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A force platform analysis of vertical jumping provides an engaging demonstration of the kinematics
and dynamics of one-dimensional motion. The height of the jump may be calculated~1! from the
flight time of the jump,~2! by applying the impulse–momentum theorem to the force–time curve,
and ~3! by applying the work–energy theorem to the force-displacement curve. ©2001 American

Association of Physics Teachers.
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I. INTRODUCTION

A force platform can be an excellent teaching aid in u
dergraduate physics classes and laboratories. Rece
Cross1 showed how to increase student interest and un
standing of elementary mechanics by using a force platfo
to study everyday human movement such as walking, r
ning, and jumping. My experiences with using a force pl
form in undergraduate classes have also been highly fa
able. The aim of this article is to show how a force platfo
analysis of the standing vertical jump may be used in tea
ing the kinematics and dynamics of one-dimensional moti
I use computer software that produces curves of velocity
displacement of the jumper’s center of mass by numer
integration of the force–time record from a force platform.
simultaneous examination of these curves gives an effec
illustration of the relations between the forces acting on
body and the resulting acceleration, velocity, and displa
ment of the body.

The curves obtained from the force platform may also
used to calculate the height of the jump, and three meth
are presented here. The most straightforward method i
determine the time spent in the airborne phase and then
the kinematic equations for one-dimensional motion un
constant acceleration. A more accurate method of determ
ing the jump height is to apply the impluse–momentum th
rem to the force–time record, and this provides an interes
example of numerical integration. The jump height may a
be calculated by applying the work–energy theorem to
force–displacement curve, again using numerical integrat

II. FORCE PLATFORM

Force platforms have a wide range of applications, incl
ing automobile crash tests, clinical gait analysis, and sp
technique analysis. A force platform is a rectangular me
plate, usually about 0.4 m30.6 m, with piezoelectric or
strain gauge transducers attached at each corner to giv
electrical output that is proportional to the force on the pla
Commercial force platform systems for analyzing hum
movement cost $10 000–$30 000, but with relatively mod
expertise a Department of Physics could construct one
about $5000.1,2 A platform measures the force exerted on
by the subject, and according to Newton’s third law of m
tion this also gives the force exerted by the platform on
1198 Am. J. Phys.69 ~11!, November 2001 http://ojps.aip.or
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subject. In terrestrial human movement, the force exerted
the platform on the body is commonly called the ‘‘groun
reaction force.’’

The jumps discussed in this article we recorded usin
Kistler force platform that was set in concrete in the floor
our teaching laboratory.3 The vertical component of the
ground reaction force of the jumper was sampled at 1000
and recorded by an IBM compatible PC with a Windows
operating system. Data acquisition and analysis of the jum
were performed using a custom computer program~JUMP
ANALYSIS! that was written usingLABVIEW virtual instru-
ment software.

III. STANDING VERTICAL JUMPS

Figure 1 shows the motions involved in a ‘‘countermov
ment jump’’ and in a ‘‘squat jump.’’ In a countermovemen
jump, the jumper starts from an upright standing positio
makes a preliminary downward movement by flexing at
knees and hips, then immediately and vigorously extends
knees and hips again to jump vertically up off the ground
countermovement jump is an example of a movement
benefits from the ‘‘stretch–shorten cycle.’’ Many huma
movements such as running, jumping, and throwing invo
muscle actions in which the desired motion is preceded b
movement in the opposite direction. The muscles are sai
be ‘‘pre-stretched’’ before shortening in the desired directio
Experiments have demonstrated that a pre-stretch enha
the force production and work output of the muscles in
subsequent movement.4

In a squat jump, the jumper starts from a stationary se
squatted position then vigorously extends the knees and
to jump vertically up off the ground@Fig. 1~b!#. The jumper
does not employ a preliminary downward phase~i.e., a coun-
termovement! and so the jump does not involve pre
stretching of muscles. The squat jump is a slightly artific
movement that is rarely used in practice. The only exam
that comes to mind is the takeoff phase in ski-jumping. T
countermovement jump is a much more natural jump
movement and most people can jump several centime
higher in a countermovement jump than in a squat jump

In my introductory mechanics classes, a skilled jumpe
asked to perform countermovement jumps and squat ju
with maximum effort while standing on the force platform
Standing vertical jumps may be performed with and witho
1198g/ajp/ © 2001 American Association of Physics Teachers
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the aid of armswing. In the jumps examined here, the jum
kept his hands on his hips throughout the movement.

IV. FORCE, ACCELERATION, VELOCITY, AND
DISPLACEMENT

During a vertical jump, the jumper must overcome bo
weight, and the resultant force acting on the jumper’s cen
of mass~c.m.! is FGRF2mg, whereFGRF is the ground reac-
tion force acting on the jumper,m is the jumper’s mass, an
g is the acceleration due to gravity. Curves of force–tim
acceleration–time, velocity–time, displacement–time, a
force–displacement are calculated from the ground reac
force record obtained from the force platform. The tim
record of the resultant force acting on the jumper’s c.m
calculated by subtracting the jumper’s body weight from
ground reaction force record. The velocity–time record
obtained by dividing the resultant force–time record by
jumper’s body mass to give the acceleration–time reco
and then numerically integrating with respect to time us
the trapezoid rule. The displacement–time record is obtai
by numerically integrating the velocity–time record, aga
using the trapezoid rule. Higher order integration procedu
such as Simpson’s rule do not improve the precision of
calculated parameters significantly.5

The integration calculations require that the velocity a
vertical height of the jumper’s c.m. be known at some
stant. I use the start position of the jump, where the velo
of the jumper’s c.m. is zero and the vertical height is se
zero. In theJUMP ANALYSIS program, the start of the jump i
selected by moving a cursor along the force–time curve
must be stressed that the velocity and displacement calc
tions are very sensitive to the initial conditions. For accur
calculations there must be a short period before commen

Fig. 1. Sequence of actions~a! in a countermovement jump and~b! in a
squat jump. The jumper’s center of mass~indicated by^! moves strictly in
the vertical direction. The jumper is shown at key times during the jump
indicated by the letters. See the Appendix for an explanation of the
times.
1199 Am. J. Phys., Vol. 69, No. 11, November 2001
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the jump where the jumper is completely motionless. T
ensures that the ground reaction force at the start of the ju
is precisely equal to the jumper’s body weight and that
initial velocity is zero. It is not difficult to remain motionles
in the standing position before the start of a countermo
ment jump. However, in a squat jump the jumper commen
from a crouched position, and some jumpers require con
erable practice to ensure that they produce a period of
motion before commencing the upward phase of the ju
and that there is no initial downward motion.

Figures 2~a!–2~e! show curves of force–time
acceleration–time, velocity–time, displacement–time, a
force–displacement for a countermovement jump. In
JUMP ANALYSIS program, a cursor may be moved along t
force–time curve and the corresponding points on the o
curves are indicated as the cursor is moved. Although ve
cal jumping is a relatively simple movement skill, the phy
ics of the vertical jump is not immediately obvious. Studen
find a simultaneous examination of the curves to be an i
minating exercise. The students carefully trace the evolu
of the jump while identifying the key times and phases. Th
are asked to describe the actions of the jumper and note
relations between the force acting on the jumper and
resulting acceleration, velocity, and displacement of
jumper’s c.m. The key times and phases during the jump
indicated in Figs. 2~a!–2~e! by the lettersa to h, and these
are discussed in the Appendix.

Figure 3 shows a squat jump performed with the sa
vertical pushoff range as in the countermovement jump. T
is, the height of the jumper’s c.m. at the start of the sq
jump was the same as the height of the c.m. at the low
point of the countermovement jump. The physics of the sq
jump is similar to that of the countermovement jump, and
the curves relating to the squat jump are not discussed h

V. CALCULATING THE HEIGHT OF A JUMP

Before the jumper performs the jump on the force pl
form, I ask the students to directly measure the ‘‘height
the jump.’’ Most students decide that a good measure is
difference between the height of the jumper’s c.m. wh
standing upright and the height of the c.m. at the peak of
jump. However, it is difficult to locate the jumper’s c.m. an
to monitor its motion during the jump. The students th
realize that the rise of the jumper’s heels during the jump
very nearly the same as the rise of the jumper’s c.m.~see Fig.
1!. A measurement of the rise of the jumper’s heels is read
performed with a meter rule and a keen eye.6 The direct jump
height measurement provides a baseline for the indirect m
surements obtained later from the force platform.

Performance in a standing vertical jump may also be ch
acterized by the flight height, which is the difference b
tween the height of the c.m. at the peak of the jump and
height of the c.m. at the instant of takeoff. The flight height
slightly less than the rise relative to the height of the c.
when standing upright because the jumper has the an
extended at the instant of takeoff~see Fig. 1!. Three methods
of calculating the flight height from the force platform da
are presented here;~1! the flight time method,~2! the
impulse–momentum method, and~3! the work–energy
method.7 All three methods calculate the flight height fro
knowledge of the velocity of the jumper’s c.m. at the insta
of takeoff. The relation between the flight height and take
velocity may be obtained by applying the law of conserv

s
y
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Fig. 2. Dynamic and kinematic curves for a countermovement jump:~a! ground reaction force curve,~b! acceleration–time curve,~c! velocity–time curve,~d!
displacement–time curve, and~e! force–displacement curve. The timet50 has been set to the instant of takeoff. The significance of the points indicate
the letters next to the curve is discussed in the Appendix. In the force–displacement curve, the flight and landing phases of the jump~f–h! are not shown.
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tion of mechanical energy to the flight phase of the jump.
vertical jumping the effect of air resistance is negligible a
so in the flight phase the jumper may be considered a
projectile in free flight. We consider the changes in kine
energy and gravitational potential energy between the ins
of takeoff ~to! and the instant the jumper reaches the peak
the jump~peak!:

1
2mn to

2 1mgyto5
1
2mnpeak

2 1mgypeak. ~1!

The vertical velocity at the peak of the jump is zero (npeak

50!, and so the flight height is given by

yflight5ypeak2yto5
n to

2

2g
, ~2!

wheren to is the vertical takeoff velocity.
1200 Am. J. Phys., Vol. 69, No. 11, November 2001
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A. Flight time method

For a jumper in free flight,n f2n i52g(t f2t i), wheren i

andn f are the velocities at some initial and final times,t i and
t f . Here, we let the initial time be the instant of takeoff a
the final time be the instant of landing. If we assume t
height of the jumper’s c.m. at the instant of landing is t
same as at the instant of takeoff, thenn f52n i , and so the
takeoff velocity of the jumper is given by

n to5
gtflight

2
, ~3!

wheretflight is the time of flight from the instant of takeoff to
the instant of landing.
1200Nicholas P. Linthorne
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2.
In the JUMP ANALYSIS program, the times of the takeo
and landing~points f and h! are selected by moving two
cursors on the force–time curve. For the countermovem
jump shown in Fig. 2,tflight50.553 s, and son to52.71 m/s
and (tflight537.5 cm. The squat jump shown in Fig. 3 has
shorter flight time (tflight50.524 s! than the countermove
ment jump, and hence a 3.8 cm lower flight height (yflight

533.7 cm!.
A jumper does not always have exactly the same b

configuration at the instant of landing as at the instant
takeoff. The ankle and knee joints are usually almost fu
extended at takeoff, but usually less so at landing. W
vertical jumps are performed with the hands on the hips,
height of the jumper’s c.m. at landing is usually about 1
cm lower than at takeoff, and so the flight time method ov
estimates the true flight height by 0.5–2 cm.5 This inaccu-
racy becomes more pronounced if the jumper employs a
swing during the jump. At takeoff, the arms swing up in fro
of the face, but are then lowered slightly in preparation
the landing. The jumper therefore has an even greater he
difference between takeoff and landing than when the ha
remain on the hips.

B. Impulse–momentum method

The integral of a force over time~i.e., impulse! produces a
change in the momentum of a body,J5*F dt5Dp. Apply-
ing the impulse–momentum theorem to the ground con

Fig. 3. Force curves for a squat jump:~a! ground reaction force curve an
~b! force–displacement curve. The timet50 has been set to the instant o
takeoff. The key timesb, c, and e do not occur in a squat jump. In th
force–displacement curve, the flight and landing phases of the jump~f–h!
are not shown.
1201 Am. J. Phys., Vol. 69, No. 11, November 2001
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phase of the jump, starting from when the jumper is stati
ary ~n i50 at t i! through to the instant of takeoff~at t to) gives

E
t i

t to
~FGRF2mg!dt5mn to . ~4!

The impulse due to the resultant force on the jumper may
considered as two separate impulses:

E
t i

t to
FGFRdt2E

t i

t to
mg dt5JGRF2JBW5mn to , ~5!

whereJGRF is the impulse due to the ground reaction for
andJBW is the impulse due to the jumper’s body weight.

The impulsesJGRF and JBW for the countermovemen
jump are shown in Fig. 4. In theJUMP ANALYSIS program, the
initial and final times for the integration~pointsa and f! are
selected by moving two cursors on the force–time cur
The ground reaction force impulse is determined by cal
lating the area under the force–time curve by numerical
tegration. The body weight impulse is calculated from t
reading of the ground reaction force curve of the first curs
Precise selection of the initial time is irrelevant to the calc
lation of the resultant impulse, as long as the initial time
when the jumper is stationary before the start of the jum

For the countermovement jump shown in Fig. 4,JGRF

2JBW5188 N s, and son to52.71 m/s andyflight537.5 cm.
The squat jump shown in Fig. 3 has a smaller resultant
pulse ~JGRF2JBW5181 N s! than the countermovemen
jump, and hence a lower flight height~yflight533.7 cm!.

For this jumper, the flight heights calculated using t
flight time method are in excellent agreement with those c
culated using the impulse–momentum method. It must
emphasized that the jumper in this study is not a typi
jumper in that the height of the jumper’s c.m. at landing w
within a few millimeters of the height at takeoff@Fig. 2~d!#.
The flight height calculated using the flight time method
usually a couple of centimeters greater than that calcula
using the impulse–momentum method because the jump
usually lower at landing than at takeoff.

C. Work –energy method

The integral of a force over displacement~i.e., work! pro-
duces a change in the kinetic energy of a body,W5*F"dr
5DKE. Applying the work–energy theorem to the groun

Fig. 4. Impulses due to the ground reaction force,JGRF, and due to the
jumper’s body weight,JBW , for the countermovement jump shown in Fig.
1201Nicholas P. Linthorne
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contact phase of the jump, starting from when the jumpe
stationary~n i50 at y5yi! through to the instant of takeof
~at y5yto) gives

E
yi

yto
~FGRF2mg!dy51/2mn to

2 . ~6!

The resultant work may be considered as the work done
each of the two forces acting on the jumper:

E
yi

yto
FGRFdy2E

yi

yto
mg dy5WGRF2WBW51/2mv to

2 , ~7!

whereWGRF is the work done on the jumper by the groun
reaction force andWBW is the work done on the jumper b
gravity.

The total work performed during the jump may be calc
lated starting from pointa ~the start of the downward phas
of the jump! or from point d ~where the jumper is again
stationary at the lowest point of the countermovement!. I
prefer to used, rather thana, as the start point in the work
calculations as it is easier to understand the signs of the a
in the integration calculations. In theJUMP ANALYSIS pro-
gram, the initial and final times for the integration~pointsd
and f! are selected by moving two cursors on the forc
displacement curve. The work done by the ground reac
force is determined by calculating the area under the for
displacement curve by numerical integration, and the w
done by the jumper’s body weight is calculated from t
reading of the ground reaction force curve at pointa. Figure
5 shows the work done by the two forces acting on
jumper,WGRF andWBW .

For the countermovement jump shown in Fig. 5,WGRF

2WBW5496J2237 J5259 J, and son to52.73 m/s and
yflight538.0 cm. The squat jump shown in Fig. 3 has
smaller resultant work (WGRF2WBW5470J2238J5232J)
than the countermovement jump, and hence a lower fl
height (yflight533.5 cm!. An interesting exercise for the stu
dent is to use the two cursors to confirm that the resul
work performed betweena and d (Wa–d) is zero, and that
Wa–c52Wc–d .

D. Comparison of methods

Of the three methods of calculating the flight height p
sented here, the flight time method is the simplest
perform.8 However, the flight time method usually overes

Fig. 5. Work done by the ground reaction force,WGRF, and by the jumper’s
body weight,WBW , for the countermovement jump shown in Fig. 2.
1202 Am. J. Phys., Vol. 69, No. 11, November 2001
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mates the true flight height because the height of the jum
er’s c.m. at landing is lower than that at takeoff. Th
impluse–momentum method gives the most accurate ca
lation of flight height. In this method, the accuracy of th
calculation is determined by correct selection of an inst
before the start of the jump where the jumper is station
and the ground reaction force is equal to the jumper’s bo
weight. An error of 10 N in selecting the bodyweight of th
jumper produces an error in the flight height of 2–3 cm.

The work–energy method is often the least reliable of
three methods. This method is subject to compounding
errors through the double integration process used to ca
late the displacement of the jumper’s c.m. The work–ene
method is very sensitive to correct selection of an inst
before the jump where the jumper is stationary and
ground reaction force is equal to the jumper’s body weig
Examining the differences in accuracy among the th
methods of calculating the flight height can be an illumin
ing exercise for the student.

VI. COUNTERMOVEMENT JUMP VERSUS SQUAT
JUMP

Most skilled jumpers can jump several centimeters hig
in a countermovement jump than in a squat jump with
same vertical pushoff range. When comparing the forc
time curves in Figs. 2~a! and 3~a!, it is not obvious that the
resultant impulse~JGRF2JBW) for the countermovemen
jump is greater than that for the squat jump. Even when
two force–time traces are plotted on the same graph,
difference in the duration of the jumps makes it difficult
ascertain which has the greater resultant impulse.

The superiority of the countermovement jump over t
squat jump becomes readily apparent when comparing
force–displacement curves~and hence the work done by th
jumper during the jump!. Figure 6 shows the force–
displacement curves corresponding to the countermovem
jump and squat jump shown in Figs. 2 and 3. Figure 6 s
gests that one advantage of a countermovement is tha
leg muscles attain a higher level of activation and force
fore they start to shorten. In the squat jump, the force at
start of the upward phase of the jump~point a! is equal to the
jumper’s body weight. The muscles in the jumper’s legs ha
only a low level of activation and force; just enough to ma

Fig. 6. Comparison of force–displacement curves for a countermovem
jump ~CMJ! and a squat jump~SJ!. The shaded area indicates the grea
work done by the jumper in the countermovement jump compared to
squat jump~In both jumps, the vertical heighty50 has been set to the
height of the c.m. at the instant of takeoff.!
1202Nicholas P. Linthorne



ds
le

th

va
us
ar
he
t
h
e
te

or
e

p
t

ar
th
p
te
h
d

-

re
7

s
se
a
t
t
en
r
o
t
th
e

to
d in
nt

o
ell
from
ay
ent
to

lat-
in

ck-
nd
t-
. In
po-
ni-

he
on

ding

y
the

us
av-

ates

of

of
n-
tion

y
the

ion

er

t,

the
ror

s
ow

e

tain the body in a squat position. To start moving upwar
the jumper greatly increases the activation of the
muscles, but it takes time~and distance! for the ground re-
action force to build up to a high level.

In contrast, the ground reaction force at the start of
upward phase in the countermovement jump~point d! is al-
ready much greater than body weight. The levels of acti
tion and force in the jumper’s leg muscles are high beca
the jumper has to slow and then reverse the initial downw
motion. The jumper thus performs more work early in t
upward phase of the jump than in the squat jump, and so
jumper has a higher takeoff velocity and a greater flig
height. In the jumps shown in Fig. 6, the jumper perform
27 J more work and jumped 4.5 cm higher in the coun
movement jump than in the squat jump.

The mechanisms responsible for the enhancement of f
in a countermovement jump are hotly disputed. Bobb
et al.9 and van Ingen Schenauet al.10 argue that pre-
stretching of the muscles allows the muscles to develo
higher level of active state and force before starting
shorten, as suggested above. However, some authors
that the extra work is due to the release of elastic energy
has been stored in the muscles and tendons during the
stretch, and others explain the enhancement through ‘‘po
tiation’’ of the contractile proteins in the muscle, or throug
the contribution of the spinal reflexes. The interested rea
is directed to a special issue ofJournal of Applied Biome-
chanics~Vol. 13, no. 4, 1997! that was devoted to the me
chanics and energetics of the stretch–shorten cycle.

In a countermovement jump, the more vigorous the p
liminary downward phase, the higher the jump. Figure
shows countermovement jumps with the same vertical pu
off range, but with different speeds in the downward pha
In these jumps, the greater the downward speed, the gre
the force at the start of the upward phase, and hence
greater the work performed in the upward phase. This fac
known by most basketball and volleyball players. Wh
jumping straight up for maximum height, the player pe
forms a vigorous downward movement before leaping up
the ground. Even greater heights are achieved when
jumper uses a run-up into the jump. This is because
jumper is able to convert some of the kinetic energy gen
ated in the run-up into gravitational potential energy.11

Fig. 7. Comparison of force–displacement curves for countermovem
jumps with different speeds in the initial downward phase:~1! squat jump
~no initial downward phase!, ~2! moderate downward speed, and~3! high
downward speed.
1203 Am. J. Phys., Vol. 69, No. 11, November 2001
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VII. CONCLUDING REMARKS

Although the physics of the vertical jump may be new
most physics educators, much of the material presente
this article is well known to teachers of human moveme
and sports biomechanics.12–14 Physics educators wishing t
introduce a force platform into their classes would be w
advised to seek the assistance of a biomechanics expert
within their university. Aspects of the present article that m
be new even to a biomechanist are the force-displacem
curves and the application of the work–energy theorem
the vertical jump. Several companies manufacture force p
forms with jump analysis software for use in research and
testing of athletes. For example, theQUATTRO JUMPpackage
includes a large portable force platform and a software pa
age that displays curves of force, velocity, height, a
power.15 However, I do not know of any commercial sof
ware package that includes force–displacement curves
my view, force–displacement curves have considerable
tential in assessing the skill level of the jumper and in mo
toring the effects of athletic training.
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APPENDIX

There are several key times and phases during a stan
vertical jump. These are indicated in Figs. 2~a!–2~e! by the
lettersa to h.

a: Point a is the start of the jump. The jumper is initiall
standing upright and is stationary. The vertical height of
c.m. at this time has been set to zero.

a–b: The jumper relaxes the leg and hip muscles, th
allowing the knees and hips to flex under the effect of gr
ity. The resultant force on the jumper~FGRF2mg! becomes
negative, and so the jumper’s c.m. moves and acceler
downwards.

b: Point b marks the maximum downward acceleration
the jumper’s c.m.

b–c: The jumper has started to increase the activation
the leg muscles but the jumper’s c.m. is still moving dow
ward. The resultant force on the jumper and the accelera
of the jumper’s c.m. are still negative.

c: At point c the ground reaction force is equal to bod
weight, and so the resultant force on the jumper and
acceleration of the jumper’s c.m. are zero. Pointc marks the
maximum downward velocity. The regiona–c is sometimes
called the ‘‘unweighting’’ phase because the ground react
force is less than body weight.

c–d: The resultant force is now positive, and so the jump
is accelerating upwards, but still moving downwards.

d: Point d is the lowest point of the countermovemen
where the jumper’s c.m. is momentarily at rest~velocity is
zero!. The leg muscles are now strongly activated and
ground reaction force is close to maximum. A common er
when examining the force–time curve is to identify pointb
as the lowest point of the countermovement.

d–e: This is the ‘‘pushoff’’ phase, where the jumper move
upward by extending the knees and hips. The velocity is n

nt
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positive~upwards!. For many jumpers, the maximum groun
reaction force occurs early in the pushoff phase, shortly a
the lowest point of the countermovement.

e: The ground reaction force has dropped to become e
to body weight. The resultant force on the jumper and
acceleration of the jumper’s c.m. are therefore zero. Poie
marks the maximum upward velocity. The running hi
jump and long jump also display this phenomenon, wh
the maximum upward vertical velocity is not at the instant
takeoff, but at a short time before takeoff.16,17

e–f: The ground reaction force drops below body weig
and so the resultant force on the jumper and the accelera
of the jumper’s c.m. are negative. The jumper’s c.m. is s
moving upwards, but it has started to slow due to the eff
of gravity.

f: Point f is the instant of takeoff, where the ground rea
tion force first becomes zero. Note that the c.m. is highe
takeoff than at the start of the jump because the jumper
extended the ankle joints.~The jumper is standing on tip
toe!.

f–g: The only force acting on the jumper is the jumpe
weight and so the jumper is a projectile in free flight. T
region f–g marks the ascent of the flight phase, where
jumper’s c.m. is moving upward but slowing down due to t
effect of gravity.

g: Pointg marks the peak of the jump, where the jumpe
c.m. is momentarily at rest.

g–h: This is the descent of the flight phase, where
jumper’s c.m. is moving downward~velocity is negative! and
speed is increasing.

h: Point h is the instant of landing, where the feet fir
contact the ground. The ground reaction force shows a s
‘‘impact peak’’ and eventually becomes equal to body weig
when the jumper is again standing motionless on the fo
platform ~not shown!.

In an article over 30 years ago inAmerical Journal of
Physics, Offenbacher18 presented curves obtained b
Gerrish19 of force, velocity, height, and power as a functio
of time in a vertical jump. Offenbacher did not discuss the
curves or indicate that he had made use of them in his
dergraduate classes. Instead he merely stated that ‘‘the re
may find it interesting to analyze these curves in deta
~How very true!! In Gerrish’s study, the height of the c.m. o
the jumper was obtained from a cinematographic analy
rather than from the force platform data.

a!Electronic mail: nick.linthorne@cchs.usyd.edu.au
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