Board breaking
The hand is quicker than the

=

By Zachary Kirk
Continuum Mechanics
Spring 20006



Abstract

Why can I push on a board all day but it only breaks if I strike it at high speed?
The question of the why we get different outcomes using the same stress/force at
different times of “application” led to modeling wood, or more specifically the

anisotropic tensor associated with it.

Board Breaking

Breaking a board with a part of the human body is an incredible sight to
behold. After seeing a feat like this several question arise, one of which is: Why
can a board have a force applied to it over a long period of time and remain
intact but when it receives the same force in a shorter time it breaks.? In
exploring this question the fields of martial arts, physics, bio-mechanics,
metaphysics and continuum mechanics all come up. We will cover some basic
background of Martial arts and physics to better understand the model of wood
we arrive at using the principles of continuum mechanics.

1.1 The art (Martial) of board breaking

First off, we have the question why break aboard? In many martial arts,
board breaking is used as a way of demonstrating the use of proper technique
and of focus, not (as may be assumed) to show off strength. As Sihak Henry
Cho, grand master at the Karate Institute puts it. “. "Rather than seeing students
break a dozen boards, I'd like to see them jump over my shoulder and break one

board while flying through the air." Now that we know why someone would



break a board we should explore what is nessary, from a martial arts viewpoint
to break a board. The three main principles are focus, training, and speed. These
are interdependant qualities (Fig 1). Focus is nessary to maintain good training,
through training speed is increased, with more speed comes the need to focus for

control. i.e.
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Fig. 1
Training increases speed by the phenomenon of automatic muscle memory
(AMM). The more times the human body repeats a movement the quicker that
movement becomes. In martial arts training the same punches and kicks are
performed over and over so the body becomes accustomed to moving in those
ways. Now the brain does not have to regulate a complex set of muscle

movements, through AMM the body “remembers” what to do on its own.



Indeed practice makes perfect. When martial artists are asked how they can
break boards with their hands, the majority respond with something like, “the
trick is to concentrate through the board.” This semi-mystical statement is
actually describing a way of maximizing the speed of their strike. If we think

back to the physics of a pendulum (Fig. 2), the mystic will reveal it’s self.
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If we hold a pendulum up we increase its potential enétithen we let it go the potential
energy is converted to kinetic energy by gravity. Howevere the pendulum passes the
lowest point of its swing gravity begins to slow it doWaw its kinetic energy is turning
back into potential energy until it stops and beginsviog back the other way repeating
the process. What does this have to do with a punch#ikixeg a punch we observe that
the fist moves away from the body until the arrfully extended, and then the arm

retracts and returns the fist to the body. If we tlufhkhe human arm as the pendulum it

become clear that at full extension of the arm a pumciot moving (speaking as

instantaneous velocity)

As reported in Discover magazine. [20]

Jearl Walker, a former tae kwon do student who now teaches physics at

Cleveland State University, set up a study much like Feld's and McNair's.
A well-thrown fist, he found, reaches its maximum velocity when the arm
is about 80 percent extended. "That's exactly what my tae kwon do master



had taught me," Walker says. "You learn to focus your punch in your
imagination so that it terminates inside your opponent's body, rather than
on the surface. To deliver the maximum power, you want to make contact
before the slowdown begins.

Speed also comes from the martial arts techniques them selves. The very moves
that are practiced into AMM have been refined over hundreds of years to achieve

maximum efficiency.

"Amazingly, there are no tricks involved at all," says Michael Feld, a
physicist at MIT. "What you have here is one of the most efficient human
movements ever conceived. We've found nothing in our studies to
improve upon the art." [20]

Looking to the work of Bill Pottle [12] we can see a direct relation of speed and
technique in the ability to break a board.

Figure 3 shows a 3D representation of the breaking ergngjied to the board as
a function of apparent massdjmand striking speed. Apparent mass is a function
of technique. For a punch, someone could punch with onlyairma, or they

could put their shoulder, hip, or whole body into thekstrbtriking speed is
defined as the instantaneous velocity of the limbaptyint of contact with the
board. The base case is a fresh pine board withuaneodf 0.0017 fh With
M,=0.061 GN/r and E=8.81 GN/f the breaking energy is 359 J. The energy
required to break the board is shown as a horizontaéplath z=359 J. Any
combination of striking speed and apparent mass above dinis pill result in
fracture; any combination below the plane will resulibruised limb.



Energy Delivered to Board as a Function of Apparent Mass and Striking Speed
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should be noted in this paper we are assuming that the board in question is being

held fixed at two of the ends (Fig. 4)
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A moving board adds some interesting problem/benefits to the process. If the

board moves away form the strike then the impact will not occur at maximum

velocity.

(Fig. 5) The energy delivered to a board is a function of striking speed and
apparent mass for a two handed hold where the holders absorb 85% of the
force. Note that now the horizontal plane covers most of the breaking
energy curve, signifying a near impossible break. [12]
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easier. Martial arts masters will use this fact to help small children in board
breaking.
1.2 Modeling the wood

Now that we have covered breaking from the martial aspect it is time to
look at modeling the wood. Starting with Hooke’s Law, (which is covered in

engineering and continuum mechanics courses). Hooke’s Law relates Stress (t;)
linearly (i) to strain (ex).

(1.2.1) tij= Gjjki €.



In order to get a model of wood we need to measure the components of Gijx

(these are constitutive equations that describe a material). This fourth order
tensor has 81 components. Measuring this many coefficients is difficult at best.
However we can exploit some of the information we have about the stress and

strain tensors to remove some of the components. From earlier work in
continuum mechanics we know that tijjand e are symmetric tensors, this implies
that gju must have minor symmetries. Making use of a different notation we

will write second order tensors as column vectors (1 X 9) and fourth order

tensors as matrices (9 X 9).
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(1.2.2)

USing’cij= tii implies 021' Kl = 0]"1' kI i.e.ti2=t21 gives us 012kl = O21 kI which “kills”

three rows, (3X 9 = 27 components gone)

T1111 Tin: P S11:1 Y11pe Y112 P11z a1z Tiiaz
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Ter11 Fzziz Tzzir Trgzl Yrgre Ypzra Yrppl Trraz Tzron

TFep11 Tzziz Teziz Tezzl Yzare Seaze Tz Tezze: Tezan

(123) ll‘jszll Taale Taplr Tazzl Tazer Tz Toazl Tanas 533331'



Now we will make use of the symmetry on the other side of the relation.

l.e. €kl = €k this implies 0§j1 2= Oijz 1 so now we can “kill” three more rows

(3X6 = 18 more components gone)

T1111. T111 Y1112 Eiigl TPi1rr Y11r2 [Baga) (Sli8F 11232
O1211  Jir1z, Olzlpr BRS8N Cirpz Clzez SAEFE EEEGE T12:32
J1211 J121: O1z1x B¥aEs C1zzz Clazz |[Sdasy Bgsas 1333
Tez11 Tezle Trrlz BEgil Tzrre Trzes [BEidl (SEiiE Tzzaa
Tea11 Teplz ezl BEgsl Tgpzs Tzara (HEgfl (SEasr Szaan

Ta211  Taziz Tazir Fagfl Tazre Tagez [BE2g1 (SeiaE Yooz

(1.2.5
Expressing this idea more rigorously, we see that the mathematical expression

for the first element of t;; is:

tin = 01111 €11 + - YO1112€12+ ~* O1121 €21 + =
=0p111 €11+ -~ + (O1112 + 01121 ) €12 + -

(Recall that €k = €kt so we can combine the e12 and e21 terms can be
collected together.)

(1.2.4) = Oi111 €11+ ~ + U2 (Oi112 + Oi121 )2€12 +

Also we have from the symmetry of t; the equations for t»1, t31, and t32 are not
needed.
So in general we have:

3 3
;Zm jk €k
(1.2.5) ty = K=1l-1

aka, ti= Oj11 €11 + Gij22 €22 +Tijz3 € 33+ 12 (Gij12 + Gijo1 )2€12 +
(1.2.6) 12 (Gija3 + Oij32 )2€23 + 112 (Gija1 + Tiji3 )2€31

If we let Ojj12 =1/2 (ijlz +Jjj21 ) we can assume Gijl + Oijil.

The previous work is based on the notes of Lynn Bennethum [1]

Now equation (1.2.2) can be written in the more compact form.
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(1.2.7)

(Note that the rows have been reordered into a mefalwsrangement)

Now the 81 items that needed to be measured have been reduced to a mere 36

(81-27-18=36).

Looking to remove even more components an examination of a board may

prove useful. Upon inspection we may assume a there is a homogenous quality.

One part of the board looks a lot like the other, but is this always the case?

Thinking about how boards are planed from a tree and the way in which a tree

grows casts doubt on the board being truly isotropic. Trees grow in concentric

circles (Fig. 6) and boards are cut off laterally (Fig. 7)

Fig. 6

Fig.7

The rings are cut through symmetrically in the center cut only and we will see

this can make a difference to someone breaking a board.

©
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Fig. 8

In an off center cut the end grain (Circle segments) the

“cup” can point up or down. (Fig. 8) As a force begins to bend the board these
arcs begin to “flatten” out to be either perpendicular or parallel to the force. A
perpendicular “apparent grain” shunts the force away for the impact site making
the break more difficult. When the “apparent grain” is parallel the force shoots
through the grain cleaving the board more easily. However the difference in
force necessary in these two cases is not large enough to frighten an experienced
martial artist, (beginners should be wary). So for the rest of the paper we will
assume that wood is homogeneous. Looking again to the wood to find some
way of getting rid of more components we notice that the result of a force

applied to the “top” and “bottom” of the board is unaffected when we rotate the

10



board (Fig. 9). In other words if we place a mirror in the xz-plane or yz-plane we

cannot tell if it is a reflection or not.

Fig. 9
As we rotate the wood in a plane we are not looking for geometric or stress state
symmetry but rather directional symmetry at a point in the plane. (reflective in
the coordinate not in the rotated plane) This is called a plane of elastic
symmetry. George Mase states,
A Plane of elastic symmetry exists at a point where the elastic constants
have the same values for every pair of coordinate systems which are the
reflected images of one another with respect to the plane. The axes of such
coordinate systems are referred to as ‘equivalent elastic directions.” If the
x1X2 plane is one of elastic symmetry, the constants Ckm are invariant

under the coordinate transformation
X1 = X1, X2 =X2, X3 =-X3...

11
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He further states that using this transformation orstteen and stress tensors leads to the

matrix.

(o1 oz o13 0 0 o1
o021 oz o3 0 0 o%
o031 oz o3 0 0 o3
| O 0O O o044 o5 O
i 0O O O osg o055 O
logr os2 063 0O O ogs) (1.6)

-_

If this process is repeated for the other two planes wihgenuch nicer looking matrix.

(011 012 013 0O O
o1 o o 0 O

i
i
|0 0 0 o O
i 0O O O 0 o5
({0 O O O O 066)(1_7)

0
0
o31 o2 o3 0O O O
0
0

-_

In his book Continuum Mechanics A.J. M. Spencer [18] states

A material which has reflectional symmetry with reggeceach of three mutually
orthogonal planes is said to be orthotropic. To a gppdoximation, wood is an
example of such a material.

To make things even nicer we can assume that wood is fagtare

Hyperelasticity ignores the thermal effects and asutiat the elastic potential
function always exists, a function of the straireat it is a purely mechanical
theory.

~Malvern ,Laurence E. intro to the Mec of a cont el 3]

We do this so we can assume wood has strain energyofui(é/). This is a scalar
function of one of the strain or deformation tensarsose derivative with respect to a
strain component determines the corresponding stress cempd his gives us

symmetry in our matrix to finally get the componentbeomeasured down to nine.
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(011 012 013 0O O
| o12 o o3 0 O
i o13 o3 oz3 0 O
0 0 0 om O
/0 0 0 0 o O
L0 0 0 0 0 oes/(1.8)
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A little research found that pine has the matrix:

(1.226 0.753 0.747 0O 0 0
10.753 1.775 0.941 O 0 0 |
1 0.747 0.941 17.004 O 0 0 |
0 0 0 2348 0 0 |
0 0 0 0 1816 0 |
L0 0 0 0 0 0.16)

(2.9
Relating these numbers back to the board we see smallastin the diagonal of the
“non-shear” section is 1.226 which would be the top obtherd ((Fig. 10) where we

want to hit it).

¢ at f,‘i‘l«‘?.l' it we dvurjf; i
Hvﬂ vﬁsw‘f;ﬁiﬁow v'f fr’ib& wwlr
[taised v Hw mﬁxf,ﬁpe

¢

The 17.004 value corresponds to the side of the trebt ide in Fig. 10)
This insight is gained by the experiment of chopping dowee ¥When chopping a tree

it is important to angle the axe. If the axe is swimgerpendicular to the trunk the blade

13



only compress the wood a little, but no cutting occurthdfaxe is angled it begins to
guide itself parallel to the trunk and shears of a lachank (Fig.11). This is the .16 in

the shear part of the diagonal.

Fig.11
When planning a board (making it flat) the easiest directions to go in are in a
direction that rides along the growth rings. Recall each ring is a cylinder and we
want to move along the longitudinal direction. This corresponds to the direction
in and out of the paper in Fig. 10

Using this experimental data we can now orient the matrix with our wood. (Fig.

12)
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In Conclusion we have found that a martial artist exploits the natural qualities of
wood by selecting the side that is most likely to break (orthotropic). Utilizing
physics in the way the strike is aimed to achieve a maximum speed. These facts
along with training to maximize the ability to focus on the movements and task

at hand allow the martial artist to perform an amazing feat of skill.

15



Bibliography

[1] Bennethum, Lynn Schreyer, Notes for Introduction to Continuum Mechanics
Pre Print
[2] Burton, David. The History of Mathematics an introtiie. 4" ed. Boston, McGraw-Hill, 1999.

[3] Capra, Fritjof. The Tao of Physic2" ed. revised and updated. New York, Bantam Books, 1984.

[4] Chadwick, P. Continuum Mechanics Concise Theory an8l®ms.New York, Dover, 1999.

[5] Friedl, Jon. “An Analysis of Board Breaking: Whicile of the board should | hold towards the

boardbreaker?” July ,1999

[6] Heinbockel, J.H. Introduction To Tensor Calculus awmtthuum MechanicsOld Dominion

University, 1996.

[7] Huang, Alfred Taoist Master The Complete | Ching tledilitive TranslationVermont, Inner

Traditions, 1998.

[8] Katchmer, George, Jr. The Tao of Bioenergetics B&sist Massachusetts, YMAA, 1993.

[9] Lao Tzu._The complete works of Lao Tzu, Tao Teh Ci8itgua Hu Ching.Trans. Taoist Master

Hua-Ching Ni. Malibu, The Shrine of the Eternal Breatiab, 1989.

[10] Liao, Waysun. T'ai Chi ClassicBoston, Shambhala, 1990.

[11] Love, A.E.H. A Treatise on The Mathematical Theof Elasticity.4™ ed New York, Dover

Publications, 1944.

[12] Pottle, Bill Master, Korean Academy of Tae Kwon &ficial School handbooK™ ed. Denver,

Booklocker.com, Inc. 2005.

[13] Malvern, Lawrence E. Introduction to the Mechamita Continuous MediuniNew Jersey,

Prentice-Hall, 1996.

[14] Mase, George. Continuum Mechanid¢ew York, McGrawHill, 1970.

[15] Rucker, Rudolf. Geometry, Relativity and the FourtmBmnsionNew York, Dover, 1977.

16



[16] Shou-Yu, Liang Master, PhD. Jing-Ming Yang, and Wen-Chihg Baguazhang Emei

Baguazhang, Theory and ApplicationsMassachusetts, YMAA, 1994.

[17] Spain, Barry. Tensor Calculus a Concise Cougsv York, Dover, 2003.

[18] Spencer, A.J.M. Continuum Mechanitsew York, Dover, 2004.

[19] Yang, Jing-Ming PhD. Tai Chi Theory And Martial Pow&dvanced Yang style Tai Chi Chuan

Massachusetts, YMAA, 1996.
[20] “Physics of Karate” Discover May 2000: 17-19

All video provided by Korean Academy of Tae Kwon Do.

17



