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INTRODUCTION

The height achieved in avertical jump for maximum height is dependent
on the external work done to increase the kinetic energy of vertical trans-
lation of the centre of gravity (CG). I n turn thiswork is dependent on the
vertical component of the ground reaction forces and the displacement
through which the CG is accel erated by these forces during the period of
ground contact. Stretching of the elastic components, primarily the
Achilles tendon (Alexander and Bennet-Clark, 1977; van Ingen Schenau,
1984; Bobbert, Huijing, and van Ingen Schenau, 1986a; 1986b), can result
inincreased (‘potentiated’) vertical force magnitudes (Cavagna, Sabiene,
and Margaria, 1965; Asmussen and Bonde-Petersen, 1974; Komi and
Bosco, 1978; Bosco and Komi, 1979; Bosco, Komi, and Ito, 1981). This
prestretching of the elastic elements may be accomplished by a downward
counter movement prior to the upward movement of thejump. Several re-
searchershavestudied theeffect of elasticenergy by comparing jumpsper-
formed with a counter movements (CMJs with jumps from a static start-
ing position (SJs) and have suggested that the utilisation of stored elastic
energy becomeslessimportant at larger amplitudesof kneeflexion (Bosco
and Komi, 1981; Bosco, Komi, and I1to, 1981; Bosco et al, 1982). Thiswas
thought to be dueto thelonger time period of the jump and the associated
dissipation of elastic energy. Modeling of muscle has shown that optimal
timing of forcesisrelated to the longer time period of the jump and the
associated dissipation of elasticenergy. Modeling of muscle hasshownthat
optimal timing of forcesisrelated to theinteraction of the elastic and con-
tractile elements of the elastic and contractile elements of the system
(Denoth, 1983; Bobbert, Huijing, and van Ingen Schenau, 1986a; 1986D).
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Thesefindingsare pertinent withrespect to thetiming of forcesto optimise
performance. It isalsoimportant that largeforcesare achieved during the
timewhen the displacement is changing rapidly, that is, during the period
o large upward velocity latein the contact period of the jump (Hochmuth
and Marhold, 1978). This'pattern’ o forcesresultsingreat external power
output and, as a consequence, a large kinetic energy o the CG. In jumps
involvinglarge amplitudes of kneeflaxen thelargeforces produced by the
prestretch may not occur with appropriate timing to produce a high work
output. That is, the potentiated forces may occur beforethe timewhen the
vertical displacement is changing rapidly. Further, it is likely that in SJs
stretching of theelasticelementsoccursearly in thejumpthrough thework
o thecontractile e ementsand that someof thisstored energy contributes
to external work latein the jump.

Thus, broadly speaking two aspects o timingaof amovement to enhance
performance have been identified. thefirst isthat the pattern of innerva-
tion resultsin asummationadf theforcecontributionsd the contractileand
elastic componentsd the muscleto produce anincreasein total force out-
put. The second isthat the pattern of theseforcesis such that alarge ex-
ternal power output, and therefore great external work, results. A simple
means o investigating the timing aspect isto compare the work output for
aparticular pattern o vertical ground reactionforcestoatheoretical max-
imum (TM). In jumping the TM force pattern isthat which maximises the
vertical fraction of thekineticenergy of trandation of the CG within the
availablerange d displacement. Thispatternisoneinwhichtheforceleve
issustained throughout the upward movement phase.

Whereas considerable research has investigated enhancement of work
output which resultsfrom the force potential gained from the prestretch,
little consideration has been given to the pattern o the ground reaction
forces. Also, there have been few studies which compare CMJs and SJs
when the jumpers are free to select their own movement amplitudes. We
contend that to permit natural or optimal timingin jumping tasks the sub-
jectsshould befree to select their own movement amplitudes. Constrain-
ing subjects to preset amplitudes may prevent them from achieving the
desired summation d theforcecontributions of the elastic and contractile
elements at the appropriate time.

The purpose of this study was to compare the energy output o CMJs
and STs and the differencesin the pattern of forcesand force potentiation
of SIs with respect to the CMJs when subjects were free to choose their
own movement amplitudes.
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METHOD

SUBJECTS: This paper presents the findings of two related experi-
ments. In the first, data was collected from 3 male and 2 female subjects
(51 to S5). In the second 8 male and 4 femal esubjectswere tested (S6 to
$17). SubjectsS1 to S5 performed an 8 trial block of CMJsand an 8 trial
block of SJs with the block order randomised acrosssubjects. Subsequent-
ly, the best 6 trials of each jump type (in terms of the final overtrade
velocity) were included in the analysis. Subjects 6 to S17 were each re-
guiredtodo5CMJsand 5 §sand dl of theseweresubsequentlyincluded
in the andysis. For the CMJ condition the subject commenced in an

uprightandstationary position then, in a continuous movement, crouched

and jumped vertically upwards. For the SJ condition the subject com-
menced from acomfortable and stationary crouch positiond their choice,
that is, with no constraint on the angle of kneeflaxen used for the jumps.
If any counter movement wasevident fromtheforce-timerecord thejump
was repeated. For most subjects several trials of SJs were administered
beforethe subject learned to jump without any unweighting. Rest periods
of 30 secondswere provided between jumps to reduce possible effectsof
fatigue on performance.

DATA COLLECTION: Thevertical component of theground reaction
forcewas recorded by means of a force platform (Kistler, model 9281b),
sampled at 500Hz, and stored in a Magnum personal computer. All
kinematic and kinetic measuresin thisstudy are based on the vertica com-
ponent of the ground reaction force. All subsequent references to these
variablesrefer only to the vertica component.

DATAANALYSZS: Acceleration o the CG wasregarded asthe ground
reaction force divided by subject mass. From this accel eration the change
invel ocity and changein displacementwereintegrated. The positivephase
was defined as the period from the instant of the minimum displacement
(identified from the displacement-time function) to the instant that the
ground reaction force fell to body weight. The fraction of power which
producesa changein the vertical fraction of kinetic energy o translation,
normalized for mass, was determined as the product of acceleration and
veodity of the CGL. This was expressed as a function o time and in-
tegrated over the period of the positive phase. Thisvalueat theend of the
positive phase represented thekineticenergy dueto vertical trandation of
the CG possessed at the end o the positive phase (KE).

For every jump performed a TM was cal culated. This was based on a
congtant CG acceleration equivaent to the peak acceleration produced
during the actual jump. The final velocity is maximised when the subject
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maintainsthls peak acceleration throughout the entire positive phase. Be-
cause the jumper is constrained by the available range of extension, that
is, the height to which the CG can be raised at takeoff with respect to the
starting height, the duration of the positive phase of the TM was limited
by this constraint. This period was obtained from the formula: d= ut +

(1/2)at2. Since the initial velocity u is zero by definition of the positive
phase and the displacement d isthe vertical displacement of the CG util-
izedintheactual jump, tisgivenas: t= (2d/a) where aisthe constant ac-
celeration equal to the peak acceleration attained during the positive
phase o the actual jump. Veacity, displacement, power, and externa
work of the optimal jump were then calculated as functions of time and
time normalised to percentiles of the positive phase.

CONTRIBUTIONS TO THE DIFFERENCE IN KINETIC ENERGY
IN CMJAND SJ: In thisstudy it wasof interest to relate the pattern of ap-
plied forcesand the potentiation of force to the performance differences
between the CMJ and SJ. The CMJwas used as the reference and theim-
provement or decrement inwork o the SJ with respect to the CMJwasat-
tributed to three separate contributions. These were the contribution due
to the pattern of forces (AKEp), the difference due to the range of dis-
placement utilised (AKEqg)and the difference due to force potentiation
(AKEpot). To calculatethe AKEp contribution the KE of the CMJwasnor-
malised to thesameTM asthe SJ. Thus, theeffect d thedifferenceinforce
magnitudeswas removed enabling direct comparison o thejumpsin terms
of theforce pattern. The KEp contribution was the difference of the ac-
tual KE of the $J and the normalised CMJ given by:

AKEp=KE;sja - (KEcja * KEsjtm /KEcjtm)

Where AKE; is the difference in energies attributed to the temporal
pattern of the two jumpsand the subscripts §a, §tm, ¢ja, and cjtm refer to
the actual and TM SJs and CM Js respectively.

Similarly, since a force acting over a greater distance does more work
than an equivalent force over a shorter distance, the discrepancy in dis-
tancebetween theCM Jand SJ had tobetaken intoaccount. Thedifference
in KE due to this discrepancy wasdetermined by:

AKEq = (KEcja * dsj/dcj) - KEgja

Where AKEq isthe difference in kineticenergies of theCMJand SJ at-
tributabl e to the discrepancy in movement paths (vertical displacements)
of thetwo jumpsand dsj and demj are thevertical displacements o the GG
utilised in the SJ and CMJ respectively. It was anticipated that the range
o displacement utilisedin the SJs would be larger than that of the CMJs¢
to compensate for the inability to store energy by means o the countei

movement.

= Theremainder o thedifferencein KE betweenthe CMJsand SJs isat-

tributable to the difference in force potential (AKEpoy), that is, the dif-

« ference in KE due to difference in the overall magnitudes of the forces
. through the upward,movement.

-I!I-KEPot = KEsja - KEcja - AKEP -A KEd

RESULTSAND DISCUSSION

All subjectsexcept S2 and S15 displayed shorter durations o the positive
phase for the CMJsthan the SJs. Thisisreflected in the respectivegroup
means(CMJ=271ms; SJ=2387ms), which aresignificantly different (p.01).
Two malesubjects (S3and S5) closely approached the duration of the TM

2 in the CMJ indicated by mean temporal differences o only 6 and IIms

respectively. With the exception of S15 the times o the actual CMJs ap-
proached the time of their respective TMs much more than the SJs ap-
proached their respectiveTMs. Taken over al 17 subjects the mean time
difference between the actual and TM jumps was significamtly smaller
(p.01) for the CMJs (46ms) than did the SJs (149ms). These resultsindi-
catethat in terms of the duration of the jump the force patterns o the
CMJs approached those of the TMs far more closely than the force pat-

. ternsd the SJs approached those of their TMs. There was no significant

difference between the mean duration of the TMs of the CMJs (226ms)
and theTMs o the SJs (238ms).

EXTERNAL WORK PERFORMED DURING THE POSITIVE
PHASE: The meanwork performed in the SJs (3,861 kg™ ) was only slight-
Iy lessthan that of the CMJs {4.051 kg™") and this difference was not sig-

nificant at the 0.05 level (p=0.21). In terms o the additional height
1 achieved after takeoff this represents a mean difference of approximately

0.02m. Despite the lack of acounter movement 10 of the 17 subjects per-
formedequivalent (Ss2, 3, 5,9, 11, 13) or greater work (Ss4, 6, 10, 17) in
the 8Js than in the CMJs. This strongly suggests that for many subjects
there isno gain in ability to generate height by using a counter movement

! providing the jumper is free to choose the range of displacement. There

was a tendency for the jumpers to approach the TMs in the CMJs more
than in the SJs. The group mean K E of the CMJswas 75.8% o the TMs
while that of theSJs was72.6% of theTMs. Therewasassmaller difference
in KE between the actual and TMs for the CMJs(1.301.kg ™'} than the SJs
{1.48T.kg). A correlated T test showed that there was a significant dif-

ference between the CMJs and SJs in both of these measures (p.02).
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However S3, S4and $6 had a higher percentage of the TM in theSJs than
the CM Js, indicating asuperior pattern of forcesintheSJs thanthe CMJs.
This implies that the forceswere sustained at a leve close to the peak
during the period in which the bulk o the work was being performed.
Figuresl aand | bdisplay themean external work (for the subjectsinvolved
in thefirst experiment: S1toS5) for the actual and TMs of the CMJsand
SJs respectively expressed as functions d mean time with respect to the
end o the positive phase. Clearly, the bulk o the additional work per-
formed in the TMs occurred during the last 50ms of the positive phase
coincidingwith the rapid declinein accelerationsd the actual CMjs and
SJs at thistime. Peak forceswere achieved at atimewhen velocitiesd the
CG arequite high {mesan = 2.0m.s" l}. Inview d thisfact the body appears
well suited to achieving high power outputs by maintaining highforceslate
inthe positive phase. However, it becomesimpossibleto sustainthesefor-
cesduring thelast 50msd the positive phase. Based on the comparisondof
the work outputs o the actual and TMs theinability to maintain high for-
ces closeto full extension isthe biggest limitationto performance. Effec-
tive release o energy stored in the Achilles tendon could be expected to
enhance power output latein the jump providingthisenergy had not been
dissipated previously without contributing to external work.
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Figure 2 showsthat there are small differencesbetween the CMJsand
&Js m the power asafunction of timefrom the end of the positive phase.
The major difference isthat it takes longer to develop power in the SJs

! than in the CM Js. Thesimilarity of the power profilesof the CMJsand SJs

despite the dissimilarity of the acceleration profiles arises from the fact
that the bulk of the power output occurslate in the positive phase when
the CG welocity ishigh. By thistimetheforcesare highin both jump types.

Figure2 lllustratesthe
mean (mean df dl trids
of Sl toS5) external
power of the CMJsand
SJs asfunctionsof
meantime
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CONTRIBUTIONS TO THE DIFFERENCE IN WORK. Tablel1shows

i thecontributionsto thedifferencein external work of the SJs with respect
* totheCMU3s. Itis evident that thereisgreat variabilityamongsubjectswith
. respect to the source of the AKE o the two jumps. However, it is evident

that AKEq and AKEpot have agreater influenceon AKE than AKEp. This
isreflectedin the correlations of thesevariableswith AKE (AKEq, = .45;
AKEpot, r=.203; AKEp, r =.089). There was a negative association be-
tween the AKEq, and AKEgq; (r=-0.72). Thissupports the idea that the
hagher accel erationsand power associated with shorter displacementsare

- the result of the used stored elasticenergy and is consistent with the find-

imgs of Bosco et al, 1981; 1982a, and Bosco and Komi, 1981. There were4

+ subjectswho performed substantially morework in the 8Js than the CMJs

[8s4, 6,10, 17). In all 4 casesagreater ranged displacement was utilised

. in theSJs than in the CM Js. However, in the case o S4the bulk of the dif-
: ference (0128, kg ') wasdue to the potentiation of forcesin thestatic jump

rather than to the increased displacement. The fact that for 7 subjects(Ss
2,4 5,9 11, 15, and 17) showed a higher level d force poiential was
achieved in the SJs than the CM Jsimpliesthat elastic energy may aso be
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utilised in the §Js. In this case, rather than the energy being stored as a
result d a counter movement, the strain energy in the tendons was
devel oped by muscular activity during the positive phase and wasrel eased
during plantar flaxen late in the positive phase. This possibilityisfurther
supported by thefact that Ss2, 5, 9, and 11were ableto achieveequivalent

i ¥ As expected from the work expressed as a percentage of the TMs in the
+ provious section, the S1s gencrally had a shightly inferior pattern. This was

‘reflected in the contribution of AKE, (o the difference in kinetic energy
* of the 5Js and CMJs. However, based on the magnitudes of these negative
contributions this variable was nol the major factor contributing to the dif-

final work in the SJs compared to the CMJs and that $4 actually achieved ference between CMJs and SJs.
greater final work in the SJs than the CMJs. For these subjectsit appears '
that elasticenergy is utilised at |east aseffectively in the SIs asin the CMJs . SUMMARY AND CONCLUSION
and that the counter movement is o little benefit. Other subjectsto per- O i ST W v 1t LTl e e ek vesae
form better in the SJs than CM Jswere Ss6, 10, and 13. Althoughtheir con- aphiaiag eV hn"f“ﬁ e dacd F'E o Lt P[
tribution due to potentiation was dightly lessfor the SJs than the CMJs cal =y et ”F"T' ' chn LT SRR F T
their overall work wasgreater due to the use of agreater displacement. Pcatieandabion: of fhe 05, FRzse Were: 1N (efieacy (o usiaiy forces: s
their peak level throughout the upward movement (termed the'pattern’ of
. forces), and the contribution to KE dueto achievinglargeforcesover the
TABLE1 © period of upward movement (termed 'potentiation’). Asameasured the
KINETIC ENERGY AND CC?INTRI BUTIONSTO THE DIFFERENCE efficiency of the pattern of forcesof each jump the mean KE of the jumps
IN KINETIC ENERGY (kg § . of each subject were expressed as a percentage of the mean KE o the
S KEcmy KEgss AKE  AKEp AKEgq AKEgpy respective TMs. The group means of these measures were 75.8% for the
1 3.69 299 -0.70 -0.18 0.37 -0.89 CMJs and 72.6%for the SJs. Althoughthisdifferenceissmall it wasstatis-
2 321 317 .04 0.2 -0 .33 tically significant a the 0.05level. Thus, there was atendencyfor theforce
3 4,00 3,06 1.0 0,14 1.53 -1.71 - patterns of the CMJs to be more efficient than those o the SJs. Thein-
4 342 145 (.44 0.05 .11 0.24 crease or decrement in K E of the SJs with respect to the CMJs was at-
5 4,08 4.12 004 -032 -0.74 1.10 tributed to three sources: The contribution due to the force pattern; the
[ 4,93 526 .33 017 0.45 .t contribution due to using a different displacement range; and the dif-
7 im 357 40.34 -0.80 1.30 ={).B5 ference due to force potentiation. It would seem that the displacement
B 4,31 183 .43 -0.03 A1.1% =154 used and force potentiation have the mgjor bearingon performanced SJs
4 334 130 -0.07 -0.21 003 0,11 compared to CMJs and that the force pattern is relatively unimportant.
10 35 330 027 -0.12 L50 -1.10 However, it should be noted that in all jumps the pattern of forces did
11 3Rz 384 00z -0.08 -01,18 0.x dosdy match the TM (as indicated by the work output (Figures|a, 1b)
I 47 256 214 0,11 -1.87 -L17 with the biggest deficit occurring towardsthe end o the positive phasein
i3 3159 368 0.10 -01,14 034 -0.11 dl jumps. Therefore, within the physical limitsdf the performer, the pat-
14 353 3,00 0,45 1,16 (1,56 L85 tern of forceswasalready closeto the theoretical maximum. Thisdoes not
15 484 4.45 039 1.1 (1,54 (115 imply that i mprovementscannot be madeby improvingtiming, sincetiming
16 5.33 5.15 (.18 -1.21 238 1346 adsoplaysarolein potentiationof forces. In thelight of thereviewedlitera-
17 4.65 501 (.36 =18 M0.50 (5 ture potentiation is dependent on timing the force output o the contrac-

tile unitsof the involved musclesto coincidewith the maximum force out
d the contractile unitsof the involved muscles to coincide with the maxi-
mum force output o the elastic components. Moreover, to be most effec-
tive, this summation of contractile and €l astic contributions should occur
late in the positive phase when the large vertica velocities o the CG en-
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sure alarge external power output. For 7 subjectsagreater KE contribu-
tion due to force potentiation was achieved in the 8Js than in the CMJs.
Thissuggested that el asticenergy wasal so being stored in the elastic com-
ponents during SJs and that the timing of the jumpwassuch that thiselas-
tic energy made a substantial contribution to external work.
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