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ABSTRACT =, . :

- .
.

-N ' Kl

The putposes of this study were. to determine the optimal accelera-

* tion path for baliistic movements and to design a training device that

. Y

perform§ according to that.acceleration path.

The optimal acceleration path was determined from a mathematical

.

B - »
modeling study that employed three different methods of acceleration path
‘manipulation. The results revealed that the optimal acceleration path

for ballistic movement is one in which the initial acceleration is equal
- _ -
"to the maximum acceleration and is maintained throughout the entire range

. e
of motion.

. -

Three different approaches were taken to design an acceleration

.
. . 1

.

specific training device*that would provide overlead to ;he muscles and
tollpw-tae optimal accelerat;on path for balklistic mpv;ment fegarﬁless
- of the abplied force by the user: .

It was concluded that the cogt of building an acgeleration specific | 3

training device utilizing an eléctrical stépping motor controlled by a
microprocessor, was not high when compared with the cost of velocity

( ' ”~
.specific training devices such as the Cybex and that acceleration speci-
tic traiﬂing may possibly havé a greater &ransfér of strength gain from .

the training program to the perfermance of the skill than other training

pragrams.

s

iv
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CHAPTER I

[ 4

INTRODUCTI,OEE’ _— .

In sport events such .as the high jump or shotput, the velocity of '
the object being moved changes from an initial value which is zero to a
rindl value (maximum velocity) which is considenébly greater than zero. I
In tﬁg high jump, the objectézeing moyed is thé jumper's center of gravity
and when for simplicity, only vertical velocity is considered, the‘%nitial.
velocity will be the vertical velocity of the jumper's mass center at the
low point of the take-off phase. In the shot put: the initial velocity
can be considered to be the veloéity of the shot prior to the thrust or
push-off bhase. This change in velocity from initial to fingl:'indiéates
a positive acceleration and a positive change in momentum (Hay, 1973). )

MOMENTUM = mass X velotity (1)

The amount ofhlift théﬁ the jumper .gets is governed totally by the

final verticél velocity (Hay{ 1975) and similarly the distance that the
/

shot will travel (provided the proper angle of trajectory)} 1is gove%ned

[

totally by its final veloclty. Therefore the greater the change in

- momentum (change in velocity since mass is constant), the gfeatgr the

success in the event.

The change in momentum is produced by impulse. The greater the

change in velocity when mass is constant, the greater the impulsiveness

Fl

of the applied force. Thus the objective of these sport skills is to

1
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attaln the greatest impulse possible. Impulse 1s the product of force
& ' ' '

and time.

IMPULSE = force X time . (2)
- "-/ 1 N
it would appear logical that impulse would be maximized i& these skills

by maximizing both force and time.

¥

P R '
It is well known from the physiology of human skeletal muscle con-

tractiie properties and fatigue factors (Hill, 1938; Wilkie, 1950; Gordon,‘

1966; Huxley, %914) that in_vivo'a méximal Ebrce can be @evelogea for}
only a shorF period ¢f time and cannot be méintaiﬁed Ebr the entire
duration of the movement. Therefore there are limits to which the Eimer
of force application can be maximized.

Studiés comparing elite and‘experienced-performers with proficient
performers, 'and studies compariﬁg good and poor'performances, have found
that the maximization of time of fo:éé aﬁplication 1s neither possible
nor desireable (Hay, 1975; Ecker, 1976; Ariel, 4977; Dowling, 1980).
These studies have found that theqﬁettef performers achieve greater }inal
velocities while requiring less time for the execution of the movement.
Thus a characteristic of a good performaﬁce would involJe the minimization
of movement time rather than maximization.

. Lf, in equation.(Z), the time component were to decrease, the force
component must increagé an equal amount just to maintain the same impulse
and thus the same final velocity but the power of the movement will have
been increased.

POWER = force X distance / time (3 .

-

If impulse is to be increased, then the force‘component must increase at

W
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a preater rate.than the time compecnent decreases. From equation {3) it
' .

can be seen that in both of these cases the power of the movement ig in-

. . B
creased. Therefore it is possible to increase the power of a movement

without increasing the impulsiveness of the movement and thus without
) Pl

incrﬁasing performance in the skill. Therefore neither equation (2) or

(3) is totéllg sultable' for explaining good performances in ballistic
moiemeqfs since power can be in;reased without incréasing berfqrmance and
impulse must be increased In sqch a ﬁanneF as to decrease time in order
‘to réflect the;charaEEEristics of a good perfégmancg. For this reasoﬂ,

skills with the criteria of maximum final velocity and minimum movement

’ - .

time will be reffered to as ballistic movements rather than power move-
. p .

ments or impulsive moveménts.

-

Baliiétics i the study of projectiles. While baseballs, hockey
. pucks, and badminton birds are all good-examples of projectiles in sport,
the human body itself can alsd be cénsidéred to be a projectile.

Obvious examples of this are evident in such sports as diving, or long
jumping but even skills as simplé as the basic running stride contain

ballistic movement. A ballistic movement is any movement which is in-

jtiated by a strong muscular contraction and is then carried on by its
owrr-momentum. Mbét; if not afi, sporting events ;ontain some baliistic
movefent while many sports are predominated by ié. Despite the yide usé
of this type of ibtion,'thefé~arq no athletic training devices that are
designed to specificarly increase the performance of these movements .

Statement of the Problem

The purposes of this study were to determine the optimal accelera-
‘ 1



‘tien path for ballistic movements and to design a training device that ,
performs according to that acceleration path.) -

Definition of Terms

TRAINING DEVICE - An exercise apparatus that simulates-athletic movement
and is adjustable to allow for prog;eésive iﬁcreases
‘ in the user's performarce over the tréining period.
OPTIMAL ACCELERAfION PATIN - The acceleratioq-time curve that aéhieves the
maximum final veioc%ty ih a ninimal time for
a given maximum force.
BALLISTIC MOVEMENT - A movement invwhiéh'th; motion is initiated by a
strongymuscular contraction and is then éarried.on

i

by 1ts own momentum.
MATHEMATIQAL'MODELING - The'manipulation of equations according to a
\\\ . oo prescribed criterion.

ACCELERATION-TIME CURVE & The resulting line through the orthogonally

i

plotted cartesian coordinates of acceleration
.
Jand time values.

-

- "Limitations

Y-
s

The major limitation of this study was the- prohibitive cost of the

-bequipment necessary to build a Fraining device uhatvperformeq.accordiﬁg .
to thg optimal acceleration path for BalliStic mqygmentg regardless of

the applied force by the user. Three attempts weré madé to design the
device as economically as boséible using iyailable equipment but in

each instance the available equipment did not have the capabilities-to ~



either attain the high yglocity.values of ballistic movements, withstand
the high force values ;equired in simulating athletic performance, or
measure the constant acceleration required by thé optimal acceleratidn
path. The cost of purchasing such eﬁuipment was beyond the budget of
this Eigéect ;nd thus the device could not b? cbmgleted or tested to
see 1f trailning according to the optimal acceleration path increéées
performance in ballistic movements betterlthan either conventional
training programs or simply practicing‘thqyskill.

‘ ’
, Since the training device built for the proposed study did not func-
tion according to the requiregxstandards, the remainder of the thesis
will focus on the theoreticgl.bases of acceleration specific training

adaptations and suggest alternate methods of equipment design that could

be used to develop an acceleration specific training device.
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! REVIEW OF LITERATURE .
- ¥ N\ -
! 1
Physiology of Strenmgth and Ballistic Movement . '

Recent scientific evidence. has shown that stréngth‘training exer-
- cises should simulagé the'sport movement:és closely as possible in terms

of anatomical movemént‘pattern, velocity, acceleration, contraction type
A, and contraction force (Sale.anq MaeDougall,41981; Costill, 1980). ?

Movement pattern specificity studies (Thorsténson et al; 1976;
MacDougall et al, 1977, 1979, 1980; Rash and Morehouse, 1957) have shown
that despite large strength gains achievéd E% one exercise program, im-
provement in strength tests is considerably lé§éréhen a differ;nt move-
ment pattern or bpdy posigion is uéed despite the fact that the samé
muscle groups are involved ip both tests: Rash énd Morehouse concluded
that strength training is to a large ektens an aquisition of-skill-

Lindh (1979) has shown'that tréining is specific to the jolnt angle and’
contraction ty;e. ‘

S;eed specific tralning studlies using.the Cybex isokinetic dynamo-
meter (Moffroid and Whipple, 1970; Coyle and Fei;ing, 1980;:Caizzo et al,
1986) found that training at slow speed increases strength when tested
at slow speed but does not Ilncrease strength nearly as much when tested
;g.high speed. Similarly, training at high speed increases strength m;re
when tested at high speed than when tested at slow speed- A mixed train-

. ing program of both fast and slow speeds results in substantial strength

6
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gains at both speeds. It was also Eound that low speed strength‘gains_
. €

arz easler to achleve than high speed strength gains with épeeg specific
training but the high speed training has a better t;ansfqr egfect to
slow sbeed than vice versa. Recent neurological evidence suggests thaE
these speed specifiz-effects are due to an adaptation withia the nervou§
Gysteﬁ rather than within the muscles themselves and that the brain or-
ganizes fast movements difﬁefently than slow mpvements (Desmedt and
Godaux, 1977). ) '

Human skeletal muscles are composed of many fibers each of which
is innervated byga branch of a motor nerve. lAll fibers innervated by a-
sinéle motor nerve have the same metabolic and contractile properties
and tqgether make up one motor unit. Unlike most animals, the metabolic
and contractile propefties of different motor units vary widely within$
the same muscle in man. The group of motor nerves that innervate a
particular muscle form a pool in the ventral horn of the spinal’cord.
During a muscglar coﬁtractio;, in which the force of contractlon is gfad—
uvally increased, Ehe recruitment order of the single motor units is
smallest (sQQwest) motor unit to largest (fastest) motor unit (Henneman, .
1965). The smaller the motor unit, the lower the recruitment threshold.
Thus a smaller motor unit is recruited-with.a smaller force requirement
than a iarger motor unit. Such movement; are carried out through the
alpha,motor nerves, but also involve the activation of ;he gamma motor
nerves which contract the spindle muscle fibers. Feedback from the
spindle throuéh the gamma loop to the alpha motor nerves controls the

.

movement. When man executes movements as quickly as possible, the com-

e



mands to the alpha motor nerves are preprogrammed in order to produce
the required ballistic force and theré~ls no time for any corrective

teedback action from the spindle or other afferents. The faster the con-’

tractioﬁ; the greater the drop in the muscle force threshold at which a

motofbunit is recruited and in ballistic movements'(time to pezk of

;
.

-008 .- .14 sec.) the same motor unit fires before the muscle produces
an&'force (Desmedt, 1980). 'In such'contractiops therefore, the synaptic
input ko these motor nerves is different than iﬁ\the gradual increasiné
torce contraction and Fherefore the brain organizes fast movements &if-
ferently than slow movements (Desmedt and Godaux, 1978; Mariani et al,
1678).

.These findings are éupported by work done by Costill (1980) who
states thaf_éven during the greatest muscg&er efforts, only a fraction
of.the fibe;s within a muscle are being stimulated by ghe nervous system
and that a major portion of muscular strgogth is dependent on the ability
to turn on motor units during the maximal contraction. Usiﬁg a special
Biokinetic Training Device to train swimmers,'Costili's studies showed

. o -
that improvgd fiber recruitment patterns occur eériy in the strength
-training program (within one week) and account for a lgrge part of the -
initial gaihs. After a four week training period athletes have achigved
up to 35% improvements in Biokinetic strength with ne measureable in-
crease in body musale masé} The Biokinétié training devicé used.by
lates the arm pull in ;wimming. .

Studies using rats have found that with sprint training, iscometric

. . !
-Costill allows training according to an acceleration pattern that simu-

Tisehanie .



twitch contraction time decreases and maximum‘tetanic tension increases
(Staudt, 1973). These changes are greater in predominantly slow muscle
than in fast. E¥ercise can cause slow twitch fibers to take on-¢harac-
teristics of fast twitch fibers without hypertrophy by increasing the
ATPase activ3£§ (Baldwin et al, 197L) which is in keeping with the con-
cept that ATP hydrolysis by actomyosin is the rate .limiting reaction for
fouscle shortening. Thig may bé the mechanism that causes changes within
the muscleg. Studi;s have also shown that- by changing the frequency

of nerve impulses, fast twitch fibers can take on characteristics of

slow twitch fibers and vice versa (Solmons and Sréter, 1976).

*

I23]

-2
Motor Learning and Ballistic Movement ,

-

L .

\
It has been proposed (dlthough not proven conclusively) that motor

programs are developed somewhere in the central nervous system durlng

the learning of motor skills (Taub and Berman, 1968} Cratty, 1973; apé'
Marteniuk,51976). The motor preogram is a fixed plan of action stored in
the memory that can send a number of motor commands that control the
entire movement independently of sensory feedback. Such a phenomencn

has already been observed in very fast movements (about ldO milliseconds)
which are completed in less than a reaction-time and thus enable no feed-
back.

This concept of motor programs fits quite well with the previously
mentioned work of Desmedéhahd Godaux (1978) on ballistic movement and
motor unit recrultment (they even referred to these movements as "prepro-
grammed” movements). By training according to a prescribed acceleration

-

path that more closely §imulates the actual movement, a motor program may

s
e
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be learned that recruits motor units in such a way that inproves perform-
ance of the skill. Costill alluded to this exact point when he stated
that for increased force producticn an athlete must learn to recruit more

motor units since even in a maximal voeluntary contraction,-not all -of
.-

the metor units are recruited

Anoté& component of motor learning that may help explain the
concepp” of exércise specificity is the transfer of learhed motion.’

Transfer is the effect that the practice of one task has on the learning

or performance of a second (Cratty, 1873). Two of the major principles

state that: \\_

1) transfer is greatest when the training conditions

8

of two tasks are highly similar.

2) - the greater the amount of pracfice on the original

task, the greater 'the transfer.

Therefore transfer of learned‘motor programs may explain tﬁe find-
ings of the exercise specificity experiments and also adds credence to
the argument that training should simulate the skill as closely as pos-
sible. '

It may be possible that trainiAg can- cause both physidlogical
as well as neurological adaptations that allow increases in force pro-
duction as well as decréases in movement- time (Schmidtbleicher and
Haralambie, 1981) and thus increased performance in ballistic movements .
which are characterized by these two criteria. The question remains as

'

to the type of training program that will cauge these adapgations:
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Summary o ' . -és

u

’

Good performers of ballistic movements (ie. jumping,-ihrowing, etc.)'
attaiﬁ greater final projectile.ﬁeiocities in shorter periods;of_time'
than J% poot perfofmers.' Specificity of training effects indiéate that
training exercises should simulate the sport movement as cioselﬁ as pos-
sible in terms of anatomical movement patternm, velocity, acceleration,
contraction type and contraction force. Tﬁe reasons for the specific
adaptations are primarily due to the way in which the.moéggﬁht'is learnéd
and organized by the central nervous system and tc a lesser extent adap-
~ tations within the muscle. Huﬁan gtkeletal muscle can be trained for
decreased contraction time (whole muscle) as wéll‘as incfeaéed force ap-~
plication (Schmidtbleicher ang Haralambie,‘1981);

. .

Justification of the Study

ELN

In human ballistic movements, there is an acceleration pattern in
which the projectile starts at zero velocity and is accelerated until a
maximum velocity i% reached. These movements, depending on the actual
skill, vary in time from 100 msec. tolth msec. The isckinetic (conséant
veloclty) exercise has no acceleration and thus éhe recrultment of motor
units .does not parallel the actual movement and the greatest neural adap-
tation will not be achieved. . .

The Biokinetic trainfﬁ% device ;sed in the préviously mentioned
studies of Costill (1980) reportedly simulates the acceleration path of
the swimming arm pull but no mention is made of the characteristics of

this path or how the simulated path was developed. Different performers

will have different acceleration paths and there will be variations in

mee e s T [P

e . B amud . we e am At -
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's . ‘ .
the acceleration’ paths of the, same performer from stroke to stroke.
. , R . -
Thus an optimum acceleration path must be developed that meets the cri-
L ) o e
teria of the movement.

Given the optimum acceleration path, an exercise device that will

b

truly train athletes for ballistic movements should permit overload
(streégth adaptaxion within the muscle) and be capable of accomodating
resistance in such a way that an acceleration pattern which allows for a
change in velocity/from ée;; to the maximum fo£>eaéh particular aghlete
(stre&gth adaptati;n within the nervous system) is followed. This -accel-~
eration path must allow the‘movement to be compléted in the least amount

.

of time that the athlete requires to complete the actual motidn. The

Y
4 -

acceleration path must be adjustablg so that the final (maximum)- velocity
and movement tTme can be chanéed to allow the athlete to achieve prégres-
slvely greater final velocities in progressively shorter time periods.
There is a need, therefore, to firstdzetermine the optimal acceler;tibn
path for ballistic movement and tHen develop a tréining\device that.per~
forms according to this path, permits ovegload within the muscle, and is
ad justable so that both physiological and neuroleogical adaptations can

. [ . . . :
be achieved which will allow for impryved performances in ballistic move-

v
()

ments.



CHAPTER IIIL

DETERMINATION OF AN OPTIMAL ACCELERATION PATH

FOR BALLISTIC MOVEMENT

In the introduction, it was established that the criteria for good o
performances in Sallistic hoﬁeménps are a maximal final velocity and a
minimum movement time and these therefore must also be the criteria for
A

the ,optimal acceleration path.

FIG. 1 shows two velocity-time curves. In each case the movement
covered the same distance (area A = area B) but the acceleration paths
were different. In case A, the acceleration (slope ®f the velocity—gime
curvej is small at first and in case B, it is .small at the end., There
is a greater final velocity imn case A but it has required a longer time
to achieve it. Therefore the better path of- the acceleration depends
upon the objective of the skill (Hochmuth and Marhold, 1977). - \

Hocg;uth and Marhold (1977) simulated 1inearly increasing and de-
creasing acceleration-time curves over a constant time interval. The '
results in each case were consistent with their findings and.lead them to
conclude that the most efficient type of acceleration-time dynamics de~
pended Sn the objective of the skill. If a certain movement must be ex-
ecuted in a minimum time, (ie. the boxing punch) then the ma#imum force !

must be applied at the beginning of the movement (decreasing tendency of
+

acceleration). If the objectiVe of the skill is to attain a maximum

13



P

CASE A

velocity
(V)

CASE B

veloéity

14

Vh(t)’\\

AN

area of
A

N\

PIME (%)

max M

Figure 1: Velocity-time curves from Hochmuth and Marhold (1977).
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tinal velocity, then the greatest force must be applied at the end of
the movement (increasing tendency of acceleration). : ' K

Thus in a skill where the cbjeective is to attain the greatest final

(3

., velocity possible,” an increasing tendency of acceleration dynamics is

desired. As-stated earlier, however, this type of acceleration path
requires a greater length of time to achiev: the greater final velocity.
Since it was establishea earl;gr that the criteria of ballistic movement ..
while requiring a maximum, final velocity, require less time for execu-
tion, the desired acceleration path for ballistic movement is still\;%
doubt.

In Hochmuth and Marhold's study (FIG. 4) both time and final velocity
were ;eld constant (.25 sec. and 3.68 m/sec. respectively) while the .
length of tge acceleration path was allowed to vary. To get a grue‘ |
cause and effectrelationship between path of acceleration and final

’

velocity, both time and final velocity cannot be held constant. One of

‘these two variables must be held constant while the other is allowed to

. ' ?
vary . ~

Since the purpese of this study was to determine the acceleration
path that best meets the criteria of ballistic movement, the independent
variable must be the acceleration path. As stated earlier, to solve the

the problem of maximum velocity and minimum time, one of these variables

N4
-

and only one of these variables must be free to vary and be measured as

. the dependent variable. All other variables must be held constant so

that the effect of the iﬁdependent variable manipulation can be measured

directly by the dependent variable.
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In‘the first method the acceleration paths were expressed as
.fugctions of distance (Hocﬁmuth's and Marhold's acceleration paths‘were
expressed in the conventional manner as functions of timeSL' The rather
unorthodox method of expressing the acceleration paths of the present
study allowed distance, final velocity, and average acceleration in terms

of digtaﬁce te be held constant while time was allowed to vary with the

. T
manipulation of the acceleration path. This method was called the distance

method and the subsequent process of integration of these functians is
considerably more complex than that of the previous study (see FIG. 2).
Line 1 (FIG. 2) shows the acceleration (a) expressed as a fupction
of distance (X). Using the stabdard differenti;l‘equations of Line 2, -
;;d substituting f(X) fpr {(a) results in the equation of Line 5. When
both sides of Line 5 are integrated (kine 6) an expression of velocity
(V) in terms of distance is obtéined (Line 7). Substituting velocity (V}
into the standard differential equation of Line 8, and integrating both
VSidES again (Line 9) gives an éxpresslon of time (t) in terms of distance
(Line 10). Substitution of the known value for X into Line 10 results
in the time value for the acceleration pth of Line 1. The acceleration
path fhat yielded the smallest time value was taken as the best of these
functions for ballistic mdvement since it required the shortest perioﬂ

of time without decreasing the final velocity.

The second method used linear acceleration paths expressed as func-
tions of time and held distance and final velocity constant so that
[Ty

changes in the time value were caused by manipulating the initial accel-

eration value. This process 1is shown in FIG 3 (pp 18-19).

e ——
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a = f(x)
v. . _dv = 9x
,a= at and dt -
. = ¥
. 0 . lj dx
vdv = adx
vdv = f(x)dx
v X
Integrating, 5; vdv = S‘ f(x)dx
Vo xo

v X
[—;vﬂ - S £ (x)dx
v X
(o] Q

: d
Substitute V into dt = v

t X dx
" Integrating, dt = >
- C Y- X

acceleration path manipulation.

L

Line 1-

Line 2

Line 3

Line 4

Line 5

Line 6

Line 7

Line 8

Line 9

Line 10

Figure 2: Integration process of the distance method of
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Al =
o SO xl 'é-tl(3a0 + bt_) .
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Th t + - .= )
en ao 1 2vltl 6x1 0
Solving the quadratic equation for t,
S 1
(vl + 6a0xl)2 - vy
t =
1 - - a -

0

Take the root that makes t=0 when x=0. -

‘

Fighrg'3: The acceleration path manipulation process’ of the initial

acceleration method. o

Since v and x are constants, it .can be seen that t will change
as initial acceleration (a ) changeé. As wiih the first method, the
acceleration path that resulted in the lowest time value was taken as the
best path of this method since it achieves the lowest time value without

decreasing the final velocity which was held constant.

-
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In order to compare the results of this study}with those of Hochmuth
and Marhold's, a mathematical modeling design was used that was identical
to that ' of their linearly increasing and decrea;ing accé&eration paths
(shown in FIG. 4). 1In the distance method of the present study, the ac-
celeration paths were expressed as functions of distance rather than
time and thus.in both ﬁethods a constant distance of .46 meters was used
instead of ; constant time of .25 segonds. In both methods of this study

and in Hochmuth and Marhold's, the final velocity was 3.68 meters per

second for all triais.

» Results and Discussion

The results of the distance method revealed that the (-3) accelera-
tion-~distance curve required the shortest movement time (.197 sec.) with

progressively longer time periods for curves (-Z> to (3). The resulting

time value for curve (3) was infinite because the initial velocity and

: 3
acceleration were zero and therefore no distance could be traveled until
1

an acceleration was achieved and slnce acceleration was expressed as a

&
function of distance, no acceleration could be achieved until a distance

was traveled. Therefore the projectile remained staftionary and never
|

achdeved the final velocity of 3.68 m/sec. All of these curves are shown

in‘FIG. 5 except for: curve (3) which would lie along -the abscissa.

Each of the curves in FIG. § have the same area and thus the same
\

final velocity. Each of the movements occurred over the same distance

(.46 meters). The curves with the greatest Initial acceleration allow

the shortest movemernt times.

©
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Figure 4: Comparison of the mathematical modeling design of
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Hochmuth's and Marhold's with Dowling's Ffirst method.
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The second me;hod of the present study examined the effect that ini-
tial acceleration had 6n movement time and was named the initial accel-
eration method. The initial acceleration values were the same as the v
functions of Hochmuth and Marhold and of the distance method of the pre-
sent study. The resulting functions of this method are shown in FIG..6.

It can be seen that as initial aécelera%}on w;s increased the move-
ment time was deéréased. Again, when initial acceleration was zero, the
the time was infinite as in curve (3) of Ehe distance method.

The results of both methods are in agreement with Hochmuth and
Marhold's conclusiéh that with a decreasing acceleration, the movement .
is completed in a shorter period of time than with an increasing acéel—
eration. The acceleration functions of this study, however, achieved
the lower time.values without a decfease in final velocity or distance.

In the initial acceleration mefhéd,-the curves with the greatest
'initial acceleration required the lé;st time but they also had the great-~
est maximum acceleration valqes (also maximum force assuming massnwas
constant). When curde (l) is compared to curve (-1) or (2) with (-2) in
the first method (FIG. 4), the maximum acceleration valueslare the shme
but.the initial acceleration values are different. Also the maximum
values never achieve the maximum of Sg‘; as:in curve (~-3). Thus in or-
der to obtain an optimal path of acceleration, the initial acceleration
should be manipulated as in the initial acceleration method but the max-
imum acceieration should be achlieved in each case. This was done using

P

the average acceleration formula of the initial acceleration method.
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- a, + a, Where:
ars 2 . ’ ) a- - average acceleration
S, =T a = initial acceleration
v1 = at1 : [}
a, - final acceleration (3g's)
- Xl‘ v, - final velocity (3:§§,m/sec.)
1 a, tl - movement time

Frag‘}IG. 7, it can be seen that as the initial acgeleration is in-
creased, the movement time decreases. The time values are considerably
shorter than any of the previous methods with the curve where the ini;ial
acceleration is equal to the maximum acceleration of 3g's requiriné‘the
minimum time (.125 seconds). This éime cannot be improved upon without
exceeding the maximum éccéleration and thus this is the optimal acceler-
ation path for ballistil movements. As a result, it can be concluded
that .the optimal acceleration path for ballistic movements is one in
which the initial acceleration is edual to the maximum acceleration and
is maintained throughout the entire range of motion.

Assuming mass is constant and using Newten's second law,

FORCE = mass X acceleration ' (4)
this optimal acceleration path iIs also characteristic of the optimal
force path which means that the maximum force must be maintaihed through-
out the entire range of motion.

Due to the contractile preoperties of muscle, it is impossiblé to
maintain the maximum force of contraction throughout the entire range of

motion. The force-velocity relationship of isolated muscle fibers states

that the maximum force 1s exerted when velocity is zero and decreases as

Tl Ty TN,



26 -

3
%
G .
et L]
8
[l
E v
j4u}
i
0
A o
*
0 - = : —
0 - : . +125 . .25
TIME {sec.)
Figure 7: The resulting acceleration-time curves of the maximum

-

acceleration method.

=] =




velocity increases. The'length-tension relationship of muscle states
that the maximum force can be generated at resting length and that force
decreases as the muscle either shortens or lengthens. In ballistic move-

ments (ie. jumping or throwing) the.initial velocity is zerc at ‘the start

~

of the movement, and the'force—velocityvielétionship is optimal for max-
imum force generation but the lengtg is not optimal. The optimalslength
is not achieved until the end of.the movement. Thus the absoluﬁétﬁaxi—
mum auscle fé;ce can never -be generated during the movemeﬁt because at
'the beginning, the velocity is optimal But the length is not and at the
end, the length is optimal but the velocity is not; It may be possible,
however, to maintain a constant submaximal force over the entire range

of motion. The recténgular acceleration path of the optimum patteran will
be followed and tﬁe maximum force ‘that the muscle is capable of applying
under ideal conditions never has to be achieved (see FIG. 8).

Thé cutved line in FIG. 8 represents the ascending portion of the
force~time curve of a vertical jumplfpom a force platform. The velécity
is zero at the start of the upward movement and reaches a max;mum at
the end_when force is zero. The shorter rectangle in ;IG; 8 has the™
same area as the curve and thus the same final velocity. If a train-
ing device were built to perform according to this rectangle, a person
could train according to the optimum pattern. The maximum force does
not have to be maintained and neurclogically the muscles are trained to
perform according to the optimum acceleration path. That is to’say that

with this typé of exercise, the muscles will be training at the same speed

that they will be performing at and the muscle will be trained according

o

.
e ead
.

PR PP TS 0%



28

FORCE

Figure 8:

TIME - -

Force-time curves -of the ascending portion of the vertical

jump (curved line) and theoretical acceleration specific

training curves (rectangles). .
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to the optimum motion pattern.

As the training program progresses, the rectangle can be altered
(similar t; inereasing the weight in conventional programs} to the taller
rectangle in FIG. 8. Here the area is slightly'greatéf than the first
and thus a greater final velocity is achieved and the movement time is
less. Thus it is'possible that this sort of exercise may achieve both
criteria and that in order to achieve better perfomances in ballistic
moyements, an acceleraﬁion specific training program is necessary.
Conclusicns

From the results of this mathematical modeling study, it can be
concluded that a decreasing acceleratign path as a function of distance
allows a movement to be completed in a shorter period of time than a
constant or increasing acceleration path without allowing a decrease in
the final ;elocity. It can also be concluded that as initial accelera-
tion is increased in functions that attain the maximum accelerakion, the .
time of the movement is decreased until the initial acceleration equals
the maximum acceleration. Finally it,can be cbncluded that the optimal
acceleration path for ballistic mbvément is one in which the initial ac-
celeration is equal to the maximum acceleration and is maintained through~
out the entire range of motion. This maximum acceleration can be deter-

" mired from the final velocity and movement time of any ballistic move-

ment .



CHAPTER IV

THE DESIGN OF AN

ACCELERATION SPECIFIC TRAINING DEVICE

Introduction

It has been'pointed out in the pfévious chapters that an exercise
device that will train athletes for ballistic movements should provide
ove;load (strength adaptation within the muscle) and be capable of ac-
commodating fesistance inlsuch a way that an acceleration pattern whicﬁ
allows fpf a changg in velocfty from zero to the maximum for each parti-
cular athlete (stréngth adapéation within the nérvous';}stém) is followed.
This aqceieration'path must allow the movement to be comfleted in the
least amount of tiﬁe that the athlete requires to complete the actual
movement and be controlled externally so that the optimum (rectangular)

acceleration path is followed regardless of the applied force. The ac-

celeration path must also be adjustable so that the final velocity and

£a

Jmovement time can be changed to allow the athlete to achieve progressive-

ly greater final velocities in progressively shorter time periods (see
FIG. 8). '

Objectives of the Training Device

1) To gxternﬁlly control the motion of the device so
that a rectangular (optimal) acceleration path is-

tollowed regardless of the applied force of the

30




user.

2) To be capable of accomodating resistance so thaﬁ/

~

the optimal acceleration path is followed while °

r

providing overload.

3) To be capable of adjustment to allow progressive
increases in performance as‘werl as to accommodate
users of differing sizes, étrengtﬁf,,and speeds.

4) To be capable of measuriné the épplied force and. .-
provide a written copy qf the user's force-time .

record.

Design

To minimize complexity, the exercise device was designed for a sim-

ple leg extension exercise (FIG. 9. . ﬂhe.device consisted of a moveable

cart that slid along a track on ball beariqgs. Since the motion of the

cart was to be controlled regardless of the force applied to it by the
3 -

user, the cart had to be designed with a forcg piEEéfso that the user's
. N ’

progress in terms of force apﬁlication could be measured.

The front of the cart consisted of a mdch?dgdhplate to keep the

- user's feet from slipping off. Ihé.plate‘fit inside a teflon lined bra-

cket and was attached to a load cell. The purpose of the bracket was to

prevent motion of the platform in any direction other than the line of

- E o .
action of the load cell. The purpose of the teflon.lining was to reduce
friction as much as poséible (4= 0.04) and thus transmit as much of the

applied fbrce to the load cell as possible. FIG. 9 shows-Fhe device in

the early stages of its develoﬁment. ‘The force application was

.

aeobe
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transformed to an electrical signal by the load cell and recorded on a
- [ anatl . .
T ! :
Beckman Type RS Dynograph. The force platform was rquvable from the

cart so that it could be used to measure force applications in the skill =
as well as during the training. The force platform then had to be tested

* for accuracy in recording applied forces.

Force Platform Testing -

The platform was connected to the Beckman Type RS Dynograph and

|

- calibrated using known weights as well as the subject’'s body weight. .

Thelsubject tﬁen performed six vertiéal jumps from-the platform while
simultaneously being filmed with a higﬁ ;;;ed Locam 16 mm camera. The
film speed of the camera was 100 frames per second and the paﬁer speed
of the Dynograph was 50 millimeters per second.‘

The film was analyzed using a Numonics digitizer from which the 14
segmenh@l end points of.the subject were taken in order to determfne‘fhe.
location of the subject's center of gravity in each of the analyzed
frames. The center of gravity was determined via a computer program

~
based on Dempster's (1955)_and Clauser's (1969) daté and run on an Apple
II microcomputer.

rd

The force~time curves from the Dynograph were used to obtain the
force~time coordinates fdr each jump (50/sec.). These force values were )
divided by the subject's body ﬁass in order to obtain the acceleration-
t;me coordinates. A computer pfcgram, run on the Apple II microcomputer,
fit a least squares polynomial (14 order) to the data and integrated the

\
polynomial in order to get a velocity value at take-off for each jump.

$This velocity‘value'(V) waé‘used in equation (5) in order to determine

— -y

Sy
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the heighé of .the jump.
HEIGHT = V2/2g ' (5)
where g = 9.81 m/sec/sec.
The resulting height value was conpared with the vertical displacement
of the subject's center of gravity from take~off to the peak height of

the jump as determined.from the film.
<

The results revealed a slight underestimation of the actual height

achieved in each case and thus a slight error in the force plate. This

- Ty
error is probably due to a small component of the force that was applied

at right angles to the line of action of the load cell or is due to the
friction of the bracket around the force plate. FIG. }0 shows the force-
time curve of trial 1 as well as the velocity-time curve obtained by in-~
tegrating the l4th order polynomial that was fit to the acceleration-
tim; coordinates determined from the force-time curve. The actual-final
veloclty of the subject's center of gravity was 2.53 m/sec. as determined
using equation (5) and the film data. The"velocity-time curve oé FIG. 10
does not quite reach this value and reflects the %light underestimation
of the actual vertical force by the force plathorm. This underestimation
was quite small in each case (generally less than 5%) and since the
force~time record is not needed for quantitative analysis but only to
judge\the progre;; ;f the user of the training device, it was felt that
EEe force platform was more than adequate for the task.

- -

Acceleration Control

There are two ways in which to control acceleration. The first
method requires feedback and the second requires a microprocessor to

program the motion.
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"

Feedback Method ‘//

A,

In order to control the acceleration of the cart regardless of the
&

applied force by the user, it is necessary first to be able toc measure

L

ok . A .
th@gacceleration of the cart. "It is then neccessary to compare that ac-

celeration with the desired acceleration and,gave feedback of that dif-
ference to the controlling mechanism of the cagt‘s motign. . . .
An acceleromet®r must be mounted on the cart in-order to measure
the acceleratithi of the cart. Since the desired acceleration'of the
cart is to be constant,'acceleroﬁeters utilizing pilezoelectric crystals
are insufficient because they only measure constantly changing—éécelera*
tions. The accglerome%Fr must be designed to incorporate a linear vari-
able differential transducer (}VDT)'mounted on a cantilever beam so that
as force is applied to acceleraté the cart, tbe cantilever beam bends |
due to the inertig of the mass of the LVDT and this causes a displace-
ment of the shaft which is measured by the LVDT and converted to an elec-
_trical current. This accelerometer must then be calibrated so that the *
voltage per unit of accele;ation can be determined.
Feedback
The electrical signal from the accelerometer must be taken to a
signal conditioner (see FIG. 11) where it 1is cogpared with the reference
signal (desired agdeleration} generated by a potentiometer. The voltage
from the potentiometer can be varied depending on the desired accelera-
tion value. The signal conditioner filters out any noise in the voltage

and subtracts the voltage from the accelerometer (signal B) from the po-

tentiometer (signal A) and preduces a new signal (signal A-B) which

)&]

S S S S
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Figure 11: Schematic and block diagrams of the feedback control

system of the solenoid method.



represents the difference between the actual acceleration of the cart.
and the desired acceleration. This signal, amplified by a gain, is‘fed
back to the controlling mechanism of the.cart so that the difference be-
tween the two signals is kept as close to zero. as possible.

Controlling Mechanisms

Hydraulic Cylinder Method

It was first thought that the best method for contrclling the motion
of the cart would be the use of a hydraulic cylinder with an electrically

operated servo valve. The servo valve would receive the electrical feed-

. 1

back signal and adjust the flow through the valve orifice and thus the
motion of the piston within the hydraulic cylinder and ultimately the
motion of the cart. This idea was abandoned when it was realized that
the flow through the valve orifice, evgn when completely dpen, was not
great enough to allow the cart to attain velocity values even close to
those'échieved in ballistic motions.- The use' of pneumatic’ cylinders was
also ruled out because alr is compressible and thus the motion of the

cart could not be controlled regardless of the applied force.

Electrical Solencid Method '

A DC electrical solenoid could be attached to the cart in such a
way that the arm of the solenoild contacts the frame of the device. It
could be set up in such a way that the solenold could exert a frictiocnal
force against the frame and thus decrease the acceleration of the cart

‘ -
(FI1G. 11).

The voltage difference between A and B causes the arm of the solen-~

old to either extend or retract thus incr&giizéﬁor decreasing the normal

N
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force (N) end similarily affecting the frictional force (f) opposing the

motion of the cart.

The Micioprocessar Method

Ancther method of controlliné the écceleration of the cart invﬁives
the use of an electrical-steéping motor, an A-D converter and a m%cro-
processor instead of a feedback’gpntrol system.

The stepping motor rotates ; certain number of degreeg'for each
electrical impulse. If a cable were attached at one end ts the cart and
the other around an axle rotated by the stepping motof, then the motion
of the cart could be controlled by the rate at which the cable is given
out by the motor. The rate at which the cable is given out by the motor
can be controlled by the rate of electrical'impulses given to the motor.

For each electrical impulse given to the motor, the motor rotates a

constant number of degrees (one step) and thus the axel gives out a cou-

stant length of cable and the cart is allowed to move a constant distance.

If the electrical impulses are given at a constant rate (ie. 5000 impulses

per seéond) then the rate of displacement of the cart is constant and a
constant velocity ié achleved. In order to achieve a constant accelera-
tion, the rate of electrical impulses tc the stepping motor must be lin-
early increased (see FIG. 12).

The microprocessor would contailn the program that would send the
impulses at the proper times to the stepping motor via the A~D converter
The 12 bit A-D coﬁverter has the capacity to transmit 100,000 impulses
per second.But the stepping motors do npt have nearly this capacity (max.

20,000 s per second). ’ o

et
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A stepping motor that is capable of 5000 steps per second can pro-

duce 1035 steps in a movement of 0.247 seconds in length (such as the

ascending phase of the vertical jump in FIG. 10). FIG. 12 shows the sim-
ulatioﬁ of this vertical jump which was used to evaluate the force plat-
form. From the low point of the jump to take-off, the hip was elevated
0.313 meters which was taken as the distance over which the legs were

extended. The final veleocity was 2.53 meters per second. For constant

acceleration (a = ¢) then velocity = ct (integrating once) and distance

(ctz)/2 (integrating twice).

a=2¢ .

V = ct whefe vV = 2.33 m/sec. -

X = (ct )/2 where X = 0.313 m.

where t = 0.247:sec.
.T' : using -V o= ct . .
"/0;553 = c(0.247) ;"' o "‘/‘.. T
. H ’ I + .. .
v s ¢ =10.24 m/sqé/sec. . ”fx/ o

Because bdth the motor,and thedtart move in discreet steps, the
motion of the cart will consist bf oscillations. 'Fbr this movement
(X = 0.313 m. ) the length of each step sis 0. 0003 m. (0 313/1035). The‘

longest duration between steps is 7.6 milliseconds. It 1s thought that

L9
-]

the steps will be small enough in both léngth and duration that the user
will not experience any discomfort and it will appear to be one smooth
continuous motion. '

The major limitaion of this method is the running torque of the

stepping motor. The motor must be able to withstand the torque applied
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to it by the user via the cable attachqd to the cart and wrapped around
its axle without slipping. In the vertical jump task, the subject exer-
ted forces of over 1800 N against the platfofm. A stepping motngcap-
able of'simulating the motiocn (FIG-lI);Gould require an axle radiug’éf
.0.00825 m. The torque épplied to the motor by the cable would then be
16.65 N-m.. The stepping métog ;glch was availlable and capable of'the
motion simulation desc:ibe&hzérlier, had a maximum running torque of
0.434 N-m. Therefore a device could be built to perform according to
acceleratipﬁ specific training principles and would simulate a ballistic.

movement that éxerts a maximum force of less than 50 N.
R

o v

.‘ - r} . '

-

e




, CHAPTER Vv o .

. ) ) )
CONCLUSIONS AND RECOMENDATIONS

The' purposes of the study were to determine the optimal accelera-
.tion path for ballistic movements and design a training device that per-
forms according to that acceleration path. It can be concluded that the
optimal acceleration path for bdllistic movements is one in which the
initial accgleration is equal to the maximum accelerétion and }s main-
talned throughout the entire range of motion.

Three attempts were made to design an acceler;tion specific train-
ing device as economically as possible. Several different approaches
were taken and in most cases it was felt that a device could be built to
perform accdrding to the developed criggﬁaa but in each case the equip-
ment required to achieve thesg goals was very expensive. The high costs
of the equipmént prevented the completion and testing of the device.

FIG. 13 shows the approximate cost breakdo;ﬁ of the three approaches to
designing an accéleration*specific traihing device. The figures are
based on the equipment that was avialable during the constructicn of the
device and are therefore only estimates of what the actual prototype
€05ts may be. . '

These figures are only meant for comparison between the different methods.

The stepping motorlwith the micropreocessor ig probably the most ec-

- 43
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Hydraulic Feedback Methed

hydraulic cylinder ===——~rm oo e
servo valve —=rreee—mnm e—————— ——————— e —————
LVDT accelerometer ==—=——rrmemme e e e e e
signal conditioner ——==rmmcmm e e e
servo amplifier ————r—mmme e e
conditioning amplifier ==~ mmemme e —————
hoses, connections, etc. —~——mmrrrcc ;e ————
exercise device ——=-—rmmmmmm e —— e
TOTAL

Sclenoid Feedback Method

signal conditioner T e e e e e e e
conditioning amplifier =-—==-—rmecmmmmmm e
exercise device =~~~
TOTAL

Programmed Stepping Motor Method

stepping MOLOr ~——=~mmrme e ————
A=D converter —m————m= o L
MiCrOpProcessSor ~~=—=mr s e e ————
" exerclse device —m=mmrrmrm e ———e e
TOTAL

? .
* 1982 Canadian Dollars

$ 300.00
400.00
700.00
800.00

1200.00
800.00
75.00
200.00
4475.00%

$ 250.00
25.00
700.00
800.00
80G.00
200.00
2525.00%

$1200.00
150.00
300.00
. 200.00
1850.00%

Figure 13: Comparison of the approximate prototype costs of the three

methods of acceleration specific training device design.

}



onomical and may allow the greatest flexabilicy in terms of changing the
acceleration path to suit the needs of different subjects or to simulate -:
differenr'skil'ls. |

The cost of building the acceleration specific training device which,
utilizes the electrical stepping motor is not high when compared with
the cost of velocity specific training devices such as the Cybex. Micro-
processors are quite inexpensive and if the lab already has a microcom-
puter, it can be interfaced with the A-D converter and the stepping motor.

e
‘The review of literature suggests that there is a strong case

to be made that acceleration specific train;ng may. have the greatest
transfer of strength gains from the training program to the performance
of the skill of any training method and when the optimal acceleration
'path is followed, it may increase performance more shan practice of

the skill itself. When this 1s coupled with the relatively low cost of
‘building the device, it is strongly recommended that the device be’ built
and tested using human subjects to see what adapbations’occur due to
training.on the device and how these adaptations compare wirh those of

other methods and simnle practice of the skill. FIG. 14 shows the recom~

e ‘ ‘
mended design of the acceleration specific training device.
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