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L INTRODUCTION
In recent years, the martial arts has experienced a revi-
. talization and achieved worldwide popularity. It is extraor-
dinary that as early as 2000 years ago ancient Oriental
 priests, warriors, and physicians devised systems of wea-
ponless self-defense that make nearly optimal use of the
- human body. Many of the stances and techniques em-
. ployed are totally different from the combat methods of the
- Western world and are often counterintuitive. The ways in
- which animal movements were studied and incorporated
. into exercise forms, and the gradual infusion of militaristic
. and religious doctrines which led to karate, tae kwon do, tai
chi, and other Asian fighting arts are well documented.
- Karateitself developed in Okinawa in the early 17th cen-
. tury when the Japanese conquered the island and confiscat-
- ed all weapons.|In order to continue their feudal practices,
- the Okinawans developed a system of combat based on the
. weaponless Chinese fighting methods. The Japanese word
' karate means Chinese hand or empty hand. Today these
; incnent techniques, along with the associated rituals and
. mental discipline, are practiced throughout the world.
. Though some variations have been introduced in modern
_ styles and methods, the fundamentals of karate techniques
- remain unaltered and the development of these techniques
- follows the same general scenario as in the ancient systems.
. The perfection of basic techniques is the prime objective
- of the karateka, the practitioner of the martial arts. To this
-~ end, the repetition of a variety of striking, kicking, and
- blocking techniques is the major constituent of a karate
. training session, with emphasis placed on proper breath-
. ing, balance, and focus. The development of these skills is
 further enhanced through the study of the “kata,” each one
- aseries of prescribed blocks and counterattacks against a
. number of imaginary attackers, and through free-style
. sparring (kumite), wherein the elements of timing and men-
 tal conditioning are incorporated.
. The renewed interest in the martial arts has been stimu-
' lated, in part, by demonstrations in which martial arts
| practitioners perform physical and mental feats which of-
| ten defy one’s reasoning and intuition, thereby leaving an
. observer in awe. The destruction of formidable piles of
- wood and concrete by bare hands, feet, or other parts of the
| body (Fig. 1) is a dramatic manifestation of the inherent
. destructive capability of the human body. Although the
- breaking of objects is often the most memorable and sensa-
. tional aspect of a karate demonstration, it is not an inherent
. part of karate. Breaking is neither an objective of the kara-
. teka nor an item in regular training; it is used primarily to
. gauge and demonstrate the effectiveness of various tech-
' niques. It is in this spirit that this article studies breaking as
- ameasure of the effectiveness of the martial arts as a means
- of self-defense.
- Recently, the underlying physical principles of the mar-
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/ This study analyzes physical aspects of a karate strike and its interaction with a target, examining
some heretofore unexplored dynamical and biomechanical questions.

tial arts have begun to be explored through the study of
karate strikes and the breaking of objects. Walker? has ex-
amined kinematical aspects of a karate punch, and he and
Blum” have analyzed the breaking process, treating the in-
teraction of hand and block in the static approximation.
Cavanaugh and Landa,* Vos and Binkhorst,” and Tuinzing
and Fischera® have measured different aspects of karate
strikes through the use of force plates, stroboscopy, acce-
lerometry, and electromiography. The present study
further analyzes physical aspects of a karate strike and its
interaction with a target, examining some heretofore unex-
plored dynamical and biomechanical questions.

An analysis of the deflection and subsequent fracture of
a slab of material leads to expressions for the stored inter-
nal energy, time, and force required for breaking in terms
of the bulk properties of the target. These quantities are
measured by means of static loading, force plate, and
acoustical techniques. Trajectories, velocities, and peak en-
ergies of karate techniques are also studied using two- and
three-dimensional stroboscopic techniques. High-speed
movies of the impact of the striking part of the body with
the target are used to obtain detailed information about the
deceleration and deformation of the fist during the strike, .
and hence the forces acting on it, and the onset of fracture
in the target. The transfer of the kinetic energy of a strike
into elastic energy in the target is explored both by simple
mechanical approximations and a more quantitative dy-
namic model. The latter gives good agreement with the
data and provides insight into the forces acting in the
hand—forearm system. The ways in which the striking part
of the body, properly positioned, protects itself from dam-
age are also discussed.

Fig. 1. Fracture of a stack of wooden boards using the forehead.
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Fig. 2. Dimensions of blocks and their coordinates.

II. DYNAMICAL THEORY OF BREAKING

The blocks used in this study are rectangular bars of
wood and concrete. Their dimensions /, w, 4, and coordi-
nates are defined in Fig. 2. x is the position along the length
L u(x,t ) is the deflection of the bottom surface from its equi-
librium position.

The concrete bars are “patio blocks” made of type III

cement and measuring /wh = 40X 19X 4.0 cm. The wood-
en blocks are pieces of dry white pine.1X 12-in. shelving
board measuring 28X 15X 1.9 c¢m, cut so that the grain
runs parallel to the width w. The patio blocks are dried in
an oven for several hours to remove excess water, and thus
improve the uniformity of the samples. In either case the
blocks are supported at each end of their longest dimen-
sion, /, with their shortest dimension, 4, vertical (Fig. 2).
Two centimeters of overhang are allowed for at each end,
reducing the effective length of the blocks by 4 cm. The
mass of the blocks is 6.5 and 0.28 kg for concrete and wood,
respectively.
* The block is struck by the karateka at the top surface
near the center of the span. For simplicity the force exerted
by the striker is assumed to be evenly distributed along the
line x =//2, thus eliminating from consideration varia-
tions along w and reducing the problem to two dimensions.
It is further assumed (and experiment confirms) that the
deflection of the block is small compared to its overall di-
mensions.

Under these conditions the deflection u(x, ) of a bar of
density p and cross-sectional area 4 = hw to an applied
force is given, to good approximation, by the equation’

Fu Fu
A — — =5

p 612+Elax‘ F(x,t), (1)
where .7 is the force per unit length exerted on the bar and
Eis the Young’s modulus of elasticity of the material. I, the
moment of inertia for the cross section of the bar, depends
only on its shape and dimensions. For a rectangular bar

I=h%/12. 2)

For the case of free vibrations (# = 0) solutions to Eq.
(1) are of the form

u(x,t) = Csin ("—T—)sin w,t,

i = (”T”)z(%)m, n=12,... (3)

If the impact occurs over a time interval >2m/w, only

the lowest mode (» = 1) will be appreciably excited, and the 'j
deflection is of the form

u(x,t) = sin(wx/1)d (t), (4)

withd the time-dependent part of u. Equation (1) can then
be reduced to a simple form by substituting Eq. (4), multi- -
plying both sides by sin(7x// ), and integrating over x from 0
to/. Since the force is applied at x = / /2 the right-hand side
of Eq. (1) is of the form #(x,t) = F(t)8(x —/2). This
yields

d + &*d = (2/pAl)F |t). (5)

Thus the motion of the block reduces to that of a harmonic
oscillator of mass

m = pAl /2 (6a) _‘
and spring constant

Fsspit: 17'4E]:L4h3w
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The downward deflection of the block givesrise to stress- -
es within it, the largest component, o; being directed along/
(x axis). This produces an elongation® along x, hence a -
strain, €. The block fractures when, at some point x, o ;
reaches a critical value, o, called the modulus of rupture.

If the stresses along w and / are small compared to o then ]
the simple Hooke’s law relation o = €E holds.® Using the
well-known relationship between € and u,'°

Fu
=eE=Ey— |, 7) &
o=€eE=Ey—3 UE
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where p is the distance of a point inside the block to the i
plane which bisects the block horizontally. Inserting Eq. (4)
giVCS i
o= — (n/lVEy sin(mx/1)d(t) . (8) *

The greatest stressoccursatx =/ /2andy = + h /2. Thus
the fracture begins at the center of the surface of the block 3
and rapidly propagates inward. In practice, the crack be-
gins at the Jower surface, since materials such as wood and §
concrete are stronger under compression than in stretch-
in g.s.l 1 :
The value of d at which fracture occurs may be obtained
from Eq. (6):
_2P0
* PhE’ ,
Using the value of the spring constant obtained in Eq. (6b),
one can obtain expressions for the stored energy U, and the 4
force F,, exerted by the block at the point of fracture: E
Uy =1kd} = (02/12E Jhwl, (10)
Fy = kdy = (7*/12)(h *w/1)o,, (11) 2
These results are similar to those of Walker? and Blum,
obtained by assuming that the shape of the dynamically -
deformed block is the same as for static loading.'? i
In order to evaluate U, and F, values for the modulus of ]
rupture and elasticity for our wood and concrete samples ¢
are needed. We have found it necessary to measure these
parameters ourselves. In the case of concrete £ and o,
considerably due to water content, age, and type of mat
al.'"" As for wood, although tabulated values of the mo
duli for several different types are available (as in
USDA Woods Handbook ), it appears that the paran
are measured for the wood stressed along the direction
the grain. They are therefore not applicable to our samples.

9) 1




” . Dreaking parameters 10r wood, Concrete, ana oone.

Wood Concrete Bone

N/m?) 14405 28 +9 180°
3.6+ 1.0 4.5+0.5 2100

16 +7 1.1+04 nt

53+28 1.6+ 0.6 14°

6.7+19 31 435 54°

Representative values from Yadama, Ref. 15.
'Assumes a cylindrical bar of length 30 cm and radius 1 cm.*
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. The values of E and o,, were thus determined experimental-
. ly. A hydraulic testing machine was used to deflect the
. center of simply supported blocks identical to those used in
~ the breaking studies. Graphs of the applied force f versus

§  the peak deflection § were made from which the moduli
. were determined making use of formulas of the type'*

oo =4I/h 2w) f, (12a)
E=(I°/4805)f. (12b)

The results are shown in Table I, along with the resulting
. values of dy, U, and F,."” For concrete our values for the
moduli agree with the tabulated ones,'""'* but for wood our
values are considerably smaller.'® For comparison the cor-
responding values for a long bone'” are also given. As can
be seen, the force needed to rupture such a bone is much
~ greater than in the case of either wood or concrete, primar-
- ily because of the correspondingly larger value of o,
As a check, the acoustical vibrations induced by lightly
" tapping the simply supported slabs with a pencil eraser
. were monitored by means of a small microphone. For the
* concrete blocks the lowest mode could be excited easily,
“ yielding oscillations of period ~5 ms which decayed in
~-about 60 ms (Fig. 3). This is in reasonable agreement with
 the period of 6.6 ms + 20% predicted by Eq. (3). For the
wood blocks a complex aperiodic acoustical pattern of
peaks was observed, the largest ones being separated by 7-8
ms, as compared with the predicted valueof 11 ms + 20%.
The nonsinusoidal behavior indicates that tapping unavoi-
dably excites many modes, possibly including those when
theslab responds as a plate rather than a bar,’” and probably

Fig. 3. Acoustical vibra-
tions of a concrete slab,
simply supported as in Fig.
2.

200 msec

20 msec
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The approximations made in the treatment above are bet-
ter satisfied under karate strike excitation, where the dura-
tion of the impact is much longer so that the higher order
modes are damped out during the interaction.

III. KINEMATICAL STUDIES OF KARATE
TECHNIQUES

Since only a portion of the initial energy of the part of the
body delivering the blow can be imparted to the target, the
striker must have considerably more energy than U, if the
block is to fracture. In order to determine the velocities,
accelerations, etc. and the energies available to various
techniques, strobe photographs were taken with an EEG
model 553-11 Multiflash strobe lamp at 60 or 120 flashes/s.
A variety of approaches was used: single exposures, acous-
tically triggered by the initial impact; multiple exposures;
and sequential exposures using a rotating drum camera. In
cases in which the motion was not in a plane, front and side
views were recorded simultaneously by means of a large
mirror placed to one side of the subject at 45° to the line of
sight. The three-dimensional trajectory was then recon-
structed using computer analysis,'® from which peak ve-
locities and other kinematical parameters could be deter-
mined.

As an example of the latter approach, Fig. 4(a) shows one
frame of a drum camera sequence of a hammerfist strike
(kensui-uchi), giving front and side views simultaneously.
From this sequence the net speed of the hand as a function
of time could be determined [Fig. 4(b)]. In this case a peak
velocity of 10 m/s was reached at the point of impact. Oth-
er sequences with the same subject gave values as high as 14
m/s.

The results of the strobe studies are summarized in Table
II. Peak speeds of 10-14 m/s were measured for hammer-
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Fig. 4. Strobe photo analysis of hammerfist strike. (a) Single frame of drum
camera sequence showing side and front views simultaneously. (b) Net
speed of fist versus time, obtained from sequence.
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Table IT. Maximum speeds attained in various karate techniques, as mea-
sured from strobe photo studies of various subjects.

Technique Maximum speed (m/s)
Front forward punch 5.7-9.8
(seikan zuki)

Downward hammerfist strike 10-14
(kentsui-uchi)

Downward knife hand strike 10-14
(shuto-uchi)

Wheel kick 7.3-10
Roundhouse kick 9.5-11
{mawashi-geri)

Back kick 10.6-12
(ushiro-geri)

Front kick 9.9-14.4
{mae-geri)

Side kick 9.9-14.4
(yoko-—geri)

fist and knife hand strikes (shuto-uchi), while somewhat
smaller values were obtained for strikes in which the strik-
ing surface was the heel of the hand (shote-uchi). By way of
comparison, forward punches (seikan-zuki) were found to
reach speeds of 5.7-9.8 m/s, and various kicks 7.3-14.4 m/
S.

Defensive techniques were also studied stroboscopically.
Figure 5 shows a multiple strobe exposure of a downward
block (gedan-barai), used to deflect an incoming blow to the
lower portion of the body. As can be seen from the photo,
maximum velocity is reached as the fist moves past the
solar plexus region, well before the point of contact. This is
different from offensive techniques, such as the hammerfist
of Fig. 4 and the forward punch of Fig. 2 in Ref. 2, in which
the peak velocity is reached at the point of contact. This
feature is characteristic of blocks, whose purpose is to redi-
rect an incoming technique and render it harmless rather
than to meet it directly, a function which does not require
developing large amounts of momentum.

Fig. 5. Multiple strobe exposure of a downward block, 120 flashes/s.
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The fist velocities measured in this study are comparable
to those reported previously by other researchers. Vos and
Binkhorst® measured velocities of 10~14 m/s in downward
strikes, and Cavanaugh and Landa* reported angular ve-
locities at the elbow of 24-29 rad/s. These agree with our
measurements, 6~14 m/s and 25-27 rad/s, respectively.
The time evolution of the forward punch recorded by
Walker is similar in shape and magnitude to those we mea-
sured.

IV. DETAILS OF THE IMPACT PROCESS

For a more detailed look at the collision between striker
and target high-speed movies (1000 and 5000 frames/s)
were taken. Figure 6 shows a sequence of frames of a ham-
merfist strike impinging on a concrete block. Successive
frames are separated in time by 1 ms. These photos show
the rapid deceleration of the fist on contact and its com- 4
pression, and the subsequent initiation of the crack at the &
lower surface of the block and its rapid propagation up-
wards.

In analyzing such film strips the positions of the four
marker dots on the fist were carefully recorded over a series
of frames. The velocity and acceleration of each dot was
then obtained by numerical differentiation. The results for
the strike of Fig. 6 are shown in Fig. 7, in which is plotted
the vertical position of the lower right dot and the corre-
sponding velocity and acceleration. As the fist strikes the
block it undergoes an extremely rapid deceleration, reach-
ing a maximum value of 3500 m/s” for the lower right dot
(Fig. 7) and up to 4000 m/s’ for the other three. This brings
the fist to a standstill, after which it continues downward.
As seen in Fig. 7, the interaction lasts for 5 ms.

Fig. 6. Hammerfist strike impinging on a concrete patio block, high-speed
movie film. Time between frames is 1 ms. The four dots are markers used :_
as reference points. Although contact is made in frame {c), the crack does *
not develop until frame (e). Fracture occurs when the crack reaches the
upper surface. Elapsed times for these frames are (a) 0, d) 1, (c) 2, {(d) 3, {¢}
4, and (f) 5 ms.
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Fig. 7. Position, velocity, and acceleration of lower right-hand dot of fist
. from filmstrip of Fig. 6.

©  This data may be used to estimate the peak force exerted
. on the fist during impact, given by the product of the hand
- mass and its acceleration. Applying the predictive formu-
las for the mass of body parts developed by Clauser ez al.'’
o our subjects, we obtained an estimate of 0.7 kg for the
mass of the fist. This yields peak forces in the range of
2400-2800 N.
Similar high-speed movies were also made using wood
blocks, but decelerations when the fist strikes wood are
very small and hard to measure.
Finally, as a check of the forces required to fracture the
samples under actual conditions several blocks, supported
at their ends on cinder blocks atop a force plate, were
broken by karate strikes. The setup is essentially the same
as that used by Vos and Binkhorst.® The force plate mea-
sures the force of the block pressing against the supports,
hence the reaction force of the block (i.e., the product of its
~effective spring constant and displacement). The time de-
. pendence of the output signals, displayed on an oscillo-
. scope, was about the same for both wood and concrete: The
force rises rapidly over a period of 3—5 ms, after which the
block either breaks or rebounds. For concrete, peak values
as large as 2900 N were recorded when fracture occurred,
with a mean peak value of 1900 N. The corresponding
- mean value for wood was 600 N. These are in reasonable
~ agreement with the corresponding values of Table I. Inter-
estingly enough, larger values were recorded when fracture
did not occur, as large as 3600 N for concrete. Vos and
Binkhorst® also observed larger peak values for unsuccess-
ful breaks. This indicates (i) that the subject was capable of
generating more than the required force for fracture, and
(ii) that the force exerted by the striker is not the only im-
portant parameter—proper positioning of the hand or foot
- and its contact point along the length of the block are also
~ . critical.
- The importance of making contact at the center of the
. target is graphically illustrated in the strobe photos of Fig.
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Fig. 8. Incomplete breaks of stacks of (a) wood and (b} concrete blocks.
The technique in (a) is a hammerfist strike, and in (b) a palm-heel (shote)
thrust.

8, which show incomplete breaks of stacks of (a) wood and
(b) concrete blocks, separated by means of pencils at the
ends. In each case all of the blocks were broken except for
the bottom one, which remained intact. The subjects were
capable of breaking the entire stack when the target was
struck at the center, and failure to do so was attributed to
the fact, evident in the photos, that contact occurred to the
side of the target. This conclusion is further supported by
the fracture pattern formed in successive blocks, which de-
picts the shock wave propagating towards the center of the
stack. Photos such as these also reveal that the blocks frac-
ture in succession, and that direct contact with the hand is
not needed. This is particularly apparent in Fig. 8(a), where
nine boards have been broken although the fist has only
moved past the top two. Thus as a given block undergoes
fracture it develops sufficient linear and angular momen-
tum to fracture the block beneath it which, in turn, can
fracture the next block. Huge stacks of material can be
broken in this way.

V. COUPLING OF ENERGY INTO A TARGET

We seek a model that accounts for the behavior of the
block and the hand during impact. As a specific example,
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Table I1I(a). Initial velocities v, and kinetic energies U, needed to fracture slab. The uncertainties are due to variations among samples.

Collision model
Elastic Inelastic Dynamic*
vy(m/s) u) vy(m/s) u ) v,(m/s) v
Slab Wood 52+19 95+5.0 43+ 1.6 64+34 6.1 12.3
material  Concrete 2.8 + 0.85 27410 50+15 89+33 10.6 37.1

the following discussion considers a downward hammerfist
strike. In this technique the hand is tightly clenched and
the block is struck with the bottom surface of the fist [Fig.
4(a)]. Consider first the rough approximation in which the
interaction is assumed to be a simple mechanical colli-
sion—either elastic or inelastic. This approach necessitates
choosing a value for the effective mass M of the hand-
forearm systom. High-speed films taken in side view indi-
cate that in this technique the fist pivots at the wrist during
impact, and that the resulting shock wave does not reach
most of the forearm until after the block has fractured.
Thus the appropriate value for M is the fist mass, ~0.7 kg.

The minimum initial kinetic energy, U,, the hand must
have in order to impart U, to the block is given by

forces acting on the hand-forearm system during the
strike.

For a more accurate description of the impact process we
used a dynamical model developed by Mishoe and Suggs®
to describe the reaction of the hand to externally imposed
vibrations. It is not a priori clear that this model, developed
to describe the hand’s response to vibrating machinery, can
be extended to the much larger accelerations developed in a
karate strike. Nevertheless, the results are encouraging.

This model (Table III) consists of three masses linked by
springs and dampers. The first mass represents the skin, the
second (M,) the nearby hand tissue,-and the third (M,) the
remainder of the hand mass (about 90%) and part of the
forearm. The first mass is very small compared to the oth-
ers and may safely be ignored in our application. Thus the

I:sia;stxcﬁ;olﬁ::g:t ” tf{;czk[lg:lng sj;lslg:)](]" (13a) hand is described by a pair of coupled linear differential -
.gy p i o equations of the harmonic oscillator type. The values of the
elastic collision: U, = [(m + M)*/4mM1U,.  (13b)  relevant parameters are listed in Table IIIb.

The effective mass m is 0.14 kg for wood and 3.2 kg for
concrete [Eq. (6a)]. The resulting initial energies and veloc-
ities are given in Table III. The inelastic predictions for U,
of 6.4 and 8.9 J for wood and concrete, respectively, appear
to be reasonable (although perhaps too small), but the cor-
responding elastic values of 9.5 and 2.7 J do not, as they
predict that the concrete targets are much easier to break
than the wooden ones, in clear contradiction to experience.
For the same reason both elastic and inelastic predictions
using a hand—forearm mass of M = 2 kg must be rejected.
These results therefore suggest that the interaction process
is closer to inelastic than to elastic, with the effective strik-
ing mass being that of the fist alone, as anticipated. Elastic
collisions are also ruled out by the high-speed movies,
which show that the fist and block are in contact for several
milliseconds, and thus appear to stick together.

Although the inelastic collision model is a useful first
approximation, it cannot accurately describe the fist-block

In modeling the strike the hand oscillator system is inci-
dent on the block oscillator, described by Eq. (5), with a
given initial velocity. Upon contact a system of three cou-
pled oscillators-is formed, as in the diagram of Table ITL. -
The coupled equations are solved by computer to obtain
the deflection of the block as a function of time. In this way
curves of maximum deflection as a function of the initial
fist velocity are obtained (Fig. 9). The point at which the
maximum deflection equals the critical deflection d, then
gives the initial fist velocity required for fracture, v,, from
which the corresponding initial energy can be obtained
(Table III). The relationship between initial velocity and
maximum deflection is linear, and predicts U, values of
12.3 and 37.1J for wood and concrete, respectively, some-
what larger than the inelastic values. The corresponding v,

interaction process. For one thing, it assumes that the colli- B
sion is completed before the block begins to be deflected, P i i
whereas the high-speed movies show that the fist and block € E o ; ’
are still interacting when fracture occurs. Another short- os [ !
coming of the inelastic model is that it gives no insight into T - - Y A S
the dynamics of the fracture process, nor about the internal 55  |doiConcrete i ;
Y - S : \
2 ) H !
E 08 » i '
Table IHI(b). Parameters used in the dynamic model. & 9 : o
a T 1}
& dg\‘ \ ]
Mass (kg) Spring (10* N/m) Damper (N s/m) 5 bk 0. ! !
E l {
3 i 1
Hand M, 0.0681 K, 0.706 B, 807 § = : }
M, 0.595 K, 116 B, 275 SN W NN VR NN SN NN TSNS M CAOE Wi
Block 0 4 o 2
Wood m 0.14 b 4.34 Initial Fist Velocity (m/sec) o
Concrete m 32 k295 Fig. 9. Maximum deflection of block versus incident fist vélocity, predict-
ed by the dynamic model: (a) wood block; (b) concrete block. 3
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- valuesof 6.1 and 10.6 m/s agree with the common observa-
. tion that beginners can break wooden boards but not con-
. crete patio blocks: First velocities of 6 m/s are within range
. of'a novice, whereas velocities in the 10 m/s range require
. training and practice.
.. Many of the details predicted by the dynamic model
agree with the empirical data. For example, in the case of
. concrete the force on the hand rises rapidly, reaching peak
- values of up to 2200 N, and then falls quickly to zero. The
block fractures in less than 5 ms, with peak deflections of
about 1 mm. However, the predicted compression of the
. fist, somewhat under 2 cm, is too large. These predictions
. donot change greatly when the hand model is simplified by
~ removing the last mass, M,, and its associated spring and
- damper. Eliminating either the remaining spring (K,) or
damper (B,), however, changes the results considerably
. and does not lead to reasonable values, even when the re-
. maining spring or damping constant is varied over a wide
- range. It is interesting to note that in the limiting cases of
. either large spring constant or large damiping constant the
. predicted value of U, approaches the inelastic value. How-
- ever, this limit is not an accurate description of the actual

.~ situation.

- These results suggest that with suitable modifications a
~ model of the Mishoe-Suggs type can accurately describe
. the dynamics of the impact process, and provide useful in-
. formation regarding theinternal forces exerted on the hand
- and arm during the strike.

. VL. BIOMECHANICAL ASPECTS

- Itisdifficult to state a clear-cut criterion for the strength
i of a hand, foot, or other part of the body employed in a
-~ karate strike.”' A hand or foot is a complex system of bones
- connected by visco-elastic tissue. As mentioned earlier,
. bone is a very strong material, its modulus of rupture being
. over 40 times larger than that of concrete (Table I). Thus a
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cylinder of bone 2 cm in diameter and 6 cm long, simply
supported at the ends, can withstand in excess of 25 000 N
of force exerted at the center.' This value represents a low-
er limit, since the bones in a striking hand or foot are
neither simply supported nor impacted solely at the center.
Under impact the bones can move and transmit part of the
stress to the muscle and flesh in adjoining areas. Further-
more, some of the impact is absorbed by the skin and the
muscles that lie between the point of impact and the
bones.” In addition, much of the local stress is rapidly
carried away to other parts of the body.

In the case of the hammerfist strike, for example, the
adductor digiti minimi muscle protects the fifth metacar-
pal, the most vulnerable bone, from the blow. As the fist is
tensed the adductor stiffens and thickens. The next line of
defense is the set of tendons in the wrist, which cushions the
blow as the fist is bent backwards. Finally, the energy
transmitted to the arm is absorbed by muscles in the fore-
arm and upper arm.

Proper positioning of the hand or foot is also critical. For
example, in many techniques, such as the open hand strike
or the side kick, contact is made with the edge of the hand
(shuto position) or foot (knife foot). This concentrates the
force in a small area of the target and reduces the likelihood
of bending a bone to the point of fracture. Thus, if the strik-
ing part of the body is correctly oriented, the force required
to break it is much greater than that needed to fracture the
target.

To illustrate this point, consider breaking a concrete pa-
tio block with a side kick, where the foot is in the knifed
position [Fig. 10(a)]. Bearing in mind the qualifications dis-
cussed above, a rough estimate of the relative strength of
the foot as compared to the concrete slab can be made by
considering the foot to be a rectangular block of bone of
dimensions / ‘w'h ', the side of which strikes the central por-
tion of the flat face of the slab [Fig. 10(b),(c)]. Equation (11)
can then be used to compare the forces necessary to frac-
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10. Importance of orientation in striking a target. (a) Breaking a concrete patio block by means of a side kick. Note the knifed position of the foot. {b)
h of relative orientation of foot and block. (c) Model used in calculation. The knifed foot is approximated by a block of bone, oriented as shown.

Wilk, McNair, and Feld 789

iAol b SRR,




ture the foot and the slab:
Fy _ howrr o
F, hw/l o,
where the primed quantities refer to the parameters of the
foot. Since the foot is oriented so as to contact the face of
the slab with its side surface [Fig. 10(c)], the primed dimen-
sions /',w,'h " should be identified as the thickness, length,
and width of the foot, respectively. The length and thick-
ness of the foot are comparable to the width and thickness
of the concrete, but the width of the foot, typically about 8
cm, is only one-fifth the length of the block (I =40 cm).
Accordingly, we shall takew' = w, /' = h, h' = 1/5. Since
h=4cm,!/h = 10. From Table], 04/03==40. According-
ly,
F| 3o}
_°2L<L) ﬁgzooo_
F, 25\h
Although this rough estimate is an oversimplification, the
general conclusion is valid: A properly positioned foot can
withstand forces several orders of magnitude larger than
that needed to fracture a concrete slab!

, (14)

(15)
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