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Purpose

The first in a series of three articles, Balag A Broom Handle is an investigation designed to
sharpen our understanding of the roles played by accel@attion and acceleration/Reaction
forces during balancing events. Since these samesfancduding the same geometry of
application, are equally present during more common andvgaaihenore complex bicycle,
motorcycle and automotive cornering events, Balancii®ydom Handle is perhaps the least
complex event within which we can begin this study.

Event 1
Obtaining a wooden handle of the type screwedtihavide head of a shop boom is a
prerequisite to these considerations. | will wait riglte for you to accomplished this task....

(2) Inalevel area, clear of moving or stationagtacles, hold one hand out, palm up, at waist
height. Place one end of the broom handle forwarawof palm on the inside of the first joints of
your first two fingers. Using your other hand, or otim&ans if necessary, adjust the handle's
shaft until it is vertical. As you release the shaftprepared to adjust the position of your
supporting hand to prevent the broom handle from fallingyawom vertical. While at first it

may be difficult for you to shift your hand in the catréirection to the required degree to
maintain the handle's vertical balance, in a fewubais of effort you will likely be able to acquire
this skill. Performing this exercise inside an opesrmawith a low ceiling will help for you can
raise your supporting hand thereby trapping the top of théldhagainst the ceiling when things
start to get out of control. Keep practicing until yoe able to make and recover from minor
adjustments in the position of the top of the handle.

(3) After maintaining the top of the handle in theticat position for a few moments, | want you
to pull your hand back just a bit so that the top of thadle begins to accelerate away from you
in the forward direction. For the next few tries,ra attempt to prevent the handle's
acceleration and rotational fall to the floor. Repb& event several times, noting the
acceleration and rotation of the handle prior toeigsving your hand. Also note the reduction in
the force of the handle's weight against your open hestgryior to its departure. The handle
does not drag off the edge of your hand with constant dovee-but instead at the last moment
lifts off your hand with little to no weight-force atl. This no-weight-force departure from your
hand is an important clue to the forces and geometiatioa present in this event.

(4) For a closer look at the falling broom handle'sugight-force departure from its support, try
the same experiment as before only this time beglatancing the handle on the arm of a chair

UniversalPhysics.org
Event 4: The Physics of a Tornado

Page 1



instead of on your open hand. During the handle's fl; #s release from vertical, you can
move in for a good look at the moment of the rotatiagdte's lift-off from the chair's arm.

Rotation of a Falling Broom Handle

(C) Copyright 2003 Ethan Skyler

(5) Next let us look at the forces and geometricdlangresent during this relaxed event
where the broom handle is allowed to fall from veidtizhile being supported by your
non-moving hand. In the drawing above, observe tleestill frames "a" through "e" of the
broom handle falling toward the floor. Notice in th&ldle of each broom handle | have inserted
a C/M or center of matter icon. Note how the filvnward-directed gravitational force vectors
are drawn with their tails originating at the centethese five C/M icons. In every event where
the action force of gravitation is involved, it isrcect to draw the average of this myriad of
internal forces as originating at the object's ceotenatter.

(6) As the event progresses from left to right, see the downward-directed gravitation
(Grav.) vectors become more and more misaligned Wwihupward-directed support force from
your hand which, by the way, is also gravitationadlgdd. Below each still frame, there is drawn
an imaginary lever that represents this vector rgisalent. The increasing length of this lever
represents the increasing mechanical advantage theanbdewnward-directed action force of
gravitation has upon generating the increasing torque tbatas being applied to the broom
handle as the handle's angle of lean departs fromaleatian increasing rate. This torque force
is responsible for causing clockwise radial acceleraifahe broom handle with the axis of this
rotation located at the point where the broom hasdle contact with your hand. Once the
handle is no longer in contact with your hand, as reptes by still frame (e), the axis of the
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handle's rotation naturally shifts to its center att@r. From this point on, the handle's
downward-directed internal force of gravitation (Gras.almost exclusively an
acceleration/Action force, on average centered aCtheicon and responsible for both the
handle's downward-directed acceleration and the reagiveration of the handle's supporting,
internal acceleration/Reaction force. Here this pamutual forces are both internal and both
equally present within the same object, the rotatingfaling broom handle. Make no mistake,
there exists no fabled "net force" here. Insteathinveach component of the handle's matter
there exists both a net internal acceleration/Actioyce of gravitation supported by a net internal
acceleration/Reaction force in full agreement withviden's LAW |, LAW I, the Universal Law

of Mutual Forces, plus Rule 4b and Rule 7 of the Universid$=for Force and Motion.

(7) Inthe Balancing A Broom Handle event we hastatgished the following:

1) Misalignment between the downward-directed adtioce of gravitation (Grav.) and the
opposing upward-directed action force provided by your hand sglusepplication of a torque
force to the falling broom handle.

2) The magnitude of the torque force increaseseaargle of the falling broom handle
increases relative to vertical.

3) When the broom handle is supported by your haadyxis of the torque force is located at
the point of contact between your hand and the broomiléa

(8) Now that we have established that a gravitatipnaused torque force is the cause of the
broom handle's clockwise radial acceleration (frompiiespective of the drawing) as it falls to
the ground, let us figure a way to stop the handle'stfatbaut 5 degrees away from vertical.
What do you think has to be done to halt the handlesiooal fall at this point? Grabbing the
handle at its C/M with your free hand is one possildg.wr hat will work fine since it causes a
balancing counterclockwise torque to be applied to thembimandle. The vector of this
balancing force will be represented by an arrow draam the handle's C/M icon horizontally to
the left on my drawing which is straight back toward ypeirson while being opposite to the
direction of the handle's lean. The handle's fallvalv come to a halt at about 5 degrees away
from vertical. Increase the force applied by your fiaed and the handle will begin to reduce its
angle of lean. Decrease this force and the handlbegin to increase its angle of lean away
from your person and away from vertical.

(9) Isthere another way to halt the handle's avfiglesan when it reaches 5 degrees? Say you
are limited to finding a workable method using only hamzbchanges in motion of the hand that
is in contact with the base of the wooden handlenst@er that when the broom is balanced prior
to any fall, the rate of acceleration of the hasdiep is a match with the rate of acceleration of
the handle's bottom. They are both equal to zermuifwill allow me to ignore the minor orbital
and rotational accelerations of Earth. Now congidat when balance is lost, the handle's top
begins to accelerate away from you while the bottemains relatively stationary. Here it should
be no surprise that the position of the handle's tomb@tianging relative to the position of the
handle's bottom, since the two ends are experiencifegethf rates of acceleration. Are you
reaching the same conclusion as am | in that "frgézire handle's angle of lean at 5 degrees
when the handle's top is experiencing a certain ragemdrally forward-directed acceleration is
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logically possible only when the handle's bottom jgeglencing the same rate and direction of
acceleration?

(10) This equal-rates-of-acceleration conclusion meaatdirst you balance the broom handle
and then withdraw your supporting hand a bit to initiagertiisalignment of vertical action forces
that results in the gravitationally-based torque foeesing radial acceleration of the handle's top
away from your position. Then as the handle's top appessb degrees of lean, you quickly
begin accelerating the handle's bottom using the applicafia forward-directed force from your
supporting hand. If done correctly, the handle's andeaofwill "freeze™ at a constant angle.
Here the forward-directed horizontal accelerationsrafeeach end are a perfect match. The
handle is now balanced at a constant 5 +/- degreeargfde least for as long a time as you are
able to maintain the required rate of acceleratiath@handle's lower end.

(11) But in reality, you can only maintain the requiratkrof linear acceleration for but a short
time for there is a limit to how fast you can rufydu decide to perform this experiment while
inside the enclosed cargo box of a large delivery vanillibe possible to "freeze" the falling
handle at 5 degrees of lean for a longer period of titng.again there is a limit to how fast the
van can travel. When the van reaches its speed iisndeclining rate of acceleration will be
reduced to zero and the leaning broom handle will comjptefall to the deck. Clearly in order
to keep the falling handle's angle of lean constangyaokmaintaining a constant rate of
acceleration of the handle's bottom needs to be found.

(12) Before working on a solution for the constant-re&on problem, let you and | give some
thought to the forces present for the short timeybatare able to keep the falling handle's angle
of lean constant. From our first event we know thatdownward-directed force of Earth
gravitation that is being actively generated withinrgamponent of the handle's matter is
causing the application of a torque force within the rendilhis clockwise torque force is causing
the radial and centripetal acceleration of the hanttlp'svhile the axis of the handle's rotation is
located at the bottom where it is pivoting against yoactive, non-accelerating hand. What do
you think is happening when you decide to cause an equalfrateeleration for the handle's
bottom which up to now has been the handle's pivot poiakis of rotation?

(13) If done correctly, the moment you begin accelegatie handle's bottom at a rate and
direction equal to the acceleration occurring to thelleétop, all rotation of the handle will
cease. As rotation comes to an end, one might thatkthe axis of this rotation can be
abandoned. Yet this axis, located at the contact peimteen your hand and the broom handle,
continues to be significant for it remains the sitéhe fulcrum or pivot point of the gravitational
torque force as depicted on the drawing. Keep in mindhigatlockwise gravitational torque
force continues to be responsible for the forward-tiickéinear acceleration of the upper portion
of the broom handle.

(14) What remains to be defined is the role of themadbrce of your hand. It is clear that this
force is responsible for the forward-directed lineareteration of the lower portion of the broom
handle. What is not clear is how this force appeammdvide balance for the clockwise
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gravitational torque force. For certain this forceasising the linear acceleration of the fulcrum
point for the gravitational torque force. Yet one wasdgthis force from your hand is causing a
counter-clockwise torque force on the broom handle aswl #vhere does its fulcrum point lie? |
think some sort of counter-clockwise torque force hdsetpresent to act as the balancing force
for the clockwise gravitational torque force in ordertfee handle's angle of lean to continue to
remain constant at 5 degrees during the handle's acweierat

(15) In our first experiment where the broom handfelisg forward while being supported by
your stationary hand, we are able to consider theracfithe gravitational torque force when it is
not being balanced by the action of an opposing torqee.focet's now consider an event where
the accelerating push of your hand is directed at righedngbne end of the handle's shaft while
no opposing gravitational action force is present. sBiating the accelerating push of your hand
perhaps we can better understand the role of this lradgiocce.

(16) First let us imagine we are weightless in deep spaaeng protective astronaut space suits.
You position the broom handle "vertically" in frontyafu as you lightly grip its base between
your thumb and index finger. When its position befone igogenerally the same as its position at
the start of the event back on Earth, you withdraw yadex finger releasing your grip on the
handle and then using only your thumb, you quickly push the dfathe "vertical" handle away
from you in the forward, "horizontal" direction. | gyositioned off to your right as observer to
this event.

(17) What | observe is the base of the broom hamdlelerating away from you as the force of
your push initiates a counter-clockwise rotation fordi@om handle. The axis for this sudden
rotation appears to be about two-thirds of the way "he'tandle. During the push by your
thumb, the handle's lower 2/3rds rotates away from yaistwvhile the handle's upper 1/3rd
rotates toward your head. Following your push in deep sgaEéandle naturally and
automatically takes on a motion where it rotates altswenter of matter at a constant rate as
this new axis moves with a uniform motion away frgma into space.

(18) Given the presence of the handle's counter-cloekwistion | think we can safely conclude
that during the force of your push against the handletseinotour push produces a torque force
whose lever pivots at and drops "vertically" down frdwa fulcrum point which is approximately
2/3rds the way "up" from the handle's bottom.

(19) In pondering this deep space event while sitting adesl, | discovered that by placing a
long pencil flat on the smooth surface of the desk aed flicking the pencil's end with my index
finger, a perfect copy of the deep space event occurglaByg my other index finger on the far
side and at various points along the pencil's length, dlaento verify the 1/3rd - 2/3rds axis point
during the pencil's rotational acceleration. Hereyatlesk gravitation is at right angle to the
plane of this event so its role is a minimal one.

(20) Now I am imagining pushing or pulling horizontally andight angle on the end of a yard
stick that is being supported on a cushion of air whaéing on an active air hockey table. With
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the aid of an overhead movie camera, accurate véoficaf the 1/3rd - 2/3rd axis point during
the push can be made. Then once the push or pull isvavdication of the natural shift of the
1/3rd - 2/3rd axis point to the yard-stick's 1/2 - 1/2 centenaifer will also be possible. | should
think overall this would make for a fine high-schookscie project. Especially considering that
the air hockey table will need "warming up" prior to anddling down" following any such
science experiment. (I will appreciate hearing thaltesf every such science project
performed.)

(21) Let's return to our Earthly event where you areyapgph constant acceleration force to the
handle's bottom in order to maintain a constant 5 dexgrgle of lean. Now that we understand
the role of this counter-clockwise, external (contacrque force, with its fulcrum or pivot point
2/3rds of the way up the handle, let us consider the coenplent including gravitation's role.
Keep in mind that as the handle's angle of lean isggdthrchanges occur to each lever length of
these two action forces. As their respective léamgths change so changes the magnitude of
their respective torque forces. | promise interestomglsnations of torque forces will occur here
that we can advance to Event 2 with its leaning anegblyecornering bicycle and motorcycle, and
Event 3 with its cornering automobile, pickup and Sporitydehicle.

(22) Next we will consider the range of these opposingui forces. When you are successful
in balancing the broom handle while holding your posjttbere is no misalignment of forces so
the gravitational lever is at zero length. Here revigational torque force exists. Then when the
handle is horizontal with one end supported by your h#wedgitavitational lever is longest
meaning the gravitational torque force is at its gréatase.

(23) Meanwhile, when the handle is vertically balahh¢be "push” lever is longest which means
that the torque force developed by any push you choosake will be at its highest value. But
when the handle is horizontal, with one end supportegby hand, the push lever is at zero
length so no matter how great the force of your pushorgue force will occur.

(24) To recap their torque force capabilities, the dwavd-directed gravitational force will be
least effective when the handle is vertical and raffsttive when the handle is horizontal.
Conversely, your forward-directed push force will be nedf&ctive when the handle is vertical
and least effective when the handle is horizontathduld now be clear to you that only when
conditions are perfect will these two torque-producingpadrces provide perfect balance for
each other. At all other times their imbalancedjt@s will cause an acceleration resulting in
changes in the broom handle's angle of lean.

(25) Now let us have a look at solving the earlier mwbbf how to forcefully cause a constant
rate of horizontal acceleration for the bottomheff handle so that a 5 degree forward-directed
angle of lean can be maintained for considerably ri@e a few seconds of time. The key to the
solution is to first recognize that the rate of aedion for the top of the broom handle needs to
match that of the bottom. Clearly no linear aaeien event will accomplish this task for long.
That leaves an event where acceleration takes thredbchanges in direction rather than changes
in speed. Should you think changes in direction doesnisept "real" acceleration, you are in

for a real surprise. Climb aboard a playground turntélelgin balancing your broom handle and
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hang on securely as | begin the turntable's rotat#ayour rotation increases in frequency, you
will find that for the first time you are able to mtiin a steady angle of lean for the broom handle
with it top leaning generally in the direction of thertable's axis of rotation. The axis represents
the horizontal direction of the centripetal accelerdfction force. The top is also naturally
leaning a bit into the "wind" to counter the entir@diia's friction with air. This air friction can be
eliminated if the handle is being balanced inside adlelr plastic box with no bottom. Then its
lean will be directed precisely toward the turntableis af rotation.

(26) Here, as long as | keep the turntable's rotatiostaat, you are easily able to maintain a
constant 5 degree inward-directed angle of lean. Nowetlity of centripetal acceleration
become clear. Viewing the leaning handle from yourt e, | see the clockwise torque of
downward-directed non-acceleration/Action force of Egravitation, with its axis located at
your palm and its average located at the handle's caimeatter, is a match for the
counter-clockwise torque of the rotating turntable's noladirected centripetal
acceleration/Action force with its axis again loch&t your palm and its average located 2/3rds
the way up the handle from your palm. Here gravitatitorajue force is a match for
accelerational torque force brought to life through @t@a of constant centripetal acceleration
caused by a constant external centripetal acceletatibon force that in turn is causing the
reactive generation of its own Newton LAW Il requiredbe-present internal
acceleration/Reaction force.

(27 This concludes our "Balancing A Broom Handle" everitope | did not lose your attention
in this discussion regarding the action forces, axigttion, center of matter, and accelerational
forces along with their directions. May | suggest yo givent 1 a quick review before moving
on to Event 2 where we will use our newly found "bro@ndie" understandings as tools in
exposing the same roles these forces and accelerptéyns our upcoming "Cornering a
Bicycle" event.

hBh Skyler

Wonber 19, 2008

Author's Commentary

| apologize for taking so long to complete Event 1kiktaa living for my wife and family is a
huge distraction. It is helpful in this endeavor to reeeiontributions from viewers like you. |
have many more articles planned. | hope | can finditte to complete this work prior to
reaching my life's end. If you are enjoying this freslv "Universal" look at some very old and
entrenched problems and feel that here and only hakrpnagress is being made, then please
click Contacts below and consider supporting our effortdnatersalPhysics.org.
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