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IT'S A
BIOMECHANICAL
WORIDLE i

- e

More than a quarter century TC N2 —2tHeE, &
ago, the lunar lander Eagle SEAXBE ‘TBIE
touched down in the Sea of =5, ﬁﬁpﬁg,“mgq\)\ag—u\
Tranquility. With the words "That's 3...... £ AXN—KE" XG5
one small step for man. . .one giant Z2=nL£0, B/R - JIBETSE8
leap for mankind,” Neil Armstrong g3 BIROERE. RIIHM
stepped onto the Moon's surface. Al- Bix - % D89ERB A BEHR
though we marvel now at the beauty z, MASRITES 11 S8
of the images sent bacw%ﬁmiﬂuam&ﬁmm
Moon and think about how. REZDSRODEZLEEIKH
ing it was to send the Apollo 11 team 1t BEA A 8T % R
so far from Earth and return the as- 15 89+ — D FF 61 69 5% 5it:

tronauts safely, another pioneering [ =SS FNFEMARAEAST
accomplishment of the trip is often — 43| HMRSIHNED
forgotten: The Apollo astronauts pIERFEDTOOLES . #1)
were the first humans to experience 25— it 2FH 3 X i # 3 F0
the novelty and wonder of moving =p)isggA.

about on a surface in space under

greatly reduced gravity.




I I ow well can humans get around under such

light-weight conditions? Can you walk

normally? Do legs work differently on the Moon?
These questions combine biology and physics and
form a small part of a science that is now known as
"biomechanics." This interdisciplinary field uses en-
gineering and physics principles to study biological
(living) systems. Early scholars such as Leonardo da
Vinci (1452-1519) and Giovanni Borelli (1608-1679)
were astute observers of animal and human anatomy
and movement patterns. Borelli was probably the first
to apply mechanical principles in an attempt to under-

stand and explain locomotion. Today, biomechanics
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includes such diverse areas as orthopedics, prosthetics, R, L E S @B T RE
athletic performance, and even locomotion in space! Sci- iy & R AYHLIE M, B ES . TR
entists with backgrounds in medicine, engineering, biology,  E#. #1384l 2475 SR 22 %
physics, and exercise sciences share interests in under- & L [F]H) 2% HRk, HE, N2 EHF
standing the mechanisms of living systems. But REY HF? YRERNT

HH TRERE SR, B

why study biomechanics? To

A EFREE: AT
A WU R SR
B, A,
BRI R Wk

better understand nature, of
course — but also for more prac-
tical reasons: to treat disease, to

minimize injuries, to improve ath-

letic performance, and. . .to train AEk 473,
astronauts for walking on the Moon. SRR ]
As living and working in space K, EREF T
someday became a clear possibility, FA: 1% B B b A n]
scientists began wondering about RESEEL, BlEFEH A
movement under low-gravity and KB E S MK ER

weightless conditions. Shortly before the - FRIzsh, = T4FHi, RS & H
Apollo missions to the Moon thirty years ago, Rudolfo ~ ZHIAA, —(iE KLY %5
Margaria, an Italian biomechanist, developed theoretical — 1HK - ThA&Hi ) &7 7 ALK TEFH TR
models of humans walking and running. He conjectured — FYFEISHIAL, fhHEWT, ZEAR T 709 A Bk
that under the low-gravity conditions on the Moon, where |, BT Ffii R MKAE LG HER A
an astronaut is about one-sixth of his or her Earth weight, FE/N2Z—, FHP#EHAE HBRE



walking and running would be less effective than hopping
for quickly getting around the lunar surface. He reasoned
that with reduced vertical forces, both walking and running
speeds would be less than those observed on Earth because
the foot would lose 7raction more easily — in effect,
decreasing propulsive forces. The Apollo astronauts who
explored outside their lunar lander found Margaria's
predictions to be correct. Walking was slow and
normal running didn't work well, but
other unusual movements such as
hopping, skipping, and loping were
fast and easy in low gravity. Speaking
from the Moon's surface, Gene Cernan
of Apollo 17 said, “When I'm on level
ground; I can skip. But this two-legged
thing [hopping] is great! Man, I can
cover ground like a kangaroo!" (See www.
odysseymagazine.com for a NASA video clip showing an
astronaut skipping and hopping on the lunar surface.)

Although the Apollo astronauts were the only "kan-
garoos" hopping across the Moon's surface, terrestrial
kangaroos have long been a favorite subject of scientific
study and may help to explain lunar locomotion. Kanga-
roos are unusual in their ability to minimize the energy
required for moving. As if they had springs on each leg,
they store energy "elastically” in their large tendons anéi
muscles. This energy restores a kangaroo's forward mo-
tion with each hop. Springy legs work so well for kanga-
roos that it is easier for them to go fast than to go slow.
Human running on Earth and hopping on the Moon may
use this same technique of energy storage by momen-
tarily stretching the tendons and muscles of the leg. (See
"Springing Down the Street".)

Moon hopping in reduced gravity and floating
weightless when in orbit sound like great fun, but that fun
comes at some risk to astronauts' health. Very shortly

after going into orbit around the Earth, dramatic physi-
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ological changes occur within an astronaut's body —
fluids shift into the trunk, and bone minerals start
decreasing. These are serious matters! When astro-
nauts return to Earth, if their bones have been weak-
ened too much, fracturing can occur under normal-
gravity weight. Even scarier, long-term osteoporosis,
a disease in which the bones become extremely porous,
may disable an astronaut in later life.

Why does weightlessness cause such changes in
bone? If you have observed athletes in training over a
period of time, you know how muscles can grow larger
and stronger. Bone does the same thing — it adapts
itself (getting stronger or weaker) according to the
loads that are applied to it. This response is often
called "Wolff's law," after a researcher who described
bone adaptation. If large forces are applied to bone, it
gets stronger. If little force is applied, it gets weaker
because extra strength is unnecessary. Much of the
inside of bone is hollow, with only thin rrabeculae
reinforcing the larger structure. When bone weakens,
fewer trabeculae fill the hollow interior, making it
susceptible to collapse or crushing.

The walking, running, and jumping that we do
every day on Earth involve loads to the skeleton that are
many times our body weight. (See www.
odysseymagazine.com for a video clip showing how
large the forces can be during simple jumping.)
These naturally occurring forces keep
our bones healthy. But weightless in
space, astronauts can't easily walk or
run or jump — at least without some
special devices. Imagine trying to run on
a treadmill. First step and wheeeeee —
off you go into space! Now imagine at-
taching yourself to the treadmill with
bungee cords or elastic straps to pull you

back down for another step. The attach-
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ments create an artificial gravity that
allows walking and running for fun, for
exercise, and for bone health.

Does space biomechanics tell us
anything about Iiving.on Earth? You
bet! The same principles apply: For
healthy bone, exercise that generates
substantial forces across the skeleton
is important. Sedentary lifestyles simu-
late an astronaut's weightlessness with-
out the fun! So go out and run around
the block — your bones will thank you
someday.

While you're out running, ever
wonder how athletes manage to run so
fast or jump so far on Earth? That's part
of biomechanics. too. In studies during
recent Olympic Games, movement char-
acteristics of runners, gymnasts, divers,
swimmers, skaters, and skiers have been
analyzed using three-dimensional video
techniques. Multiple video cameras record
a performance during competition; later,
each video frame is painstakingly "digi-
tized" to determine instantaneous body
position. Full body, three-dimensional
models can then be developed to assess
and optimize performances (see "Smooth
Riding"). Using such methods, angular
momentum analysis of divers and gym-
nasts has shown them to use rotational
strategies similar to those used by weight-
less astronauts and falling cats! If you have
ever watched a cat turn over in mid-air,
you've seen rotation while "conserving an-
gular momentum." This is a great trick and

involves applying principles of physics
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whether a cat knows them or not! But divers,
gymnasts, and astronauts can be taught how
to use physics to advantage. Biomechanics
has also helped athletes understand why
some techniques are more effective than
others and has influenced equipment devel-
opment such as the clap skate for speed
skaters (see  “To the Limit").

From astronauts skipping and hopping
to athletes running, biomechanics contrib-
utes to our understanding of the motion of
biological systems. Throughout this book
you will encounter biomechanics in action.
Look around you; from the running shoes you
wear to the space shuttle you see orbiting

Earth, biomechanics influences your life.
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Try standing with your feet together and your
hands by your side. Close your eyes and tilt your head
back. Notice how much you sway back and forth. Pay
attention to your body and you will feel muscles con-
stantly tightening and releasing to keep you from top-
pling over. Now compare that to your dog balancing on
its four legs or a beetle on its six. A lot easier for them,
isn't it? That's why most walking robots look more like
bugs than people (except for C3PO, but then most robots
don't complain as much as him either!). And have you
ever seen a spider trip and fall?

Now let's add one more complication to human
locomotion — when you walk, you are on only one foot
most of the time. So how do you keep upright as you
walk? Well, one way to keep your balance is for your
brain to send signals to your muscles telling them to
contract and pull you backiimo position — that's why

although you started to sway when you were standing
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still, you were able to recover. Constant tiny adjust-
ments of your muscles pulled you back up whenever
you started to lean in any direction.

Now, walk slowly and really concentrate on what
your body is doing — which muscles you are using
when. Notice when your ankles, knees, and hips bend.
There's a lot happening. But researchers in biomechan-
ics labs are finding that you may not be using your brain
to control all of these walking motions. Michael Coleman
was a graduate student at Cornell University, working
with Andy Ruina, a professor of theoretical and applied
mechanics, when he built a two-legged machine from
Tinkertoys in an attempt to figure out how human
bodies work.

“It can't stand still, but it can walk without any
motors to control it," Ruina says of the toy walker.
"We've found that machines can do interesting things —
and human bodies may operate as machines. A lot of
how we move might be by design rather than control. If
a construction made of pieces of plastic can walk by
mechanical forces, maybe a construction of bones and
tendons does the same thing," Ruina points out.

So if we move like a machine, can we design a

simple model to explain the mechanics of human

locomotion? Actually, humans usually use one of two

completely different gaits, or ways of

moving the feet and legs. You can prob-

L =81 1}

ably guess what they are — walking and
running. (There are a few others —
skipping, galloping, hopping — but these
are used for fun or for special instances
such as moving around on the Moon. See
"It's a Biomechanical World!") When
you walk, you always have one foot on
the ground. Biomechanists use the model

of an inverted pendulum to explain how
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this works. As you lift one leg, the mass of your
upper body moves forward in an arc, swinging over
your stationary foot like an upside-down pendulum.
Some of the energy of this motion carries you into
the next swing over the opposite foot. Your muscles
lift your mass (or weight) to a maximum height in
the middle of your stride. As your body comes back
down, the force of gravity adds energy to your next
step. As your body swings back and forth in a
pendulumlike motion over your legs, as much as 65
percent of the total energy generated by your muscles
is recovered.

Running is a completely different gait than
walking, and requires a different model. When you
run, you don't transfer mass gently from one foot to
the other. Instead, your body acts like a mass bounc-
ing up and down on two springs — your legs. The
muscles of one leg propel you into the air; then you
come down on the other foot. The leg bends at the
ankle and knee. Energy is stored and released, not
by gravity, but by your tendons, muscles, and
ligaments. Tendons and ligaments are the connec-
tive tissues that hold your bones together and con-
nect them to muscles. They are stretchy, like a
rubber band. When you are running, the force of
your body hitting the ground stretches them. A large
part of the energy storage is in a tendon (the Achilles)

that runs around the back of your ankle, connecting

your foot to the back of your leg, and a tendon in the

front of your knee, which connects the upper and
lower parts of your leg. As you move upward into
your next stride, the stretched tissues spring back to
their relaxed length, returning the stored energy to
the body.

Max Donelon is a graduate student in the Inte-

grative Biology Department at the University of
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