i The Physics of Karate

A close examination of how the karate expert can break wood
and concrete blocks with his bare hand reveals the remarkable

capacity of the unaided human body for exerting physical force
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The picture of a karate expert
breaking stout slabs of wood and
concrete with his bare hand is a
familiar one. The maneuver is so eXirav-
agant that it is often dismissed as some
kind of deception or illusion. but the
fact is that there is no trick to it. Even
a newcomer to karate can quickly learn
to break a substantial wood plank. and
soon he would be able to break entire
stacks of them. We have investigated
in detail how the bare hand can break
wood and concrete blocks (and by im-
plication do similar damage to other tar-
gets) without being itself broken or in-
jured. The key finding is that the hand of
the karateka. or practitioner of Karate.
can develop a peak velocity of 10 to 14
meters per second and exert a force of
more than 3.000 newtons, a wallop of
675 pounds. If the hand is positioned
properly. it can easily withstand the re-
sulting counterforce.

The maneuvers of the Japanese style
of karate that is practiced today were
developed on the island of Okinawa.
When the Japanese conquered the 1s-
land in the 17th century, they stripped it
of all weapons and banned their making
and importation: even the manufacture
of swords for ceremonial purposes was
forbidden. To defend themselves the
Okinawans developed karate. a system
of empty-hand combat based on the
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ergy tobreak larger blecks and blocks
that have to be subjected to greater
stress. It is also not surprising that the

capable of breaking tissue and bone. A
well-executed karate strike delivers to
its target several kilowatts of power
over several milliseconds. quite enough
to break blocks of wood and concrete.

Today karate is practiced as a sport
and as a potential method of self-de-
fense. The karateka studies many differ-
ent maneuvers so that he can execute
each one in a precisely prescribed man-
ner. The precision demanded of him
makes karate not only an excellent phys-
ical discipline but also a mental one. Al-
though the breaking of objects is not the
point of karate. we shall discuss it here
because it is a good way of demonstrat-
ing how much energy a well-executed
karate strike can deliver. Karate seems
to develop to a maximum the capacity
of the unaided human body for exerting
physical force.

The wood blocks we used in our ex-
periments were standard pieces of dry
white pine that weighed .28 kilogram
and were 28 centimeters long. 15 centi-
meters wide and 1.9 centimeters thick.
They were cut so that the grain was par-
allel to the width. The concrete slabs
were “patio blocks™ that weighed 6.5
kilograms and were 40 centimeters long.
19 centimeters wide and four centime-
ters thick. The patio blocks were dried in
an oven for several hours to remove ex-
cess water. thereby making them uni-
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Chinese monks. warriors and physi-
cians. Karate is just one of a wide varie-
ty of martial arts that have evolved in
the Orient. including tae kwon do. kem-
po and kung fu.

The techniques of karate differ mark-
edly from those of Western methods
of empty-hand combat. The karate-
ka concentrates his blows on a small
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him back. the karateka imparts a large
amount of momentum to a small area of
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block to bend in the direction in which
the fist is moving. As the block is bent it
is deformed: the upper half of the block
is compressed and the lower half is
stretched. The top surface is com-
pressed the most and the bottom surface
is stretched the most. Because wood and
concrete are weaker under tension than
they are under compression the block
starts to crack at the bottom surface.
The crack spreads rapidly upward as
the fist continues to force the block
downward.

The elongation of the bottom surface
is caused by the force in the plane of the
block that results from the impact of the
fist. To put it another way. stress in this
plane. or force per unit of cross-section-
al area. gives rise to strain, or fractional
elongation of the block. The relation be-
tween stress and strain is best under- '
stood by thinking of the bottom of the
block as a horizontal coil spring. The -
block resists the stress pulling it apart
just as the spring does. The spring
pushes back with a force that is propor-
tional 1o its extension. In other words.
force equals extension multiplied by the -
spring constant. which for a given spring
is a parameter that characterizes its stiff-
ness. Since stress is analogous to force
and strain is analogous to extension. an
equivalent relation holds for the block:
stress equals strain multiplied by the
elastic modulus, which for a given mate- .

Slock-of woodor ¢ ,
placed that reduced the effective length
of the block by four centimeters.

In a block-breaking demonstration the
karateka strikes the top of a block in
a range of points near the center. In our
experiments we assumed for the sake of
simplicity that the force is evenly dis-
jhuted in that range of points. We also
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THREE CONCRETE SLABS are broken by one of the authors ters wide and four centimeters thick. The supports under the ends of
' (McXNair) with the beel of his right palm. Slabs were “patio blocks” the blocks reduced their effective length by four centimeters. Bone '
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critical energy is inversely proportional
to the elastic moduius. The elastic mod-
ulus 1s a measure of the stiffiness of the
block, and so stiff blocks have a lower
critical energy because little energy is
wasted in stretching them.

The formula provides only a rough
estimate of the critical energy. because
the physical properties of blocks are not
as simple as those of springs. Never-
theless, it is useful because it indicates
which parameters are important in the
breaking process and how they are
scaled with respect to one another. For
example, the formula suggests that the
critical energy is proportional to the
square of the rupture modulus. and so if

two materials have the same properues
but rupture moduli that differ by a fac-
tor of 2, it takes four times more ener-
gy to break the material with the larger
modulus.

Before critical energies can be com-
puted from the formula it is neces-
sary to know the modulus of rupture
and the elastic modulus of both kinds of
block. Because the appropriate values
were not tabulated in the literature we
measured these moduli ourselves by
putting samples of wood and concrete in
a hydraulic press and recording their de-
flection as a function of the applied
force. Wood is a fairly elastic material.

typically requiring about a centimeter
of deflection before breaking. A force of
500 newtons will deflect it to that extent
{One newton is. appropriately. roughly
equivalent to the force exerted by the
weight of an apple.) A concrete block
needs to be deflected by only one milli-
meter before breaking, but the deflec-
tion requires between 2,500 and 3.000
newtons. From these measurements we
found the elastic modulus of wood is
1.4 X 108 newtons per meter squared
and that of concrete 1s 2.8 X 109, The
rupture modulus of wood is 3.6 X 10s
newtons per meter squared and that of
concrete is 4.5 X 108.

Putting these modulus values into the
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: - ROTATING-DRUM CAMERA provided simultaneous side and blocks of dry white pine, each .28 kilogram in weight and 28 cen-
i front views of a hammer-fist strike, in which the fist is brought down timeters long, 15 centimeters wide and 1.9 centimeters thick. The
! from above the head in a circular arc. Here the fist is breaking four white-pine blocks were cut so that the grain ran parallel to the width.
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SPEED OF THE FIST in the bammer-fist strike was determined by per second at the point of impact. Other sequences with the same sub-
analyzing a sequence of drum-camera pbotographs, one of which is ject yielded peak speeds as high as 14 meters per second. This strike
: the photograph at the top. The fist reached a peak speed of 10 meters is one of the most powerful karate maneuvers that involve the hand.
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encrgy formula yields a critical energy
of 32 joules for_ wooc_i and 10 joules for
concrete. (One }oule 1s the energy need-
ed 10 lift one k}logram 10 cent_xrpetcrs.)
guch rough estimates of the critical en-
crgies seem to be the right order of mag-
nitude. because measurements we made
indicate that about 100 joules are avail-
able in @ karate strike. Although these
values for the critical energy are un-
reliable when they are considered in-
dividually, when they are considered to-
cether, they should give an adequate
indication of the ratio of the energy
necded tobreak wood tothe energy need-
e¢d 1o break concrete. The values suggest
(hat the fist must deposit three times
more energy in a wood block.

we made more precise estimates of
the critical energy by considering the
acoustical properties of the wood and
the concrete slabs. When any object is
struck, it vibrates, propagating waves
through the material and sending sound
waves into the air. The same phenome-
non happens when the karateka strikes
a block: vibrations are generated that
sometimes deform the block to the
breaking point. The properties of such
vibrations can be predicted from a com-
plex equation that describes the sound
waves. The equation is a function of
both time and the position along the
length of the block, so that the vibration
of the block depends on the shape it has
immediately after the hand of the kara-
teka strikes it.

In this respect the block is similar to a
violin string. When the string is plucked
gently, only the fundamental tone is ex-
cited and the resulting motion is simple,
but when it is plucked more vigorously,
overtones are excited and the resulting
motion is more complex. In a karate
strike only the fundamental vibration is
excited, because the hand and the target
interact for several milliseconds. This
Interaction time is comparable to the pe-
riod of the fundamental vibration but is
much longer than the periods of the
overtones. As a result the overtones are
not sounded; there is simply not enough
harmonic content to excite them.

Since only the fundamental tone is
sounded, the equation that governs the
motion of the block is simplified consid-
crably. The block acts as if it were a
mass, weighing half as much as the
block actually weighs, sitting on top of a
coil spring. The acoustical model yields
2 formula for the critical energy of the
block. The formula indicates that the
tarlier rough estimates were six times
too high. In other words, it takes only
5.3 joules to break wood and 1.6 joules
to break concrete.

he acoustical model also yields for-
mulas for the critical force needed to
treak the block and for the periods of
the sound waves generated by the karate
Strike. We verified the predicted periods
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MANEUVER PEAK SPEED (METERS/SECOND) )
FRONT FORWARD PUNCH 57-98 '
DOWNWARD HAMMER-FIST STRIKE - 71(;- 14 -
DOWNWARD KNIFE-HAND STRIKE 10 —714 I
ROUNDHOUSE KICK 9.5~ ; |
WHEEL KICK 73-10 :
FRONT KICK 99-144

L SIDE KICK 99-144 ] )

PEAK SPEEDS of karate maneuvers are listed first for empty-band blows and then for kicks,
The knife-hand strike is the “karate chop.” In the roundhouse kick the foot moves in a clock-

wise circle as the opposite hand moves counterclockwise in order to keep the body balanced by
minimizing net angular momentum. In the wheel kick the body rotates with the leg extended.

HAMMER-FIST STRIKE breaking a wood block is shown in a highly schematic diagram. In
a well-executed strike the fist hits the block along a range of points near the center. The block
acts like a coil spring: it pushes back on the hand with a force proportional to its deflection.
The top of the block is compressed; the bottom is stretched. Because wood is weaker under
tension than it is under compression the block cracks first on the bottom surface (near the
center). The crack propagates rapidly upward as the block continues to be pushed downward,
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HYDRAULIC-PRESS MEASUREMENTS were made of the deflection of a wood block
(left) and a concrete block (righ) as a function of the applied force. Each of these plots yielded
values for the elastic modulus, which for a given material is a constant that indicates its springi-
ness, and for the modulus of rupture, which is the minimum stress that causes a block to snap.
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energy goes into motion and the more it the fist and the block is perfec i mnelasti 151 |_confirms._.the
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times greater than the force concrete
exerts on the hand in a karate strike.
The hand can actually withstand forces
much larger than 25.000 newtons be-
cause it 1s not a single piece of bone but
a network of bones connected by visco-
elastic tissues. Furthermore, the hand
is not supported at the ends and struck
in the middle, as a block of concrete or
wood is.

Under impact the bones move and
transmit part of the stress to the adjoin-
ing muscle and other tissue. Some of the
stress i1s absorbed by the skin and mus-
cles that lie between the point of impact
and the bones. Moreover, much of the
force is rapidly transmitted to other
parts of the body. Work remains to be
done to determine what fraction of the
stress 1s absorbed where.

In the hammer-fist strike the fifth met-
acarpal, the bone at the bottom of the
fist and the one most vulnerable to the
impact of the blow, is protected by the
muscle called the abductor digiti mini-
mi. As the fist is tensed the abductor
muscle stiffens and thickens. The first
line of defense against the blow is the
skin. The next is the abductor, which
acts as padding in absorbing some of the
impact force. Then the tendons in the

wrist absorb some of the blow as the fist
bends back at the wrist. Finally the ener-
gy transmitted to the arm is absorbed by
muscles and other tissues in the forearm
and the upper arm.

n karate the proper positioning of the

hand. and of the foot when it is used
to deliver a blow, is critical. In many
maneuvers, such as the open-hand strike
and the side kick, contact is made with
the edge of the hand or the foot. These
techniques concentrate the force on a
small area of the target, thereby reduc-
ing the likelihood of deflecting a bone to
the point of fracture. In fact. if the strik-
ing part of the body is oriented properly,
the force required to break it i1s much
greater than the force required to break
the target. For example, we have esti-
mated that in a well-placed side kick the
foot can withstand roughly 2,000 times
more force than concrete can.

So far we have discussed only the
breaking of a single block, and karate-
kas can also break stacks of wood and
concrete blocks. With a well-executed
strike or kick the karate expert can de-
molish several concrete blocks placed
directly on top of one another. Even
higher stacks of concrete blocks (and of

wood blocks as well) can be brokep i
the blocks are not stacked flush on top of
one another but are held slightly apart
by dowels placed between them. The
dowels ensure that the critical force is
reduced by a favorable effect of angy.
lar momentum. When the first bloey
breaks, it absorbs energy from the fis;
As the two halves of the broken blocy
move downward, they acquire angular
momentum. The angular momentym
and linear momentum of the broken
pieces are often large enough to break
the second block, which in turn breaks
the third block. and so on. Hence the
peak force needed to break. say, eight
wood blocks is less than eight times the
peak force needed to break only one
block.

All the karateka has to do is proper-
ly hit the first block hard enough near
the center. An off-center strike may fail
to break the entire stack. Photographs
show that in such a strike each succes-
sive block that breaks does so at a point
that 1s closer to its center. Thus part of
the energy of the hand is lost to the hori-
zontal motion of the fracture wave.
When too much energy is lost to such
motion. there may not be enough left to
break the bottom blocks.

EIGHT WOOD BLOCKS (left) are broken by the hammer-fist strike
of one of the authors (Feld). Originally the blocks were not stacked
flush on top of one another but were kept slightly separate by pencils
placed between them. The pencils ensured that the critical force was
reduced by a favorable effect of angular momentum. When the first
block broke, it absorbed energy from the fist. As the two halves of
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momentum to break the second block, which in turn broke the thire
block, and so on. Hence the force needed to break the eight block:
was much less than eight times the force needed to break one block
An ofi-center strike (right) failed to break the bottom block in 1
stack of 10. The fracture wave traveled toward the center, where tht

blocks are most easily broken. Much energy was lost to this horizo®
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