a slightly different but closely related question.
Here, developmental observations may hold the answer: cognitive
and developmental psychologists regard the appearance in children
of pointing as a “gesture of intentionality” (at about fourteen
months) to be an important milestone in their mental development
and consider its exclusive use by humans a demarcation from
chimpanzee cognitive potential. Chimpanzees neither spontaneously
produce this gesture nor acquire it through training.

Donald’s position on the centrality of speech as the primary
enabler—if not the original agent provocateur—of language is clear:
formal language, with fully developed and heritable neurologic
control for its expression, is grounded in speech. Speech, in turn, is
the outcome of convergence in evolution of (1) widespread
advances in cognitive capacity (representational and mimetic skill);
(2) the articulators of speech; and (3) recently evolved neural
structures—concentrated in but not confined to the “speech areas”
of the left hemisphere in the vast majority of people—dedicated to
the control of speech production and the processing of speech
sound.*

While Dunbar’s and Donald’s accounts differ in emphasis and
specificity, each identifies the appearance of language as the
outgrowth of highly coordinated interactions between evolving
Homo and the environment. They also make clear that in the case of
humans, the organism-environment interaction is a novel
evolutionary story, in that the classic environmental selection



pressures came to include cooperative (and internally competitive)
organizations of higher social primates. This is a rather remarkable
two-for-one feat: it shows us where language may have come from,
and how it is related to intelligence; it also shows us how society
itself—culture—became part of the dynamic process of selection.

HENRY PLOTKIN’S THEORY OF INTELLIGENCE AS A“SECONDARY HEURISTIC”

Henry Plotkin is professor of psychobiology in the Department of
Psychology at University College in London. In 1993 he published
Darwin Machines and the Nature of Knowledge. Plotkin’s book and the
development of his thesis complement Donald’s so seamlessly, that
together—for me, at least—they stand as a single, definitive (and
unparalleled) work.

Plotkin regards the term “knowledge” as signifying more than
words or facts in the head. Knowledge is any state in an organism
that bears a relationship to the world. A bullfighter who has been
gored by a bull has the words el toro in his head, and a memory and
powerful emotions connected with that incident blended into (or
“informing”) his own internal “representation” of the animal, and he
has a scar on his chest wall as well. The scar also “represents” the
bull—it is a registration on and in the body of the bullfighter, a
permanent reference to and symbol of the bull and of the encounter
with it, and (in Plotkin’s extremely interesting way of looking at
things) the scar qualifies as part of this bullfighter’s knowledge of the
bull.

And the bullfighter’s knowledge of the bull goes even deeper: it is
the sum of multiple integrations of joint angles and muscular
attachments at his hip, in the spine, and in the knees, ankles, and
feet, transformed into synergies of poised, fluid, and gracefully
explosive movement. This knowledge also includes a thirst for
adrenaline, a capacity for total concentration, and—just in case the
bull is unimpressed—the flawless chemistry of clotting factors and
antibodies in the blood.



The convergence of all these elements in a single individual is the
achievement of evolution, which, through the inexorable process of
genetic variation, selection, and transmission now associated with
Darwin’s name, captured the bullfighter mix, stored it as a heritable
genetic code in a few unsuspecting adults, and (magically one night)
brought one absolutely unique version of it to life in the person of
our young friend with piercing eyes and one buckled rib.

Plotkin points out that the evolutionary process is indifferent to
this and all other bullfighters as individuals but is unswerving in its
devotion to the stability and longevity of their genes.*

It does this by the simple device of adding to the genes something
that, when it unwinds in the brain of every living creature, becomes
a powerful urge to stay alive long enough to mate. Enough creatures
live long enough not only to experience this urge, but to yield to it,
that the genetic blueprints tend to survive. Whenever such a
blueprint (or genome) does survive, even though it may be an
imperfect copy of the donated genes of the parents, it will attempt to
inject itself (literally) into yet another generation.

Each new combination of genes tries to be a faithful copy;
however, a very slight tendency for errors to occur has crept into
this biologic formula. Sometimes, these errors prove fatal: a
pregnancy is aborted, a child fails to reach reproductive age, or an
adult is infertile. Occasionally, however, the “mistake” proves
providential. Almost always when that happens—when a genetic
mutation provides a survival advantage—it is because the world
changed enough to disprove the prediction implicit in the original
code, but in a way that, through sheer chance, validates the
prediction implicit in the mutation. Once in a while—comparatively
seldom but with satisfying regularity over the long haul—surprising
and quite wonderful things can happen; a cold, machine-like,
statistical process transforms itself into a genetic Cinderella story.*

Plotkin calls this process—the genetic device whose operation
produces longevity in families of genes through the generation,
testing, and regeneration of genetic codes—“the primary heuristic.”
This is why, and this is what it means:



Heuristic ordinarily has the meaning of “that which leads to
discovery and invention.”  …  The primary heuristic has two
features that are worth noting. One is that it takes the logical
form of induction, generalizing into the future what worked in
the past. That is, the successful variants are fed back into the
gene pool, where they will be available for sampling by future
generations. This is the conservative, pragmatic part of the
heuristic. The other is the generation of novel variants by
chance processes. This is the radical, inventive component of
the heuristic. It is nature’s way of injecting new components
into the system in order, possibly, to make up for the
deficiencies that may occur if what worked in the past no
longer does so because the world has changed. (Darwin
Machines, pp. 84, 139)

Every living organism carries genes that contain, because of the
operation of the primary heuristic, the plan for a life that can
succeed even in the face of known adversity. Built into the body by
the genetic code are structures (hard head, strong muscles, good
eyes) and functions (being able to duck without thinking, for
example). Structure, function, special adaptations, instincts—all of
these presets in the organism provided for by the genes—are
“knowledge.” This kind of knowledge exists in every animal. When
the knowledge inherent in the primary heuristic was upgraded in
large, mobile, long-living, social primates—remember, these animals
were expanding into unfamiliar environments containing
unpredictable dangers and so needed the mental equipment for
unprecedented freedom of action—Merlin Donald’s “episodic
culture” came into being. As Plotkin accounts for it, intelligence is
one of the true Cinderella stories of evolution: it is the principal
adaptation that evolved in primates to meet the “Uncertain Futures
Problem.”

The Uncertain Futures Problem concerns an organism going
through life, equipped only with instructions given at
conception (and hence perhaps correct only at that time) on



how to survive, and having to interact with a world that may be
different from that in which its life began.… There are several
ways by which the problem of change can be confronted.…
[One] is by giving rise to change within phenotypes; that is, by
producing phenotypes that change in response to changes in the
world. I will call this the tracking option. (Darwin Machines, pp.
144, 147)

With respect to the issue of the knowledge and intelligence required
for truly unpredictable change (the location of a water hole, or one’s
own nest, or who is dangerous), the following is necessary:

Knowledge-gaining devices whose internal states match those
features of the world that we are calling short-term stabilities.
Such tracking devices would be set in place by the usual
evolutionary processes of the primary heuristic and hence
would operate within certain limits. But the exact values of
those limits that these devices will settle to, and for how long,
are not within the power of genes to decide. So devices such as
these have a degree of autonomy in their functioning that
makes them partially independent of both genes and
development. (Darwin Machines, p. 149)

Intelligence is what Plotkin is talking about here, and he defines it
in the context of his previous conceptualization as a secondary
heuristic. Returning to the Donald and Dunbar narratives, we can
now state that social intelligence was almost certainly the first
iteration of Plotkin’s secondary heuristic. This is not saying anything
new, but it is a way of defining the fit between these theories.

The real payoff for us in this coupled formulation is the directness
with which it tells us that we have not explained what exactly (other
than the vicissitudes of migration and political intrigue) had the
power to drive erectus all the way to sapiens. Can we really accept
that this magnificent creature, Homo erectus, spent 1.5 million years
just sharpening small talk, learning to cook and sew, building lean-
tos, and inventing improvisational theater? This is not simply too



pale a story; it is a story that ignores major implications of
evolution’s gift of an exploded repertoire of hand movements
harnessed to the cognitive power of the brain.

At the conclusion of his book, Plotkin returns us to the Gordian
knot, the nexus of knowledge, language, and intelligence:

Given that language is unique to our species, that must mean
that some part of that portion of our genetic makeup that is
unique to us as a species is a part-determiner of the human
ability to function in the realm of language. In other words, we
must be genetically predisposed to learn, think in and
communicate by language. This uniqueness of language as a
human form of knowing about the world, as well as its apparent
multiple roles in human psychology, means that an
understanding of language is an essential part of a science of
human knowledge.

This nexus of roles for language means that the relationship
between internal organization and external features of the
world that characterizes all forms of knowledge takes, in the
case of language, a dynamic double form: a word, or a
sentence, as external event is matched to internal
representations of the meaning of the utterance, and meaning
itself may take more than one form. It is this symbolic quality
of language that makes it so central to our psychology.
Language so dominates our lives, especially our interior mental
lives, that it is difficult not to think of it as anything other than
the central plank of human understanding and knowledge.
(Darwin Machines, pp. 201–202)

Plotkin lays out in plain language the essential background for
what has become the central burning question of linguistic theory:
Where did human language come from? Modern linguistics really
began with the work of Noam Chomsky, who proved the essential
dissimilarity of human language from other forms of animal
communication by exposing its unique operational and



developmental characteristics. The cornerstone of Chomsky’s
revolution was his insistence that the uniformly spectacular (and
spectacularly uniform) linguistic accomplishments of children
cannot be accounted for by their experiences alone. Children do not
hear nearly enough in their early years to account for what they
know about language by the time they begin to speak. This is
Chomsky’s “poverty of the stimulus” argument, and it is the
centerpiece of his ruinous attack on B. F. Skinner and the
behaviorist school of psychology, who had until 1959 persuasively
contended that language exists in society and that children acquire
it entirely on the basis of parental (or other) teaching.*

Putting this argument in a nutshell, Plotkin says:

What is extraordinary is the contrast between the casual
immersion into a language environment which the children
experience and the highly specific and intricate language
structures that emerge. Language learning in the human child is
well described by the seeming paradox of the child knowing
what it has to learn. (Darwin Machines, p. 203)

Buttressing this argument (that you can prevent children from
learning to read or ride bicycles but you can’t stop them from
learning to talk), Chomsky had pointed to two other universals in
human language: that its emergence in children follows a very
precise timetable of development, no matter where they live or
which particular language is the first they learn; and that language
itself has an innate structure. Chomsky has recently reminded
audiences that the origins of the structure of language—how
semantics and syntax interact—remain as “arcane” as do its
behavioral and neurologic roots. Chomsky himself finds nothing in
classical Darwinism to account for human language.*

And for that reason, says Plotkin, linguistics is left with a major
theoretical dilemma. If human language is a heritable trait but one
that represents a complete discontinuity from animal
communicative behavior, where did it come from?



Chomsky’s views threaten central assumptions widely shared by
anthropologists, cognitive scientists, and linguists by insisting that
the following three statements are incontrovertibly true with respect
to human language:

It is a heritable, species-level trait.
It is not a special function of general intelligence.
It has no analogues in animal communication.

Within the past few years a record number of books and scientific
articles concerning the origins of human language have appeared.†

The most recent of these, Terrence Deacon’s The Symbolic Species,
takes the position that human speech is the “natural” organ of
human language, and that the underlying structure of language can
be explained on the basis of adaptations of the vocal tract, which
permitted the mapping of internal symbolic representations onto
control mechanisms for vocalization. While siding with the eminent
linguist Philip Lieberman concerning the essential ties between
speech and linguistic ability, Deacon emphasizes that it would be an
oversimplification to state that language capacity was in effect
silently accumulating throughout mammalian and primate
evolution, and then somehow was released once the complex human
vocal tract was finally ready to produce articulate speech sounds.*

What chimpanzees lack, Deacon says, is not so much a capacity
for vocal production as a capacity for vocal learning.

In Darwin Machines, Plotkin had concluded his discussion of
language by stating a problem:

What I cannot yet understand, and neither can anyone else, is
exactly what the functional origins of language are. (Darwin
Machines, p. 206)

Has Deacon finally solved the “Chomsky problem”? In Evolution in
Mind, Plotkin suggests that Deacon is at least on the right track:



For Deacon, symbolic reference is what lies at the heart of
human language. He takes it as read that the mind is the
product of evolution and hence is innately constrained in terms
of basic sensory processing, perception, attention, rates of
information-processing, memory, and other functionally general
cognitive processes that provide the processing power upon
which symbolic reference is built.… [Thus, there] is a
convergence in every language on certain universal structures
of language. But this is not because universal grammar is built
into our brains by our genes and development, but rather
because “language structures at all levels are the products of
powerful multilevel evolutionary processes, to which innate
mental tendencies contribute only one subtle source of the
Darwinian selection biases.” (Evolution in Mind, pp. 158–59)

While strongly agreeing with Deacon’s proposal that language must
be understood as an effect of a complex co-evolutionary process, I
cannot accept that Deacon’s model tells us where language syntax
came from. That is, if we accept that the movement of muscles
within the human vocal tract explains how sound units (phonemes)
are synthesized into longer sound bursts that can be detected and
sorted by the human auditory system into meaning units (words), we
are still not quite home. In fact, we may still be a very long way
from home. What this process leaves entirely unexplained is why
and how the human brain organizes the transformation of words
into sentences as it does. As we shall consider in chapter 10, “The
Articulate Hand,” there is a way to explain where sentence structure
comes from, and that explanation makes it clear why neither
acoustics, nor the physiology of voice production, nor auditory
perception offers us the most parsimonious—or the most credible—
explanation for origins of sentence structure.

The work reported in this book, while not undertaken with either
Chomsky’s or Plotkin’s concerns in mind, could nevertheless assist in
the development of an alternative, evolutionarily informed account
of the relation between human thought and language. What stands



out in that regard is the central role of the hand in human thought
and action, backed by a growing understanding of the
specializations and enhanced survival value of the primate upper
limb as it had evolved even before the time of the
australopithecines, long before the advent of language.

What I am suggesting is that perhaps we do know what the
functional origins of language are. It is likely that sometime during
its stewardship of the genetic lineage of Homo, erectus completed the
final revisions to evolution’s remodeling of the hand, opening the
door to an enormously augmented range of movements and the
possibility of an unprecedented extension of manual activities. As a
collateral event, the brain was laying the foundations of cognitive
and communicative capacity. I would not suggest that a tiny
modification of this ancient pentadactyl structure by itself closed, or
even catalyzed the closure of, the narrowing gap between Merlin
Donald’s mimetic culture and its successor, the mythic culture.*
Rather, this new hand reflected a modification of the primary
heuristic, and brought with it the opportunity for a new class of
situational knowledge based on as yet unexplored and undefined use
of the hand. This change by itself was nothing but a mutation until
its utility gave it the status of an adaptation. Absent what preceded
it, surrounded it, and was still to come, it would have been neither
burr nor spur. But, with the advantage of hindsight, we can guess
that events following this anatomic change conspired to produce a
second iteration of Plotkin’s secondary heuristic: “manual
intelligence,” or just plain “hand smarts.”

The task undertaken by the present book from this point will be to
explore and critically examine this proposal. The handyman’s hand
was more than just an explorer and discoverer of things in the
objective world; it was a divider, a joiner, an enumerator, dissector,
and an assembler. The handyman’s hand could be loving,
aggressive, or playful. Eventually, it found in the intimate touch of
grooming the secret to the power of healing. It may also have been
the instigator of human language.



There is growing evidence that H. sapiens acquired in its new
hand not simply the mechanical capacity for refined manipulative
and tool-using skills but, as time passed and events unfolded, an
impetus to the redesign, or reallocation, of the brain’s circuitry. The
new way of mapping the world was an extension of ancient neural
representations that satisfy the brain’s need for gravitational and
inertial control of locomotion. Elementary physics, of course, was
written into the brain and spinal cord of mammals a very, very long
time ago, and had endowed the monkey’s limbs with assured,
acrobatic genius and hands like computerized magnets. But a new
physics would eventually have to come into this brain, a new way of
registering and representing the behavior of objects moving and
changing under the control of the hand. It is precisely such a
representational system—a syntax of cause and effect, of stories and
of experiments, each having a beginning, a middle, and an end—
that one finds at the deepest levels of the organization of human
language.

Robertson Davies, the distinguished Canadian novelist, made an
extremely provocative suggestion in What’s Bred in the Bone when he
observed that “the hand speaks to the brain as surely as the brain
speaks to the hand.” I think he wasn’t just telling a story about
painters and painting. I think he was telling us (again!) that the time
has come to repair our prevailing, perversely one-sided—shall I call
them cephalocentric?—theories of brain, mind, language, and
action.

* That’s us (and the Neanderthals), beginning roughly between 150,000 and 200,000 years
ago. Merlin Donald describes its central theme:

Mythical thought, in our terms, might be regarded as a unified, collectively held belief
system of explanatory and regulatory metaphors. The mind had expanded its reach
beyond the episodic perception of events, beyond the mimetic reconstruction of
episodes, to a comprehensive modeling of the entire human universe. Causal
explanation, prediction, control—myth constitutes an attempt at all three, and every
aspect of life is permeated by myth. (Origins, p. 214)



The second half of Donald’s book is devoted to a discussion of the mythic culture, and
its (present) successor, the modern theoretic culture.

* Jerison’s name is strongly associated with what is called the “encephalization
hypothesis,” which is based on calculations of the ratio between actual brain size and brain
size predicted by weight. See Harry Jerison, Evolution of Brain and Intelligence (New York:
Academic Press, 1973). Using the Jerison equation, anthropologist Ralph Holloway
calculates an “encephalization quotient” (EQ) for humans of 2.87; chimpanzee and gorilla
values, respectively, are 1.14 and 0.75 (Holloway, 1996, pp. 89–90). The human brain
accounts for 2 percent of body weight but consumes 20 percent of the energy supplied by
the diet; in computer slang one might say the human brain is an extravagantly expensive
operating system to own and operate.
* See Dunbar, 1996, chapter 4: “Of Brains and Groups and Evolution.”
†  There is an interesting reverse argument for the primacy of social intelligence.
Psychologist Henry Plotkin, whose work we consider in some detail later in this chapter,
notes that people “think adaptively rather than logically.” See Henry Ploktin, Darwin
Machines and the Nature of Knowledge (Cambridge, Mass.: Harvard University Press, 1993),
pp. 190–198. He cites examples from the research of Wason and Cosmides, who have
shown that logical puzzles which cannot be solved by people when presented abstractly are
readily solved when they are presented in the guise of common social problems.
* The term “cognitive architecture” refers to the organizational rules and operating
characteristics of the mind inferred from observations of its output (expressed ideas and
manifest behavior), completely without reference to its real anatomy or to any physiologic
processes by which it does its “minding.”
* The chimp, of course, could not know this. However, he could have an instinctive distaste
for paper, or for anything with the smell of ink on it (even when masked by the delicious
aroma of chocolate); or he might have seen and remembered his favorite Uncle Creaky,
doubled over and screaming after eating just such a paper.
* Note that there is no direct gain to the chimp (in the harsh world of Darwinian realities)
from having a free upper limb, and fractionation movements of his digits, in this situation;
the goat consumes as much chocolate as the chimp does. Were he able to comment on the
situation, the goat might say that this proves that the vaunted upper limb is not such an
advance after all. The chimp, however, might reply that the preliminaries that have been
opened to him through the dexterity of the hand have become meaningful to him, and have
added pleasure to the experience.



* His parents noticed that he had become quite adept at this by the time he was four years
old, as do almost all children.
* One of the most distinctive elicited behaviors of the chimp, which does not occur in the
monkey, is its use of its hand to explore its own image in a mirror; it uses the mirror to
guide its own self-examination when marks are placed on the face; this reaction is taken by
primatologists as strong confirmation of self-awareness.
* “Proprioception” refers to awareness of position and arises in the body through the action
of special sensors in muscles, joints, tendons, ligaments, and skin.
* This “subthesis” is presented in detail in Donald’s Origins, pp. 236–56.
* That is, genes look out for themselves, period. By universal accord, Richard Dawkins,
inaugural holder of the Charles Simonyi Chair of Public Understanding of Science at
Oxford University, is the official spokesman for this Darwinian axiom. Three important and
highly readable books by Dawkins present the argument in full: The Blind Watchmaker
(1986), The Selfish Gene (1989), and Climbing Mount Improbable (1996).
* For those who would like to remember the serendipity of Darwinism in a catchy way, I
donate the following bit of doggerel as a mnemonic, asking you to recall that “bugs” in the
genetic program produce phenotypic “jitter.”
Darwin’s theory speaks of hits
And misses, and of wobbles.
If jitterbugs arouse a prince,
Might slippers dance on cobbles?
* See Noam Chomsky, “Review of B. F. Skinner’s Verbal Behavior,” in Language 35: 26–58,
1959.
* Eventually, Chomsky may well be seen less as a spoiler in the evolutionary account of
human language than as the uncompromising critic of an evolutionary theory that itself
fails to address the uncontested facts of human language. That is, it might be more accurate
to describe his position as that of someone exhorting the cognitive and evolutionary
theorists to go back to the drawing boards until they come up with something more
plausible, more unifying, in a theory purporting to explain the origin of human language.
†  The best known of these, Steven Pinker’s The Language Instinct, will be considered in
detail in chapter 10, “The Articulate Hand.”
* See Philip Lieberman, Uniquely Human: The Evolution of Speech, Thought, and Selfless
Behavior (Boston: Harvard University Press, 1991).
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3
The Arm We Brought Down from the Trees

LOOK AT THE SHOULDERS ON THAT GUY!

—overheard on the boardwalk,
Venice Beach, California

SO SLIGHT ARE THE ANATOMIC DIFFERENCES between the ape and the human hand
that anthropologists discounted their importance in the functional
capabilities of the two hands until quite recently. But focusing on
the hand alone misses an extremely important piece of evolutionary
history: the arm was such a sophisticated instrument when its owner
moved to the ground that very little further modification was
needed at the far end—in the hand—to transform the entire limb
into what it has now become. However worthy the shoulder and
arm may be of their high aesthetic ranking in a society obsessed
with the appearance of the body, the engineering beneath the skin is
where the real glamour is.

Consider for a moment the winning formula for quadrupedal
locomotion in tree branches. Better yet, just step outside and watch
a squirrel racing through the branches of a tree. Monkeys added a
few tricks to this very successful method of above-ground travel,
mainly by giving greater responsibility for safe landings to the arms,
and adding the further security of a prehensile tail. The simian’s
hand-arm apparatus proved perfectly satisfactory for locomotion
(which is why the playground rig has always been called “monkey
bars”) while permitting feeding by hanging from one arm and
plucking with the other. Chimps have the same basic equipment,



minus the tail, and have a beefed-up arm and shoulder; movement
in suspension (brachiation) was improved by an increase in the
supination range of the forearm.

The chimps brought this state of shoulder-arm engineering down
with them to the ground, but their travel on the ground was a kind
of goofy quadrupedal gait in which the body weight is supported by
the soles of the feet and the knuckles of the hands. When the
australopithecines started walking upright, the upper limb had not
changed much, and it is unlikely that the control mechanisms were
different, either. Had there been any major changes, you might
suspect that the arm was destined to be downgraded—either to a
structure with merely ornamental function, or to a shrunken
version, possibly like the forelimbs of the kangaroo. After all, why
wouldn’t the shoulder and arm just recede into the background once
their primary responsibilities in locomotion had been eliminated?

But the hominid arm did not wither, either anatomically or
functionally. Why? One possible answer is that the brachiating arm
(unlike the forelimb of mammals lacking its unique experience and
capabilities) had already secured a major “presence” for itself in the
brain—that is, its complex functions had come to be widely
represented and “networked” into expanded sensorimotor systems
within the central nervous system. Given the enormous risks of
terrestrial life, Darwin’s selection engine almost certainly would
have favored the propagation of those hominid bipeds who could
exploit on the ground the agility of this arm and the considerable
dexterity of this hand. There was more than ample reason in the
new life not to allow this amazing structure to slip into retirement.
(Perhaps there were families of new hominids whose arms just
withered. Fortune, it would seem, did not smile on them.)

So, as an essential prelude to the main story of the hand, we will
consider just what the prehuman arm was and what the chimps and
monkeys were doing with it. Perhaps the most instructive way to
begin is with a visit to the world of construction, where mechanical
versions of the arm abound and where its truly remarkable abilities



are easier to appreciate. We are going to learn just a little about
coupling, guidance, and propulsion.

In 1992, the Wall Street Journal published a story about the use of
the backhoe as a competition vehicle. The headline in the Journal
read: TO WIN THIS RODEO, MAN AND BACKHOE MUST BECOME ONE. The story had been
prompted by the first North American Backhoe Rodeo
Championship in Phoenix, Arizona, and it was spiced with a rich
assortment of quotes from the operators competing in the rodeo.
The comments ranged from pithy winning tips to more thoughtful
reflections on mastery of the backhoe; taken together, they left no
doubt that the backhoe operator is a movement specialist of the
highest order.

Jim Hart, a Bangor, Maine, water district employee, practiced for
the finals by trying to strike kitchen matches with the bucket of his
hoe. Another contestant practiced by “plucking an egg from a
bucket of sand using a tablespoon taped to a tooth of his backhoe.”

But mere practice is not enough:

“You must empty your mind and think of nothing so that the
backhoe becomes an extension of your arm.” (Louis Forget, a
construction worker from Quebec who rode his first backhoe at
age nine)

“You’re part of the machine. It’s part of you.” (Harvey
Neigum, the eventual winner of the contest)

The idea of “becoming one” with a backhoe is no more exotic than
the idea of a rider becoming one with a horse or a carpenter
becoming one with a hammer, and this phenomenon itself may take
its origin from countless monkeys who spent countless eons
becoming one with tree branches. The mystical feel comes from the
combination of a good mechanical marriage and something in the
nervous system that can make an object external to the body feel as
if it had sprouted from the hand, foot, or (rarely) some other place
on the body where your skin makes contact with it.*



Shortly after it appeared, I sent the backhoe story to Richard
Young, a young Californian whose profession is training crane
operators. I told him I was interested in cranes because they
reminded me of the arm, which has to position the hand, support it,
and move it, in order for it to do its job. Richard’s perspective on
cranes was more practical than mine: what really matters with
cranes, he said, is preventing them from falling over. Cranes are
now lifting bigger loads higher, and operating between buildings
that are closer together. There are more kinds of mistakes to be
made, and when trouble does come, there may not be sufficient time
for even a highly experienced human operator to take corrective
action.

When something happens, something the operator can’t see,
he’ll never be able to correct it if he hasn’t foreseen it as a
possibility. Maybe he’s operating the hoist, he’s got his boom
out at an angle, load lines down, it’s hooked up to a heavy
weight and he’s picking it up. All of a sudden, for some reason,
maybe the boom tips, or a wire rope slips off. He has a
hundred-ton load sitting there, and it drops just a little. That’s
enough to shock-load the crane and make his load start
bouncing up and down. Then a gust of wind comes up and
swings the load. So this guy’s sitting in the cab, and he has to
know how to stop what’s happening. But he has to know it’s
coming in the first place. Otherwise he’s lost. That’s how most
accidents happen. Really, it doesn’t take much.

Richard’s emphasis on the constant hazard of a crane tip-over
raised the hidden issue of balance. How do upright structures stay
upright when they are moving loads of varying weights at varying
distances from their center of gravity? Cranes are thrown off
balance and fall all the time; how could they not? The dynamic
management of weight distribution is critical; unexpected weight
shifts can occur suddenly and without warning; the corrective
measures open to the operator are relatively crude; and the time



during which corrective measures can be effectively applied is
exceedingly brief.

If the risk of falling complicates the control of cranes, it must be
far more a problem for us. Whether we are carrying bags of
groceries into the house, dashing to appointments carrying a
briefcase in one hand and coffee in the other, or playing in a ball
game, getting from point A to point B without falling is far more
difficult if we are carrying something. What does the arm have to do
with balance?

Consider a laborer carrying a bag of cement on one shoulder up a
flight of stairs, then up a ladder, and then across a beam, before
dropping it into a wheelbarrow or a mixer. Each time he takes a
step he is actually throwing himself off balance by shifting support
of the load from one leg to the other. He does the same if he leans
slightly to one side or the other, or shifts the bag from one shoulder
to the other, or repositions the bag vertically or laterally anywhere
along his shoulder or arm. If he steps on a wet or dusty surface his
foot may slide, and he must instantaneously restabilize the load or
risk falling. At the same time, he must also be aware of internal
sensations arising from his musculoskeletal system: if he exceeds the
load- and tension-bearing capacities of his own muscles, bones,
joints, and ligaments he may seriously injure himself.

This problem is so complicated for the neuromuscular system that
the perceptual and control side of the job is handled almost entirely
outside conscious awareness. There is far too much information
about joint angles and weight distribution to be gathered and
analyzed, and there are far too many inertial and force equations for
the brain to solve rapidly and simultaneously. Richard had pointed
out with considerable pride certain advances in crane
instrumentation: load-moment, boom-angle and level indicators.
The biologic analogues of this instrumentation exists in each of us,
too. But the engineers have installed all this instrumentation in
larger and faster cranes that stand still on the ground. Those of us
who don’t stand still much have a more difficult problem.



FIG. 3.1 Steelworkers during the construction of New York City’s famed Waldorf-Astoria
Hotel in 1930 take their lunch break—a scene that reminds us of an important but
insufficiently appreciated gift from human arboreal ancestry. (© 1930, Keystone/Sygma,
reprinted with permission)

Actually, the australopithecines had no need to invent a new
balancing function for the upper arm. They just appropriated and
then promoted what had come into existence for a comparable and
biologically important reason: a female monkey carrying her baby
had to be able to run along narrow branches and jump from branch
to branch without losing her balance. And this system must have
come to be as heritable (or “hardwired”) as any set of neurologic
and biomechanical traits could be, because survival of the young
would have depended upon it. For those of us living on the ground
now and taking advantage of this gift, the conscious experience of
upright lifting and carrying—or the deliberately destabilizing
movements of dance and floor gymnastics—consists mainly in the
registration of either a subjective sense of being balanced, or the
alarming realization that we are “losing our balance” when postural



reflexes cannot keep up with weight shifts. The emotional feeling of
helplessness that almost invariably precedes a fall is justified, since
there is rarely anything left for us to do except decide where we
might prefer to land, or where on the body we would least mind a
crop of bruises and contusions.

Our shoulders, in these balancing acts, are not simply carrying the
groceries. They adjust the position of the arms just as a highwire-
walker adjusts his pole, to abort the fall threatened by each and
every step taken in the upright posture. If the crane operator is in
the middle of a very advanced applied trigonometry and physics
problem, so are you when you are carrying something, walking on
uneven ground or going down slippery steps. Thanks to the honing
of these skills by many generations of your ancestors, you are never
obliged to look at an instrument panel.

Having established that the shoulder joint is involved in the
body’s balancing system (by helping to equilibrate destabilizing
weight shifts in the upper body) we should next try to understand,
at least in general terms, how this is done. Because of the nearly
unlimited freedom of the human body to shift its center of gravity,
we would expect the shoulder to be designed to allow as much
freedom of movement as possible without losing its ability to limit
movement range, which is to say, to maintain the integrity of the
mechanical end points.*

This is what we find, of course, but it is accomplished in a way
like no other joint structure in the body.



FIG. 3.2 The human scapula, right side, in three views. Above, left, the side of the scapula
that fits against the rib cage; center, a view from the side, showing the wide, shallow socket
for the head of the humerus and the two arching projections above it. Together, these (the
acromion and the coracoid process) provide a roof to protect the head of the humerus and
restrain it, giving it maximum freedom of movement on its base. Right, the scapula seen
from behind, showing the prominent spine separating two important groups of muscles
controlling movement of the humerus within its socket. (From Werner Spalteholz, Hand
Atlas of Human Anatomy, 1923.)

Unlike the leg, whose bony core is firmly planted in the pelvis,
the arm is actually held away—suspended—from the body by its
skeletal and muscular attachments. Anchored at the shoulder to a
hollowed-out perch at the end of the collarbone, the upper arm
clings to the rib cage as tightly as an abalone clings to a rock.
Several layers of interwoven muscles position, hold, or move it—
sometimes doing all of these simultaneously. The shoulder girdle
muscles, as they are called, are all either directly or indirectly
attached to the shoulder blade (the scapula), which is the structural
heart of the shoulder.

Best seen from behind, or in a mirror, the most prominent feature
of this bone is a gently curved plate about the size of the hand. Its
prominent flat portion—the “blade”—is molded to fit tightly to the
upper back. On a slender person the shoulder blades suggest a
silhouette drawing of two small buffalo heads facing each other—a



pair of softly rounded right-angle triangles, snouts pointed down.
Near the top of the scapula, on its outer surface, a horizontal spine
forms a narrow ledge that widens as it approaches the shoulder tip,
where it curls upward like a cresting wave. The top of this crest is
called the acromion;* the rounded floor of the spine holds a small
but very important muscle (the supraspinatus) that initiates
movement of the arm out to the side and helps other muscles move
the arm farther up, out, and over the head. The only two bones with
which the scapula makes direct contact (with which it articulates)
are the collarbone (the clavicle) and the upper arm bone (the
humerus). This places the scapula in an extremely strategic location,
at the center of the only bone-to-bone contact between the arm and
the rest of the body. The inner, or body-side, joint is the acromio-
clavicular (or AC) joint, which is located just above the large,
shallow socket (the glenoid fossa) that faces directly out to the side.
On the outer, or arm-side, is the glenohumeral joint, a ball-and-socket
joint not unlike the “joystick” used to control computer games, or
the stick shift in a sports car.†

The bone-to-bone contact between the arm and the body is
completed at the front of the chest where the clavicle meets the
breastbone (sternum).

Imagine for a moment that the scapula simply did not exist. You
would have a multijointed stick consisting of three sticks of
approximately equal length laid end-to-end originating in the
middle of the chest: clavicle to humerus, humerus to elbow (which
connects the humerus to the radius and ulna), and elbow to wrist.
Some mechanism must exist to transform three straight, rigid
segments into a folding crane that can deploy the hand for whatever
task may arise. There are many ancient tasks that rely on this
cranelike function of the arm: picking fruit and flowers, climbing
trees, burping a baby. And there are a host of tasks newer and more
specific to humans: holding a racquet, a bat, or a club to hit a ball;
using a hammer to pound nails; maneuvering a small needle in
order to sew quilts or reattach fingers; or—no tools required—
throwing a baseball overhand. In all of these tasks, old and new,



there is a need to maintain body balance as the arm lifts and moves
weighted objects. The scapula and its muscular system are silent and
indispensable participants in the organization and execution of all of
these movements.

FIG. 3.3 Charles Bell’s drawing of the bones of the shoulder girdle. In the center (A) is the
breastbone, or sternum, which is the only bony contact between the upper limb and the rest
of the body. The collarbone, or clavicle (B), runs as a strut out to the tip of the shoulder,
attaching to the scapula at the top, or acromion (E), of its spine. The inside border of the
wing of the scapula (C) and the tip of the coracoid process (D) are both important sites of
muscular attachment of the scapula to the vertebral column and to the chest wall. (From
Charles Bell, The Hand, 1840.)



FIG. 3.4 View of the shoulder girdle from above, showing the top of the shoulder joint and
the contacts between the clavicle and the sternum (midline) and the acromion of the
scapula (at the shoulder). With the rib cage and vertebral column now added, it is easy to
imagine that the shoulder girdle could represent a gradual transformation of what was
formerly the top rib, now bent outward instead of curving back to attach to the spine. If
that were so, the scapula itself would have to represent an expansion and splitting into
mirror halves of the topmost thoracic vertebra. This view also makes it obvious why the
muscles attaching the scapula to the chest and spine are so critical to the stability of the
entire shoulder apparatus. (From Werner Spalteholz, Hand Atlas of Human Anatomy, 1923.)



FIG. 3.5 The unique 3-stick linkage of the human upper limb. Top: the linear elements
stripped down and laid out end to end (from left to right: ulna, humerus, and clavicle).
Bottom left: the same three elements arranged with the scapula placed between the clavicle
and the humerus, and the joints connected. Bottom right: Charles Bell’s charming rendition,



adding the chest, the radius, and the hand. Note that Bell has faked the anatomy of the
clavicle here, creating an Escher-like illusion that the left clavicle arises from the right side.
(Photographs by Diane Hawkey, Arizona State University.)

Each of these tasks imposes an entirely different but equally strict
demand for control of each segment of the arm while moving the
hand toward the target; in practical terms, because the clavicle is
comparatively immobile, this means controlling the movements of
the middle (humerus) and distal (radius and ulna) segments while
keeping the proximal segment steady. Imagine yourself balancing a
broomstick in the palm of your hand—just an ordinary broomstick,
upside down. This is a fairly easy trick for most people to manage,
but suppose I asked you to balance two sticks (each about the same
length as an ordinary broomstick), the second standing on top of the
first. You may even have seen someone do this, and if you are a
balancing wizard, possibly you can do it yourself. What if the
problem were to balance a third stick on top of the second one—this
would be a very, very difficult trick—even if you were to hold the
bottom stick (representing the clavicle) tightly clenched in your fist,
and I seriously doubt that it has ever been done. What’s so tough, of
course, is controlling the movement of the lower end of the top
stick.*

Mastering the three-broomstick balancing act would be a snap if
each contact point between adjacent segments were equipped with a
“smart coupler”—a computerized joint-controller with advance
information about the intended move, with current information
about how each segment was behaving during the move, and with
the ability to control adjacent segments to correct for drift during
the move. The shoulder apparatus, consisting of the scapula and its
muscular attachments, is just such a smart coupler.*

The shoulder muscles orient the shoulder joint prior to active
movement, and by next controlling the movement of the humerus
(in cooperation with the elbow and forearm) deliver the hand,
prepared to act, to its target. The muscles that move the scapula,
and those that run from the scapula to the humerus and the elbow,



orient the shoulder and upper arm in advance of active movement,
maintain whatever orientation is necessary to support the acting
hand, and contribute to subsequent active movements of the hand
by rotating or deflecting the humerus. Shoulder movement virtually
always anticipates and then supports movements of the hand, which
cannot themselves begin until the hand has been moved
(“transported,” in the language of motor-system physiologists) to the
intended target in preparation for actions taken after contact has
been made. Remarkably, there is no conscious mechanism to control
the behavior of any of these muscles. It is all done completely
automatically.



FIG. 3.6 “The upper limb clings to the rib cage as tightly as an abalone clings to a rock.”
Four views of the shoulder, showing the strategic mechanical arrangements of the muscles
on and around the scapula that enable it to act as the “smart coupler” in the shoulder joint.
The two views on the left show the shoulder girdle from the front; the two on the right show it
viewed from the back. Note, in the upper left image, the muscle running downward from the
shoulder across the chest; this is the pectoralis minor, the principal muscle anchoring the
coracoid process of the scapula to the front of the chest wall. Below, left, in a half-right view,
the collarbone and humerus have been removed and the scapula lifted off the chest wall to
show the serratus anterior, which holds the scapula flat against the chest wall.

The two illustrations on the right show the muscles that both hold the scapula to the spine
and lift, depress, and rotate the scapula to aid in positioning and stabilizing the head of the
humerus. Below, right, the illustration shows the muscles of the scapula after the trapezius
has been removed. (From Werner Spalteholz, Hand Atlas of Human Anatomy, 1923.)

The shoulder contributes to movements that not only transport
but also orient the hand. And in shifting our attention to its role in
supporting the function of the hand per se, we must understand that
there is no such division or segregation of these functions in the
body itself; the musculoskeletal system functions in a fully
integrated way, so that overall movement is unitary and fluent. In
reality, shoulder, arm, and hand functions are exquisitely tuned and
responsive to one another in both neuromuscular and biomechanical
terms. The kinetic and informational processes take place
simultaneously from the body outward to the hand, and from the
hand inward to the body.

A particularly important feature of shoulder mechanics impacting
on hand movement lies just within the glenohumeral joint. The
humerus is capable of two different kinds of movement: from the
straight-arm position it can swing in a forward, backward, or
sideways arc;* it can also rotate (or spin) on its long axis without
changing the direction in which the arm is pointed.†



FIG. 3.7 Under the outer cape of muscles holding and moving the scapula, another layer of
muscles anchored on the scapula itself attach to the upper arm to lift it forward, backward,
to the side, and to rotate it around its long axis. Left, view from the front; right, view from
behind. (From Werner Spalteholz, Hand Atlas of Human Anatomy, 1923.)

If the arms are kept straight (that is, if the elbows are extended)
and held directly in front of the body, they can be placed in a
position with the palms flat and facing upward. This is the position
of supination, in which the right thumb points to the right side and
the left thumb, mirroring it, points to the left. Beginning from this
supinated posture, the arms can be rotated (the left clockwise, the
right counterclockwise) into a palm-down, or pronated, position. In
doing this full pronation movement, each hand goes through a 180-
degree rotation; and an additional 90-degree rotation, to the
thumbs-down (“Farewell, gladiator”) position is possible for most
people. That comes to 270 degrees of pronation-supination range.
One-third of this total rotation comes from the shoulder, two-thirds



from the elbow. As you perform this movement you cannot feel the
separated contributions of shoulder and elbow; it is experienced as a
smooth, unified rotation, just as the rotation of the neck from side to
side is felt.

Now, bend your elbow a full ninety degrees so that your hand is
slightly above your head. What you will observe is that your
forearm, like the minute hand of a clock, easily rotates down and
crosses the midline: if you are using your left arm, it goes from the
twelve- to the three-o’clock position; if you are using the right arm,
it goes (counterclockwise) from the twelve- to the nine-o’clock
position. You have achieved all of the possible 90 degrees I said the
shoulder could produce in a pronation-supination move of 270
degrees. Return your arms to the starting position, again with elbow
bent in the right-angle position. Try rotation in the opposite
direction. What happened? The rotation stops after about 15
degrees, because the humerus has reached the end point of its
external rotation range. In fact, for all practical purposes it was
there when you started! The minimal rotation you were able to
produce was supplied by the sliding of the scapula across the upper
back, pulled by muscles that elevate it and pull it medially toward
the spine. You can observe this happen by watching someone else,
or looking in a mirror as you do it.

Supination is the arm position for releasing a bowling ball,
pronation for dribbling a basketball. If you play Ping-Pong standing
close to your end of the table, you will tend to have your elbow bent
for both backhand and forehand shots, so almost all of the force you
apply to the ball comes from either internal or external rotation of
the humerus. The further back you stand, the more likely you are
adding both wrist and elbow flexion/extension to your swing, with
pronation and supination supplying the underhand or overhand
slice.

We began this chapter on the shoulder by noting that an
immediate consequence of bipedality was the need to improve
upright balance, and we have now seen in some detail how much
the shoulder added to the campaign to make bipedality work. A



second consequence of bipedality was that the shoulder, already the
heart of an overarm propulsion system for moving the body through
the trees, was admirably suited to transfer its capabilities to the as
yet uninvented world of ballistics—to assist in the propulsion of
hand-held missiles toward distant targets. The mostly loveable,
social, clever, and opportunistic clowns we imagine chimps to be
were destined to be pushed aside by their new cousins—calculating,
aggressive, and dangerous hunters. The ownership of the old arm,
mounted on a new pelvis, aided by a highly advanced visual system
and bipedality, and stimulated by the reality of having no real
alternative to living on the savannah, meant that ballistics would
become the inaugural centerpiece of a new hominid survival
strategy. Having the ability to hold a good-sized rock in the hand,
take aim, wind up, and let fly with speed and accuracy meant that
there was no need to run down small animals or live on the scraps
of food left by other predators. The shoulder, of course, was only
part of this complex behavioral evolution, but it was one of the
components delivered with almost no need of further modification.*

Lucy did not have the hand for extended-arm-length clubbing in
close encounters, but the australopithecines could have made and
thrown spears.

The entire concept of a multisystem adaptation unfolding over
time (illustrated by the shoulder-as-rocket-launcher) raises an
intriguing question: Is it possible that the (probably inevitable)
dissociation of forelimb from hindlimb control in the bipedal brain
has consequences and implications we have not appreciated? The
long process of adapting the forelimb of a tree-dwelling, fruit- and
insect-eating primate to the dangerous situation facing a plain-
dwelling hunter ape had profound musculoskeletal consequences.
But more than muscles, bones, and joints were involved in this
transformation; not only the physique but the limb-brain complex had
to adapt to conditions on the ground.

As we have learned, adding weight to the upper body, and then
transporting that weight, demands a highly tuned, fast and versatile
system for locating and controlling the body’s center of gravity. And



that system does not behave the same in everyone. Early in my
career I spent several years seeing patients in an emergency room,
and in that situation came to believe that roofers injure themselves
less often than carpenters do, despite the reverse prediction one
would make from watching them on the job. Why would that be? I
think the reason is that roofing is not less dangerous than carpentry,
but so much more dangerous that no one attempts it who does not
feel completely at home hanging by his thumbs twenty feet off the
ground. Presumably, such individuals carry, or have unlocked,
whatever genes we still carry that gave arboreal primates the
wherewithal to live actively and securely in the trees.

Could this be an example of variable evolutionary lag—an upper-
versus-lower limb dissociation in the locomotor systems of the brain
of H. sapiens? If it is, the effect certainly is not confined to roofers.
Dancers, acrobats, and skateboarders seem to be fully evolved
biomechanically and neurologically as bipeds, while others have
retained an aerial bias in the hominid repertoire of automatic
balancing reflexes. The latter model of the biped brain lacks a full
repertoire of automatic responses in the legs to the sudden shifting of
a load above the center of gravity.*

Have you ever noticed that people who trip look like figures in
Chagall paintings? One of my patients described her own fall in just
those words once, and I realized she was right: down she went, arms
out, clutching for the branch that was left behind eons ago. The
result of this outmoded reaction is almost invariably a broken arm.

What I am suggesting is that the human brain, especially with
respect to the deeply ingrained patterns of motor control upon
which survival in the trees depended for millions of years, continues
to be genetically transmitted with a copy of a locomotor strategy
more suited to movement on a limb than on a wide, flat surface.
Our distant ancestors made no effort to carry great weights with the
body; during a fall, all four limbs could be deployed to snag a
branch; and there was (usually) plenty of time for—and a
reasonable probability of—encountering a branch during the fall. In
fact, falling was a normal mode of locomotion! That was a very



sophisticated and highly effective strategy, so quite possibly it is still
floating around in the gene pool, surfacing just often enough to keep
the roofing business and circuses alive.

The same shoulder that grew up in the trees and helped us not
only to defend ourselves but to become aggressive at ground level is
now attached to quite a different hand. Lucy’s hand represented a
colossally fertile initiative in evolution, but we have no way of
knowing what its utility may have been to the australopithecines
themselves. Certainly its functional utility was unlikely to have
eclipsed the shoulder and arm they inherited from the hominid
ancestors. This speculation leads me to a radical suggestion: the
accelerated development of the hand (and of the brain supporting
its new repertoire of movements) in Homo seems not so much a de
novo invention as the completion of what had already been worked
out in the rest of the arm (and the shoulder) prior to our arrival on
the ground.

The hominid shoulder, then as now, had to adapt its muscular
performance to a huge range of motor tasks. Homo added watch
repair and discus-throwing to the list, but the arm still uses muscles
and tendons and ligaments integrated with rigid segments (bones) to
orient the arm and hand, and to make adjusting and tension-setting
movements to keep the body upright as it does its job. The shoulder-
brain still dynamically controls muscle activity based primarily on
vision, joint position, and muscle kinesthetic sense. None of that has
changed.

If the australopithecine hand ventured out onto the savannah less
than fully prepared for the challenges it would meet there, the
shoulder and arm and their neurologic support systems were very
likely already well ahead of the game. The pivoting and sliding
movements of the scapula, together with the full supination of the
forearm, permitted accelerated overhead throwing of objects held in
the hand. There were other changes that had to be made to
capitalize fully on this ballistic potential, most prominently an
advanced visual-motor control system. And catch up is exactly what
the hand (and brain) did. Very quickly—on an evolutionary time



scale, that is—the hand and brain not only met but began to
redefine the demands and possibilities of a life in which forelimbs
had been freed of the obligation to support body weight.

* The contexts in which this bonding occurs are so varied that there is no single word that
adequately conveys either the process or the many variants of its final form. One term that
might qualify is “incorporation”—bringing something into, or making it part of, the body.
It is a commonplace experience, familiar to anyone who has ever played a musical
instrument, eaten with a fork or chopsticks, ridden a bicycle, or driven a car.
* It is not easy to dislocate the shoulder and it is no fun when it happens. Even this,
though, would be nothing compared to complete failure of the restraining mechanism.
Remember what happened to the neck of the bewitched little girl in The Exorcist?
* You can easily find this anatomic landmark by grabbing your own shoulder as you might
if somebody had just punched you there. Once in place, your hand will find the acromion
by sliding a short distance upward toward the top of the shoulder; you will feel it as a flat,
bony edge.
† You can’t feel the socket itself because it is completely covered by the upper end of the
humerus and the big muscles at the top of the shoulder. But you can feel it work. Put your
hand back on your shoulder (in the “Why’d you punch me?” position) and then move your
shoulder the way a baseball pitcher does when he’s just starting to warm up. The muscle
you feel moving under your hand when you rotate this joint is the deltoid.
* An analogous problem faces every truck driver backing a trailer into a narrow driveway.
Experienced drivers have very little trouble backing into a driveway when the rig has two
trailers, but how many drivers do you think can back a tractor and three trailers into a
narrow driveway?
* So is the elbow and so, too, is the wrist.
*Another way of saying this is that it can move within a plane oriented from front to back
(the sagittal plane), in a plane oriented from side to side (the coronal plane), and in planes
intermediate between those two extremes. Since one end of the arm is always fixed, the
rest of the arm (and the hand) will either lift or drop during arm movement in the sagittal
or coronal planes.
†  The amount of rotation varies from about one-quarter to about one-third of a circle,
depending on where the humerus is pointed. In engineering parlance, the humerus is said



to have “three degrees” of freedom at the glenohumeral joint: movement in the sagittal
plane, movement in the coronal plane, and rotation on its long axis.
* It may be that the visual system lagged most in this transformation; that is a question we
will take up in chapter 5 (“Hand, Eye, and Sky”), the chapter on juggling. It is worth noting
that ballistic throwing, as best exemplified in modern baseball pitching, is not a one-arm
performance. The nonthrowing arm is critical to the entire process of balance and rapid
weight transfer demanded by the fast overhand pitch.
* I feel quite secure on two skis or two skates but have always been completely at a loss on
a single water ski, a skateboard, or a surfboard. Bicycles are no problem even for those of
us who are obligate wide-stance ground-dwellers because the flywheel effect adds stability
even at low speeds.
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4
Puppet Lessons from Alexandria and Düsseldorf

OUR DAUGHTERS AND SONS HAVE BURST

FROM THE MARIONETTE SHOW

LEAVING A TANGLE OF STRINGS

AND GONE INTO THE UNLIT AUDIENCE.
—Maxine Kumin

PUPPETS ARE MAGICAL storytellers, and in fact were persuasive envoys of
religious thought at least six thousand years ago in India, and for
nearly as long in Egypt. Their ability to entertain and to teach
begins with face and costume, to which movement—the sign of life
—is added to captivate the watcher and awaken the imagination.
But puppets are not simply passive or surrogate human narrators.
The ventriloquist’s puppet is also a lively companion who opens our
eyes to the nature of the complex attachments—which are not
merely physical—between puppet and puppeteer.

Another puppet, the marionette, simulates the mechanics of
muscles and tendons in our arms and legs. Indeed, my original
interest in puppets began with the marionette, which I guessed
might be susceptible to tangled strings in the way my patients with
writer’s cramp were susceptible to tangled muscles. As I was to
learn, the marionette had more than one lesson to offer about the
animation of human limbs. By an odd coincidence, its ancient Greek
name (neurospastos) memorializes the discovery by Alexandrian
anatomists over two thousand years ago that muscles are controlled
by the nervous system.



The name neurospastos seemed an uncanny coincidence in the
narrative of my own research, because writer’s cramp is a condition
marked by muscles which contract tightly into uncontrolled spasms.
But this ancient Greek word for puppet implies no pathology at all.
What I had not known before encountering this word was that in
ancient Greek a “neuron” was a cord or a fiber. The original
marionette was simply a puppet “drawn by strings.”

This clarification explained how Greek puppets got their name
and in the process corrected a minor deficiency in my own
professional enculturation. Although the term neuron is part of the
working vocabulary of every neurologist, I was unaware that in its
original meaning this “cord” or “fiber” was any white, sinewy tissue
in the body. Until the time of Hippocrates, around 400 B.C., no
distinction had been made between the nerves, tendons, and
ligaments attached to bones and muscles, because there was no way
to tell them apart, nor any reason to suspect they had different
functions. But then Herophilus, a pioneering anatomist who was
active in Alexandria in the early part of the third century B.C.,
discovered that some of the neurons connected muscles to the spinal
cord. By dissecting living prisoners, he was able to show that when
these particular neurons are cut, a loss either of movement or of
sensation results.*

Contemporary neuroscientists might doubt that so much can have
been objectively known about motor and sensory nerves so long
ago. But even though Herophilus did not know how this functional
division operated, there is no dispute that he knew that some
“neurons” were connected to the brain and spinal cord, and that he
was able to demonstrate in these either a motor or sensory function.

This discovery was more than slightly precocious: two thousand
years passed before scientists were able to add much beyond
conjecture to what the Alexandrian anatomists had established, or
to their theory that pneuma (air or some other vital “spirit”) was
carried by way of the nerve to the muscle. It was not until the latter
half of the second century A.D., when Galen of Pergamum began his
comprehensive study of mammalian anatomy, that there was any



foundation for new theories to explain the mechanism by which
muscles function.*

Galen is credited with an original insight concerning muscular
action that has dominated our understanding of voluntary
movement since he published the idea in A.D. 157. That principle,
based on his claim that a muscle can exert its influence only by
pulling (or relaxing) in a straight line, is that all complex movement
is achieved by the combined action of pairs of muscles aligned in the
body to pull against each other, like contestants in a tug-of-war. The
“contestant” image proved so apt that it has never been replaced,
and is perpetuated in the names, agonist and antagonist, given to the
two muscles of any such pair.

The growth of physiologic ideas, supported by scientific
investigation of the mechanisms permitting nerves to activate
muscles, did not really begin until the seventeenth century. In 1626
René Descartes proposed that the muscles responsible for eye
movement were moved not by a mysterious gas or animal spirit
(pneuma) but by a fluid. He proposed that this animating fluid
activated muscle by filling it, making it round and thereby shorter.
In his model, the main source of the fluid was not the brain but the
antagonist muscle. Therefore, the role of the brain and nerves was
not to pump their own spirits into the muscles (like the heart
pumping blood into the arteries) but to operate a system of
hydraulic valves, shunting fluids back and forth between opposing
muscles. Descartes’s idea of a reciprocal controller was the perfect
complement to the mechanical arrangement of agonists and
antagonists, and although he was wrong about the hydraulics, the
essential accuracy of the underlying principle led Bell to the real
truth two centuries later.

It took nearly two more centuries to discover, and prove, where
muscle power originates and how it is controlled. In 1640 the
English physiologist Francis Gibson showed that a muscle could be
shortened by irritation of its nerve even when the attachment of the
nerve to the spinal cord had been cut. This meant that the nerve
could be acting only through the release of energy stored within the



muscle itself. Still, no one knew how the action of a nerve might
release that energy.

Finally, nearly 150 years later, Galvani showed that electrical
forces were associated with the contraction of the muscle of a frog’s
leg, and in so doing he located the last missing piece of the puzzle:
regardless of the specific operational details, the control mechanism
for voluntary movement had to involve the electrical excitation of a
muscle by its nerve. From this point forward, research on muscle
control turned to the question of where and how nerves used
electrical activity to exert their influence. In very short order,
Charles Bell, François Magendie, Edgar Adrian, and Charles
Sherrington were able to work out the basic details, and to describe
the interactions of sensory and motor nerves at the level of the
spinal cord. In plain language, by about 1900 it was no longer a
mystery why your leg jumps when the doctor taps your knee with
his rubber hammer.

We should now return to the mechanics of joint movement.
Suppose you wanted to construct a working human skeleton to
duplicate the movements of a real-life upper arm. Suppose further
that you knew nothing about the actual arrangement of muscles in
the arm; all you wanted was to make your skeleton move
realistically. You would probably attack the problem one joint at a
time.

The simplest of joints is a hinge that moves only in one plane (or
around a single fixed axis, just as a door does). One possible way to
control a skeletal hinge joint would be to fix two moderately elastic
strings (the original neurons) on opposite sides of the bone nearest
to the spine, run them outward (distally) across the joint and attach
each to opposite sides of the second bone. This arrangement would
work well for the elbow, with one string representing the biceps and
the other representing the triceps. To bend (flex or extend) this
joint, you would just pull on one of the two strings. What happens
to the second string in this maneuver? It will have to stretch, and
while elasticity remains it will increase its length by precisely the
same amount as the pulling string shortens.



The celebrated French physician-neurologist Guillaume Duchenne
actually used an articulated skeletal model to discover how the
attachments of muscles in the hand influence the movements of the
fingers. Figure 4.1, from his monograph on the physiology of
movement published in 1867, illustrates a test performed with the
model. The model makes it abundantly clear why attaching strings
to control joints in the arms would soon become very complicated.
Of course there is another, much simpler, way to use strings to move
the mechanical arm we have assembled: you could attach strings to
the wrist, arm, shoulder, head, and knees and pull on them from
above the skeleton, just as is done with a marionette.

FIG. 4.1 Left: The French physiologist Duchenne devised a string-and-pulley model of the
human arm “which can be made to reproduce natural motions of the phalanges …” (G. B.
Duchenne, Physiologie des Mouvements, 1867). Right: The French hand surgeon, Raoul
Tubiana, describes this mechanism and the sequence of movements it produces in his
contemporary encyclopedic surgical text, The Hand. (A): Flexion is initiated by
simultaneous contraction of the finger extensor and the deep flexor. The resulting tension
on a distal oblique ligament initiates flexion of the first (proximal) finger joint. The
subsequent release of tension on that ligament (B) allows increased flexion of the distal
joint. Next (C), tightening of the tendons of small intrinsic muscles of the hand initiates



flexion at the knuckle joint. Finally (D), distal movement of the ligamentous hood of the
interosseous muscle allows that muscle to act as a flexor of the proximal phalanx. (From
Raoul Tubiana, The Hand, vol. 1, 1981, with permission.)

To stand and move, marionettes—like us—must overcome
gravity. We do it by loading our weight onto an internal, semirigid
stack of bones and balancing on a firm surface under our feet. The
marionette overcomes gravity by suspension from supports located
above the head. In the early Egyptian puppets, a fixed horizontal
rod supported the weight of the puppet; the modern, lighter, puppet
is suspended from some sort of hand-held device operated by the
puppeteer. Puppet-makers, particularly those working in Europe
during the past century, have designed many different kinds of these
devices, called controllers, but all must translate the puppeteer’s
movements into realistic head, body, and limb movements in the
puppet. The most common of these devices is called a paddle.*

Since movement is critical to the illusion of life, the designers of
controllers have increasingly sought ways to allow the puppeteer to
duplicate familiar postures, gestures of head, body, and limbs, and
locomotion. In the mid-nineteenth century, the details of paddle
design and stringing (which the English called “slanging”) were
closely guarded trade secrets, with the result that very little is
known about their evolution. But the principles are straightforward
enough. All marionettes have limb segments that swing either in a
front-to-back or in a side-to-side plane, or rotate around a long axis.
These movements are determined by the action of strings attached
to the paddle held by the puppeteer.

A paddle has symmetrical left- and right-side extensions
suspended from the central axis—analogues of our own upper and
lower extremities—with strings dropped in pairs from various
positions on the body and wings (Fig. 4.2). Each matched pair of
strings acts on the puppet’s joints (say, a knee or elbow joint) in one
of three ways: (1) both strings are pulling equally; (2) the left or
right string lifts while the opposite string drops; (3) front strings rise
or drop while rear strings do the opposite. When only one of the



pair is pulling upward, the other must drop by an equal amount,
unless the entire paddle itself is being lifted or dropped.

However crude the paddle may seem, it is mechanically
ingenious. When the paddle’s central axis rotates—think of a real
airplane rolling—one wing drops and the other rises by an equal
amount. Therefore, on the puppet controlled with this paddle, the
lifting of one knee is automatically accompanied by the fall of the
other, by equal amounts. By preserving the mechanics of reciprocal
control, the paddle produces limb movements that are simultaneous,
equal, and opposite.

FIG. 4.2 Puppeteers have devised a number of hand-held controllers to permit control of the
joints of a marionette. Controllers permit physical separation of the strings (no tangles!),
automatic reversal of contralateral limb movements by rolling of the long axis, lifting and



dropping movements of head, trunk, and limbs by tilting of the long axis, and discrete
movements of any part of the body via separate control of individual strings. This
illustration depicts a variety of horizontal, or “airplane,” controllers, which are favored in
North America. Increasingly, however, puppeteers are favoring “angled” controllers
because of their ability to reduce arm, wrist, and hand strain. (From Luman Coad,
Marionette Sourcebook, 1993, with permission.)

The automatic reciprocal control of the puppet’s limb movements
through a paddle device replicates two fundamental mechanisms
governing the movement of our own bodies. The first, which we
have already discussed, is the obligate antagonist pairing of muscles
around joints, which Galen recognized and described nearly two
thousand years ago. The second principle, discovered in 1829 by
Charles Bell, is that the “antagonistic” action of muscles is actually
complementary and cooperative. The reciprocal controller is not
simply telling either one muscle or the other to turn on; it sends
both “on” and “off” messages simultaneously, and in a graded rather
than an either/or fashion. In this way the interplay of contraction
and relaxation of agonist and antagonist muscles results in refined
control of limb and body movement.

Sherrington, seventy years after Bell, demonstrated that the spinal
cord is the site of this interplay, and that the resulting continuous
regulation of acceleration and force of muscle contraction is an
essential mechanism underlying rapid and fluent movement. For
example, the quadriceps (the big muscle in the front of the thigh)
provides critical braking action at the knee when you are going
downstairs. You would never arrive at the bottom still standing
upright if the quadriceps did not work very hard to limit flexion of
the knee with each step. For extremely rapid movements—like the
throwing of a baseball—antagonists hold the movement in check
while power is being built up in the agonists. (In this way, the
movement of the limb can accelerate much more rapidly than it
could if muscle activation always initiated joint movement
immediately. Arrows fly from bows, and planes are launched by



catapult from aircraft carriers, when the restraining force is
removed.)

In the simple and idealized case of just two muscles producing
flexion and extension of a single joint, each member of the pair of
muscles alternates relaxing and contracting with the other: as one
muscle begins its contracting phase, its partner must begin its
relaxation phase. In your arm, for example, when the biceps begins
to contract, the triceps immediately relaxes so that flexion of the
elbow can take place with minimal interference.

The obligatory lengthening and shortening of the biceps and
triceps as they tug at each other across the elbow is easy to
visualize, but the reciprocal interactions and control of agonist-
antagonist muscle activity in real life is mechanically far more
complex, and physiologically far more fluid, than the description of
an either/or contraction and relaxation of the biceps and triceps. As
it turns out, however, it is simplicity in the biomechanical principles
(as in the physiologic principles) that provides the sturdy but
flexible platform for the ultimate functional complexity of the
system as a whole. And we can see how wonderfully simple the
biomechanics are in principle by returning to Descartes and the eye
(Fig. 4.3).



FIG. 4.3 The control of movement by the reciprocal action of agonists and antagonists is a
common strategy in the body. The production of rotary movement of the eye is achieved
by muscular mechanisms analogous to those at the shoulder, and suggests a
complementarity of neurologic computations used for accurate aiming and movement of
both structures. See endnote 13. (From David Cogan, Neurology of the Ocular Muscles, 2nd
ed. Springfield, Ill.: Charles C. Thomas, 1956, with permission.)

Descartes’s choice of the eye muscles to illustrate the principle of
reciprocal control of muscles acting in mechanically opposed pairs
was unwittingly felicitous, because the geometry of eye movements
within the orbits corresponds remarkably to that of the head of the
humerus within the shoulder joint: the brain points the arm and
finger as accurately as it points the eye. In the orbit and at the
shoulder, the eye and the humerus are each free to rotate (or swing)
in front-to-back and side-to-side planes, and also around their own
long axes. And in both cases there is a precise arrangement of
muscles aligned and attached to power each of those movements.
Despite the fact that muscles can apply their force only in a straight
line, the linear force is mechanically redirected (or translated into
an angular force, or moment) through levers or pulleys.



So it is also for the rest of the musculoskeletal system, where the
basic requirement exists that agonist-antagonist pairs of muscles act
at single joints, no matter how complex the movement. As a
practical matter, your neuromuscular system is free to compose
movements from the whole range of possible joint and muscle
interactions in any way it chooses. On a conscious level, you will be
focused on locating a target, then moving toward it or manipulating
it as appropriately as you can (depending on your intentions). But
you do not have to (nor, indeed, can you) decide which specific
muscles will do the job for you.

Because of the body’s virtually limitless freedom to employ
convenient combinations of muscle activity to achieve a desired
movement, individual muscles of the body are subject to
recruitment by the brain for assistance in an endless variety and
range of movements. What begins as a specific behavioral demand
—“Catch that ball!”—can usually be satisfied by any of a large set of
alternative biomechanical solutions. A specific solution to the
problem comes about only because the central nervous system has
the capacity to call upon skeletal muscles the way a commanding
general calls on his troops, combining the available forces to meet
certain tactical objectives as they arise, and continually recombining
them into ad hoc working groups based on his perceptions of what
each can do and what each mission will require.*

A conscious goal (“Grab your coat and put it on”) is realized only
after it is turned into a biomechanical and neurophysiological battle
plan. Ideas are translated into action mechanically: muscles change
their length and alter the joint angles between adjacent bones, and
off you go.

Cranes and backhoes work on exactly the same principle,
substituting a human operator for the brain, motors for muscles, and
cables (or hydraulics and pistons) for tendons. With experience, the
operator eventually “incorporates” all of this machinery and begins
to treat the machine’s bucket as if it were a spoon in his hand and
he were doing nothing more complicated than eating his breakfast
cereal. With a puppeteer, of course, there are no motors to assist



with the lifting. From a control perspective, crane operators and
marionettists confront many of the same challenges, despite the
striking differences in appearance (and scale) of the theaters in
which they work. The crane operator, as we have seen, “becomes
one” with his machine; it is the same for the puppeteer.

The director of the Düsseldorf Marionette Theater, Anton
Bachleitner, was born in 1956 in Bad Tölz, a small town near
Munich. As a young boy, Bachleitner would watch the shows put on
at the amateur puppet theater in Bad Tölz, then go home to imitate
what he had seen the puppets do. He taught himself to build
puppets at home, then worked as a helper for the man who made
puppets in the theater workshop. It was there that he learned to
draw and carve puppets, and by the time he was eleven he was
spending all his free time in the shop. He performed in his first show
when he was fourteen. The next youngest performer was twenty,
and the oldest among the ten performing at that time was “maybe
sixty or seventy.” His parents initially supported his interest, but as
he grew older and his interest increased, their enthusiasm waned.
His father was a carpenter and wanted his son to learn a “real”
trade. In fact, Bachleitner did work as an apprentice carpenter for
several years in his early twenties (not with his father), but in his
mind he had already settled on wood carving: “Carpentry and wood
sculpture are not the same, you know. Many people think that if you
can work with wood you can make carvings, but that is not so.”

This skill has proven of considerable value to Bachleitner’s work
because the design and carving of the puppet’s head and hands is of
central significance for the dramatic impact of the figure. Both the
expressiveness of the face and the nuances of head and hand
articulation convey important emotional meaning. The balance of
the head begins with the design of the face—including the size and
shape of the chin, ears, and nose—and is aided by the placement of
weights in specific locations to encourage movement in a particular
direction.



FIG. 4.4 Puppets and cranes both present problems in control of movement at a distance.
Regardless of the scale of the movement, refined control demands that the operator be able
to see and feel what is happening at the end of the strings. Above, left: Anton Bachleitner
and his colleagues operate their marionettes from a bridge above the stage. (Photo courtesy
the Dusseldorf Marionette Theater.) Above, right: a steelworker during the construction of
the Empire State Building, New York City, in 1930. (Photograph courtesy the Avery
Architectural and Fine Arts Library, Columbia University in the City of New York.)

The placement of strings is crucial to the illusion of realistic
movement, as is the design of the paddle. Bachleitner has developed
his own paddles (called in German Spielkreuzer, or “play crosses”)
and stringing arrangements to permit better control of the puppet’s
forearm and hand movements. Bachleitner explains:



A human puppet has between nine and twelve strings. There
are three in the head—behind the nose and behind the ears.
There are also strings to the shoulders and to the knees, one to
the middle of the low back, and each hand can have two. There
are none on the feet. The two strings to the hand go through a
small ring before attaching near the wrist. This allows you to
turn the hand with the individual strings. Sometimes there are
strings for special effects; sometimes you want to move the
mouth, for example. In order to have any movements of the
hand itself—grasping of the fingers—you have to have a
puppeteer on the stage who is dressed in black.*

The puppeteer works from a movable bridge above the stage,
leaning forward, with his abdomen firmly planted against a rail to
keep himself steady. That, by the way, is why the puppeteer can’t do
the puppet’s voice. I asked Bachleitner to describe how puppeteers
learn how to operate marionettes:

It takes at least three years of work to say you are a puppeteer.
The most difficult job technically is to be able to feel the foot
contact the floor as it actually happens. The only way to make
the puppet look as though it is actually walking is by feeling
what is happening through your hands. The other thing which I
think you cannot really train for, but only can discover with
very long practice and experience, is a change in your own
vision.

The best puppeteer after some years will actually see what is
happening on the stage as if he himself was located in the head
of the puppet, looking out through the puppet’s eyes—he must
learn to be in the puppet. This is true not only in the traditional
actor’s sense, but in an unusual perceptual sense. The puppeteer
stands two meters above the puppet and must be able to see
what is on the stage and to move from the puppet’s perspective.
Moving is a special problem because of this distance, because
the puppet does not move at the same time your hand does.



Also, there can be several puppets on the stage at the same
time, and to appear realistic they must react to each other as
they would in real life. So again the puppeteer must himself be
mentally on the stage and able to react as a stage actor would
react. This is something I cannot explain, but it is very
important for a puppeteer to be able to do this. The problem is
greater with certain plays, where the puppet may fly, as often
happens in operas, or may drop through a hole, as in Der Golem,
or do something else that is unusual. These are situations where
the danger of tangles can be very great.

As revealing as Bachleitner’s description of marionettes and his
life with them turned out to be, our discussions had not prepared
me for what I experienced as I watched him work. Bachleitner
seems to float as he animates Golem (the central character of a
classic Yiddish play adapted for the Düsseldorf Marionette Theatre).
The weight of Golem’s life is deeply set in the lines of the puppet’s
sad face; his exaggerated nose, looking almost like the bow of a
ship, inches forward in the dark until it is caught in a single beam of
light. The slightest movement of this head creates a new sculpture.
The head tilts slightly—Golem yields wearily to the thought of some
new trouble. The head turns just enough to suggest a glance over his
shoulder. The shoulders rise slightly—a shrug. Slowly, one arm
seems to lift, the palm turns upward, signaling a decision. “I must
go.” Hesitantly, one leg answers. Again and again Bachleitner and
Golem confirm the unity of movement, thought, and emotion. How
does the illusion of life and gravity become so powerful in this tiny
form the moment it appears on stage?



FIG. 4.5 Der Golem, the central character in the Düsseldorf Marionette Theater’s rendition of
a classic play, exemplifies the unusual accomplishments of the theater’s director, Anton
Bachleitner. The face was designed and carved by Bachleitner to take advantage of lighting
effects, and in his creator’s hands on stage the puppet comes poignantly and convincingly
to life. (Photo courtesy the Düsseldorf Marionette Theater.)

Suspended beneath the trained hands, eyes, and mind of a real
master, the movements of a puppet so closely mimic those of a
living person that it is a shock to see the puppet alone, off-stage,
collapsed, nothing but an inanimate doll. As in real humans, life
flows into the puppet’s body along barely visible cords that have
been called neurons since they were first found in humans. The
puppet moves across a tiny stage, alive but ignorant of the true
source of its animation, oblivious to its own powerful effects on the
thoughts and emotions of those who are watching. A mesmerized
neurologist concludes that Bachleitner and Golem are actually
communicating with each other and that their bond is intimate. At
this moment the technical questions simply evaporate: they are each
other, so it is no use asking who is really pulling the strings.



Thanks to the genius of scientists like Herophilus and Bell and
Sherrington, we now know that the neuron is not just a string but a
lifeline to and from the spinal cord and brain. It neither pulls on
muscles nor inflates them but, rather, sends the instructions and
receives the reports required to balance the contractions and
relaxations on which coordinated movement depends. Thus, thought
becomes action, and action becomes thought. By an enchanting
coincidence of semantics, it is a “neuron” that controls the arm,
whether it is that of a puppet or of a human. And although the
influence of the neuron on the marionette is mechanical and on the
human electrochemical, the grace and eloquence of the resulting
movement is quite the same.

* Herophilus and his successor, Erasistratus, were not only the first but also the last
anatomists of ancient Greece to undertake human dissection (and vivisection) for the study
of structure and function in the human body. Religious taboos against violating human
flesh were powerful in ancient Greece, and subsequent arguments in service of those taboos
were universally accepted. For a lucid and enlightening discussion of the “aberration” of
the Alexandrian school of anatomy, see Heinrich von Staden, “The Discovery of the Body:
Human Dissection and Its Cultural Contexts in Ancient Greece,” Yale Journal of Biology and
Medicine 65 (1992): 223–41.
* Galen of Pergamum, the Greek (and sometimes Roman) physician, based his entire work
on the dissection of animals. It was not until the middle of the sixteenth century that
human dissection resumed (this time using cadavers); De Humani Corporis Fabrica, the work
of the Belgian physician Andreas Vesalius, was published in 1543.
* Paddles are usually called “airplanes” when they are oriented horizontally, as is most
common in the United States. European paddles are more often vertically oriented.
* This flexibility may seem to be an ideal arrangement, but (just as with a real army) it
comes at a very high price. This is an issue of considerable theoretical importance in motor
control and we will look at it a little more closely later, but for the moment the point to
remember is simply this: the functional flexibility and interchangeability of individual
muscles poses a nightmarish challenge to the central nervous system. If the brain prepares
for movement like a commanding general who is a brilliant and efficient tactician, this is a
general who can never execute that movement without first checking to see where all his



troops are and what they are already up to. In other words, no movement can begin
without updated information indicating which muscles are equipped and available for the
task, and what these muscles are doing the instant the command is being issued.
* On his recent Asian tour, Bachleitner saw his first Japanese Bunraku play, a traditional
form of puppetry in which three men usually control one puppet. The master controls the
head, shoulders and right hand, one assistant moves the legs, and a second assistant moves
the left hand.
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5
Hand, Eye, and Sky

EACH TIME HE SPINS IT,
IT LANDS, PRECISELY,

AT THE CENTER OF THE WORLD.
—Octavio Paz

THE PUSH-BUTTON TYPE OF ONE-TO-ONE CORRESPONDENCE DOES NOT EXIST AND THE CEREBRAL

MOTOR AREA ORGANIZES RESPONSES BY DEFTLY ADJUSTING AND BALANCING BETWEEN RESULTANT

EXTERNAL FORCES AND THE MANIFESTATIONS OF INERTIA, CONSTANTLY REACTING TO

PROPRIOCEPTIVE SIGNALS AND SIMULTANEOUSLY INTEGRATING IMPULSES FROM SEPARATE CENTRAL

SUBSYSTEMS, SO THAT TEN SUCCESSIVE REPETITIONS OF THE SAME MOVEMENT DEMAND TEN

SUCCESSIVE IMPULSES ALL DIFFERENT FROM EACH OTHER.

—Nicolai Bernstein

JUGGLING, AN AMALGAM OF GYMNASTICS, mime, comedy, and magic, has been a
popular form of public entertainment since the beginnings of
recorded history. Jugglers performed at the 40,000-seat
Hippodrome in Constantinople during the reign of Justinian I, some
fifteen hundred years ago, and contests of juggling skill were a
popular Native American sport long before the arrival of Europeans.

Since juggling does not accomplish anything—at the end of a
typical routine, the objects being juggled are back where they
started—we might ignore its popularity and dismiss the
practitioners of this art as mere curiosities. But juggling invites us to
consider the transformation of an originally combative skill into a



form of play. It also raises a question about throwing’s
complementary skill: When did human ancestors start catching, and
why?

All of us have spent time trying to coax (and coach) our bodies
into doing something we did not already know how to do, or could
not do well. Perhaps you recall from your own childhood the first
time you ever practiced a skill you had decided you wanted to learn.
Do you remember your first attempts at skating, riding a bicycle,
jumping rope, swimming, or tying your shoelaces? Whatever it
happened to be, the chances are good that you watched someone
else do it, tried to imitate what you saw, failed, and then—with or
without help, “practiced” until you were ready for someone to
watch you. What is practicing, and why does it help?

Beneath any question about the pragmatics of learning—what is
the nature of a successful rehearsal strategy?—lies a far more
difficult question: What constitutes “learning” in the nervous system
itself? Can neuroscientists distinguish the pre- from the post-
juggling-instruction brain?

I do not remember exactly when I first tried to juggle, or why, but
I do recall understanding from the start that juggling is not only a
physical challenge but a procedural riddle. The riddle at its core is
this: How can you continuously repeat the exchange of three balls
between the left and right hands without ever holding more than
one ball in either hand? In its only irrefutably convincing form, the
solution to the riddle is found in the domain of physical experience
—talk runs a distant second to just doing it. In that respect, juggling
can be meaningfully compared to sex.

Genuine interest in juggling is uncommon in children before they
reach their early teens. Very small children may enjoy watching Dad
clowning around as a juggler, but that is because he will drop what
he throws and as a special bonus may even break something in the
process. Likewise, to a child’s eye, watching a real clown tossing
large, colorful objects into the air is a visual joke—many common
objects (cats, for example) belong right-side-up and on the ground
and are a wondrous sight airborne and upside-down. When children



are drawn to the suspension and circulation of multiple objects in
midair, the attraction comes from a danger fantasy: eggs are on the
loose and mayhem is imminent.

The idea that juggling is a mystery or a trick doesn’t come until
we are older, after nearly a decade of training in hand-eye
coordination has given us our own repertoire of smooth and
practiced moves, or until a certain amount of instruction in sports,
music, and games has given us our own slant on the difficulties and
pleasures of physical skill. No child really “gets” juggling before
moving from the hesitation of the first year’s see-reach-touch-grasp
experiences to the confident playing of catch-it-on-the-fly ball
sports.

Nothing could be intuitively more clear than the critical
dependence of the skill of juggling on hand-eye coordination; what
is not so obvious is the degree to which almost all physical skill
flows from the maturation of motor skills under the guidance of
both visual and kinesthetic monitoring. It is a delightful surprise to
see how clearly this point was made by Charles Bell in his treatise
on the hand:

This faculty of searching for the object is slowly acquired in the
child: and, in truth, the motions of the eye are made perfect,
like those of the hand, in slow degrees. In both organs there is a
compound operation: the impression on the nerve of sense is
accompanied with an effort of the will, to accommodate the
muscular action to it.

Bell packed quite a lot into this brief statement: he asserted that
both the hand and the eye develop as sense organs through practice,
which means that the brain teaches itself to synthesize visual and
tactile perceptions by making the hand and eye learn to work
together. According to Bell, the learning process must involve the
correlation of sensory information from retinal (light) and cutaneous
(tactile) receptors with what he called a “muscle sense.” In other
words, the brain actively orients the receptors in the eye or the hand



toward a target of interest, and then moves them precisely during a
process of exploration. The resulting image constructed by the brain
must of necessity be based both on the messages from retinal and/or
skin receptors and on the record of guided eye or limb movements
occurring during the collection of the sensory data. This is an
extremely sophisticated concept, and contemporary research into the
functional organization of perception has strengthened it.

Charles Sherrington later suggested that the most sensitive
portions of the skin at the tip of the thumb and index finger were
treated by the brain in much the same way as the most sensitive
part of the retina (called the macula) is. Sherrington postulated that
the first stage of exploration is not under voluntary control: in
vision, the eyes move automatically toward the target and lock on
to it before searching out its identifying optical features; in touch,
an unknown object is grasped and “instinctively” oriented within
the hand, or the hand itself is oriented over the target surface, so
that its most salient topographic features come into contact with the
sensitive fingertips for closer inspection.

One extremely important difference between the eyes and the
upper limb as movable explorers has to do with the biomechanical
(hence “computational”) complexity of moving the sensor (retina or
fingertip) to the target of interest. The eye, assuming the head to be
in a favorable position, need only rotate toward the target to bring
light from it to the retina. The hand, however, is located at the end
of a complex biomechanical linkage and must actually get to the
object to be touched. The body may first have to be moved toward
the target. Once there, and taking into account its configuration as it
approaches the target, the reaching arm has wide latitude in the
combinations of joint angles and contraction-relaxation patterns of
trunk and upper extremity muscles that can be assumed in order to
bring the hand itself into contact with the physical target.

The infant, as Bell recognized, is not given this skill but must
learn it. The long march toward physical and mental agility begins
while the infant is still on its back, where it must remain until the
muscles of the neck can hold the head still while the eyes search and



study. Newborn babies will reach toward objects placed in front of
them by the time they are two weeks old. When a baby’s neck
muscles are strong enough to support the head, reaching rapidly
becomes accurate in an upright posture. This may seem a small
technical point, but it is not: the hand works under the guidance of
the eye but cannot do so until the head has become a dependable
platform for the visual system. An interesting experiment has shown
that when the head is supported in an upright position, babies
between five and eight weeks old will reach with the accuracy of
babies twenty weeks old. As French physiologist Marc Jeannerod
says: “This observation emphasizes the role of head position in the
building of an efficient reference system for directing movements
toward extrapersonal space.” That system must also, of course, lead
to perceptual stabilization of the visual world.

The coupling of hand and eye movement is an enormously
complex learning task in which the child must be intensively
engaged before it can ever hope to pry its bottom off the floor.
Before the baby can (or should) stand and walk, its brain must
develop and integrate a multisensory reference system to track limb
movements on an ongoing basis—the nervous system must know at
all times where each hand is with respect to the midline, with
respect to its root at the shoulder, with respect to the other hand, to
the foot, to the mouth, and to the eyes. Inevitably, this same process
helps to establish a coordinate system for external objects located in
three-dimensional space. Where is the hand with reference to
mother’s breast, a rattle, a handle, or the puppy’s ear? Increasing
the range of exploration permits the calibration of bodily movement
against space and objects in the real world. And while all this is
going on, the hand is learning to operate at the end of the arm,
beginning to capture objects of interest and to bring them closer to
the body.

Before the fingers begin to work independently, two critical and
apparently separate events in neuromuscular development are
necessary: the arm must have learned to move to a target under the
guidance of the eye, and the hand must have learned to orient and



shape itself in preparation for grasping the target. The first of these
stages is normally complete before the age of five months, and the
second before the age of ten months; after that, the hand is ready
for a lifetime of physical exploration.

The truth is, there is no point lifting the baby’s little bottom off
the ground until the brain is prepared to confront the explosion of
visual-spatial information that will result. The newly mobile brain
will then discover through direct experience the consequences of its
own incessant relocation in space, of the destabilization of
horizontal and vertical landmarks, and of the independent
movement of targets that have their own trajectories and that can
and do change course whenever they please. Once the brain takes
off on its own two feet, there are immediate and continuous changes
in the physical state of the body, as well as in relations between the
body and the world, and these will have to be recomputed many
times every second.*

Learning how to catch a ball dropped into the hand demands
close to a year of preparation and represents a huge milestone of
neurologic development. Getting good at catching, learning to move
toward and capture smaller balls that move faster and faster—
learning to anticipate movement, to plot and execute interception
strategies—will take years of trial-and-error experience. Small
wonder it takes a while just for the idea of juggling to make sense to
a child. The act of juggling takes considerably longer to make sense
of and a major portion of a performer’s lifetime to perfect.

Several years ago, I met a remarkably gifted juggler who turned out
as well to be a perceptive and articulate guide to the pragmatics of
juggling. Serge Percelly, a Belgian whose unlikely specialty is
juggling tennis rackets, was performing during the 1993–94 season
of the Big Apple Circus in New York City.

Percelly followed his parents into circus life. His father was a
clown and his mother was a high-wire acrobat whose career brought
her own family into its fifth generation of professional circus life.



Serge grew up in Geneva, Switzerland, where he lived with his
grandparents until he was fourteen, seeing his parents only during
the few weeks each year when the circus came there to perform. He
remembers helping out in the circus as a young boy and being
captivated by the atmosphere. Even if he was just moving chairs or
helping build a ring it was a magical place to be. When his parents
were traveling, he thought of them constantly. Dreaming about the
circus was in fact just another way for a young boy to dream about
the parents he wanted to be with:

The saddest moments always in my life, too, were when I was
in Geneva and the circus came to town. The circus grounds
were on the grass, and when the circus leaves you can still see
everything. You can see where the caravans were, because the
grass gets white. You can see the circus ring with the sawdust
there—all these things. The next day when the circus was gone,
I used to come back from school and sit exactly where our
caravan had been. I used to sit there, and in my head the whole
circus was still there. I could still see everything! I used to
spend hours there, just sitting on the grass, watching everything
and saying to myself what they were doing.

When he was fourteen, his parents let him go on tour with them for
the first time. That was when the juggling started, and it was
triggered (as was Bachleitner’s immediate desire to become a
puppeteer) simply by seeing a performance.

I saw one of these jugglers and I was just fascinated—amazed—
by it, and knew it was something I wanted to do. I was not only
watching, I was really hypnotized—it wouldn’t go out of my
head. I didn’t know if I had the talent, but after seeing him,
before even trying, I already knew that was what I wanted to
do. I knew it without knowing if I could do it or not. I didn’t
even wait to buy balls—I started with stones. It was so fast. I’ve
been caught in it from that day until now.



Percelly recalls that he began juggling with the benefit of an athletic
prowess gained from two years of playing tennis, and with what he
believes is an unusual way of watching a moving ball. He says he
was told early on that he had both the movements and “an eye for
tennis.”

Most tennis players look at the ball until it hits the racket, and I
never did that. I could see exactly where the ball was going
without fixing the ball. You have to do the same thing in
juggling. You have to fix a point somewhere, where you
actually see a bit of everything, and that comes only with
practice. You always know right away if it’s a good throw or a
bad throw when you do it, and you know if you’re going to
catch it or not.*

It was his father who suggested that Serge move his rackets from
the tennis court to the circus ring, mainly because of the audience’s
love of novelty and the demand for the unusual in every circus act.
He remembers very clearly the struggle to learn at the beginning.

I remember exactly, even now. You rehearse, you do a trick,
you do another one, they’re fine. You do it again, it’s good, you
do it again, it’s better, and so on. The next day you can’t do it at
all! You’ve practiced the whole day, you did it ten, twenty
times the day before. The same thing keeps happening until it
slowly starts to get better. The work gets less intense and the
average gets slowly, slowly better.

This opinion of a working performer is shared by Howard Austin,
who was awarded a doctoral degree in electrical engineering and
computer science from MIT for his analysis of juggling:

The most striking observation is the discrete nature of the
overall process. It is not surprising to find that the learning
occurs in (or between) a series of distinct trials. That’s to be
expected, since the basic plan is to go until you miss and then



start again. However, it is unexpected, shocking even, that trial-
to-trial variations of over 1000% are frequently observed.…
Even if we adopt the more reasonable criterion of comparing
the current trial to the best previous attempt, variations of
400% and more are common. For example, on trial 28 John
threw 11 tosses, but his previous best was 3 tosses.… Almost
every subject had a breakthrough which doubled or tripled
their previous best effort.…

These breakthroughs, exhilarating when they occur, are an
extremely interesting puzzle. They are counter to a large body
of psychological experiments which support the theory that
learning is a gradual, continuous process. The present data
considerably alter that view in that, while the overall direction
seems to be one of gradual improvement, the improvement
takes the form of distinct episodes between which there may be
dramatic differences in performance.

This mode of learning may be common to many forms of
acquisition: there will be good days and bad days, with wild and
largely unforeseen fluctuations in performance any time a new skill
is being learned or an old one is being modified. This seems to be
the natural mode of progression in a motor skill.*

We should stop here for a moment and take stock. We know from
observations of young children that a great deal happens during the
first year of life to prepare a young child for walking and
maneuvering among objects that move independently in the
environment. The first essential milestone in this development is the
creation of a stable platform for the visual system (the head
supported on the neck) so that the eyes can reliably guide
movements of the upper limb. No young child can become a
successful hunter (or third baseman, or skater, or tennis player)
until the brain becomes adept at manipulating an elementary
physics equation (distance = speed × time) needed to solve
“relative motion” problems.†



It is in the child’s earliest experiences in practical physics—
watching, locating with both hand and eye, and then intercepting
moving objects—that the nervous system builds its own unique
library of solutions to the computational problems presented by
coordinated movement.

The critical importance of such a library means that a baby’s
instinctive attraction to movement, followed by the impulse to reach
and then to grasp (catch), is one of the earliest maturational
imperatives in the human nervous system. Without ever being told
to do so, or having rehearsal strategies explained to it, the baby will
play this game and rehearse these movements endlessly, as it gives
itself things to do with its body that are more and more difficult.
These games are created by the nervous system in order to teach
itself a concrete, experiential sense of physics.

One of the most important physiologic consequences of these
accumulated body lessons in physics is the establishment of an
internal temporal reference system—a biologic clock—and juggling
makes it clear just how important an accurate internal clock is. The
juggler throws a weighted object that will rise and fall a certain
distance, and he must time the preparations for a catch accordingly.
Whatever is going up is going to come down, and nothing will
change its rate of fall. This seemingly trivial fact leads, however, to
a somewhat surprising finding in the MIT study: the accuracy of the
toss depends on when you let go. As Austin puts it, “Timing seems
to be so critical that even what looked like errors in space (the
direction of the toss is wrong) usually have to do with an error in
the timing of the release.” What does this mean? It means that you
will never be able to throw accurately enough to hit a target unless
your own internal clock, which controls the timing of muscle
activity, is perfectly calibrated. Based on what we have learned
about the normal behavior of babies less than a year old, that clock
is not set or calibrated until the head is under control. And when
that time comes, the setting and calibration is organized through
active movement, including the catching games the child plays.



Percelly and Austin also agree that simple repetition does improve
some aspects of performance, but much more is required for expert
performance. The development of any high-level skill requires
intelligent rehearsal: repetition according to a well-designed plan.
As Austin observed,

Simply telling someone the ideas won’t do. No matter how
sincere the inquiry, a great deal of practice, and a special kind
of practice, is necessary for real understanding. This is no
drawback, since many people currently invest large amounts of
motor skill practice time with no noticeable results.

Percelly learned the hard way:

The hardest part for me was that I had nobody to teach me,
which sometimes made it a problem to get better technically.
Some tricks are quite complicated, and you can watch a juggler
as many times as you want but it goes too fast and you just
don’t get it. So I was blocked sometimes, really hooked in a
state where I couldn’t go any further.

Austin addresses the issue of formal teaching in his study, using
an artificial-intelligence model for comparison. He came to this
conclusion:

The most powerful technique for making global programs
changes is to call on a specialist who can give expert advice on
the problem at hand. The expert can be the coach, teacher, or
some other external (to the learner) source or another internal
program.… The ability to find, or give yourself good advice
then becomes a critical part of the motor programming process
and hence of athletic ability. It is important to note that in the
present theory, advice techniques, skill models and various
other HIGH-LEVEL EDITOR features play the dominant role in the
construction of new motor programs. These activities are



inherently intellectual in nature and hence lead to the claim that so-
called physical skill is largely mental activity.(Italics added)

Teachers, in other words, have essential information about the best
way to sequence the elements that must be mastered in order for the
skill to develop without interruption; they will steer you around the
potholes and save you from endless repetition of the predictable
mistakes.

What about the practicing to retain a skill that has already been
learned? No one has any idea why this is true, but extreme demands
in performance accuracy seem to come with a very high
maintenance cost. The impression gained from Percelly’s description
of his own experience is that the body, like a good violin, has to be
kept in tune, and the body’s clock has to be recalibrated and the
muscles (and eyes) synchronized perfectly with it just before a
performance:

It’s amazing how, after all these years, it still can go wrong.
Sometimes, maybe even an hour or an hour and a half before a
show, I can feel incapable of doing more than warming up. It
can seem both physically and mentally impossible to do more.
Sometimes you really think you’re not going to make it. But you
keep doing your warm-up, you do it slowly, do a little bit more,
a little bit more, and you finally reach your own level; finally
you get to it.

I do every trick behind the curtain to get warm. Some days I
just need to do them two or three times. I see them clearly and
they’re fine. Sometimes I have to do them ten or twenty times
and they still don’t feel right. A year ago, for a full week my
foot tricks just weren’t there. Not that I was dropping, but it
was unclear, and I always needed that little bit of luck to get it.
It could have gone entirely wrong, or could have gone well. I
wasn’t controlling it at all.

Sometimes even after my show, when I did everything fine, I
can pick up five rackets and I can’t do it. Maybe it’s the muscles



—and maybe also the tension—that just leave me. The rackets
go everywhere and I can’t fix anything. The eyes have to stay in
practice, too. When I stop for one or two days, there’s no
problem with my body, my arms are okay, but my eyes have to
get used to seeing all of it again. The eye thing is very, very
important.

What could be the explanation for this seeming need to “rehearse”
the eyes in order to maintain juggling skill? In talking about early-
life establishment of hand-eye coordination, I did not raise
specifically the issue of maintaining visual fixation when the head
itself is moving. Austin refers to the work of Emilio Bizzi (also at
MIT), who established that eye movements are corrected for head
movements through a system of feedback with the part of the
middle ear that acts like a gyroscope. Conceivably, this system is so
finely tuned that it needs frequent recalibration.

There are other possible explanations as well. An extremely active
area of research at the present time concerns the specialization of
function of brain cells and connections associated with visual
control of movement. For example, some brain cells respond only to
light having a particular orientation or moving within a specific
velocity range. The brain and eye, in other words, can respond to, or
track, rapidly moving objects without actually “fixing” them, just as
Percelly says he does. Other cells, called bimodal cells, are a critical
link in the coordination of eye and arm movements. As Marc
Jeannerod points out, “these movements require mechanisms for
coding target position on the retina, eye/head position, head/body
position, arm/body position, and arm position with respect to the
target.”

In his new book, The Cognitive Neuroscience of Action, Jeannerod
explores an extremely important concept now taking hold among
researchers in this discipline. The new conceptualization, which
began to take shape in the late 1960s, pictures human vision as
being dominated by processes that took their origin in the
separation of the orientation and identification functions of vision.



Most animals use vision to detect movement (which often signifies
the approach of either a threat or a meal) and to guide the motor
system so that movements related to the target will be directionally
appropriate. This orienting system, which is very old, constitutes
what is called the dorsal visual system. Its main task is to process
visual data in order to create what might be called movement
shapes (what Jeannerod calls “dynamic form in relation to motion”).
In higher primates and humans this system is essential both for
simple target identification and tracking—so that the arm and hand
can be moved to intercept the target—and to guide the preformation
of the hand so that it can perform an anticipated task as soon as it
makes contact with the object. This new model of the dorsal system
was “no longer based on the modalities of visual coding of the
movement but rather on the modes of representation of the goal of
the movement.”

Although functional distinctions between the human dorsal and
ventral visual systems are not well defined, the connections of the
ventral system are such that it could uniquely support behavioral
exploitation of the novel grips that became available after ulnar
opposition was introduced into the hominid hand. In the ventral
system, information about object color and surface features gains
access to linguistic areas of the temporal lobes, and Jeannerod has
dubbed this the “semantic processing system”—an information
channel concerned with “manipulating, identifying, or transforming
objects.”

The ventral system, in other words, could assist in high-level
integration of vision with motor actions dependent upon recognition
(or “labeling”) of distinctive object properties, or in the advance
planning of precision hand and finger grips and movements, related
to the performance of cognitively complex tasks. The appeal of this
concept is that it suggests the emergence of specializations in the
major subdivisions of vision related to an expanding repertoire of
hand skills. The dorsal system is known to assist in the approach
phase of object-oriented movements, and it may also act as an
information channel for manual performance related to familiar



tasks. The ventral system, then, could be the preferred channel for
visual and sensorimotor information related to the use of unfamiliar
objects, or objects about which there is an interest in acquiring
greater detail or more precise categorization. Information carried in
this channel, which connects occipital and temporal cortex, has
access to and could thereafter influence the entire cognitive and
behaviorally generative machinery of the brain.*

Percelly’s first real break in show business came at the age of
eighteen, when he performed at the Circus Festival, an important
show and talent-search held in Monte Carlo every year. He didn’t
win any prizes, but people remembered his unusual act, and a
number of job offers came as a result. But because he was not a
prize-winner at Monte Carlo, he was forced to work for a time in
out-of-the-way places. He used these jobs to test his abilities and to
try out new routines, and although at the time it sometimes felt like
a “down and out” period for him, his view now is that this was
when he learned to be not simply a juggler but a performer. Part of
that lesson involved discovering what did and did not excite his
audiences.

I remember trying six rackets. I worked on that for a long, long
time. I had more blisters on my hands than I have now, and I
started to get good at them after two years. I could do them, it
was good, but I still hadn’t put them into the act. I was working
in Germany at the time, I was in Düsseldorf, and one evening
when there was a very nice crowd, I said, “Why shouldn’t I do
six now?” I felt good, I did six, and I thought, “They’re going to
go wild,” but they didn’t. It was a flop! I tried it a few more
times and it was always a flop. It didn’t matter how well I did it,
they just didn’t react. So I said, “Just forget it.”

That’s the kind of thing nobody can tell you. You have to
learn to be a performer by working with audiences. You can be
very good when you’re young, but you’re not necessarily a
performer then. I could have done all this ten years ago, but I
would never have enjoyed performing the way I do now. I



know people want to see something, but first of all they want to
see somebody who is having fun, who makes it interesting as
well.

Another point of remarkable and somewhat surprising accord
between Austin the theorist and Percelly the practitioner has to do
with the matter of making mistakes. Percelly, talking about his own
development, said this:

I also made a lot of mistakes, but when you finally learn
something that way, you learn it twice as much, better than if
you would go through it without making mistakes. The
mistakes will still come later on. So it turned out to be a very
good thing for me; in the beginning it was very hard, but now
it’s a good thing for me.

Intuitively, one might suppose that practice pays off by making
movement more and more precise: you learn to toss the balls to
exactly the same height all the time. That, however, turns out to be
a terrible mistake, because this kind of practicing inevitably leads to
serious limitations in a juggler’s development. An inflexible routine
built on the expectation of a long sequence of perfect tosses would
be extremely vulnerable to deviations in the behavior of the object
being juggled. Austin refers to this flawed strategy, common among
beginners, as the “one-height bug.” The problem, he says, is that “if
a small deviation occurs in the height of a given toss, the mismatch
between expected and actual position frequently disrupts the pattern
enough to cause a miss.” As “preventive medicine,” he suggests the
student practice a wide range of juggling heights and intermix the
heights during a particular run. He also asserts: “It should be
distinctly surprising, even to a computational theorist, that getting
better at juggling for the most part involves building better and
more sophisticated error compensations.”

In other words, getting better means increasing the repertoire of
things that you do when something goes wrong. Percelly agreed,
wholeheartedly and philosophically:



Of course! So you learn to make the mistakes just another part
of what you’re doing. You never make mistakes in the same
spot. Even if it’s in the same trick that you miss, it’s always
going to be a different moment of the trick. Always. For me,
with all these years of practice, I never drop at exactly the same
moment. Never. So it’s always a different situation, and you
have to have a different way of dealing with it. You have to
deal with it because it’s a big part of juggling, because you drop
more than you can imagine.

Percelly makes clear that the basics of the motor skill—mastering
the trick of the ball toss and exchange—are the easy part. Learning
what he needed to know at that level took him all of thirty minutes,
more or less. But then he invested another decade (or, with time out
for meals, sleep, and recreation, an additional 40,000 half-hour
increments) of hard work, thought, additions, subtractions,
triumphs, and disappointments before he reached a point at which
he knew he was secure and that what he was doing was not only
technically proficient but intriguing. Only then was he willing to say,
“It’s all right. It’s okay. I like it.”

Percelly had now explained to me how he became interested in
juggling, how he taught himself, how he used his experience to
prepare himself for the real world, and how he continues to
maintain his skills. My final questions to him had to do with his own
inventiveness as a performer: Where do the ideas for a performance
come from, and how do they get into his act?

Nobody really invented juggling and most of it just comes
around by practicing. But as you do it more, you get the little
ideas that just come with the practicing. When you practice
seven hours a day, like I used to, you get to a certain state of
mind where you just do whatever goes through your head. You
just try anything. You don’t really care what goes where—you
just try things—you experiment.



But what I really like is not actually a particular trick; it’s
putting it all together. You can’t really see the act change, but
each year you can tell how much more successful it gets. And
that may happen not because you put something in the act
that’s really difficult, but because you put something in the act
in exactly the right way—in a way that makes it more
interesting, not only for me but for the audience as well. I’m
just trying somehow to do the act that I would have loved to
see.

Juggling, with the considerable help of Serge Percelly, Howard
Austin, and Marc Jeannerod, has taken us directly to the frontiers of
research in neuroscience. It also confronts us with a premise about
human learning that is so deeply embedded in educational theory
and practice that it is almost never critically examined. It asks us to
question the premise that intelligence is a purely mental
phenomenon, that the mind can be educated without the
participation of the body. Learning how to juggle, certainly as
Percelly describes it, challenges the mind-body dichotomy in an
extremely interesting way.

* As the body matures and begins to move faster and in more complex and improvisational
ways, it becomes increasingly critical for the brain to “defend” the perceptual constancy of
the visual world. The next time you happen to see a film of a cheetah running, notice that
despite the violent moves of the body, the head itself remains as steady as the Rock of
Gibraltar.
* Serge’s strategy seems to defy Sherrington’s postulate that visual fixation is not a matter
of choice. However, it strongly supports a surprising finding of an MIT study (see Austin,
pp. 144–148, and comments later in this chapter) namely, that it is actually possible to
juggle when as little as the top one inch of the ball trajectories are visible—equal to less
than 1/20 second of viewing time!
* It may also account for a strong aversion among teachers and students to the analysis of
both success and failure, not to mention a strong propensity toward superstitious attitudes
about study. An actress once said this to me: “You do something very well, try to figure it



out, and it goes away. That makes you believe that you shouldn’t think about what you’re
doing. Analyzing success just leads to mistakes.”
† A relative motion problem is exemplified by a common situation in ship navigation. I am
steaming at night and spot a light 20 degrees off my starboard bow. My radar tells me
there is a reflective target (another ship, probably) where the light is, and that it is 10
miles away from me. Fifteen minutes later the light is still 20 degrees off my starboard
bow, but the radar now says it is only 8 miles away. No matter what speed or direction
either of our two ships is actually going, our relative motion is straight toward each other at
a speed of 8 knots, and if one of us doesn’t change course or speed within the next hour
there is going to be serious trouble. Exactly the same problem, with different numbers,
faces an outfielder chasing a fly ball, only in this case if there is not a collision (between his
mitt and the ball) there will be serious trouble.
* It should be understood that the techniques for studying the neurologic control of hand
movements are very different in humans and in nonhuman primates, making direct
comparisons impossible. See Jeannerod, 1997—especially chapters 3 and 5—for a more
complete discussion. One innovative method for studying brain activity in relation to hand
movement, positron emission tomography, suggests just how much of a computational
demand is imposed on the brain by the control of individual finger movements. Scott
Grafton, John Mazziotta, Roger Woods and Michael Phelps at the UCLA School of Medicine
have shown that the “simple” task of tracking a moving dot on a computer screen with one
finger activates major portions of the sensorimotor cortex and anterior cerebellum. The
activation pattern in supplementary motor cortex was even further enhanced when subjects
were given time for movement preparation. See “Human Functional Anatomy of Visually
Guided Finger Movements,” Brain 115 (1992): 565–87.
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6
The Grip of the Past

THE FATHER BY INSTINCT SUPPLIES THE ROUGHNESS, THE STERNNESS WHICH STIFFENS IN THE CHILD THE

CENTRES OF RESISTANCE AND INDEPENDENCE, RIGHT FROM THE EARLIEST DAYS. OFTEN, FOR A MERE

INFANT, IT IS THE FATHER’S FIERCE OR STERN PRESENCE, THE VIBRATION OF HIS VOICE, WHICH STARTS THE

FRICTIONAL AND INDEPENDENT ACTIVITY OF THE GREAT VOLUNTARY GANGLION AND GIVES THE FIRST

IMPULSE TO INDEPENDENCE WHICH LATER ON IS LIFE ITSELF.

—D. H. Lawrence

DAVID HALL IS A MINISTER NOW LIVING near Mount Shasta in northern
California. He is also a carpenter, a hunter, and an unscathed,
honorably retired rock climber. David was the first real, live rock
climber I’d ever met, and it was that experience that triggered our
first interview. What I really was after was a hand story, because—
with an appreciation of biomechanics born of a decade of taking
care of musicians—I wanted to know how the hand could be
engineered for two such utterly different tasks as rock climbing and
piano playing.

Consider pianists: the optimal posture of the hand at the keyboard
is a very gentle curve, just as it appears when the arm is relaxed and
hanging to the side, or as it would appear resting on top of a
basketball. Keystrokes are ideally made from a fulcrum at the
knuckle joint, and flexion at the two joints in the finger itself should
be kept to a minimum. For the pianist, the development of what is
called touch is a matter of the utmost importance: a pianist’s career
can rise or fall entirely on his or her reputation for having hands



able to coax musical nuance from keys, hammers, and strings. Touch
—the genius of the fingers—is life and death to a pianist.

For a rock climber, life and death also ride on the fingers, but for
a different reason and in an entirely different way. Here the
requisite skill is grip: specifically, the ability to flex the finger joints
and hold them in that position against the pull of the full weight of
the body. The force needed to depress a piano key far enough to
produce sound is less than three ounces (not quite a fifth of one
pound), and the force transmitted through the finger pads in a
climber’s three-finger hold might rise to something in the vicinity of
80 pounds per square inch. In a rapid musical passage the fingers
may strike single keys in succession at rates close to 20 keystrokes
per second, where, by contrast, we can guess that the 80 lb/in2

might have to last as long as 40 seconds before alarming sensations
in the hand and arm would commence to draw the climber’s
attention away from the beauty of the canyon below. So—and
please understand that I am simply dramatizing a point—to make a
first rough approximation, timing and force in these contrasting
tasks are being regulated at opposite ends of performance scales
whose magnitudes differ by a factor of 800. How could such ranges
of performance be built into the same upper extremity?



FIG. 6.1 Two radically different tasks ably undertaken by the human hand: slow movement,
high forces; rapid movement, low forces. In both cases, there is a very low tolerance for
mistakes. Above, left: a rock climber enjoys a breathtaking view of the landscape below.
(Photo courtesy Tyler Stableford.) Above, right: the author’s wife indulges a long-standing
affection for Chopin’s music.

Rock climbing and piano playing are carried out by what is, on
paper at least, exactly the same physical apparatus. In reality, of
course, the combined effects of innate anatomic variation
compounded by different developmental and training regimens
mean that serious pianists and serious rock climbers have very
different hands. Among serious classical pianists, even playing the
guitar is seen as exposing the hand to unacceptable risk of injury, or
worse, the risk of acquiring gestures that will disturb the fluency of
keyboard techniques.

David grew up in Colfax, a small town in eastern Washington
State. His parents raised six children in their home on a small farm
about twenty miles outside of town. His father had grown up in a
family that migrated from Tennessee in a wagon train and had
homesteaded near Colfax. “They were pioneer people, very tough.”
And David fit the mold; even as a very young boy, he displayed
unusual physical propensities.

When I was not even able to walk yet, my older brother was
always pushing me to do things he couldn’t do. My mother tells
horror stories of finding me in high places before I could even
walk. When I was eight or nine months old I was able to pull
myself up onto the top of the dresser. I still couldn’t walk but
could somehow pull myself up on the chest of drawers. One
thing I was always able to do that no one else did was to climb
the side of our barn, which was several stories high. When I
was seven years old I would climb hand over hand to the peak,
maybe forty or fifty feet above the hayloft. I’d go to find birds’
nests and that kind of thing. I scared the living daylights out of



my parents, but I liked doing it and I didn’t think it was
unusual.

I guess my hands were unusually strong. I milked cows, and I
think that was part of it too. In grade school I was just a
scrawny little kid but I had big arms. I was in the library once
with my arm up on the table and the librarian looked at me and
said, “You look just like Popeye!” My forearms were always
overdeveloped, I think, even though I didn’t do anything special
to exercise them.

I suppose it was genetic—a predisposition toward having
tremendous arm and hand strength compared to body size. Thin
upper body, small legs, and this arm and hand strength—I’m
sure this was passed on. I’m a little more like my dad than the
rest of my brothers are. I remember when we would go to the
park my dad would do chin-ups. We would be doing two-
handed chin-ups while he was doing one-handed chin-ups. Our
goal was to be able to do one-handed chin-ups just like him.

David’s father was not merely strong. Like the other pioneers in his
family, he was tough.

Dad’s never taken pain medication—that would be a sign of
weakness and there’s no need for it. If he gets his teeth pulled,
or cavities filled—no pain medication. I watched my dad drill a
hole through his hand one time—it was a half-inch bit. I
watched him pull that thing out, wrap a towel around his hand
and finish the project with a half-inch hole punched through his
hand. And never even flinch. I grew up seeing this kind of
thing; from the beginning of my conscious life, I was always
exposed to extremes.

David’s mother came from a very different family.

They were more academic. My grandmother had a master’s
degree and had traveled to India to teach English. She didn’t
marry until her mid-thirties. My mom, she was sixteen when



she and my dad married. She lost her first child and she gave
birth to my younger brother, who’s number four, when she was
twenty. So that was a rough beginning.

Although the difference in family attitudes about education had
not made much difference early in his parents’ marriage, well before
his teen years his mother felt increasingly isolated and unfulfilled.
The marriage began an accelerated decline when his father bought a
small farm in Idaho.

It was supposed to be dad’s big break, but it didn’t work out.
We went through a couple of bad winters, a couple of big
freezes, and he ended up losing that farm. It was a major
trauma and just too much, I think, for my parents’ relationship.
We were very isolated there, living in a three-room house with
maybe 800 square feet for the whole family. One winter—I
think it was 1968—we were snowed in for three weeks straight.
It was so extreme that it finally just overwhelmed my mother.
My mom was very verbal, my dad wasn’t. She would torment
him and bring him to the point where he would lose control. He
never touched a drink in his life, but his temper and his anger
were bad in those situations.

The family moved back to Colfax, and David’s parents were
divorced.

I was twelve or thirteen then. All six children were told to go
with my mother, but my older and younger brother and I just
told the judge we wouldn’t do that. So the three older ones
moved back to the farm, living alone and trying to lick our
wounds and recover. It was a real hard time, a kind of overload
for all of us. There were reasons for what happened, but as a
kid of course you can’t process that. It just seemed like a lot of
chaos and I was bitter and angry for a long time.



During high school David kept his feelings to himself, and one can
imagine that very few people around him had any inkling about his
turmoil. In fact, his teenage years were a time of continuous growth
for him, and there were many successes. Having been an avid
boyhood builder of doghouses and an attentive student of
machinery maintenance on the farm, he was building and installing
wood cabinetry in people’s homes and rebuilding engines in the
machine shop by his junior year in high school. David was also a
high school and college wrestler. He did not consider himself as
powerful as other wrestlers in his weight class, but he managed to
compensate for the disadvantage.

I developed a theory in high school that when I touched
somebody with my hands, when I was wrestling, the first touch
had to send a powerful message to the opponent to make him
realize that he could not defeat me. I remember thinking that if
my hands communicated to my opponent that I could not be
dominated, then I would mentally beat him. I learned to do a
quick little move to the head gear and give a little pop! to the
head. It didn’t seem like much but it was enough to throw the
person totally out of whack. And usually it would make them
angry.

The other thing I would do was reach for the guy’s head, and
grasp it in the back—we call that a tie-up. I would grab the
neck, and my elbow would go into the sternum at the same
time. Bump! It was the impact. Nothing that you would see, but
a very powerful statement being made. Also, when I grabbed
the neck I would pull the head forward hard enough that
usually we would butt heads. I wasn’t trying to butt him hard,
but there would be an impact, something saying, “You better be
afraid.” So he got my message on his ear, on the middle of the
chest, and in the middle of the head, kind of like “snap, crackle,
and pop.” And instead of being in control, he’d lost control
before he even started.



It would be different if I’d had other physical attributes, if I
was stronger or faster—but I wasn’t. I didn’t have that. I had
hands. I had balance. And I had a mental and psychological
edge.

Since David grew up on a farm, it should be no surprise that his life
involved considerable contact with animals.

I raised horses, and much of my relationship with my horses
happened through my hands. I had a little Appaloosa, raised
several foals out of her, and I remember touching her and being
close to her and guiding her with my hands. When you work
with a horse, your hand is what controls the whole horse.
Horsemen talk about people who have “light hands.” You can
guide a horse and communicate with a horse through a very
delicate hand. You can build trust with your hand and your
touch more than you can with any amount of whipping or
yelling or anything else. There is tremendous power there.

It is now easier for David to talk about the dark side of this same
period, which he has spent a great deal of time reconstructing and
analyzing.

I realize now that there was a death wish in my life from the
time I was twelve years old until I was seventeen or eighteen
which had to do with not being able to process all of that pain.
I felt, and I think my father sometimes felt, too, that it would be
easier to end the pain than to continue in it. The only way I
could do that was to put myself at risk, put myself out so far
that I would inevitably kill myself. So I was reckless—really
reckless. But instead of killing myself, in the process of doing all
the stuff I tried, I found out there was very little that I couldn’t
do, and before long I thought I could do anything.

As I grew older in high school, on trips, camping, I would
climb the face of a rock without thinking about it at all. I would
see a route and would climb it when no one else would even



consider climbing it. To me it was just what I wanted to do, a
normal, easy thing. I wasn’t thinking about taking risks, but
what I was doing would be utterly terrifying to my friends.

In his college years, David learned more formally about rock
climbing and did a great deal of hunting, hiking, and backpacking.
Working in summer camps was something he found he particularly
enjoyed.

I did a lot of backpacking trips with delinquent kids. We went
up into the Sierra with a group of kids who had been
incarcerated. I liked exposing young people to new experiences
in a new environment. As I reflect on this—the use of the
hands, the introduction of new skills, the rock climbing and the
spelunking, or the camp skills involved in setting up the camp
and cooking—I’m sure what we were doing awakened
something inside these kids that had been dormant. They’d
been fed and coddled by their parents or by society. They’d
never washed their own clothes or cooked their own meals and
they’d never done anything that would give them a sense of
satisfaction. So we worked through their hands just to give
them another idea of what they could do, or what they might
be.

In order to understand better the development of David’s manual
skills, we need to know something about the human grip—what it
really takes to hold on to the side of a cliff. John Napier introduced
the terms “power grip” and “precision grip” in 1956, in a paper
whose purpose was to simplify the method for clinical evaluation of
hand function and the effects of hand injuries. First, he separated
“prehensile” from “non-prehensile” movements.*

Prehensile movements are those in which an object is held partly
or wholly within the hand; non-prehensile movements are those in
which the object is manipulated by the hand or fingers but not
grasped. Combing one’s hair is an example of the former; typing and
playing the piano are examples of the latter.



FIG. 6.2 Napier’s power and precision grips at home. Above, left: the hammer is held in an
oblique squeeze grip, with its handle buttressed against the palm by fingers and thumb. The
shadow emphasizes a special advantage of this grip: the object held in this grip extends the
reach of the arm. Also, as Napier noted, when accuracy of movement is required in a
power grip, the thumb tends to be drawn close to the side of the hand, or adducted. Above,
right: the lemon is held in a precision grip between thumb and fingers. The separate and
powerful long flexor of the thumb is essential to the combined stability and
maneuverability of this grip.



FIG. 6.3 Additional advantages (and complications) of the oblique squeeze grip. Aiming the
hammer at a target is aided by the positioning of the thumb (see Fig. 6.2), and by the
capacity of the forearm to rotate around its long axis (i.e., to pronate and supinate). The
totality of this movement capability began in the trees with brachiation and was completed
on the ground with the addition of an enlarged thumb and increased ulnar deviation. (Figs.
6.3 and 6.4 from Raoul Tubiana, The Hand, 1981, with permission.)

Focusing on prehensile movements, Napier defined the power grip
as any holding posture using the palm as a buttress. Any other grip
using any combination of thumb in opposition to fingers was called
a precision grip. Napier realized that for humans it was not the tool
but the task that dictates the grip. Regardless of the shape of the
object being held, its intended use automatically defines an
expected range for control of both the force and amplitude (that is,
power and precision) of movement. The gripping posture is
anything but haphazard: it is in fact a highly precise registration of
neurologic preparations for the biomechanical requirements of the
task. For example, a fast and forceful hammer swing requires
maximum pressure to be applied to the handle by the fingers and
the thumb, which must squeeze against it to lock it into the palm.
Once the swinging movement begins, sensory monitoring of the
hammer will be needed more to reduce slippage between the skin
and the handle than for fine-tuning its movement within the hand.

Controlling a hammer within a power grip turns out to be no
small matter. As Jeannerod says:

Lifting an object implies a sequence of coordinated events
where the grip force (to grasp the object) and the load force (to
lift the object) vary in parallel. The grip force/load force ratio
must exceed the slip ratio, itself determined by the coefficient
of friction between the skin and the object surface.… The
respective contributions of anticipatory mechanisms and of
reflex adjustments to the accuracy of grip force have been
extensively studied. It appears that the adaptive changes in grip
force are strongly dependent on tactile afferent signals.



FIG. 6.4 The ability of the hand to conform to large, spherical objects is due in part to the
action of small but powerful intrinsic muscles of the hand that help to maintain its arch.
Above, left: the right hand seen from its dorsal surface, showing the dorsal interossei. Above,
right: the right hand from its palmar surface, showing the ulnar intrinsics. These muscles
are essential to ulnar opposition and are active in the oblique squeeze grip.

In 1970, Charles Long and his colleagues at Case Western Reserve
University, in Cleveland, carried out an exhaustive
electromyographic mapping of hand and forearm muscle activation
in a variety of handling tasks, including the upswing of a hammer
stroke. In virtually all instances of power grip, all of the forearm
muscles were active, in combinations that varied only slightly with
the particulars of the task. The activation patterns of muscles
located within the hand itself—the “intrinsics”—varied considerably
with the specific task.

There is yet another interesting and important set of findings for
us to consider, which hints at unheard-of precocity in the boy who
remembers scaling furniture before he was walking. The
development of the precision grip in children was reported in a
series of papers published between 1991 and 1995 by H. Forssberg
and his colleagues at the Karolinska Institute, in Stockholm. The
most recent of those papers reported a study of the maturation of
the ability to control grip in relation to frictional forces (the



problem being as described by Jeannerod, above). They found that
frictional adaptation begins to develop at the age of two years but
progresses slowly and is compensated for by the use of excessive
grip force, thus giving the lift a “high safety margin.” (This harks
back to the earlier discussion about “representations” in chapter 2,
“The Hand-Thought-Language Nexus.”)

The lack of anticipatory control in the youngest children in the
unpredictable series may indicate an immature sensory
representation of the friction and an immature capacity to store
and/or retrieve sensorimotor memory information related to
objects’ frictional properties.… The youngest children
apparently need several lifts to establish a useful memory
representation related to the frictional condition, in contrast to
adults, who need one lift.

We can’t be sure what David was really doing with his hands before
he was two, but we can guess that if he was hoisting himself to the
top of the dresser before he could walk, he must have had a
prodigious capacity to increase the safety margin in his grip
force/load ratio.*

There is one form of the power grip that requires neither the
palm nor the thumb; this is the so-called hook grip, familiar to
all of us who carry briefcases and suitcases, and since it is the
common grip used for brachiation, it probably represents an
undifferentiated version of the prehensile power grip, to which
the refinements of thumb and ulnar opposition were later
added. David reassures us that even though humans no longer
employ this mode of ambulation, rock climbers have shown
that the skill can be reconstituted:

There are two kinds of finger holds you use in rock climbing:
you have nubs protruding out, and then you have cracks, or
finger jams, and the nubs can also be toeholds. Hanging on,
either inside a crack or on to a nub, a lot of times you have to
“chin” your weight on it to climb up. So we’d practice by using



people’s doors. I remember going to people’s homes and testing
out their door casings—to see if it was strong enough to hold
my weight—and then doing the chin-ups just to keep my fingers
strong.



FIG. 6.5 Muscles of the forearm, hand, and thumb (palm side). Two layers of muscles on the
flexor side of the forearm enter the hand through a small passage in the wrist called the
carpal tunnel. The top, middle drawing shows the superficial finger flexors, their tendons
extending into the hand shown just below (bottom, center drawing). The upper right drawing
shows the deep layer of finger flexors with their tendons extending into the hand just
below (bottom, right). Top, left: the back side of the hand, showing the extensor tendons and
the small intrinsic muscles of the hand (diagrammed in Fig. 6.4, above). The functions and
interactions of these muscles, all of which are involved in both power and precision grips,
are extremely complex and their performance is highly subject to training effects. (From
Werner Spalteholz, Hand Atlas of Human Anatomy, 1923.)

It’s worth noting that Serge Percelly, who we can calculate has
juggled for thousands of hours over the years he has worked on his
show, found it easier to juggle behind his back with his left arm
because it was less “muscley.” He practices long hours and has done
so for years, but without any tendency to increase muscle bulk or
power as a result. What practice does for him is to increase the
smoothness and the variety of movement, and the finesse with
which he absorbs bad tosses and “drops” into the flow of his
performance.

As a rock climber, David Hall confronted a different task. He was
not launching tennis rackets and then catching them but suspending
his body weight with his fingers, sometimes even lifting himself
with just the fingers of one hand. To do that, he exercised his
forearm and hand muscles, but he did so for strength. Although
exercise for both men focused on arms and hands, muscles and
movements, development in each took its own separate path. Serge
was after quick, repetitive, precisely timed movements, and David
was after sustained power.

As a child, David was taught to ignore both physical and
psychological pain. Indeed, his father’s stoicism almost certainly
contributed to the end of the marriage, plunging the entire family
into an abyss of pain that took David years to recognize, react to,
and resolve. When he was a teenager, David’s rock climbing carried
a hidden meaning, which he later came to recognize as a death



wish. Eventually, as a youth counselor and a minister, he was
climbing to help others gain strength and overcome fear in their
own lives. This transformation of an innate physical talent that was
first expressed as a childhood game became in adolescence a
powerful context for the expression of both rage and helplessness,
and finally was adopted as the catalyst for teaching young people
about life. Here a “merely” physical interest matured and was
integrated into profoundly important intellectual and psychological
processes.

And what of David’s employment of his hand with friends,
opponents, and even horses to signal strength, confidence, and
gentleness? No one ever told him about this very direct means of
communication, or offered lessons in its application or refinement.
Once he discovered it, being not only a thoughtful but an inventive
observer, he created his own personal dictionary of manual
semantics.

David’s story anticipates an issue we will take up later,
concerning societal strategies for raising and educating children.
Parents today tend to be concerned, if not obsessed, with getting a
child moving in a certain desired direction as soon as possible. If
getting ahead is the new purpose of American life, getting your
child ahead of the rest of the kids is its sacramental corollary: the
right toys, the right preschool activities, so many hours of this, so
many hours of that, somehow beating the timetable of the public
school system. In David we see an earlier educational model, one
rooted in life’s immediate circumstances, very rich in rewards for
self-reliance and invention. David grew up where “farm work” was
an open-ended, loosely structured plan providing real-life demands
(and real hardships) that produced many branchings, many
unexpected experiences, many opportunities for a young child to
explore and pursue interests on the basis of native curiosity. Is the
model outmoded?

And we return to a question raised above, in the Prologue. Does
inheritance determine not only bodily expressions of gender, size,
and coloration but the preferential development of specific groups



of muscles important in particular physical skills? Is it just a
developmental aberration that David could power-lift himself to the
top of a dresser before he could walk? Or does neuromuscular
“prewiring” express its blueprint for motor skill into preferred
performance profiles based on enhanced potential in specific grip
and movement synergies? Did David lean toward climbing and
carpentry because a powerful grip was part of his personal genetic
package, or were his “Popeye” arms simply created at the milk pail?

David’s story, like those of Anton Bachleitner and Serge Percelly,
reminds us of the evolution of self in our own lives: the mysterious
process through which body and spirit unify, inexorably asserting
unique themes of personal growth and learning. There will always
be trouble—and opportunity—in our path, so that each of us must
perfect our own juggling act on the road. The act will be a mix of
the old and the new—standards from the Homo sapiens sapiens
repertoire infused with family and tribal routines and spiced with a
few improvisational numbers. For humans, this “act” of living has
increasingly come to mean the certain occurrence of unexpected and
transforming new behaviors. Given a creature that loves to play,
sharpens what it knows how to do through endless practice, and will
try anything that comes into its head, one must expect that new skills,
or new combinations of skills, will be regularly devised, and will be
made part of the repertoire if they prove useful and can be taught
(or passed on in some other way) to others.

* The term “prehension” comes from the Latin word meaning “to seize.”
* It may be that David also inherited the gift of storytelling from his pioneer ancestors, but
I don’t think we should doubt his veracity on this point. The practical lesson here for
parents seems useful: when your little boy drops his glass of milk, you should be pleased.
He’s not being clumsy, he’s calibrating!
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The Twenty-Four-Karat Thumb

THE HAND GIVES THE UPPER LIMB ITS IMPORTANCE AND ORIGINALITY.
—Raoul Tubiana

THE MOVEMENT OF THE THUMB UNDERLIES ALL THE SKILLED PROCE

DURES OF WHICH THE HAND IS CAPABLE.

—John Napier

WHAT IS IT SPECIFICALLY about the human hand that differs from its primate
antecedents? The existence and persistent influence of an ancient
blueprint for a modern-day rock climber is not so hard to accept,
but where do puppeteers and jugglers, surgeons and engine
mechanics come from? How can primate and simian evolution have
yielded such a kaleidoscopic roster of skilled doers without knowing
we were coming or what we would need or want to do when we got
here?

The evolutionists’ answer to this question is clear, and there are
no exceptions: an unbroken procession of failures in the integrity of
our common genetics program, acting over a period of countless
eons, made room for all of us in this life. Selection by fitness is the
engine for transforming random genetic mutation into a highly
successful long-term survival strategy when environmental
conditions fluctuate unpredictably over time.

Given the stunning shift in the fortunes of Homo associated with
the receipt of a new hand and new brain to go with it, the real
shock in the anthropologists’ answer (discussed in chapter 3, “The
Arm We Brought Down from the Trees”) is its footnote-like



character. The features that distinguish the human hand from the
hand of apes are nearly imperceptible and in fact were recognized
by anatomists only very recently; while there has been no dispute
that human use of the hand is unmatched in the animal world, no
one thought there was anything special about its design.*

Sir Charles Bell set the stage for modern studies of the structure
and function of the hand when he said, “It is in the human hand
that we have the consummation of all perfection as an instrument.”
One hundred years later, Frederick Wood Jones declared that the
true explanation of the power and versatility of the hand was to be
found in the brain: “It is not the hand that is perfect, but the whole
nervous mechanism by which movements of the hand are evoked,
co-ordinated, and controlled.”

Jones was right about the brain but wrong about the hand. As
anatomist O. J. Lewis explained in 1989:

It is commonly believed by anatomists that the human hand is
essentially primitive; yet the hand has its full quota of
features … which are finely attuned to its specialized role as a
delicate manipulative organ.… In the emergent hominoids,
there must have been progress towards enhancing the overall
grasping repertoire of the hand.

Indeed, it was not until anatomists and anthropologists had come
to appreciate the critical role played by small anatomic variations in
“the grasping repertoire of the hand” that the importance of
distinctive features of the human hand were noticed. Prior to that
time, understandably, the story began and ended with the thumb. As
John Napier had put it:

The hand without a thumb is at worst nothing but an animated
fish-slice, and at best a pair of forceps whose points don’t meet
properly. Without the thumb, the hand is put back 60 million
years in evolutionary terms to a stage when the thumb had no
independent movement and was just another digit. One cannot
emphasize enough the importance of finger-thumb opposition



for human emergence from a relatively undistinguished primate
background.

But it was actually Napier who first saw past the thumb; his
landmark work on the relationship between structure and function
in the primate hand alerted other anthropologists to the critical
importance of grip in the behavior of evolving primates. His
influence was reflected in the early attention given to Lucy’s arm by
Donald Johanson and Owen Lovejoy. As Lovejoy noted when he first
saw this specimen:

Although it has the fully opposable thumb of humans, the
muscles at the base of the thumb appear to have been small.
That means that precision gripping between thumb and finger
was probably excellent, but that power gripping which involved
the thumb and the entire hand was poor.

In his landmark work on precision and power grips, Napier had
established that manipulative hand movements were not arbitrary
but choreographed to achieve a continuous and integrated solution
to the biomechanical and neurophysiologic constraints of any
movement. His model went far beyond revealing the physical
rationality of these movements: he showed that despite their
enormous variability in posture, force, speed, duration, and
trajectory, the underlying control principles are simple and elegant.

It is not clear that Napier—or anyone else, for that matter—
realized how profoundly important his discovery of this principle
really was. But his is genuinely one of the shining examples of
beauty and power in modern biologic thinking. Articulated hand
control is a recent accomplishment of the entire evolutionary
experience of the primate upper limb and as clear an example of
functional revision through the distilling process of selection as one
could hope to find.

Following Napier, Mary Marzke has been highly influential in
focusing the anthropologic search for clarification of the mechanics
behind grip and its role in manipulation, throwing, and striking.



Beginning with her analysis of the wrist and hand bones from Lucy,
she has produced a meticulously documented evolution of hominid
hand function associated with discrete structural modifications.

Marzke has concluded that Lucy had the capacity to grip small
stones in novel ways that would have permitted their manufacture
and use as small, simple cutting tools. The three crucial grips were:

Pad-to-side grip, with the tip of the thumb pressing against the
side of the index finger—not a new grip shape, but probably
functionally altered because of muscular changes that made it
more powerful. The benefit: a tight grip on a small, edged
stone used for cutting.
Three-jawed chuck, or “baseball” grip, with the thumb, index,
and middle fingers held as though cupping a baseball—a new
grip made possible by greater freedom in thumb and index-
finger movement, with improved shock-absorbing capacity at
the base of the middle finger. The benefit: ability to hold a
hammer stone securely while pounding another hard object,
or to secure a stone in the hand in advance of throwing.
Five-jawed cradle grip, with the hand open, and palm and
fingers up—not a new grip. The benefit: ability to support an
object in the palm while moving it with the thumb and four
fingers.*

The earliest functional changes in the hominid hand (that is, Lucy’s
hand) initiated a radical transition from its ancient role in
suspensory locomotion and knuckle-walking to a new role in object
handling and use. Marzke attributes the accumulation of progressive
changes leading to the modern human hand to prolonged and
expanded experience with, and dependence upon, stone tool
manufacture and use. She has identified a total of eight features that
distinguish the human hand from nonhuman primate species, noting
that these morphological features “form a pattern which is favorable
to achieving the precision pinch grips and precision handling that in
our experiments appear to be essential to effective tool making.”
The new features include a longer thumb, widened pads on the



fingertips, modifications of the muscles at the base of the thumb, a
stronger and more independent long flexor of the thumb, and small
but important changes in metacarpal and wrist bones.

FIG. 7.1 Three grips shown by Mary Marzke to have been within the capabilities of the
hand of A. afarensis (Lucy). The right hand, top, is holding a sharp stone in a pad-to-side
pinch grip; the right hand, below, is holding a hammerstone in a three-jawed chuck (the
same grip used for throwing a stone of that size); the left hand, below, is holding a large
stone in a five-jawed cradle grip. Note in the top photo that the stick is being held in an
oblique squeeze grip, which Lucy’s hand was not capable of. Notice also the



complementarity of function of the left and right hands. (From Mary Marzke, “Evolutionary
Development of the Human Thumb,” 1992, with permission.)

After analyzing experimental stone tool manufacture and use in
humans, Marzke notes that “forceful and accurate blows by a hand-
held stone require control of the hammerstone by firm precision
grips which assure both retention of the stone in the hand and fine
adjustments in its orientation by the thumb and fingers.… A secure
grasp and controlled maneuvering of stones by the thumb, fingers,
and palm are facilitated by a unique pattern of hand proportions
and joint-and-muscle configurations that permit cupping of the hand
and the formation of a wide variety of grips.” Among the most
important new grips available to humans are those in which the
palm is incorporated as a passive buttress, grips in which the fingers
actively squeeze an object against the palm, and finger grips which
maneuver the object as it is being used (precision handling with
translation and rotation). The oblique squeeze grip has the
additional advantage of extending the long axis of the arm, making
clubbing or hammering more forceful.

Marzke summarizes the effects of these changes:

Effective manipulation of prehistoric stone tools required the
ability to conform the hand to the shape of the natural objects
and to tolerate the large stresses that accompany repeated
percussion involving objects held, without hafting, in the hand.
It is these activities, carried on for several million years, that
must have molded the human hand. Tools today are being
designed for a hand that evolved in adaptation to prehistoric
tool use and tool manufacture.

Most of the unique features of the modern human hand,
including the thumb, can be related to the specific requirements
of these grips for placement of the hand segments, exertion of
force and tolerance of the stresses that would have been
incurred with use of these grips in the manipulation of stone
tools.



Using the hands of apes and monkeys as a base of comparison,
Marzke has identified specific modifications in hand structure that
lengthened the list of grips used by man’s earliest bipedal ancestors.
Relative to the fingers, the human thumb is longer than that of
chimpanzees; it is based on a widened saddle joint; there is a
slightly altered contact surface between the second and third
metacarpals (the hand bones supporting the index and middle
fingers) and the trapezium, trapezoid, and capitate (the three bones
that form the base of the index finger’s metacarpal at the wrist). The
combined effect of these changes is to make the radial side (the
thumb side) of Lucy’s hand very close to the human hand in its
capacity to conform to a variety of object sizes and shapes, to grasp
them securely, and to manipulate and hammer with them.



FIG. 7.2 Marzke had noted that in early stone tool manufacture, “A secure grasp and
controlled maneuvering by the thumb, fingers, and palm are facilitated by a unique pattern
of hand proportions and joint-and-muscle configurations that permit cupping of the hand
and the formation of a wide variety of grips” (see text). The continued elaboration of tools
and tasks has steadily increased human exploitation of this potential. Top, left: the oblique
squeeze grip (identical to that used in hammering) is adapted to lifting, swirling, and
flipping of the skillet and its contents. This grip also explains why, in a pinch, the skillet
can be used effectively as an assault weapon. Bottom, left: The long flexor of the thumb
presses the handle of the knife against the fingers, whose flexion locks the handle against
the palm. Note that the extreme tilting of the proximal phalanx of the index finger helps
align the knife with the long axis of the forearm; note also, the left hand has now
substituted the table top for the thumb as a stabilizer in a power-precision grip, making



rotation of the lemon by the fingertips much easier. Top, right: The thumb is moving in
opposition to the fingers, but in this case contact between thumb and fingers is projected
by the scissors to an object (paper) outside the hand. Bottom, right: Threading a needle is
possibly the ultimate expression of the human precision grip, in which small objects are
controlled between the tips of the thumb and one or more fingers. Note in all of these
examples (except the holding of the skillet) that both hands make essential and
complementary contributions to the control of objects in the hand.

This increasingly coherent evolutionary story is both satisfying and
risky. The risk stems from its potential to charm us into supposing
that events were moving inevitably in our direction—that some
unseen pressure was gathering steam, and the steady accumulation
of prehominid changes was preparing the way for us. While it is not
only acceptable but obligatory to search for relationships between
these events, any inference of purpose behind these changes
—“preadaptations” leading to the morphology of the human hand,
or to us—is unwarranted because we are telling our story from the
vantage point of several million years of intervening history. It is
nearly impossible to escape the corrupting bias created by what we
already know. The truth is that the arrival of the opposable human
thumb was a complete nonevent when it happened. It was a turning
point from our perspective because—and only because—we happen
to be here now to talk about it. As Marzke says:

If the skills of humans were compared with those of other
animals in performing human activities of daily living, one
might discern evidence of a progression from primitive to
advanced, with the thumb representing the summit of an
evolutionary process.… However, the human thumb emerges as
a compromise at one point in evolutionary time, a locomotor
organ that has been transformed into a manipulative organ by
stone tool use. It is a mosaic of primitive and unique structures,
the functions of which are facilitated and constrained by its
links with the rest of the evolving hand and brain.



It would be difficult to know how to even begin to calculate the
extreme improbability that such minor modifications in an old hand
could somehow have triggered the sequence of events we now
associate with our own history. In other words, if the creation of the
hand was improbable, everything that had to happen since that time
to capitalize on the hand was equally or even more improbable.*

Sometime between the appearance of the australopithecines and
the first Homo species, stone tool manufacture and use apparently
came into regular practice: using Lucy and Homo habilis to bracket
the emergence of this transitional (and transforming) behavior, that
happened roughly during the span of time between 4 and 2 million
years ago.

By almost 2 million years ago, Homo erectus had appeared; thus
began the worldwide migration of our thumb, its owners and their
stone tools. Homo erectus used stone tools, built enclosures, and used
fire. This certainly looks like progress, or evidence of direction. But
the more we know, the more the wondrous “preadaptations” of the
hand appear to be precisely what Stephen Jay Gould called “an odd
arrangement.”†

As James Shreeve, author of The Neandertal Enigma, writes:

[The stone tools made by predecessors of erectus] were little
more than sharp flakes or lumpish rocks with an edge whacked
away. In contrast, erectus made a variety of more laboriously
produced implements, typified by the symmetrical Acheulean
hand ax.‡ These beautiful teardrops of quartz or flint enter the
archeological record as early as a million and a half years ago,
along with the first signs of erectus skeletons. The trouble—from
an “all-important” standpoint—is that the species then goes
right on making the same hand axes and other tools for the next
million years. From this point of view, the whole Acheulean
period associated with erectus represents not the arrival of a
rich and resilient intelligence, but, as one archeologist has
called it, a period of “unimaginable monotony.”



By the time of erectus, the hominid hand had been stretched, but,
as has already been pointed out, we still do not know when its
present architecture was completed or exactly why those
modifications (especially the isolation of the long flexor of the
thumb and ulnar opposition) were worth keeping. Although
evolutionary theorists rightly caution us to curb our passion for
finding purpose in evolution, there is no reason to be slack in our
admiration of what actually exists. The thumb, like the shoulder, is
an astonishing example of versatility realized through structure. Its
most important movement is well worth looking at.

Two problems had to be solved in evolution to give the thumb its
ability to move in opposition. First, it had to be made long enough
to reach the other fingertips. Second, its attachment to the wrist,
and the muscles and tendons moving it, had to be modified to
permit repositioning of the thumb so that the tip of the thumb
actually could make pad-to-pad contact with the tip of each finger.
This movement can be broken down into separate components (see
Fig. 7.3):

the first metacarpal abducts on the basal joint of the thumb;
the thumb column (metacarpal and two phalanges) pronates
during abduction, producing what Tubiana calls anteposition;
the wrist extends, projecting the thumb column distally;
the two distal joints of the thumb (the MP and IP joints) flex,
bringing the tip of the thumb into contact with the tips of any
of the four fingers.

Since any developing grip might be used for power or precision
(or some combination of the two) and since the size of the object to
which the grip must conform is variable, the thumb may align itself
in any of the possible permutations of pronation, flexion, extension,
adduction, or abduction. Its ability to do this, of course, is as much
dependent upon the muscular arrangements as on the placement of
bones and ligaments and the orientation of the joints. The
arrangement of muscles pulling the thumb can be pictured as being
something like the arrangement of the long ribbons around a



maypole. The thumb is not a rigid pole, however, and it is the
balanced interplay of opposing pulls and the wavelike flow of forces
circling the thumb that produce its complex movements. There are
eight (sometimes nine) muscles attached to the thumb (Fig. 7.4).

FIG. 7.3 The simplest movement of the thumb column is flexion and extension (shown by
the F/E arrows). Movement of the column in a plane roughly perpendicular to the plane of
the hand is more complex because the thumb also rotates (pronates and supinates) on its
basal joint during this movement. Tubiana calls this movement (which would normally be
called adduction and abduction) anteposition and retroposition (shown by the A/R arrows) to
make explicit the movement of the thumb in relation to the plane of the palm. The most
complex movement of opposition occurs when flexion and anteposition are combined with
extension of the wrist, causing the thumb to project distally to a position so that its tip can
meet the tips of the fingers. (From Tubiana, The Hand, 1981, with permission.)

Four of these muscles originate in the forearm: the tendons of
three of these enter the thumb on its extensor (thumbnail) side and
function primarily to move the thumb away from the position of
opposition. (These are the long and short extensors and the long
abductor of the thumb.) They help to shape the curve of the thumb



and to widen its separation from the index finger so that the hand
can accommodate larger objects; they also pull the thumb outward
to stretch and flatten the hand (as when a pianist reaches for an
octave); they participate in the “brushing” or “twiddling”
movements in which the thumb tip sweeps from the ulnar to the
radial side of the hand (as in the emblematic gesture suggesting that
an exchange of money is needed to move things along); and, of
course (in baseball), these muscles help the umpire inform a batter
or a runner that “You’re OUT!”

FIG. 7.4 The complex movements of the thumb result from the arrangement of nine muscles
that enter the thumb from the forearm (extrinsics) and from the hand (intrinsics). In the
diagram above, right, Tubiana shows these as separate force vectors arranged around the
three joints of the thumb, all of which move independently in flexion and extension. The
joint at the base of the thumb, a saddle joint, also moves in abduction and adduction,
thereby permitting the thumb to rotate. (From Tubiana, The Hand, 1981, with permission.)
Above, left: the actual anatomic arrangement of the intrinsic muscles. (From Werner
Spalteholz, Hand Atlas of Human Anatomy, 1923.)

The fourth muscle arising in the forearm (the long flexor) enters
on the flexor side (the pad side) of the thumb; it is the single most
powerful muscle of the thumb. Its two main jobs are to help lock the



thumb over the backs of the other fingers in an oblique squeeze grip
(as in holding a hammer), and to aim the tip of the thumb straight
at the tips of the other fingers and hold it there in a tip-to-tip
opposition pinch grip. The remaining muscles of the thumb are
located entirely in the hand itself (for which reason they are called
intrinsics). Three of them are the secret weapon of opposition: one
muscle (the opponens) initiates the move, and the other two (the
abductor and short flexor) complete it, positioning the thumb tip so
that the long flexor can apply force to the other fingertips. The
fourth intrinsic is called the adductor, whose main role is to pull the
thumb tight against the index finger, as it does in the side-to-side
pinch grip.

The thumb is the only digit in the hand that has this freedom to
rotate or swivel; it is also unique in that all of its movements can
take place independently of those of any of the other fingers: as
everyone says, the combination of strength, independence, and
versatility sets it apart. Because of its unique capabilities, as we are
about to learn, the thumb, if need be, can carry on a solo act.

George McLean was born in Gilroy, California, and lived on a small
ranch there until he was about nine years old. His father,
commander of the National Guard unit there, died when George was
two years old. He remembers his childhood as being rather solitary.

We lived outside of town, so I took the bus to school. I wasn’t
very social because I got up early, walked to the bus, went to
school, took the bus and walked back home. There was no one
within at least a mile to play with. I think because of the times
and because my father was in the military I had a lot of lead
soldiers. I used to build forts when I was eight or nine, and I
remember that I didn’t like pieces if they weren’t in scale. I
used to like making model airplanes, and I might even put an
airplane in a fort I was building, but only if it was the right size.
I would design whatever I was building ahead of time, then put



it together; if a toy was not the right size then it couldn’t be a
part of the whole thing.

After his father died, an aunt from South Dakota came to help out,
as George’s mother was a nurse and not often home. His aunt stood
in easily for the father he had lost.

I followed her around from the time I got up until I went to
bed. She was always showing me how to do things—build
things. She’d been married a short time and had worked in a
bank in North Dakota. She had had a homestead there which
had started out as a tar-paper shack. She lived out in the
country and rode a horse to town. She was used to raising
animals, and when she came to live with us she took care of the
ranch until it was sold, about four years after my father died.

The family moved from Gilroy to San Jose, California, where George
remained through high school. He remembers enjoying high school
shop classes because the work seemed “logical” to him. After
abandoning an attempt in junior college to major in both language
and chemistry, he took an aptitude test and was told that he should
consider taking courses in art. He followed this advice, enrolled in
Stanford, earned a bachelor’s degree in art, and then went to Los
Angeles to study automotive and industrial design. After a brief stint
in the navy he returned to Stanford, where he began work on
master’s degrees in both art and art education. During this period, in
1959, disaster struck:

I was working on a home-shop do-it-yourself project and one
day I reached down to turn off the machine—a saw—in the
normal way, just as I’d done before on another piece of
equipment. Then I realized that the power switch was on the
other side, so I proceeded to reach down, underneath, and put
my hand through the blade. Of course I realized immediately
that I’d done something very stupid. As soon as it happened I
closed my eyes, grabbed my hand to stem the blood flow, and



got my brother-in-law, who was there with me, to put a
tourniquet on and call the ambulance. While he was doing all of
that, I asked him, “There’s just one thing I want to know—do I
still have my thumb?” He said, “Yes,” and I said, “I thought I
saw it. Okay.”

FIG. 7.5 George McLean had been trained as an artist to draw using movements of the
whole arm. This pen-and-ink drawing of a garlic, made after the loss of all four fingers of
his right hand, shows that delicate and precise motor control is a potential capability of the
entire upper limb.

He was thinking at that moment that if he still had his thumb he
would be able to hold something; he would have the ability to grip.
He did have his thumb, but the remaining four fingers on his right
hand were gone. He was taken to a hospital, operated on, and the
next day a surgeon visited him to explain what would happen next:
he would have to learn to use his left hand. To begin training his
left hand to take over for the right, the surgeon gave him “the old
drill” of maneuvering a half-dollar across the fingertips.

It took me half an hour to learn to do it in both directions
without dropping it. In the second half hour I was able to do it
with a dime. Breakfast that morning was a boiled egg in a cup,
still in the shell. I was damned if I was going to call in anyone



to help me, and I figured out how to crack that shell and get the
egg out. I was pretty determined.

Within a day or two I started to write with my left hand and I
found that I could write upside down and backwards. The slant
was slightly different but otherwise it wasn’t that much
different from writing with my right hand.

George wanted to be able to do everything with his left hand that he
had been able to do with his right hand before. And that included
drawing upside down.

In school, to sharpen our ability to draw accurately and in
perspective, we would design a car for someone so that it was
right side up when the other person looked at it. It definitely
helped us develop accuracy in spatial relationships. I should
add that one of my favorite subjects in junior high school was
typesetting. Typesetting is done upside down and backwards. I
was very good at that.

After recovering from the accident, George worked as a freelance
artist, lived in England for a year, and in 1962 began teaching art in
a junior high school in Palo Alto. His students persuaded him to
start a jewelry-making class, and very quickly something inside
seemed to just kick in and take over. Three years later George
opened his first jewelry business and he has been making jewelry
since then—a period of over thirty years. In 1979 he joined the
faculty of a prominent training school for jewelers, the Revere
Academy in San Francisco, and later became its program
coordinator. The first time I met George McLean was at the school,
where I not only heard much about his work but was also able to
see him operate with his own tools.

I became a jeweler about five years after the injury to my right
hand. As soon as I started using my right hand again to grip, I
realized how important my art training had been: we had been
taught to draw using major arm muscles. We didn’t even do



tiny details with the fingertips. That meant that I was already
more or less trained to hold on to something with my thumb.

What I found is that the right hand is the tool holder and the
left hand is the manipulator. You have to hold the tool exactly
so that it does the same thing every time. You rotate the work
to the place where it should be.

If I’m doing very accurate work, I seat the hammer against
the chest. I very seldom hammer with my left hand. It’s hard
because you need to grip the object you’re working on.
Learning how to control the tools used in jewelry-making can
take as little as two or three months. And it takes in quite a few
senses. It takes in the sense of hearing, as well as the physical
sense of how a tool is touching something else. For example,
with a torch you are concentrating on heating something
without melting it, so you’re visually focused tightly on what’s
going on there. But you are also sensing the sound that the
torch is making. You can hear a change in the mixture of
oxygen and gas, depending on where the torch is. Of course
vision plays a very big part, but there is also the physical
feeling when the tool you’re holding is in the proper position
and is making the proper contact.

When you’re filing or hammering, there’s also the sound.
Hammering on a piece of metal is like ringing a bell. A person
needs to have feeling for all of those things. You know, tools
are very sensual things, and using them can be. The filing, the
polishing; drawing is very physical, sensual. Filing is almost like
petting a cat.

I’ve always found that making the simplest ring—just a tube,
even—when I’m doing it and doing it well, I can feel high
afterwards. I can just concentrate on that and shut out the rest
of the world. I like to make things, and that’s the way I’ve been
since I was probably four years old. I was always encouraged to
draw, and there were always materials available and tools to
experiment with and work with.



Most of the people I have trained already have a significant
experience in jewelry. Whatever it takes to be competent, what
I call tool sense, is probably already there. And it takes
someone with a lot of patience, who has a good ability for self-
criticism, is somewhat introverted, and is happy working alone
and really focusing on what they’re doing.

Bachleitner, Percelly, and Hall, each at a young age, demonstrated
notable precocity in a specific physical skill, and their work as
adults seemed strongly anticipated in what they were “naturally
good at” as young boys. George, by contrast, did not discover
jewelry until he was in his thirties. But one does not have to look
very far beneath the surface to see that the strong interests and
affinities he displayed as a young child converged as he became
older, and that by the time he discovered goldsmithing he was, in a
very real sense, already a jeweler.

From the time he was a young boy George loved to build,
particularly elaborate models, always with constructions insistently
made to scale. In doing so, as we shall consider in the book’s final
chapter (“Head for the Hands”), he was emulating the childhood
experience of a group of highly successful professional sculptors. He
used drawing and sculpting tools to realize mental shapes and
images, and he found working with tools to be an overtly sensual
experience. He has a particular skill with small tools and almost
always relies on his right hand to control them despite its lack of
fingers. He enjoys a highly developed visuospatial ability in both his
reading and his execution of drawings, and a very particular set of
geometric images consistently serve as the raw material through
which he exercises his strong desire to create. He is comfortable
working in solitary and meditative settings, and he is a patient and
imaginative listener and interpreter. George became a highly
successful jeweler after an accident that on its face should have
immediately and completely disqualified him from what became his
life’s work. His description of the path he followed to his career



makes it clear what he still had in his possession, including both of
his thumbs, after his accident.

FIG. 7.6 Goldsmithing involves ancient traditions in skilled hand use, and provides
exceptional examples of the exploitation, elaboration, and blending of the hand’s capacity
for precision and power gripping and handling. As these illustrations make clear, the
addition of power tools further extends the reach of the hand’s ability to work with small
objects. Top and middle, left and top, right: Note the use of refined “bracing” by the palm
and the tips of extended fingers. Dentists use comparable techniques in the repair of teeth,



and when they fashion new teeth out of gold their work is indistinguishable from that of
the goldsmith. Microsurgeons extend these same techniques to the manipulation of bodily
tissues through the use of operating microscopes and the special tools of microsurgery, but
continue to manipulate their instruments with unassisted precision grips (see Chapter 14,
“Hidden in the Hand”). (Photographs courtesy Barry J. Blau, photographer, and Alan
Revere. The lower, right-side image, showing the hand-sharpening of a small jeweler’s drill,
is from Alan Revere, Professional Goldsmithing, New York: Van Nostrand Reinhold, 1991,
with permission.)

There are many possible reasons why George’s constellation of
skills led him to goldsmithing; the gradual maturation of his work
into a lifetime career, which took on its own directions and
meanings, is another question. After a number of conversations with
him, I believe he is most drawn to work that permits him to
transform important, and sometimes extremely private, feelings and
memories of his clients into tangible symbols.

Jewelry is often connected with ceremonies in life. That’s why
the wedding ring is such a mainstay for jewelers. I’ve found
designing for an individual takes a lot of listening, trying to find
out what they feel—often it’s something very personal that’s
happened to them or to the partner or between them that they
want incorporated. That can be magical, and also very secret.

In discussing his work, George referred to a “visual vocabulary,” as
if jewelry might be the accomplishment of an occult, nonverbal
language. Based on his description, there can be little doubt that the
pieces he produces flow from internalized rules for combining
materials and structural elements in a way that acquires meaning
and has come to bear his personal stamp. How does this process
differ from a writer’s, whose stories are borne by words joined
according to a grammar that governs their relationships? Are the
skilled hand movements of the artisan gestures that write their
meanings into solid shapes, as the writer writes words onto paper?
How far might such an analogy go? Indeed, might such an analogy
find a counterpart in the actions of the brain itself?



George’s story gives us three major issues to consider next:

the transformation of two hands into a complementary
partnership, with lateralized specialization of function
(handedness, or hand “dominance”) becoming nearly
ubiquitous as a stable and lifelong behavioral trait;
the transformation of the hand into an articulate organ of
expression;
the appearance of complex sensori- and perceptual-motor
linkages of hand and brain, normally associated with task-
specific learning, suggesting the interaction of both
hereditary and experiential factors in skill aptitude and
achievement.

These issues bring into relief a fundamental premise of Darwinian
thought, that structure and function are interdependent and co-
evolutionary. The brain keeps giving the hand new things to do and
new ways of doing what it already knows how to do. In turn, the
hand affords the brain new ways of approaching old tasks and the
possibility of undertaking and mastering new tasks. That means the
brain, for its part, can acquire new ways of representing and
defining the world.

Bearing that thought in mind, we turn next to the most
intractably baffling of the myriad consequences of hand-brain
coevolution, which cognitive scientists almost uniformly consider to
be the most consequential of human prelinguistic adaptations.
George set the stage for this part of our story when he said, “What I
found is that the right hand is the tool holder and the left hand is
the manipulator. You have to hold the tool exactly so that it does
the same thing every time. You rotate the work to the place where it
should be.”

We turn now to the mystery of human handedness.

* In a serious discussion about evolution, the term “design” is a battle cry. Bell, writing
before Darwin, meant quite specifically that the condition of the human hand was evidence



of an intelligence outside of man who was, in his words, the “anonymous author” of the
design. Richard Dawkins argues the case against design in The Blind Watchmaker (1987),
and Daniel Dennett does the same in Darwin’s Dangerous Idea (1995).
* The human five-jawed cradle—now the five-jawed chuck—is a major advance because
although it permits the same cradling of objects in the hand, the augmented manipulative
range stemming from having both thumb and ulnar opposition increases enormously the
options for precision handling of small and irregularly shaped objects.
* Richard Dawkins’s latest book, Climbing Mt. Improbable (1996), provides the necessary
check on unrestrained anthropocentric sentiment. For example, he explains how
probabilities exclude certain adaptations we might deeply wish for—the ability to fly
(without props, that is).
† You may want to take another look at the epigraph (by Gould) that stands at the head of
chapter 1 (“Dawn”).

‡  Archaeologists refer to the entire collection of advanced stone tools attributed to H.
erectus as the “Acheulean tool industry,” named for the finds made at Saint-Acheul, in
France.
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8
The Right Hand Knows What the Left Hand Just Did

THE DEVELOPMENT OF LATERALIZED FUNCTION HAS BEEN SUGGESTED AS BEING IMPORTANT TO NORMAL

LANGUAGE, COGNITIVE, SOCIAL, EMOTIONAL, PERCEPTUAL, AND MOTOR DEVELOPMENT, AS WELL AS TO THE

EARLY DETECTION OF CERTAIN KINDS OF ABNORMAL DEVELOPMENT AND DISABILITIES. THE TRUE

RELEVANCE OF LATERALIZATION OF FUNCTION WILL BE ASCERTAINED ONLY BY CAREFUL RESEARCH THAT

ACKNOWLEDGES THAT ASPECTS OF THIS FUNCTION DEVELOP THROUGHOUT THE LIFE SPAN, BEGINNING AT

BIRTH, IF NOT BEFORE.

—Gerald Young

THE HUMAN HAND HAS AN EXTREMELY LONG HISTORY both as an implement of social
interaction and as the object of social attention. Nuances of meaning
not conveyed by speech are communicated by gesture in every
culture and language. Ritual codes pertaining to membership, rank,
and duty are acknowledged and enforced through signs, salutes, and
postures of the hands. Adornments of the fingers and hands (gloves,
rings, tattoos, decorated fingernails) convey intimate and sometimes
complex messages about personal identity and attachments. Social
customs and meanings attach not merely to the hand but to the left
and right hands specifically. Societies everywhere, it seems, have
found (or invested) in this anatomic pairing so powerful and
evocative a symbolism for fundamental contrasts in human nature
that almost anyone, anywhere, can easily produce the list on the list
below.

LEFT RIGHT



Profane divine
Sinister benign
Unlucky lucky
Impure clean
Gauche adroit
Slow quick
Weak strong
Clumsy dexterous

While right-handers in our society may take this kind of
polarization lightly, its real meaning and importance are clearly
understood by left-handers everywhere. I was particularly struck by
the story one of my own patients told me several years ago. He was
a man in his early seventies, recovering from a stroke that had left
him with a clumsy right hand. What caught my attention was not
the immediate hand problem (he had in fact already improved
considerably) but the far greater difficulties he had experienced
with his hands during his early life. He was barely a year old when
his father, an English merchant seaman, had detected in him a
tendency toward left-handedness. Hoping to prevent a lifelong
struggle with this “defect,” the father had his son’s left hand bound
up in a cloth and directed his wife to oversee the corrective effort.
My patient said he had no specific recollection of this period in his
life but realized it later because of what happened.

Initially at least, his father’s strategy succeeded, and by the time
he was ready to begin school, he had become fully right-handed.
Unfortunately, he was found to be a slow reader in school, and his
penmanship was poor. His first teacher berated him for laziness, and
he was required to stay after school to improve the appearance of
his writing. Later that year his right hand was severely injured; he
had tripped while crossing a street and fallen in front of a car,
which ran over the hand. While his injuries might have been far
worse, the damage to his hand prevented him from using it for
several months. The silver lining to this cloud, of course, was that



for the first time in his life he was permitted to write with his left
hand.

Almost immediately his penmanship improved, as did the rest of
his schoolwork. Since he had no recollection of his preschool
conversion to right-handedness, the change struck him as
miraculous. After he recovered from the injuries to his right hand,
he continued to write with his left hand; his father was no longer at
home, and his mother did not object.

At the beginning of the next school year, his mother moved her
family to another village. His new teacher was a strict
disciplinarian, who, like his father, was strongly opposed to left-
handedness. Incredibly, for the second time in his life he was
prevented from writing or holding any tools or implements with his
left hand. By the end of that school year he was once again a right-
hander and once again the object of ridicule because of poor
performance.

He told me that the next few years were a time of growing
frustration and alienation from school. Finally, when he was about
ten years old, he ran away from home. When he was brought back,
he was transferred to another school and placed with a woman
teacher who was warm and sympathetic. Remarkably, she
concluded that his school failures were due to the prejudice against
his left-handedness, which she felt could and should be restored.
Unfortunately, neither her ingenuity or perseverance in that
attempt, nor his own eagerness to cooperate, were rewarded. The
door had closed, leaving him at the age of ten with a makeshift and
quirky ambidexterity, equally awkward with both hands. This
situation never improved. He told me he was certain he would have
gone much further in school—that he might even have earned a
degree in engineering—if he had not had to contend with the early
and intractable difficulties in reading and writing and with the deep
feeling of alienation he developed toward school.

Even though our ideas about hand dominance may be unclear,
personal experience teaches us that our own nondominant hand is
somehow disabled compared to our dominant, or “good,” hand.



Most of us remember a left-handed kid who always seemed to be
having trouble in school. Why should that be? Has something in the
remarkable capabilities of the hominid hand been lost as a
consequence of evolution? And if the contrary is true—that we have
gained skill compared with nonhuman ancestors—why does only one
hand seem to be the beneficiary? And what does schoolwork have to
do with all this?

My patient’s odd and unhappy story poses a set of related
questions: Why do we almost always use the same hand for tasks
demanding manual skill? Wouldn’t it make more sense if we were
ambidextrous? Even if there is good reason for one hand to be our
preferred hand, why should that be the right hand for the
overwhelming majority of us? And if handedness really does
influence reading ability or intelligence, how does it do so?*

Since most of us discover and adapt to our own handedness early
in life, we have little reason to puzzle over this propensity any more
than we puzzle over the color of our eyes. But handedness is
uniquely human, ranking with speech and tool use as a distinctive
behavioral trait of H. sapiens. We and we alone, as a species, exhibit
a strong preference for the use of the same hand—left or right—in a
variety of manual tasks. We also divide the labor between the hands
in bimanual tasks in a stereotyped fashion, and are strongly inclined
toward the exclusive use of a “dominant” hand in those one-handed
tasks requiring precise control of a tool.

The ubiquitous social pressures to be right-handed reflect,
embellish, and reinforce (as does the list above) what is
fundamentally an expression of biologic influences and processes.
And whatever its real impact has been and continues to be, the
social stigma for left-handers simply diverts our attention from the
real questions, which leap out at us from a list of right-handed
versus left-handed attributes purged of insinuations concerning the
manners and character of left-handers. This revised list describes
quite specific performance measures by which the two hands seem
objectively to differ, and calls our attention to something



fundamental in human makeup that begs for explanation—our
“manual performance asymmetries”:

NONDOMINANT HAND DOMINANT HAND

Clumsy dexterous
Slow quick
Weak strong

Even this short list (which no longer asserts that the right hand is
the “good” hand) may overstate or misrepresent real differences. But
at least it gives us qualities that can be objectively tested. If these,
or other, measurable differences could be shown to be significant
and consistent, we could then decide whether or not to side with
psychologist Michael Corballis, who has dubbed Homo sapiens “the
lopsided ape.” All we know for certain at this point is that for a very
long time both social and scientific views of handedness have
amounted to little more than a stew of assorted myths and
prejudices, into which chewy nuggets of serious scientific
speculation or observation are occasionally dropped. We still know
essentially nothing about the history of our special trait or its
neurologic foundations. But human manual lopsidedness is fast
becoming a major theme of inquiry in primatology, anthropology,
genetics, neurology, developmental psychology, and linguistics.

There is more and more evidence in biologic research that
handedness may be nearly as old and as influential as bipedalism
was in shaping human development and orienting our subsequent
history. There is at least some reason to believe that right-hand
dominance is rooted in primate bipedalism; that is, it may have
begun when a particular line of apes preferring a terrestrial life on
two, not four, legs began to define a new environmental (hence
behavioral) niche for itself. After Ralph Holloway first suggested
that throwing might have been an early stimulus to hemispheric
specialization, neurophysiologist William Calvin offered a
provocative solution to the emergence of handedness—in particular
the extreme bias toward right-handedness—by suggesting that



females were the principal hunters and that they hunted carrying
their babies in their left arms, where the sound of the heart would
soothe and quiet the infant.

In advancing this intriguing (but untestable) hypothesis, Calvin—
like Holloway—sought an explanation of handedness that could be
linked to the evolution of lateralized specialization in the brain,
which is an important possibility to consider since it is now known
that the left hemisphere (which exerts a powerful influence on
movement of the right arm) could provide the temporal precision
needed for the kind of complex sequenced movements that the
dominant hand seems especially suited for.

Calvin was suggesting that habitual right-arm throwing, which
would demand, or benefit from, an unusually accurate “clock” in the
left hemisphere, is an ideal candidate for the behavior that made the
clock—and the advantaged right arm whose precisely timed
movements it supported—worth preserving genetically. While he
may or may not have been correct that Lucy and her sisters and
daughters hunted with babes-in-arms (and in their left arms
specifically), he is almost certainly correct that the explanation for
human handedness lies in novel behavior or behaviors among early
human ancestors that improved their chances for survival on the
ground.

It is actually quite easy to see that the establishment of a
lateralized habitual upper-limb skill could have conferred a critical
survival advantage on the australopithecines in the competitive
environment they inhabited and that it must have occurred if
marksmanship was their basic weapon. This change would have
required neither a nursing mother nor any new property in the
primate brain: everything required was already there—including an
environment indifferent to the outcome.

For most, if not all, primates, voluntary sequential movements of
the limbs, no matter how complex, are executed with increasing
fluency and precision the more they are repeated. If the survival of
early hominid groups depended upon hunters who were proficient
rock throwers, then any groups whose hunters learned to throw



habitually with the same arm would have gained a significant
competitive advantage; such hunters (all other things being equal)
would have most quickly optimized the path to speed, distance, and
accuracy in throwing, which is what is needed for bringing down
prey, or for outdoing or even eliminating the hunters of competing
hominid groups.*

Of course, the establishment of a strong hand preference, left or
right, for any reason, even if unrelated to throwing, would have
become an advantage in a throwing war. In either case, the outcome
would have been the same. Given the abundance of rocks, tasty
targets, and rivals, and given also the sophistication and
programmability (“plasticity”) of the primate sensorimotor cortex—
which came already wired to handle the special biomechanical
array of limbs and pelvis with which Lucy was equipped—whatever
ambidexterity our ancestors may have enjoyed prior to that time
was likely doomed to extinction. At the very least it would have had
to give way to at least one major heritable manual performance
asymmetry: the overarm throw.*

Note that this particular trick, then as now, would have served
left-handers and right-handers equally well.

We cannot know what actually did launch the march toward
handedness, but there is at least some evidence that another
distinctive and important manual performance asymmetry had
appeared among the hominids a mere million years after the time of
Lucy (nearly two million years ago) in East Africa. That evidence
has been found in collections of stone flakes generated by stone tool
manufacture.

During a seven-year period beginning in the late 1970s,
anthropologist Nicholas Toth examined stone flakes (fragments
created when a stone core is struck with a hammerstone) recovered
from research sites in Koobi Fora, Kenya, and Ambrona, Spain. The
Kenyan site has been radiometrically dated to approximately 1.4 to
1.9 million years ago, when presumably both H. habilis and H.
erectus were present there; the Spanish site is estimated to be
between 300,000 and 400,000 years old, and its artifacts are



attributed to H. erectus. Toth and his colleagues had devised a
technique for distinguishing flakes created by a hammerstone held
in the right hand from those struck by a hammerstone held in the
left hand. Based on his own experiments with making stone tools
(called “knapping”), he had learned that the surface patterns of
individual flakes reveal which hand was holding the hammerstone
during the strike. Regardless of the purported handedness of Stone
Age knappers, when cores are being used randomly, the process will
yield on average equal numbers of left-oriented flakes and right-
oriented flakes (representing only about one-quarter of the entire
crop of flakes, the orientation of the remainder being
indeterminate). However, when a core is being repeatedly struck to
produce multiple flakes in sequence, the preponderance of the crop
produced by right-handers will be “right” flakes, with the contrary
result for left-handers. In his own knapping and that of his
colleagues, Toth had found that right-handers produce a 56:44 ratio
of identifiable right-to-left flakes; when they analyzed over 1,500
flakes from Koobi Fora (the site dated between 1.9 and 1.4 mya),
they found a 57:43 right-left flake ratio, identical to that of
experienced modern right-handed knappers. Of course, these figures
imply nothing about other possible manual asymmetries; nor do
they indicate that handedness as we understand it existed during the
early Pleistocene epoch.

Why would handedness be an advantage in stone tool
manufacture? Well, if training just one upper limb for aiming stones
to be thrown toward a distant target was a good strategy for
hunters, lateral consistency in holding and aiming hammerstones
was likely to have been an equally good strategy for knappers.
Holding a hammer or a projectile in the hand, taking aim, and then
propelling the arm rapidly forward toward a target is complicated
enough physiologically so that it demands rehearsal: present-day
pitchers and diamond cutters alike spend a great deal of time
working their way up to the big leagues, and they work long hours
to stay in practice once they get there. A bull’s-eye is a bull’s-eye,
whether the target is nearby or at some distance.



There is something else about this ready-aim-fire trick that should
alert us to the special requirements for control it might present.
During the preparation phase (the windup) the arm is “cocked”—
which is to say, moved to a ready position, then forcibly restrained
while chemical energy in the muscle is released to increase muscle
tension. Just as with a bow and arrow, or a slingshot (propulsive
analogues of throwing), movement onset must be delayed until
enough potential energy has accumulated in the contracting muscle
to permit rapid acceleration of the limb at “launch.” Once the
brakes are released and the move begins, the proximal limb muscles
instantaneously relax.

But the distal muscles, which must keep the handheld object in
place through at least part of the swing, cannot relax at movement
onset. In fact the hand must tighten its grip during limb acceleration
or control of the handheld object could be lost. In the case of a rock
being thrown, the next critical control event would be a precisely
timed release—a relaxation of grip—just a few thousandths of a
second after limb release. If the rock was being used as a hammer,
grip would have to be maintained and forearm and hand muscle
tension set to a “shock-absorber” configuration. Imagine what an
extraordinary control problem these tasks would present to the
nervous system: in each case, distinct contraction and relaxation
profiles would have to be created for the upper arm and for the
lower arm and hand; in a certain sense, two segments of the arm
would have to be treated as though they were not even the same
arm.*

The control of an invariant sequence of interacting muscle
contractions and relaxations requires nothing less than perfect
regulation of the start and stop times of all these events, which in
turn determine the movement of each of the involved limb
segments, and which regulate even their contractile state through
the course of the movement and at its endpoint. There are no points
for near misses, and the penalties for mistakes can be quite high.
Apparently, regulating the timing of all the necessary “on” and “off”
switching is a large part of what is so difficult in perfecting



movements that are rapid, brief, and (of necessity) extremely
accurate. Perhaps the control problem is further complicated by the
need to segregate commands sent to proximal limb segments from
potentially incongruous or conflicting commands simultaneously
directed to distal segments. Small wonder the move demands
practice, or that the nervous system seems to “memorize” its own
instructions to the muscles when the move has such a complex and
—once perfected—inflexible activation scheme.

Should it happen that improved control for a single skill provides
a faster learning curve when comparable skills or movements are
carried out by the same limb, then the probability increases for an
uneven assignment of other jobs to the two sides. The probability
also increases for the generation of a special-purpose neurologic
strategy being called up within the brain whenever any task is
encountered that would optimally be solved with that strategy. The
brain, in other words, might teach itself to look out for (or identify)
all tasks with performance profiles A, B, and C, and simply “call up”
routine A, B, or C to take care of business as the appropriate
occasion arises. It might in effect create a “chip” (like a math
coprocessor in a computer) to standardize and speed common
operations of a particular type. Of course, any such “chip” would
disappear with the death of its owner. But if such a special skill
were to retain its survival value over the requisite number of
generations of the species, the special status of members having a
high level of that skill would favor increased expression and
propagation of the gene in the population at large.

If it is true that our handedness simply reflects the cumulative
evolutionary effect of environmental demands and opportunities for
a new class of upper-limb movements in the hominid line, we must
ask ourselves, beginning with the australopithecines, what happened
to the nondominant arm and hand in this process. Did it stagnate?
Was it “dumbed down” somehow, in order to guarantee the
emergence of a manual performance asymmetry? Or did the
nondominant upper limb itself become specialized in some way that
we have overlooked? It is worth recalling, in that regard, that, from



the earliest days of informed neurologic pronouncements on the
cerebral hemispheres, the nondominant hemisphere (which is most
often the right hemisphere) has been treated as if it were
superfluous. The contemporary view, however, is that the two sides
of the brain function as a coordinated whole and that whatever
differences there may be in their specific functions, they are
complementary: it is a true marriage with a division of labor
between left and right. Perhaps the same is true of the two hands.

Informal surveys of adults concerning handedness, using self-
descriptions, usually produce estimates of approximately 9:1, right-
handers to left-handers, with the proportion of left-handed males
slightly greater than that of left-handed females. But serious
attempts to define handedness precisely or to estimate its true
incidence cannot depend upon the labels people apply to
themselves. In 1971 R. C. Oldfield published a survey of handedness
among 1,100 young adults based on ten questions about habitual
hand use (including three tasks requiring the use of both hands).
The responses to this survey led Oldfield to propose a “laterality
quotient” to describe the strength of handedness based on the
number of tasks done with one hand or the other. Other studies of
this kind showing comparable variability in hand preference or skill
led researchers to infer that handedness exists along a spectrum
from strongly right-handed, through ambidexterity, to strongly left-
handed.

Theoretical support for this idea came in the form of a theory that
there is a “right shift” gene, which, while not explaining the
behavioral details of handedness, provided at least a theoretical
explanation for human variability in handedness. That explanation
was compatible with both the statistics and the seemingly
paradoxical occurrence of opposite handedness among identical
twins. By the early 1980s, however, a number of investigators had
begun looking more seriously at the possibility that handedness was
a more complex phenomenon than anyone had ever imagined.

The picture that emerges from the most recent work is that almost
all of the longstanding generalizations are flawed, and that even the



“enlightened” physiologic view of hand skill (dexterity) as a one-
dimensional, lopsided trait cannot account for the facts. Students of
the problem have agreed that closer scrutiny of handedness among
nonhuman primates—particularly the relation of posture and
reaching patterns to hand use—and studies of chronology of
stabilization of hand use among children are needed. An improved
accounting of the relation of neurologic syndromes of altered hand
function, or “apraxia,” to theories of handedness is needed. Needed
most of all, however, is a comprehensive descriptive and analytic
science of hand movements and use, and of the biomechanical and
neuromuscular events responsible for skilled movement.

The last of these specialized areas of investigation, kinesiology,
yields the central question about handedness: How much do we
know about the specific movements associated with tasks assigned
to, or performed best by, the left and the right hand on one-handed
and bimanual tasks? The answer is: almost nothing.

Following Oldfield, a number of researchers began to look at hand
preferences and performance in specific unimanual and bimanual
tasks. Initially, no attempt was made to describe the movements or
to make inferences about the underlying biomechanics or
neuromuscular contributions to those movements. But even at a
superficial descriptive level, the fundamental distinctiveness of
manual performance asymmetries was becoming evident, as was the
extreme difficulty of making meaningful generalizations about
handedness and manual skill in humans.

The principal strategy used to discover how dominant and
nondominant hand skills differ physically from one another has
been to ask how they group themselves among individuals; specific
skills that are strongly associated with the same hand are likely,
from the control point of view, to be different versions of the same
motor skill or to have analogous control requirements. For example,
the question might be asked whether writing, opening jars, and
hammering nails are always done with the same hand in every
individual. If they were (and they are not), these skills would be
extremely likely to have similar requirements for strength, agility,



endurance, and so on, so that an analysis of the entire collection
would provide no more information about “dominant”
neuromuscular performance than would the analysis of any one of
them.

The most consistent results of all these studies can be summarized
briefly:

Writing (or drawing) is strongly related to a wide variety of
skills demanding skilled use of small tools manipulated using
a precision grip; self-definitions of handedness are invariably
based on the “writing/drawing cluster” among both right-
and left-handers.
Throwing is strongly correlated with other lateralized “whole
body” skills in which the dominant limb swings from the
shoulder and upper-body rotation and opposite-side arm
movements contribute to acceleration and provide
counterbalance. Throwing arm choice is strongly correlated
with same-side preference for kicking; grip strength is greater
on the same side, and the thumb-tip is usually slightly wider.*
Among right-handers, throwing and writing (drawing) are
almost invariably done with the same hand;*
among people who write or draw with the left hand,
approximately half throw with the right arm. When writing
and throwing are dissociated in left-handers (i.e., left-handed
writers), strength and thumb size are greater on the right
side, and the right foot is usually preferred for kicking.

An extremely important dissent from the inferior-superior and
“just different” theories of hand performance asymmetries was
published in 1987 by French psychologist Yves Guiard. Impressed
by the degree to which bimanual skills are required for daily
activities, Guiard proposed that a more realistic (and revealing)
approach to this problem would be to conceptualize the two hands
as a partnership. The question should not be which hand is
dominant, but how the two hands interact, or complement each
other’s action in a given task to achieve an objective.



If we think of a violinist, for example, it is rather obvious that
neither of his or her two hands is dominant in any clear sense: Each
of the two manual roles (grossly speaking, manipulating the violin,
manipulating the bow) is crucial and difficult. To deal with
laterality in the context of bimanual differentiated tasks, one
definitely cannot resort to the current notion of hand preference, for
the simple reason that no hand can be excluded from the task. At
the same time, it would be arbitrary to say that these roles differ in
difficulty.

In writing—as consistent a unilateral skill as is known—Guiard
showed that the nondominant hand plays a complementary, though
largely covert, role by continuously repositioning the paper in
anticipation of pen movement. Even when no movement seems
needed (as in dart throwing), the passive hand and arm are
probably crucial in counterbalancing the move of the active arm and
hand.

Looking beneath complementarity as a principle, Guiard went on
to show that the physical characteristics of movement, and the
requisite sensory control mechanisms supporting each, were
different. Specifically, movements of the dominant hand tended to
be lower in excursion (amplitude) and faster in repetition rates than
those of the nondominant hand in a given move. Said technically,
the spatial and temporal scales of movement of the two hands were
different, the dominant being “micrometric” and the nondominant
being “macrometric.”

Another important difference between the two hands in a shared
task, after scaling differences, is that the nondominant hand (as
when adjusting paper position in writing) “frames” the movement of
the dominant hand: it sets and confines the spatial context in which
the “skilled” movement will take place. In sewing, for example:
“Unlike a clamp, the postural (left) hand ensures plastic
stabilization, that is, produces steady states that are subject to
frequent alterations thanks to which the position and orientation of
the fabric always remain appropriate to the action of the right
hand.”



Finally, said Guiard, the framing, stabilizing activity begins in one
hand before the action of the other member of the pair. In summary,
Guiard proposed, there is a logical division of labor between the two
hands that appears to govern the entire range of human bimanual
activities. For a right-hander: “Right hand motion is built relative to
left hand motion, corresponds to a temporal-spatial scale that is
comparatively micrometric, and intervenes later in bimanual
action.” Put another way (and to paraphrase this chapter’s title), the
left hand knows what the right hand is planning, and the right hand
knows what the left hand just did.

What is perhaps most intriguing about this conceptualization is
that it maps almost perfectly onto the structural changes that
distinguished the earliest hominid hands from their closest simian
relatives and that created the opportunity for new grips and new
capabilities in this hand. When John Napier proposed that
prehensile hand grips be classified along a power-precision axis, he
hinted (but only hinted) at the neurologic implications of such a
particular organization of hand function, saying “it is in the
elaboration of the central nervous system and not in the
specialisation of the hand that we find the basis of human skill.” We
now must recognize that a major part of this neurologic elaboration
has something to do with handedness.

Recall that Marzke found in early hominid hands a structural
basis for three distinctive grips useful in stone tool manufacture: the
pad-to-side grip (thumb pad against the side of the index finger); the
three-jaw chuck (thumb, index, and middle fingers formed into a
baseball pitcher’s hold); and the “cradle” precision grip, in which
the thumb opposes the tips of the other fingers to support the
weight of an irregularly shaped object, and is able to turn it from
below. Taken together, in fact, these three grips provide everything
needed for all of the manual skills necessary for survival in
circumstances where stones are the only raw material available for
tools.



The three-jaw chuck is used by the dominant hand for
throwing and for hammering.
The pad-to-side grip is used by the dominant hand for
cutting, using a blade tool, and by the nondominant hand to
maximally expose the surface of a larger stone core to
percussive blows of a hammerstone while securing it against
the force of such blows.
The cradle grip is used by the nondominant hand to hold and
manipulate stone cores.*

Thus, from the beginning of the terrestrial life of our earliest
ancestors, a complete collection of the minimal requirements for a
survival strategy based on the use of stones was present for the first
time in a simian hand. Already at this stage, in addition, the habitual
use of stone tools would have favored not only strong lateral
preferences in hand and arm use (confining ready-aim-fire moves to
a single arm), but the development of a division of labor between
the hands, particularly in tool use, as described by Guiard. By the
time of H. habilis, 1.9 million years ago, further modernization of
the hand had taken place, the most salient change being more
powerful precision handling movements. By that time there was a
separate long flexor for the thumb, which added greatly to the
power available to the thumb as a buttress. While there are many
unanswered questions remaining, one is of surpassing interest: Why
is the comparatively new skill of writing so strongly lateralized?
Why are we so inept at writing with our nonwriting hand? Among
many possible explanations, two seem to me to be the best
candidates and equally worth pursuing—and they are not mutually
exclusive.

First, consider that from the standpoint of muscle synergy, many
examples of dominant hand activity combine a mixture of “tonic”
(slow, postural) and “phasic” (fast, brief, and usually repetitive)
muscle contractions: maintaining pressure on the tool while at the
same time moving the wrist and fingers in rhythmic sequences of
alternating movements to produce stereotyped trajectories. This is



quite a complex act because engaged along with forearm and hand
muscles, whose job is a sustained contraction, are muscles that must
contract and relax over and over again. The solution the brain
adopts for overcoming the complexity of these muscular tasks is to
automatize them—to create simple micrometric movements,
memorize them, and repeat them without variation. Once the
movement is learned, very little sensory monitoring is necessary.

By contrast, the nondominant hand must move in supportive
anticipation of the action of the other hand, conforming its
movements both to the behavior of an external object and to the
actions of the other hand, to ensure that the object and the
handheld tool will intercept at the intended time and place. The
motor demand is for a wide variety of improvised hold and move
sequences, carried out in patterns that are not as strictly rhythmic or
stereotyped as those of the dominant hand. The sensory control of
the nondominant hand requires accurate feature detection and
analysis, and integration of that information with projections of
opposite-hand movement.

In writing, as in stone tool manufacture, the dominant hand’s
performance is micrometric, rehearsed, and for the most part
internally driven (“pre-programmed).*

The performance of the nondominant hand is macrometric,
improvisational, and externally driven.

It is interesting to consider the task of handwriting in this context.
While the path your pen traces on a paper does not look like a
collection of identical hash marks, it turns out that this is essentially
what writing comes down to. You can see the deep structure of
handwriting, physiologically, simply by practicing row after row of
connected circles (which is what children used to do in penmanship
class). The conversion of those rows and rows of O’s to real words
and sentences happens when small variations in the amount of
verticality or laterality of the movement are introduced into the
movement. The extreme orderliness and predictability of individual
handwriting is due to this mode of generating and controlling the
movement. Take a good look at what your hand is actually doing



the next time you write. For a good laugh, try slowing down the rate
at which you sign your name—by about half—and see if you
recognize your signature.

We still have not explained why these critical functions are most
often controlled by the left side of the brain. This, without question
the paramount organizational distinction of the human brain,
remains a mystery. It has been widely suggested that in earlier
primate brains the right brain had already established a special
capacity for visuospatial processing, and that therefore a different
mode of neural processing (sequential as opposed to pattern-based)
would most naturally come to reside in the opposite hemisphere. If
that is true, it would seem to represent an extremely serendipitous
compromise, because it would juxtapose a right-arm throwing
advantage with a left-visual field sighting and tracking advantage—
nothing could be more useful to a pitcher! Whatever the truth, when
we landed on the ground, there was room for a new, comparatively
low-level computer job (subcontracting repetitive, stereotyped
movements of the hand and fingers) and that job was assigned to a
(then) comparatively idle left hemisphere. Perhaps the low-level
computer rather unexpectedly taught itself some new tricks and
stole the show.

* A further, and unexpected, new question, has to do with longevity. Several recent
attempts to determine the distribution of right- and left-hand dominance as a function of
age unexpectedly found that almost no one over the age of eighty years is left-handed.
Various experts are scrambling either to validate or to refute this claim, and (in the event it
turns out to be correct) to explain it. For a review of this fascinating topic, see M. Peters,
“Handedness and Its Relation to Other Indices of Cerebral Lateralization,” in Davidson and
Hugdahl, eds., Brain Asymmetry (Cambridge, Mass.: MIT Press, 1995).
* They need not have deliberately adopted this strategy or conceived of what they were
doing as practicing, in order for the behavior to have had this result. Obviously, if a skill
practiced with a single limb could be transferred without further effort to the opposite
limb, lateralization of skill would not occur. While some degree of transfer does occur
(though not to the same degree in each direction) the effect is not strong enough to
overcome the essentially exclusive benefit of one-sided practice to the limb doing the



practicing. Apparently, transfer of at least one skill learned with the dominant hand
shortens the learning time needed for the same skill by the nondominant hand, but not vice-
versa! See U. Halsband, “Left Hemisphere Preponderance in Trajectorial Learning,”
Neuroreport 3 (1992): 397–400.
* Why heritable? See endnote 7.
* Although this description of a physiologic sequence is my own invention—and it is
merely an educated guess—the notion of proximal-distal segregation of upper limb
function is an idea that has been looked at in some detail before. For a review of one such
proposal—and two rebuttals—see endnote 17 (the Healy, Peters, and Steenhuis papers).
* Swinging a golf club, a baseball bat, and a sledgehammer are in a special class of
bimanual whole-body movements, where normally the dominant throwing hand is placed
closest to the striking end of the implement. But there is greater variability of hand
placement in this class (and in less strictly one-directional stick use, like sweeping and
raking leaves) than there is in throwing; as neurologist Norman Geschwind said, “Switch-
hitters are more common than switch-pitchers.”
* A right-handed writer who throws with the left hand is generally considered to be a
biologic left-hander who was converted to right-handed writing, as my father was. His
handwriting was completely illegible, but people always assured him that this was the sign
of a real doctor.
* The cradle, or “precision handling,” grip could also have been used to hold fruit or other
pieces of food as they were being positioned for eating (think of yourself eating an apple);
the pad-to-side grip could also have been used by the nondominant hand to move and hold
anything being cut by a stone blade, just as a modern butcher would use his nondominant
hand when separating meat from skin.
* One explanation for the extreme tendency of writing to lateralize, and the reason why
control transfers so poorly to the nondominant hemisphere, is that the underlying
movements have become linked to another rather special operation of the dominant
hemisphere: writing movements have been somehow “captured” by the “language chip.”
This intriguing possibility is thought by many to explain the otherwise purely
happenstance fusion of lateralized writing with lateralized language function in the brain’s
“dominant” hemisphere. Among the proponents of this idea is Doreen Kimura, who
originally suggested that these functions were comparably dependent on sequencing
operations. See D. Kimura, “Neuromotor Mechanisms in the Evolution of Human



Communications,” in D. Steklis and M. Raleigh, eds., Neurobiology of Social Communication
in Primates: An Evolutionary Perspective (New York: Academic Press, 1979).
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9
Bad Boys, Polyliths, and the Heterotechnic Revolution

NOBODY FIXES ANYTHING ANYMORE. Now YOU JUST BUY PARTS

AND CHANGE THEM.

—Jack Schafer,
in his garage, May 24, 1993

FOR THE LATE-ARRIVING VISITOR to the Decade of the Brain—now winding
down, or just cooling off—prospects for a pleasant sojourn are not
good at the moment. Something akin to the original Tower of Babel
seems to have come into existence, with many tongues being spoken
and very little communication taking place. We now insist that we
will never understand what intelligence is unless we can establish
how bipedality, brachiation, social interaction, grooming,
ambidexterity, language and tool use, the saddle joint at the base of
the fifth metacarpal, “reaching” neurons in the brain’s parietal
cortex, inhibitory neurotransmitters, clades, codons, amino acid
sequences, etc., etc. are interconnected. But it is a delusion. How
can we possibly connect such disparate facts and ideas, or indeed
how could we possibly imagine doing so when each discipline is its
own private domain of multiple infinite regressions—knowledge or
pieces of knowledge under which are smaller pieces under which
are smaller pieces still (and so on). The enterprise as it is now
ordered is well nigh hopeless.

The strong feeling that we are trapping ourselves in this kind of
noisy blind alley came over me recently as I read through an
extended critique of a fascinating paper published in 1991 in the



prestigious scientific journal Behavioral and Brain Sciences. The
paper, authored by Patricia Greenfield, a professor in the
department of psychology at UCLA, was titled “Language, Tools and
Brain: The Ontogeny and Phylogeny of Hierarchically Organized
Sequential Behavior.” Not the most irresistible title, but it caught
my eye, nonetheless, and it proved a rich and exciting paper to read.
Taking the idea of human intelligence as a biologic unfolding (along
the lines suggested by Jean Piaget, Lev Vygotsky, and Noam
Chomsky), Professor Greenfield reviewed her own long experience
observing children as they work on simple hand-oriented problems
—eating (or just playing) with spoons, stacking blocks, nesting cups,
or copying geometric patterns of sticks. She proposed that the
human brain organizes and oversees the child’s interactions with
objects almost exactly the same way it organizes and oversees the
production of speech. These two specific skills (manipulating objects
and manipulating words), and the developmental chronology
associated with the child’s mastery of those skills, proceed in such
transparently parallel fashion that the brain must be: (a) applying
the same logic or procedural rules to both; and (b) using the same
anatomic structures as it does so.

Among several tests Greenfield describes is one she first reported
twenty years ago and which she believes not only unmasks a
“silent” hierarchical rule generator (a “combinatorial strategy”) in
the human brain but gives us important information about how it
works. This rule generator overcomes every child’s naïve behavior
so methodically and stereotypically that there just cannot be any
argument about its presence or influence: the observed mental
growth of a child follows the unfolding of a set of rules that
manifest in the brain as genetically determined neural configurations
and in the child as predictable behavioral propensities. How do we
know that we know this? If you tell me how old a kid is, I will tell
you how she will solve Greenfield’s stick puzzle when we put it
down in front of her.*

Professor Greenfield has been doing this for over two decades,
and her findings are genuinely intriguing. Here is how one of her



early tests works: a set of twenty identical small sticks is laid down
on a table and made into patterns of connected boxes; the child is
given a corresponding set of sticks and asked to copy the forms. No
child does the test exactly the same way, but each age group goes
about solving the problem in a way that Greenfield shows to be
consistent with her hypothesis. At age six, no matter where the child
begins the copying task, she always places a stick somewhere in
contact with one end of the last stick she put down, if such a place is
still available. Every such move extends an existing path and,
without disrupting the physical continuities she is creating through
her own physical action, brings her pattern closer to that produced
by the tester. The sequence of her steps conforms to a simple, rather
confining, but successful principle and implies that somewhere in her
brain resides a rule for constraining the potentially unmanageable
complexities of the task. The beauty of this rule is that she does not
have to solve the problem all at once. She need only begin, and she
can begin anywhere. The unfolding sequence of her moves defines,
and in fact itself becomes, the solution to the problem.

Watching her movements but having no way of seeing inside the
child’s head, the observer nevertheless discerns the existence of
rules guiding the child’s hand and makes predictions based on that
inference. When the prediction is fulfilled, the observer says—in
effect speaking for the child—“This is how I do it.”

The theoretically naïve child moves along what Professor Jeanne
Bamberger at MIT calls a “felt path.” In the backs of our minds we
are thinking (as will every scientist baptized at the fonts of
anthropologic and Darwinian thought): This is exactly how chimps
would do it; she is going through the chimp stage! It is not a bad
analogy, and it amuses us.*

What we know that the child herself does not yet know is that she
is about to turn on her afterburners and will leave the chimps and
her own “chimp stage” in the dust. At this tender age she is still
unevolved in her mental development.

The test becomes more interesting as it is administered to older
children.



The seven-year-old child no longer places each stick in contact
with the last stick. She may jump around, working on one section of
the problem for a while and then switching to another, generating a
rough symmetry as she advances, never letting one area get too far
ahead of the others. She proceeds in this fashion until she is
finished. Even though no two children follow the same path at this
age, their solutions overall tend to have this character. Whatever
precise sequence they follow discloses the influence of an abstract,
hierarchically organized, process that has pushed the felt-path
controller aside and is doing things its own way. The seven-year-old,
manifesting maturational changes in her brain, approaches the
problem as an architectural one. Aided by an internal representation
of the target pattern, she no longer looks to the sticks she has placed
(and is still placing, one after the other, on the table) for the answer
to the question, “Where next?” With the tester’s pattern in her head,
or in easy view, being used by the part of her brain that generates
the movements of her arms and hands, this child is showing off her
budding cognitive architecture. Hierarchical representations are
reshaping both her perceptual processes and the control of her
movements. Fasten your seatbelts because the afterburners are
coming on.

An eleven-year-old child given this task matches the test (or
“target”) pattern accurately; yet as you watch her, you might worry
that something has gone awry—the child’s performance is not
orderly. Greenfield, however, does not fret about this lack of order,
which signifies to her neither a perceptual aberration nor a lapse in
rule following; on the contrary, this child’s behavior signals a
critical advance in cognitive function. She has become an improviser.
Her use of hierarchical pattern thinking is now so secure, so integral
to her technique, that she has been set free. The eleven-year-old
child is so well equipped for this task that her performance can be
compared to that of a tour guide at the Pentagon, or even that of a
great jazz player. She is so confident in her internal representation
of the pattern of sticks—which will be scrutinized by her brain’s
Generator of All Possible Next Moves—that she can wander around



inside the problem and goof off any way she likes. She knows what
the whole puzzle structure looks like and where she is in it; she can
even close her eyes and see all of that; and she knows how to get to
the doors. She is now unequivocally behaving with intelligence!

Greenfield concludes:

Evidence points to the linked ontogeny of object combination
and sound combination programs in early development.… After
about two years of age  …  language and object combination
begin to develop more autonomously, each ultimately
generating its own special forms of structural complexity.*

Let me briefly recapitulate our own felt path to this point. We
have now considered, from a variety of perspectives, the origins of
hominid divergence from simian roots; following Darwin’s lead, we
have focused our attention on the upper limb that was freed of its
obligation to support the body against gravity, and on the new
realm of exploration that that change offered to primates moving
from the vanishing forest into the open and dangerous savannah.
This hand could, and did, evolve under the influence of novel
opportunities. No longer did this hand simply sport an opposable
thumb: it transformed itself into an organ with a vastly increased
manipulative range, with the capability to grasp and control objects
of various sizes and shapes, powerfully or delicately—and
constructively.

By including the hand in the question of how the human brain
evolved as it did, we have allowed ourselves to see the true richness
of possibilities induced by the mutual interdependence of structure
and function in evolution. We have seen that the hominid brain, like
the hand, was free to “experiment” under a new set of conditions,
which, over time, favored a left-right complementarity of function
in brain and hand. The structural changes in the brain that underlie
its current functional complementarity were not merely initiated by
but also profoundly shaped by survival strategies based on a division
of labor between the two upper limbs. Throwing, as originally



proposed by anthropologist Ralph Holloway, may have been the
first step. Toolmaking, if not the first step, was also among the
earliest of human-like behaviors, whose consequences can now be
seen not only in shifting hominid-environment relationships but in
the workings of the modern human brain itself. Co-evolution, in
other words, implies more than what we recognize as the multilevel
interrelatedness of complex ecological systems. On their own
evolutionary time scale, biologic systems can and will modify each
other and themselves, and they can do so at any anatomical,
functional, or hierarchical level. It is this open-ended, sometimes
rapid, sometimes glacially protracted, experience-driven process of
recursive molding and remodeling of organs, organisms, and organic
processes that is meant by the term “co-evolution.”

Professor Greenfield’s work reminds us that any credible
explanation for human intelligence and language must fit both the
evolutionary and neurologic facts as we know them. She seeks to
meet that test in two ways: first, by identifying brain mechanisms
common to human language and skilled tool use and then arguing
that this association is not accidental; second, by finding procedural
analogies in human language and skilled tool use and then arguing
that evolution has created in the human brain an organ powerfully
predisposed to generate rules that treat nouns as if they were stones
and verbs as if they were levers or pulleys. We will look at the
neurologic side of this question in the next chapter; in the
remainder of this chapter we will consider the suggestion that we
humans are instructed (or constrained) by our genes to build
sentences the way we build huts and villages. We will ask, to
borrow the classic phrase of Ernst Haeckel, whether in human
language and tool use “ontogeny recapitulates phylogeny.”*

Although Haeckel had biological structure in mind, the ontogeny
of function can look very much as if it, too, “recapitulates
phylogeny” (as Greenfield and countless others have noted). When
we observe a three-year-old child solving a puzzle “like a chimp,”
we are amused by the coincidence (“analogy”), yet she may in fact
be engaged in a highly truncated but nonetheless authentic



rehearsal of evolutionary precedent (“homology”). In this imagined
progression of cognitive recapitulation, the same child, as a six-year-
old, visits the cognitive world and capacities of Lucy; as a seven-
year-old she manifests the wit and skill of early H. erectus; and at
eight years she is perhaps blasting through the genius level for
erectus. The cognitive evolution of a single human mind certainly
does not follow such a literal reenactment of its ancestry, but that
does not mean that the idea of such a developmental sequence is a
fallacy.

The anthropologist Peter Reynolds has also looked at this problem
—the historical, or phylogenetic, relation of object combination to
language and thought—as has Greenfield, and has constructed a
tantalizing scenario for the early kindling and subsequent ignition of
human constructional, intellectual, and cultural co-evolution. Like
Dunbar, he credits social behavior (especially grooming) with
providing not only the incentive but a stable rudimentary context
for the exploration and enhancement of symbolic interpersonal
communication. Unlike Dunbar, who associates brain and cultural
advance with increases in social group size, Reynolds believes the
character of the interactions taking place in groups was the critical
stimulus to the emergence of human language and intelligence, and
that small, cooperative work groups provided the context within
which linguistic conventions were devised and perfected. The
character of interactions is most closely reflected in the types of
cooperation found among animals whose survival depends upon
social organization.

In symmetric cooperation (Reynolds’s term), group members share
a task (usually hunting) and may commonly interchange essentially
undifferentiated roles in pursuit of a common goal. Hunting packs
do this, but assignments tend to be flexible, and once the prey is
down these animals (unless they have an extremely rigid command
structure) normally stop cooperating and fight over the spoils.

Reynolds believes that from the earliest periods of tool
manufacture, beginning with stone implements, cooperation could
not remain ad hoc, or “symmetric.” He proposes that tool



manufacture must actually have evolved as a social phenomenon. In
his view, it would normally have been carried out in small face-to-
face groups where the full assembly process depended on distinct
contributions of the members, each of whom understood and could
anticipate the contributions of the others. Reynolds calls this
heterotechnic cooperation, and offers in support of the idea his own
years of direct observation of chimpanzees, of New Guinea villagers,
and of Australian Aborigines; the latter, over a span possibly
measuring in the thousands of years, have not changed their system
for manufacture of a “simple” stone knife.

Each individual would anticipate what the other was about to
do and facilitate it by performing the complementary action. In
preparation of the thermoplastic to be used as the handles for
the stone knives, one of the men emptied the spinifex seed from
a modern plastic bag into a traditional wooden dish … and then
smoothed out the seed to an even depth. [Then] the two of
them lowered it onto the fire to heat.… One man handed a stick
to the other, who in turn raked the coals. Then the other picked
up a stick and joined in. [Later] one of the men takes the warm,
viscous liquid and molds it into a ball.… Then the two men
divide the labor into two tasks, with one of them molding the
thermoplastic into roughly shaped knife handles, while the
other gives them their final form and attaches them to the stone
knife blades that had been prepared earlier.

Aborigines are not simply “jacks-of-all-trades with crude stone
tools.” In deceptively primitive working conditions they actually
demonstrate all of the basic principles of modern manufacturing:
“task specialization, symbolic coordination, social cooperation, role
complementarity, collective goals, the logical sequencing of
operations, and the assembly of separately manufactured parts.” It is
precisely this type of socially organized and cooperative division of
specialized labor for the achievement of a specific goal that is never
seen except in human tool manufacture and use. No matter how
clever chimps may be—or how much they watch and learn or



interact with one another—they do not cooperate in the
construction or use of tools. Ever.

Reynolds believes that the social habits of nonhuman precursors
help explain the development of cooperative labor. Specifically,
attachment and exploratory role-playing (and swapping) establish
the conditions for the more deliberate and more highly organized
manufacturing behavior of adult humans. His own experience
working in the computer industry reinforced his convictions: Silicon
Valley designers and engineers conceptualize, design, test, and
perfect electronic machines in a process that is indistinguishable
from that seen in Aborigines in stone tool manufacture. It is in our
nature to put our heads and hands together in this way. But there is
more to the idea of heterotechnic cooperation than the
transformation of longstanding social practices into a plan for
cooperative community work strategies. To understand this thesis
and its implications, we must also understand how the work
products of humans, under this process, differ from those of
nonhuman, tool-using animals.

Two terms make the distinction clear. The first term, “lith,” refers
to any subunit of a tool (or any other manufactured object), called a
“polylith,” whose components are mechanically joined. The second
term, “pod,” refers to the subunits of a multiple-unit object or
structure, called a “polypod,” which depends on gravity for its
stability.

Both humans and nonhuman primates can make polypods, which
can be small and simple structures: a stack of two stones; or large
and highly complex: the gate of Mycenae. They can also be
temporary and improvised. Reynolds gives the example of one of his
own guides in New Guinea crossing a lagoon by turning two small
canoes, a plank, and himself into a sort of makeshift catamaran,
which he used to ferry the party and their luggage across the water.
This ad hoc flotation device, as ingenious as it was, qualified as a
polypod.

A polylith, by contrast, is an object consisting of any number of
joined units, or subassemblies, that can be freely rotated without



disturbing the structural or functional integrity of the object. Any
hafted tool—a hammer, for example, which doesn’t depend on
gravity for its stability—meets this definition. Polyliths can
withstand spatial rotations because the individual pieces have been
attached to one another by what he calls a “join.” If a rock is lashed
to a stick to make an axe, it is by definition a polylith. It can be used
as a hammer, or it can itself become the subunit of a larger
construction. An Erector set, by this definition, could be used to
produce polypods or polyliths, but a deck of cards by itself could
never produce more than a polypod (i.e., a house of cards).

According to Reynolds, nonhumans may make tools and they may
use them in sophisticated and ingenious ways, but neither the tools
themselves nor any construction resulting from their use are ever
polyliths. Chimpanzees may make quite elaborate polypod platforms,
and indeed can be taught to manufacture simple polyliths, but are
never observed to do the latter without some kind of interference or
prompting from humans.

In what he calls a theory of complementation, Reynolds unites the
principle of heterotechnic cooperation with the polypod-polylith
distinction, and concludes that face-to-face social interactions
essential to complex tool manufacture demand “the cognitive skills
of causal inference and logical deduction.” To make that assertion
real and up-to-date, we need to get over to Jack Schafer’s garage.

Jack Schafer is a friendly man who owned, not so long ago, a
picture-framing shop in Walnut Creek, California. Several years ago
I wandered into Jack’s shop to discuss a photograph I wanted him to
frame. It was a photograph of Charles F. Bretzman, my mother’s
father. Just a century ago Mr. Bretzman, not yet twenty years old,
had come to the United States from Peine, a little town in northern
Germany near Hannover. He had traveled around the American
West, doing odd jobs and some photography, and had finally settled
in Indianapolis. Eventually Bretzman, a pioneer in the use of Cirkut
photography, became the first official photographer of the



Indianapolis Speedway and built a successful career as a portrait
photographer in Indianapolis. The photograph of Bretzman, a self-
portrait, had prompted us to talk about photography and about car
racing. Car racing, it turned out, was Jack’s other passion. In fact,
the walls of his frame shop were jammed with huge, stunning
photographs of drag racers; while I was still staring at them, Jack
invited me to his home to see a car he was working on.

About a week after receiving his invitation, I pulled into his
driveway, stepped out of my car, and fell back into my own teens.
Crouched right there in his garage, low, the panther of our youth,
was a ’49 Mercury. Bright yellow-orange painted flames lapped up
over the front fenders. The beautifully rolled, heart-stopping chrome
grille smiled its perfect, cool smile. Next to the open hood, resting
on a stand and so brightly polished you had to squint to see it, was
the engine. It would have been at home in Tiffany’s window. I
walked around the car slowly, conscious that the level of awe I was
feeling had already shot well past what I once felt standing at
Napoleon’s tomb in Paris.



FIG. 9.1 A complex polylith (1949 Mercury) draws the attention of American youth in a
highly focused act of heterotechnic cooperation. This classic American photograph was
taken for Life Magazine by A. Y. Owen in 1957. (Copyright © Time Inc.)

This car, it seems, has a history that is tightly bound up with
Jack’s own:

I grew up in Red Bluff, California, and graduated from high school
there in 1958. That whole time for me was just cars. In Red Bluff, as
you know, there wasn’t much to do, so at night you would go down
and hang out at the gas stations downtown where you could watch
the trucks go by. Main Street was the highway through town. Of
course, everybody who worked at the gas stations was interested in
cars, so it all worked together. The kids at the gas stations had
pickups and cars and all the other stuff that went with cars in those
days. My father sometimes would let me have a car to work on, but
I now realize he knew none of ’em would ever work. But he’d let me
spend money and he helped me get parts.

A friend of mine had a pickup—a ’51 Ford—and it had two
carburetors. I’ll never forget them. My friend would come by the
house and we’d take the engine all apart and put it back together
again just to play with those carburetors. So that was the first of it.
In those young days I hung around those guys at the gas stations,
and they’d let me do things—the grunt work. But if it had anything
to do with those cars I would have paid to do it.

My family had a truck shop with steam cleaners, arc welders,
gas welders, all kinds of jacks and grinders and equipment to do
everything on trucks. And we had staff mechanics who just
worked on trucks. I had all that, not to mention all the supplies
—anything from bolts and nuts and cotter pins. Anything you
could imagine you’d need was there. It was like a dream.



FIG. 9.2 Jack Schafer, working at the age of fifteen under the guidance of his father, lays
the foundation for a lifelong love of engines, cars, and racing. Now very close to the age of
his father at the time this photograph was taken, Jack runs a thriving business (Flat-head
Jack in Walnut Creek, California) restoring classic American cars.

Jack remembers that he was so hungry to hang around the guys and
their cars that when he was thirteen years old he taught himself to
paint decorative trim on cars; he became a pinstriper: “I never really
thought much about that, but it’s really true. It was just a way to be
around cars.”

It was in the first years of high school, around ’54, ’55—
somewhere in there. I remember my claim to fame was a race
car from Reno, one of the first dragsters I’d ever seen. I went to
the Redding drag strip, had all my paints with me, and I asked
Bob Watts if he’d let me stripe his car. I didn’t even charge him,



I just striped it because I wanted my striping on it. Later on,
that car showed up in a magazine with my striping on it. I think
that was in 1955. Actually, I always had an eye for art. In
grammar school when you were supposed to be paying
attention I was always drawing. I drew pictures one after
another by the ton. All kinds of stuff. Airplanes, cars, God
knows what.

After high school I was in the service, and one of the first
things I did after I got back was go to a racetrack to watch car
races. That same day I bought a race car—spent all the money I
had. That was in 1962.

Jack raced his own car for six years, till one day he found
someone else, a man named Garvin Tonkin, who worked in a local
bank, to drive for him. From that time on he no longer drove in
races; he just worked on engines, and the ’49 Mercury became his
specialty.

As soon as I concentrated just on the cars, everything instantly
changed. I started watching what everybody else was doing.
Then I started having ideas, like my father used to do, about
making things better than they were before. Trying things that
nobody else was trying, putting things together better than I
had before. As my cars got more sophisticated, we started
moving up in classifications, too, to where we were setting
world records. Like the engine that’s in the car here—I still hold
the American Hot Rod Association Drag Racing title with that
engine. It was set years ago, and it’s never been beaten.



FIG. 9.3 The 1941 Willys (top) had Jack’s rebuilt 322-cubic-inch flathead Iskenderian 404A
CAM, and the world record he set with that engine in 1962 has never been broken. At
about the same time he started putting the same engine in a more modern dragster; while
Jack concentrated on the engine, Garvin Tonkin did the driving.

I asked Jack how he looks at his early love of cars now, and
whether he attaches any importance to the way his father taught
him to use his hands.



I think coming from the country’s got a lot to do with it. In Red
Bluff there’s not much to do; it’s not the intellectual capital of
the world, so you do things with your hands. My father could
make anything work with his hands. He could take anything
that wasn’t working and make it work better than it ever did
before. He just had a knack.

The racing bug kinda got to him, too. Anything I would do,
he would go halfway with me, to give me the incentive to go on
with it—I guess it was just one of those things fathers do.
Myself, I just loved those cars and the sound of the engines and
couldn’t wait to get hold of them. I was never really
competitive then and I’m still not. I just liked playing with the
cars. And don’t forget, there was always a crew—there was a
male bonding deal there, I suppose—something, I don’t know.

Now, it’s all different. Kids today are different. Cars are
different. Nobody fixes anything anymore. Now you just buy
parts and change them. Who wants to just change parts? That’s
all there is for kids to do now, just change parts. That’s all it is.
My father would never buy a part and change it. He’d just take
whatever it was apart and fix it, whatever it was. People in
racing today, they’re the same way. You buy horsepower. They
just buy these cars and go like hell. People who hot-rod take
things that don’t work and make them work better. That’s what
hot-rodding is all about.

Not surprisingly, since he so strongly identified with the kids who
were hanging around cars and gas stations, Jack does not associate
much of his impressive technical education, or his considerable
success in racing, with what went on in school. The one interest that
might have led to a connection with school was art, though he took
just one art class in high school.

My family always thought that art was where I ought to be
heading. I probably would have done something with drawing
but it all stopped when I got to high school and took my first
class in art. The art teacher and I didn’t get along—we locked



horns from day one. She hated everything I did because I
wouldn’t do it exactly the way she wanted me to do it. Of
course, I had to be different. Some of it was far-out stuff and
she couldn’t handle it. She was very regimented. So she threw
me out of that class and made sure I never got into another art
class. But I always had a good eye for things, especially colors,
and later on when I got into framing, all that just automatically
came together.

While an extremely brief and highly selective review of events in
the life of a single individual is certainly anecdotal, it is nevertheless
striking how readily Jack Schafer’s developmental history not only
captures but unfolds and illuminates Reynolds’s theory of
complementation. As a teenager, Jack fell in love with cars and
sought ways to associate himself with other boys who were involved
with cars. He used his native artistic ability improvisationally,
pinstriping cars well enough to gain attention and money, and, most
important to him, to gain access to the world of cars. His artistic
inclinations were so strong that they even survived the—what shall
we call it?—pinched notion of art dispensed in a high school art class
whose teacher visited her hostility on him with real energy.

Jack began to grow under the guidance of his father and his
uncle, and in the presence of his friends—the “bad boys” who liked
cars. It was here that the ingredients called for in the formula for
heterotechnic cooperation were put in place. But there was
something important at work here above and beyond a formula for
the creation of polyliths. Jack did not simply participate in a
succession of “face-to-face task groups exhibiting complementary
roles instrumental to a common technical goal”; he was formally
educated and grew up in these de facto classrooms.

It was nothing but play at first: his father let him work on cars
beyond any hope of resuscitation, and at the same time he and his
friend with the ’51 Ford pickup kept taking apart and rebuilding the
engine with the two carburetors, “just like it was a real hot rod.”
Later, in the real racing world, he formed a productive—literally, a



winning—partnership with one driver, freeing himself to concentrate
on the engines. He became so good at this that the two together
won several world championships, and one of his engines still holds
an unbroken world title.

The essential truth of these experiences—which failed to
materialize within his community’s formally constituted learning
environment—is that Jack and his family and friends invented their
own alma mater, the places and the people (peers and elders) with
whom they shared their passion for engines and cars. It was through
those experiences that Jack began a lifelong exploration,
recapitulation, and refinement of the aptitudes, skills, and feelings
that had first surfaced as a teenager’s love affair with carburetors
and horsepower. His affinities for mechanical things, for the roar
and the beauty of an engine, led him to cars, the exemplary
polylithic creation of American industrial and pop culture. Now, as
an adult who has done many other things, he is engaged in an
energetic and energizing rediscovery of what matters to him in life.
He is back at the cars again.

Until now, we have not had a theory of any kind to account for
the way Jack has lived his life, or to regard it as anything but
another story, a human curiosity. I submit that his early and
ongoing life tells us something important about humans, and it has
to do (just as he says it does) with the hand and with learning. It
also complements Reynolds’s theory of complementation by
explaining why heterotechnic groups have the appeal, the
generative capacity, and the staying power they seem to.

The evolution of humans in society has apparently led to a high
probability that there will be Jacks, Garvins, David Halls, and others
who will assemble and expand their own elemental propensities in
personally distinctive and meaningful ways. Many will be greatly
aided in that process through the support they build for themselves
in small groups of individuals who work, teach themselves, and
socialize together because they care about the same kinds of things.
In contrast to the solitary classroom teacher, obliged to present a
curriculum whose logic and procedures are by design indifferent to



the student’s special aptitudes or interests (indifferent certainly to
their passions), the members of these self-constituting groups are
particularly alert and responsive to the possibilities for unique,
personal contributions from their friends. Indeed, it is the mix of
personal differences that afford individual members the incentive to
learn and to prove themselves through contributions that are
authentically important to the group.

Kathleen Gibson, a biological anthropologist at the University of
Texas Health Sciences Center in Houston, commented at a 1990
conference in Portugal (Tools, Language and Intelligence) that
“human intelligence results from delayed development and a
consequent permanent immaturity of the brain.” She did not mean
that humans are doomed to an incurably juvenile mental life. This
handsomely crafted statement embraces both Stephen Jay Gould’s
complex schema of neoteny and Henry Plotkin’s postulate of
secondary heuristics. She also means, for nonacademics, that there
is always the possibility that people, no matter how old they may
be, may still be working their way closer to what they have in mind
for themselves. A year or so after our initial interview, Jack decided
that the frame shop was no longer what he had in mind for himself.
He gave up the picture-framing business and started rebuilding hot
rod engines full-time. He told me:

My whole life is going back to cars now. Just to get my hands
in there and go again, and it’s all coming back to me. I’m more
patient now. I do better work than I used to do. I’m a little
older and wiser, and if things don’t go right I don’t force them; I
back up and make them perfect. This car is perfection all the
way. That engine’s beautiful. Next I’m going to wire it. I hate
electricity, but I’ve been doing a lot of reading on it and now
that I’ve got it figured out, I can’t wait to get started on that.
Then the car goes to the upholstery shop and it comes out
painted. Then I’ll start another one.

In 1998 Jack finds himself in the middle of a thriving enterprise he
had invented just a few years earlier, helping other hot rod



enthusiasts locate one another and the parts and equipment they
need to put these classic American cars back on the road. “This
probably still wouldn’t seem like art to my old high school teacher,”
he said, “but I think it is.”

* The children given this task, as reported in the Greenfield study, were six, seven, and
eleven years old.
* This is, for an extremely important reason, only an analogy. Humans may mimic but
cannot “recapitulate” the behavior of animals from whom they are not descended. So
although at some stage of development a human child may “think just like a chimp,” this
statement is equivalent to saying a bat “flies just like a swallow.” The wings of bats and
swallows are comparable in their exploitation of the same laws of physics to achieve
airborne propulsion, but the evolutionary routes by which each arose are unrelated.
* There is considerably more to Greenfield’s paper, adding cross-cultural comparisons and a
critical discussion of recent work on neurologic mechanisms related to language and object
manipulation. We will consider these in greater detail in chapter 10 (“The Articulate
Hand”). For more detailed information about object manipulation by children, see
Greenfield and Schneider, “Building a Tree Structure: The Development of Hierarchical
Complexity and Interrupted Strategies in Children’s Construction Activity.” Developmental
Psychology 13 (1977): 299–313. As Henry Plotkin points out, the relation between object
manipulation and the emergence of “causal understanding” is far from simple, as has been
shown by studying the reactions of eighteen-week-old infants to situations that are
physically “impossible.” These studies suggest that human infants are influenced by a
heuristic that leads them to expect visual coherence in the physical world. See Plotkin,
Evolution in Mind, pp. 186–200. For an extended discussion implying other cognitive and
perceptual operations of a primary heuristic—in this case, the innate sense of number—see
Stanislaus Dehaene, The Number Sense: How the Mind Creates Mathematics (New
York/Oxford: Oxford University Press, 1997), especially chapter 2, “Babies Who Count.”
* Embryologist Ernst Haeckel was the author of one of the most fruitful of all hunches ever
pursued in biology: that ancestral forms of a species leave their mark on the developmental
processes of living descendants.
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