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INTRODUCTION
In this study we analyze the efficiency of vertical motion components
and discuss timing as one of the factors influencing the energy
consumption of movements. The vertical movement of the humanbody is
visible in amost all sports. Even inthecase of sports like running,
cycling, and long jumpingwheretheaim is to achieve horizontal distance,
vertical motionisnotonly obviousbut highly essential in performing the
horizontal movement. The vertical component contribute to the total
energy needed for the complete movement. Here efficiency isdefined as
thequotient of the work output divided by the energy needed to perform
and isgivenasn=W_ whereW_ iswork performedonamass.|n bothof the
E
ascendingand descé'ﬁding motions, E, isenergy producedby the muscles.
In classical mechanics efficiency iscalculated as positive for ascent and
negative for descent.

METHODS

Figure 1. Coordinate, velocity, and acceleration of the center of gravity.
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A computer simulationof human motion beginningin astanding position,
moving down to a squatting position and vice versa was performed. The
motion was constructed symmetrically for upward and downward
movements, so that a downward movement can be described as an
upward movement with timereversed (r— —t). Thehip anglechanged as
a=§8(1-cos(A9). a being the hip angle; 6 := maxima hip anglein the full
sguatting position; =2 #{time for afull squatting movement). Therefore,
the angular velocity is w =8sin(A¢)A and the angular acceleration
®w=d0=5 cos(A)A%

o
The knee angle varies accordingly to the requirement that the contact
between the balls of the two feet and thefloor is kept in afixed position.
Consequently, the vertical positionof the center of gravity the velocity,
and theacceleration (in thiscase, afemaeweighting47kgand 1.62m tall)
fluctuate as shown in the graph on theright.

In the first stagedf the study we used thecommercial softwareSDS
Verson 3.5 of Solid Dynamics. The human body is aways approximate
accordingto the Hanavan model. We used anthropometricdatacf four males
andfour femaes. Their masses vary from m=47kg (height=1.62m) to
m=96kg ( heigth=1.88m). We set theoutput energy equal to the potential
energy (W,,=E ). Theinputenergy isidentical to theenergy produced
by themuscles(E, = E, ). Becauseof thesymmetry of the movement, the
muscular energy of the downward movement is identical to the muscular
energy of theupward movement: E_ = E_ = E_

Similar smulations areasodone for the following movements:

a) raising the body off theground with onefoot on a bench.

b) aternate stepping with onefoot then the other, having the respective
foot returning to the same position when landing.

c) lifting weights (2kg per hand) with the arms flexed.

In thesecond stagedf the study we obtained real movement data (for
al the above movements) using 3 cameras and a 3D Peak Performance
digitizing system. This data and the anthropometry of our subjects were
used in an inverse dynamics analysis, usng aso SDS to calculate the
efficiency. This data provided us with the information needed to decide
which of our movements areright for optimization.

RESULTS
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Thefollowing figures (2, 3,"4) show the efficiency of three different
movements simulated by using 8different anthropometric models. The
simulationin figure 2 gives theefficiency for a change of the position
fromsquatting to standing for different timings. The timescaleindicates
theduration needed for awhole cycle: stand - squat - stand.
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Figure2. Movement efficiency of squatting to standing motion.
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Figure 3. Efficiency of a stepping motion.

Different curve heightsresult because of different torques appliedto
the body to stabilizethe movement. In some cases the lowering of the
efficiency is asocaused by the counter-productivework of two joints.
This study does not explain the effects of the curve heights. For the
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purposear thisstudy, thesignificanceliesin thefunctiona behavior of the
curvesas well asthe mechanismthat causesit. For the squatting motion
we find significant efficiency changesfor theduration of the cycle when
it is below 2 sec. The peak velocity of the center of gravity of those
movementsisgreater than 1.5m/s, the peak acceleration is greater than
3.5m/s™. For the stepping motion (figure3) as well asfor thealternate
stepping (curves smilar to the graph in figure 3) significant efficiency
changesare found for cyclesof lessthan 2 sec. For theweight lifting
movement (figure 4) efficiency changes appear for aduration that isless
than 1.2 sec.
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Figure4. Efficiency of weight lifting.

The detailed analysisof the mechanism of theefficiency is most
visibleinthesmplest of all theabove movements - theliftingof weights
with flexed aams. The following data was calculated for the
anthropometty of the female mentioned above. The weights
in each of her hands were 2 kg. Each move started in the position with
armshanging, holding the weights. Thewhole movement involved raising
theflexed armsup to 90 degrees and back again to the starting position.
In thefirst attempt it took 1.5 sec. In thesecond attempt it took 1.0 sec. The
efficiency isalmost equal to 1 for the first attempt and 0.92 for the second
attempt. Thefaster the movement thelower theefficiency asindicated
by Ar=il.5-+1n=0.24.
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Figure5. Different energiesof wé"ivgﬁt lifting for aduration of 1.5 sec
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Figure 6. Different powersof weight lifting for aduration of 1.0sec.
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Figure 7. Different powersof weight lifting for aduration of 1.5 sec.
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Figure 8. Different powersof weight liftingfor aduration of 1.0 sec.

In figure 5 thepotential energy and the muscleenergy arealmostidentical
at t=0.75 seconds. This can be explained by the following mechanism:
when muscleenergy istransferredto thearms, it causesthe armsto move

upwards. Thisisthe trandational energy in figure

5. Simultaneously potential energy rises. At t=0.75 seconds all
trandational energy is transferred into potential energy. Subsequently,
gravitation stops the movement. This can also beexplained in terms of
power (seefigure7). Here muscle power and total power of thebody are
identical during thefirst haf of the motion. During the second hdf, total
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power is of the same magnitude, but negative. Trandational power and
muscle power causes the transfer of the energiesinto potential power (For
the equations seethe NOMENCLATURE at theend of this paper).

For thefaster movement the mechanism of generating potential energy
isidentical at the beginning. Before reaching the halfway point of the
cycle, de-acceleration sets in due to gravity, but thisis not sufficient to
stop. the motion. Therefore, there has to be an additional muscle
contraction acting in the downward direction to stop themovement. This
stopping action causes the additional muscle energy as seen in figure 6,
and whichis also visible in the power balance of figure 8.
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Figure 9. Power of arepeated bench stepping

Out of the four movements of our experimental analysis, bench
stepping isthe only motion dynamic enough for such anoptimization
through changes in the timing. Figure 9 shows the power of a stepping
seriesof 5 repetitionsin alittleless than 10 sec. The higher peaks of the
muscle power occur for upward movements. The lower peaks indicate
the downward movements. The decrease of power in the peaks in
connection with the stepping down motion is basically due to the non-
elastic absorption of energy by the floor (thick gymnastic mats) and the
shoes. The high peaks of the stepping up motion is caused by the
overshooting of the motion, which resultsin low efficiency (figure 10).
Different timings of the motion can lead to a substantial decreasein the

energy consumption equivalent to the increase of theefficiency (figure
10).
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CONCLUSIONS

The abovedescribed mechanism causesthe change of efficiency based
on thetiming. Unlike our simulated movements, rea motion can be
non-symmetrically arranged. Thishelpsto makemovementsmore efficient.
Out of the four movements, bench stepping is mogt suitablefor this
particular case of optimization. For a more accurate analysis it will be
necessary toget moredata per time interval. Thiscould be established by
using a high speed video system. Another suitable movement application
isrunning - a dynamic movement with numerous repetitions. The
optimization of efficiency helps to reduce energy consumption of the
vertical motion. This subsequently provides more energy needed for the
horizontal motion and thusimproving theperformance. Such effects seem
unimportant for a single movement, but with thousandsof repetitionsin a
cyclic motion, the minute energy conservation adds up to a substantial
amount and consequently influences the performance.

TIRE [l

Figure 10. Efficiency of arepeated bench stepping



NOMENCLATURE
We used the 15 segment Hanavan model to do our simulations. In this
model the energiesand powers are defined asfollows:

Form of Energy Power
Potential E,,=mgh o
o de :mg'?a—
Translational IS . 15
El‘m:agm;".l Pb’a_Emlkl &y
Rotational IS LR 3
E,=tYald, P = L], ‘?
=1 =l
Total E,=E,+E,+E_, Py=Pa+P +F,
Muscular z - S o
F—'Tj'ﬂ"P—r=Id‘r |‘5 .-frl P—-=;I"!"#:'TJ|
0 [ =

m: massof thewholemode; g=9.81=; gravitational acceleration; h: relative

height of the center of gravity; m : massof the segmenti; v;: linear velocity

of thesegmenti; a,: linear accelerationof thesegmenti; a: angular velocity

of the segment i; Aen: relativevelocity at joint j; T: torqueatthejomt J-
For detailson the equations see Aleshinsky (1986).
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