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Abstract

Vertical jump height measures our ability to oppose gravity and lower body neuromuscular function in athletes and various
clinical populations. Vertical jump tests are principally simple, time-efficient, and extensively used for assessing athletes
and generally in sport science research. Using the force platform for jump height estimates is increasingly popular owing
to technological advancements and its relative ease of use in diverse settings. However, ground reaction force data can be
analyzed in multiple ways to estimate jump height, leading to distinct outcome values from the same jump. In the literature,
four equations have been commonly described for estimating jump height using the force platform, where jump height can
vary by up to ~ 15 cm when these equations are used on the same jump. There are advantages and disadvantages to each
of the equations according to the intended use. Considerations of (i) the jump type, (ii) the reason for testing, and (iii) the
definition of jump height should ideally determine which equation to apply. The different jump height equations can lead
to confusion and inappropriate comparisons of jump heights. Considering the popularity of reporting jump height results,
both in the literature and in practice, there is a significant need to understand how the different mathematical approaches
influence jump height. This review aims to investigate how different equations affect the assessment of jump height using
force platforms across various jump types, such as countermovement jumps, squat jumps, drop jumps, and loaded jumps.

extremities, and the vertical jump test is the generic test
most frequently used for this purpose [16, 22, 39, 44, 52,
55,71, 72, 87, 102, 104]. The height we can jump from
the ground indicates our ability to oppose gravity [11, 89],
which explains why the maximal vertical jump is one of the
most popular tests for assessing general motor ability and
movement performance [1, 5, 12, 15, 19, 21, 44, 45,71, 76,
87, 89, 93]. However, to exemplify, in the context of soccer,
mean jump heights between similar populations have been
reported to vary by ~ 17 cm [40, 101], which far exceeds
what could be attributed to variances in movement perfor-
mance within the same sport. It is important to note that
these discrepancies may arise from methodological differ-
ences in the studies conducted. Indeed, obtaining a correct
measure of jump height is not a straightforward task [102].

1 Background

Maximal vertical jump height is a common metric used
to evaluate the neuromuscular capacity of the lower
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According to the laws of Newtonian physics, vertical
jump height is determined by the elevation of the center of
mass (CoM). Jump height can, therefore, be estimated by
tracking the displacement of the CoM throughout a jump,
which is exemplified as a countermovement jump (CMJ) in
Fig. 1 [24, 61,71, 87].
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Using a force platform, jump height estimations can vary
by ~15 cm depending on the equations applied. Four
equations are commonly used: two define jump height
from take-off, and two from standing.

Jump height estimated from take-off with the take-off
velocity (ToV) equation suits both within- and between-
athlete comparisons during unloaded jumps. Deriving
jump height from take-off using the flight time (FT)
equation is suitable for within-athlete comparisons and
recommended for loaded jumps but requires athletes to
land with extended legs for accurate measurements.

Deriving jump height from standing using the take-off
velocity plus displacement (ToV+D) or the displacement
(DIS) equation is more representative of an athletic set-
ting, but errors may arise due to integration drift. These
approaches are less suitable for squat jumps. If imple-
menting backward integration, athletes must remain still
after landing.

Jump height measurements should not be compared
between studies or testing facilities without considering
the context of the methodology applied.

To date, three-dimensional (3D) motion capture systems
provide the most direct estimates of CoM kinematics [24,
71, 87]. However, the equipment needed for these measures
poses significant environmental constraints, especially for
in-field testing of athletes—because they are time-consum-
ing and require expensive equipment and analytical exper-
tise [73, 92, 104]. For these reasons, other, simpler meth-
ods to calculate jump height have been developed, such as
force platforms [60, 63], contact mats [14], photoelectric
cells [32], linear position transducers [21], and smartphone
(video/accelerometer) applications [5, 28]. These methods
have been developed in addition to even simpler measure-
ments, such as the Sargent test [55, 74, 89]. In their sys-
tematic review, Xu et al. [102] concluded that, of all the
equipment available for jump height calculations, the force
platform is the most appropriate for estimating jump height,
as it eliminates some of the errors associated with both the
direct and indirect methods listed above. Indeed, the force
platform is increasingly popular for jump assessments as
it is the only technology that allows direct kinetic analy-
sis of a jump [8, 56, 60, 61, 63]. Moreover, force platform
systems are steadily becoming more accessible for testing
athletes. They are no longer restricted to the laboratory but
exist in portable and more affordable versions, including
software that provides instant results. In fact, these trends are

mirrored in the literature by a growing number of publica-
tions related to the implementation of the force platform for
jump assessments in field settings [6, 9, 17, 29, 30, 34, 35,
48, 53, 63-66, 82, 85, 100, 102].

A force plate is a device that typically measures the 3D
ground reaction forces (GRFs), with the vertical component
being the most commonly applied in jump-related research
(Fig. 2) [60]. The laws of mechanics allow the vertical GRFs
to be used to calculate jump height, but different mathemati-
cal approaches can be applied [56, 63, 102, 104].

1.1 Governing Equations

The fundamental understanding of a jump lies in Newton’s
second law of motion,

IF = ma, (1)

which states that the sum of forces acting on an object’s
CoM, XF, is equal to its mass, m, multiplied by its accelera-
tion, a. Bold font is here used to indicate a vector quantity.
The net acceleration of the CoM from Eq. (1) is

dv
a= o 2)

with v from Eq. (2) being the velocity of the CoM,

ds
V= ot 3)

where ¢ is time, and s is the displacement of the CoM. Com-

bining Egs. (1) and (2), and integrating from the initial, i, to
the final, f, state with respect to the movement of interest,
yields the impulse—-momentum theorem,

I
/t XFdt = mv; — my,. 4)

i

A B C D E F

Fig.1 A sketch of a countermovement jump (CMJ). A Initial stand-
ing still prior to the CMJ. B Countermovement (unloading/braking).
C Take-off instant. D Apex of the flight phase. E Landing instant. F
Landed after the CMJ. See phase definitions in Refs. [36, 63]. Gray-
filled circles represent a graphical estimation of the center of mass
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Fig.2 The vertical ground reaction forces (N) measured by a force
platform (not depicted) are plotted as the blue solid line against time
(s) during a countermovement jump (CMIJ). The stick figures repre-
sent the time-synchronized movement of a person during the CMJ on
the ground (depicted as the dashed gray line)

The impulse—momentum theorem describes how the accu-
mulation of force over time (impulse) creates changes in
momentum (mass multiplied by velocity), which is funda-
mental for athletic movements such as vertical jumping. The
following sections explain the rationale for applying the
impulse—-momentum theorem for jump height calculations.

The mechanical energy during a jump is the combination
of potential and kinetic energy. Lifting the CoM a vertical
distance implies an increase in the potential energy. Potential
energy represents the energy due to the position of the CoM
in a gravitational field, and the value at the start of the jump
is typically chosen as the reference (zero) point for potential
energy. Note that the reference point for potential energy can
be defined arbitrarily and may vary depending on the con-
text and analyses being performed. In jumping, the reference
point for potential energy is often either the participant’s
CoM position while standing still or at the take-off posi-
tion, i.e., the heel-rise makes the difference (Fig. 1). Jump
height can thus be defined relative to standing (JHngin,) OF
relative to take-off (JH,..+), depending on the reference
point applied.

The velocity of the CoM determines the kinetic energy.
Since mechanical energy is assumed to be conserved
throughout the flight phase, the sum of the potential and
kinetic energy is constant,

1
mgz + Emw2 = constant, 5)
where z is the vertical coordinate of the CoM, w is the verti-

cal velocity component of the CoM, and g is the gravita-
tional acceleration.

1.2 Jump Height from Take-Off Velocity

JH, ot can be estimated from the take-off velocity by
assessment of Eq. (5). During a jump, the CoM moves
upward against gravity. After take-off, gravity gradually
slows the upward movement until the CoM reaches its high-
est point of the jump (the apex). At the apex, the vertical
kinetic energy of the CoM is zero. This is because the CoM
has momentarily stopped moving upwards, and the gravi-
tational potential energy is at its maximum since the CoM
has reached its highest position with respect to the refer-
ence point. As the CoM descends, potential energy is con-
verted back to kinetic energy. In other words, the mechani-
cal energy remains constant throughout the jump (Eq. (5)).
So, to jump as high as possible, the aim will be to increase
the velocity of the CoM at take-off. Defining the take-off
as point C, the apex as point D (see definitions in Fig. 1),
and the difference in the vertical displacement of the CoM
between points C and D as &, Eq. (5) simplifies to

2

we. = wi +2g(zp — 2¢)- (6)

Defining the jump height as & = z;, — z,, and solving for
JH, eor» yields

h= 7

)
o |Q§N

For the purpose of this review, Eq. (7) will be referred to
as the take-off velocity method (ToV). To estimate JH, .«
from Eq. (7), w, must be determined from Eq. (4). For con-
venience, the force is integrated from a state where velocity
is zero (e.g., during quiet standing), thus eliminating the
last term of Eq. (4). The assumption of zero initial velocity
is presumably satisfied when performing the CMJ or the
squat jump (SJ) because the participant starts from a quiet
standing (CMJ) or squat (SJ) position. When performing a
drop jump (DJ), the initial velocity is not zero, as the per-
son drops off a box prior to contact with the force plate. If
the drop height is known, the initial velocity can be esti-
mated using Eq. (5). One way of estimating drop height is to
simply use box height as a measure of drop height (dashed
blue line in Fig. 3) [4, 7, 9, 47, 50, 57, 65, 77]. However,
owing to changes in posture (and CoM) during descent, the
drop height is not easily approximated by the height of the
box [12, 50, 65]. If the box from which the person drops
is located on a second force platform (force platform 1 in
Fig. 3), the touchdown velocity can be determined analo-
gously to the take-off velocity by using the impulse-momen-
tum theorem (Eq. (5)) [4, 46, 65].

The double force platform method is usually set as a cri-
terion for DJ analyses because obtaining GRF-time data of
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the jumper prior to the drop (yellow line in Fig. 3) allows for
a more accurate estimate of touchdown velocity (Eq. (4)),
compared with estimating touchdown velocity on the basis
of the box height. With the double force platform procedure,
the actual displacement of the CoM as the jumper steps off
the box is obtained by double integrating the force data from
the force platform from where the person is standing prior
to the jump (where the box is located). The displacement
of the CoM as the jumper steps off the box is then used to
obtain the initial velocity condition through Eq. (5) [4, 12,
20, 23, 65]. Such an approach is, however, practically less
feasible as it requires practitioners (and researchers) to pos-
sess two force platforms [65]. To circumvent this issue, some
researchers have reported DJ heights to be analyzed with the
initial velocity of zero taken from the end of the jump (at a
period after the landing), and from this, simply applying Eq.
(7), integrating backward to take-off [4, 46, 65, 99]. Obtain-
ing a velocity of zero at the end of the jump requires the par-
ticipants to stand still after they have landed. Alternatively,
the flight-time approach can be used (see Sect. 1.4) [4].

1.3 Jump Height from Standing

When the reference for potential energy is the standing posi-
tion, the same principles as discussed above are addressed,
although the velocity of the CoM needs to be integrated
to obtain the displacement of the CoM (Egs. (2) and (3)).
In this context, JH,,ging can be estimated as the maximum
displacement of the CoM during the jump (from standing
still to the apex of the jump; Fig. 1 from point A to point D),

E E
h=max</ / azdtdt>,
A Ja

or by finding the displacement of the CoM at take-off and
combining it with Eq. (7),

®)

GRF / Vertical CoM position
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Fig.3 Ground reaction forces (GRFs, solid black line) and verti-
cal center of mass (CoM) trajectory (shaded gray area, displacement
from standing still on the ground) plotted against time during a drop
jump. Force platform 1 measures GRFs through the box, while force
platform 2 measures GRFs during the jump and landing. The dashed
black line indicates body weight. The dashed blue line illustrates the
height of the box from which the person drops (i.e., the “box height”).
The distance between the dashed blue and yellow lines indicates the
drop in CoM height before contacting force platform 2 (i.e., the “drop

height”). The yellow line segment below the axis represents GRFs
from standing still to take-off, used with the “ToV: drop height”
method. The blue line segment represents GRFs between the time the
person lands on the force platform (after the drop) and take-off, which
is used together with box height in the “ToV: box height” method.
The purple line segment represents GRFs between take-off and stand-
ing still after landing, used with the “backward integration” method.
The green line segment represents the time in the air when no force is
measured by the force platform, used by the “flight time” method
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For the purpose of this review, Eq. (8) will be referred gtﬁ‘ .
to as the displacement method (DIS) and Eq. (9) will be ~ h = ——. (14)

referred to as the take-off velocity plus displacement method
(ToV+D). Note that Eqgs. (8) and (9) can also be calculated
by performing a backward integration, starting from the end
of the jump. Practically, this means that, for Eq. (8), integra-
tion is from point F to point A in Fig. 1, while for Eq. (9), the
integration is from point F to point E in Fig. 1. For the latter,
jump height is then defined as JHj,gie. instead of JHyeof-
It is important to mention that both backward and forward
integration can only be performed over a period where all
force information and a state condition (i.e., speed and posi-
tion) at one point are known.

The push-off distance in vertical jumping, which is
included in Egs. (8) and (9), could have performance impli-
cations, as the push-off phase is a critical aspect of the jump
technique that can significantly affect the height achieved
[10-12, 27,75, 95, 96]. Whether jump height is best deter-
mined when defined with or without the heel-rise requires
further discussion from a practical perspective and will be
elucidated later.

1.4 Flight Time Estimation

An alternative to estimating jump height from the vertical
GRFs and gravity is to measure flight time. If considering
the jumping body as an object under constant acceleration
(the gravitational acceleration) during the flight phase of the
jump, Eq. (2) implies a vertical velocity component linear
in time,

w=wy =gl (10)

The constant w, can be determined from the fact that, at the
apex, at time ¢,, the vertical velocity is momentarily zero.
Consequently, w, = gt,. Further, it follows from Eq. (3) that
the vertical displacement is parabolic in time

1
=2y + gl — zgtz. (11)

Att = t,, the difference in displacement is equal to the jump
height, z — z, = h. Consequently,
h=Lep (12)

= 2g a
Since the jump follows a parabolic path due to gravity, as
evident in Eq. (11), the time to reach the apex of the jump is
half the total flight time,

Iiight

t, = > (13)

Thus, the relation between JH,,, ..+ and the total flight time is

8

For the purpose of this review, Eq. (14) will be referred to as
the flight-time method (FT). Even though Eq. (14) can be,
and is, used to calculate JH,,, .. from force plate recordings
[1, 3, 18, 69, 71, 79, 99], it is used more frequently with
technologies such as contact mats and smartphone applica-
tions, as this method does not directly rely on the GRF-time
tracings, but simply the detection of take-off and landing
[14,71, 87,91, 102, 104].

1.5 The Four Different Jump Height Equations

The four equations presented above each have their specific
inputs that are required to estimate jump height from the
GRF-time tracings. How well these inputs can be satisfied
depends on the jump modality tested. The CMJ, SJ, DJ, and
loaded jumps are examples of jump modalities widely used
in a sports context and have distinct movement characteris-
tics—which will affect how accurately each of the above-
mentioned equations estimates jump height.

An additional factor to consider is the different jump
height definitions presented in the equations above—where
ToV and FT estimate jump height relative to take-off, while
ToV+D and DIS estimate jump height relative to stand-
ing. The heel-rise is the most obvious difference between
defining jump height relative to take-off or standing. The
heel-rise is relatively consistent for each individual over
time [97]. Thus, if comparing jump height results within an
athlete over time, defining jump height relative to take-off is
a simpler and faster approach that is also less prone to errors
(drift) compared with the ToV+D and DIS methods.

However, estimating jump height relative to take-off does
not account for the work and power required to raise the
CoM from rest. During standing (point A in Fig. 1) and
at the apex of the jump (point D in Fig. 1), the body is at
rest. The lower extremity muscles will produce negative or
positive work between these positions. Thus, power will be
underestimated when jump height has been defined relative
to take-off, if power has been estimated from jump height
alone. Also, while foot length is consistent within an indi-
vidual over time, it will differ between people. Different foot
lengths imply a difference in the work and power needed
to lift the CoM from standing to toe-off. In addition, the
plantar flexion angle at take-off can influence the heel-rise.
Therefore, comparing jump height between athletes using
ToV or FT does not account for the differences in heel-rise
and, therefore, the increased work and power needed to lift
the CoM from standing to take-off.
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1.6 Summary

The scientific literature conveys that the impulse-momen-
tum theorem (Eqs. (4), (8), (9)) provides better validity and
reliability of jump height estimations, compared with the
flight-time approach (Eq. (14)) [4, 13, 18, 26, 33, 40, 41, 48,
49, 51, 54-56, 58, 62, 69, 78, 82, 84, 85, 94, 98, 99, 102,
103]. Nevertheless, both the impulse-momentum equations
and the flight-time approach are used in practice with force
platforms. Indeed, it remains unexplored how the different
jump height equations, reported in the literature and used
in practice, are best suited for jump height calculations for
several of the common jump modalities, such as the CMJ,
SJ, DJ, and loaded jumps.

Researchers have attempted to provide some guidelines
regarding which equation is best suited for jump height calcu-
lations using force platforms. From these studies, differences
in jump height estimations in the range of 0.6—15 cm have been
reported when applying different equations on the same jump
[1, 4, 18, 42, 50, 67, 69, 79, 80, 86, 97, 99, 103], highlight-
ing how the equations presented above cannot be used inter-
changeably. Still, there seems to be an inconsistency between
the equations recommended by researchers and the equations
most frequently used, both in research and in practice. The
observed discrepancies may stem from guidelines that are
either too vague, suggesting widely different approaches, or
neglecting the practical context, which makes it challenging
to determine the appropriate jump height equation for differ-
ent settings using the force platform. We understand that, in
real-world scenarios, choosing the preferred equations can be
challenging or even impossible owing to the use of proprietary
software. However, we aim to educate practitioners so that they
consider this factor when procuring new equipment.

The aim of this review is to explore how the choice of
different equations affects the estimated jump height using
force platforms to assess CMJ, SJ, DJ, and loaded jumps.
While we acknowledge that GRF signal processing also
influences jump height estimates using force platforms [8,
25,37, 49, 68, 81, 83, 86, 88, 90, 94, 98], this review solely
addresses the equations used to calculate jump height. By
examining the expected differences in jump height and the
underlying reasons that arise from using distinct mathemati-
cal approaches for force-platform-based jump height assess-
ments, this review provides insights that can inform practi-
tioners and researchers on optimizing their approach to jump
height evaluations using the force platform.

2 Methods

A literature search was conducted between April 2021 and
May 2024 in PubMed, SPORTDiscus, and Web of Science.

In PubMed, the following search was conducted: ("ver-
tical jump*" OR "squat jump*" OR "countermovement
jump*" OR "drop jump*" OR "jump height*") AND
("force plate*" OR "force platform*" OR "biomechani-
cal phenomena"[mesh] OR "ground reaction force*")
AND (velocity OR filter* OR "body weight"[mesh]
OR "flight time*" OR movement/physiology[mesh] OR
motion[mesh] OR exercise test/methods[mesh] OR move-
ment/physiology[mesh]) NOT (phone OR app OR device*
OR photocell* OR ACL OR inertial*).

In Web of Science and SPORTDiscus, the following
search was conducted: "vertical jump*" OR "squat jump*"
OR "countermovement jump*" OR "drop jump*" OR "jump
height*"AND "force plate*" OR "force platform*" OR “bio-
mechanical phenomena” OR "ground reaction force*" AND
velocity OR filter* OR "body weight" OR "flight time*" OR
movement OR motion OR "exercise test*" NOT phone OR
app OR device* OR photocell* OR ACL OR inertial*.

The inclusion criteria were: (i) using the force platform
for jump height calculations; (ii) comparing at least two of
the four included jump height equations: Egs. (7), (8), (9),
or (14); (iii) the equation used to calculate jump height was
described; (iv) comparisons between the equations were
based on force platform recordings (but the criterion could
be obtained from 3D motion capture); (v) the participants
were healthy and had no reported disabilities; (vi) the papers
were peer-reviewed; (vii) the papers were original empirical
studies, and (viii) the papers were written in English. Studies
where equipment such as contact mats were placed on top of
the force platform were excluded.

3 Results
3.1 Literature Search

The search from the three databases retrieved a total of 2528
results. After removing duplicates between databases, 1568
peer-reviewed articles were obtained. First, papers were
screened by title, excluding papers that clearly addressed
issues such as training interventions, muscle activity, coordi-
nation patterns, attentional focus on jump height outcomes,
etc. After these exclusions, 82 papers were included for fur-
ther analyses.

The abstracts were carefully read, and 41 articles were
excluded at this stage as they did not provide any direct com-
parisons in jump height when calculated with different equa-
tions using force platforms. The remaining 41 papers were
thoroughly read. Two additional papers were retrieved from
the reference lists at this stage. Of the remaining 43 papers,
16 papers addressed different equations for jump height cal-
culations using the force platform and were included in the
present review (Fig. 4).
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Fig.4 Literature search flowchart

3.2 Quality Grading

The quality grading system used in this study was adapted
and modified from Xu et al. [102] for the purpose of this
review. Each paper was graded using five criteria on a scale
from 0 to 2 (0 = no, 1 = maybe/unclear, 2 = yes). Thus, each
paper’s maximum score was 10 (Table 1). We considered
0-3 points as low quality, 3—6 points as moderate quality,
and 7-10 as high quality. Only papers with scores of 7-10
were included in this review (Table 2).

3.3 Grouping Equations

Most of the included studies applied different names for the
same equation. Thus, for the purpose of this review, these
equations have been divided into groups to make the com-
parisons more understandable. These groups are as follows:

FT: flight-time (Eq. (14))

ToV: take-off velocity (Eq. (7))

ToV+D: take-off velocity + the displacement of the CoM
until take-off (Eq. (9))

Table 1 Quality grading system

Criteria no. Item Score
1 Participants described appropriately (age, sex, height, weight, training) 0-2
2 Procedures described (equations, equipment, jump modality) 0-2
3 Results detailed (mean, standard deviation, or absolute jump height) 0-2
4 Appropriate statistics (reliability and/or significant differences) 0-2
5 Conclusion insightful (clear, practical application, future directions) 0-2
Total 0-10




2778

|. Eythorsdottir et al.

DIS: maximum displacement of the CoM via double inte-
gration of the vertical GRFs (Eq. (8))

3.4 Study Characteristics

Of the 16 papers included in this review which
addressed whether the flight-time (Eq. (14)) or various
impulse-momentum equations (Egs. (7) to (9)) should
be applied to calculate jump height, 10 papers analyzed
unloaded CMJs, 1 analyzed loaded CMIJs, 1 analyzed
unloaded SJs, 1 analyzed loaded SJs and 2 papers analyzed
DJs. Two additional papers analyzed DJ heights using single
versus two force platforms. Of the 16 papers, 1 addressed
differences in jump height performed with or without arm
swings. For the remaining papers, jumps were performed
with arms on the hip (Table 3).

3.5 Agreement between Equations

FT has been observed to overestimate JH, .., compared
with ToV by on average 2-6%, for unloaded CMIJs, SJs, and
DJs. For loaded jumps, FT has been observed to underesti-
mate JH,,, .. by 1-21%, for CMJs and SJs. Compared with
ToV+D and DIS, FT and ToV have been observed to under-
estimate JH,qin, by ON average 26-45%, for unloaded CMJs
and SJs (Table 3).

For DJs, the single force platform methods have been
observed to over- and underestimate jump height by 4% and
3%, respectively (Table 3).

3.6 Reliability between Equations

On average across all papers, FT demonstrated better within-
and between-session reliability compared with ToV and
ToV+D (Table 4).

4 Discussion

This review aims to demonstrate the effect of different equa-
tions on estimating jump height derived from CMlJs, SJs,
DJs, and loaded jumps using force platform data.

No consensus exists on which equation is best suited
for jump height calculations using the force platform. As
Table 3 shows, some studies have recommended one equa-
tion over the other, but no consistency was found. There
are several equations to calculate jump height, each with
advantages and disadvantages based on different assump-
tions and definitions, leading to confusion and inappropriate
comparisons.

4.1 Flight-Time or Take-Off Velocity?

Defining jump height as the vertical displacement of the
CoM from take-off to the highest position of the CoM when
in the air (from point C to point D in Fig. 1) [14, 102, 104]
allows for the use of both FT and ToV for JH,, .4 esti-
mations. While ignoring pre-take-off CoM displacement
(heel-rise), these equations raise questions of validity and
reliability.

Table 2 Results of quality

erading scoring References Criteria no.
1 2 3 4 5 Total
Kibele [49] 2 2 2 2 1 9
Baca [4] 2 2 1 1 2 8
Aragén-Vargas [1] 2 2 2 2 2 10
Moir [69] 2 2 2 1 2 9
Pérez-Castilla et al. [80] 2 2 2 2 2 10
Heishman et al. [42] 2 2 1 1 2 8
Pérez-Castilla and Garcia-Ramos 2 2 2 2 2 10
[79]
Wank and Coenning [99] 2 1 1 2 1 7
Chiu and Dzhlin [18] 2 1 2 1 1 7
Wade et al. [97] 2 2 2 2 2 10
Yamashita et al. [103] 2 2 2 2 2 10
Jgrgensen et al. [46] 2 2 2 2 1 9
McMahon et al. [65] 2 2 2 1 2 9
Merrigan et al. [67] 2 2 2 2 2 10
Pinto and Callaghan [86] 2 2 2 2 2 10
Wade et al. [98] 2 2 1 2 2 9
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Table 3 Absolute differences in jump height between equations using force platforms, and the corresponding authors’ recommendations on

which equation to use

Study Jump types Equations Jump height (cm) Recommendations
Kibele [49] CMJ FT 308 +7.5 FT =ToV
ToV 302+£72
Aragoén-Vargas [1] CMJ FT 402 +£6.7 FT
ToV 36.1 £6.6
Moir [69] CMJ Men Women ToV
FT 358 +£5.9 21.6 £4.6
ToV 348 £5.6 20.7 £ 4.6
ToV+D 46.7+5.6 30.7 £ 4.7
Heishman et al.* [42] CMJ With arms Without arms With arms: FT; Without arms: FT = ToV
FT 439+0.3 36.4+0.6
ToV 445+24 358+0.6
Yamashita et al. [103] CMJ FT 42.1 £ 8.1 42.1 + 8.1 ToV
ToV 39.6+74 39.6+74
Merrigan et al. [67] CMJ FT 273+ 6.4 273 +64 No clear recommendations
ToV 26.0+6.4 260+ 64
Pérez-Castilla et al.® [79] Loaded CMIJs FT Free weights Smith machine Free weights: FT = ToV; Smith machine: FT
17 kg 253+34 26.0+3.5
30 kg 20.7 +2.8 21.1£35
45 kg 159 +2.6 16.1 +3.0
60 kg 109 +2.3 11.1+29
75 kg 8.6+25 9.0+26
ToV Free weights Smith machine
17 kg 249+3.1 255+34
30 kg 20.8 +2.7 220+3.2
45 kg 16.0+2.2 16.5+3.0
60 kg 10.9 +2.0 11.0+2.7
75 kg 9.0+22 9.6 +28
Pérez-Castilla et al.® [80] Loaded SJs FT Free weights Smith machine Free weights: FT = ToV; Smith machine: FT
17 kg 21.8+£3.7 21.4+3.8
30 kg 174 +3.5 173 +£3.2
45 kg 134 +£25 13.0+32
60 kg 9.0+2.6 8.6+28
75 kg 72+26 6.6 +2.6
ToV Free weights Smith machine Free weights: FT = ToV; Smith machine: FT
17 kg 219 +39 2277+3.8
30 kg 18.0+3.4 19.6 +3.3
45 kg 139+3.2 162 +3.6
60 kg 95+33 124 +£3.2
75 kg 8.1+29 10.7 £ 3.1
Wade et al. [97] SJ FT Equations not using the force platform
CMJ CMJ 323+13
ToV
CMJ 31.3+£1.1
SJ 28.1+1.4
ToV+D
CMJ 432+15
SJ 270+74
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Table 3 (continued)

Study Jump types Equations Jump height (cm) Recommendations
Pinto and Callaghan [86] CMJ ToV 29.6 £ 6.1 ToV+D
ToV+D 417+ 6.0
Wank and Coenning® [99] CMJ FT DIS
SJ CMJ 438 +£6.1
DI SJ 385+6.1
DJ 38.1+5.7
ToV
CMJ 412+55
SJ 364 +54
DJ 359+42
DIS
CMJ 57.8 +6.6
SJ 509+75
DJ 49.6 £5.7
Chiu and Dahlin [18] CMJ FT 309+94 ToV+D
ToV 29.8 +8.9
ToV+D 420+94
DIS 432+15
Wade et al. [98] CMJ Submaximal Maximal
ToV+D 304 +5.0 38.7+6.3 ToV+D,, =ToV+D
ToV+D, 30.5+5.2 389+6.3
FT 20.7+5.3 28.7+6.8
Baca® [4] DJ FT 339+6.38 339+638 ToVy,
ToVyg, 326 £2.3 326 £23
ToV, 326 £43 326 £43
ToVy 33.9+139 33.9+13.9
Jgrgensen et al. [46] DI ToVy, 33.0+6.0 33.0+6.0 ToV,g,
ToV, 320+£6.0 320+£6.0
McMabhon et al. [65] DJ ToVyg, 28.0+6.0 28.0+6.0 ToV,,, =ToVy,
ToV,, 28.0+6.0 28.0£6.0

CMJ countermovement jump, SJ squat jump, DJ drop jump, FT flight-time (Eq. (13)), ToV take-oft velocity (Eq. (6)), ToV+D take-off velocity +
displacement of the center of mass (CoM) at take-off (Eq. (8)), DIS maximum displacement of the CoM (Eq. (7)). For DJs: To Voo Eq. 6 applying
the double force platform (,4,) method, 7oV), Eq. 6 applying a backward integration (;,) approach, ToV,,,, Eq. 6 applying a proposed method (;,y,),
ToV,, Eq. 6 applying the touchdown () velocity as the initial velocity. Please see Sect. 4.2 for further details on the DJ equations. In Wade et al.,
ToV + D is their forward integration method, while ToV + D represents their backward integration procedure, where , denotes backward

4The standard deviation (SD) was calculated on the basis of the typical error (TE) presented by the authors by rearranging the equation they pre-
sented to calculate the TE (STDE)

Only data from the second session are presented

“The results were extracted using WebPlotDigitizer, version 4.6.0. The absolute values presented in Ref. [4] were calculated from the percentage
difference from the reference value

FT tends to overestimate JH,,..¢ relative to ToV by,

on average, 0.6—4.1 cm across studies (Table 3). The sys-
tematic overestimation stems from the assumptions that
lie in the FT equation itself. When using the time in the
air to calculate JH,,..q it is assumed that the ascend time
is equal to the descend time, as evident in Eq. (11) [102].
This assumption rarely holds true as participants are likely
to bend their legs slightly while in the air, which extends
the descend and artificially increases flight time and, thus,

JH ko (When calculated from Eq. (14)) [1, 4, 18, 50, 69,
86, 97-99, 102-104].

The joint bending phenomenon has been proposed to be
an unconscious preparation for the large landing forces, with
some clear individual differences [4, 49, 98, 103]. Instruc-
tions to maintain leg extension upon landing can mitigate
this effect [5, 79, 80], but on the downside, instructions
on how to land may compromise the push-off and result
in submaximal jump heights [4, 103]. Therefore, some
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= s Sl g, investigators/coaches may be unwilling to instruct their par-
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E & 9 Q ®E ; are interested in maximum jump height. Indeed, only one of
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SIS T Lo| B .. : - . . :
§ 9 % PE g giving their participants specific landing instructions [103].
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o= 5 ETC| 8 whether jump height (performance) per se affects the landing
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< B3 5 e g technique, but Haug et al. [38] observed a clear difference
o9 e Lg in the height of the CoM at take-off in nonathletes, short
! Bl g E § § © track speed skaters, and weightlifters. The weightlifters that
2 [(CR=ZZ0 ¥ g jumped the highest had about 3 cm less elevation of the CoM
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M - 5 be due to a more premature take-off [11] and less lower-body
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g joint extension in the weightlifters who reached more than
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g © 20% higher peak velocity of the CoM during the push-off.
g > % With a similar landing (slightly bent legs), the FT might give
M = = more or less valid results for the two groups.
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é & % From Table 4, it seems that the reliability measures are
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S (ToV shows 0.3-9.3% larger coefficient of variation (CV)—
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s 2 = y takeoff
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The CV (a normal measure of reliability) is, however, not
only determined by error in the calculation procedures. The
CV will also be affected by biological variation and error
attributed to poor test execution (e.g., test instructions). The
biological variation should be the same for FT and ToV but
can be larger for FT if the athletes are not used to jumping.
FT also relies on using the most exact test instructions, since
FT is affected by the landing technique. Nonetheless, similar
take-off and landing strategies cannot be guaranteed even
for the same individual, especially if jumps with different
external loads are used. Fatigue and recovery status may also
affect both jumping and landing strategies [31, 43], and this
should be considered when testing the same individual at
multiple time points, e.g., during an athlete’s season.

Overall, ToV is used more than FT when calculating
jump height using the force platform, especially in research
settings [9, 22, 34, 35,3941, 47, 52, 55, 57, 64, 66, 85, 88].
It is not clear whether this is due to tradition and the belief
that the ToV is superior to FT, or if it reflects that ToV is
truly better than FT. To ensure both validity and reliability,
reporting both ToV and FT could be good practice if a force
plate is used.

4.1.2 What about Loaded Jumps?

Consistent with unloaded jumps, investigations of loaded
CMIJs and SJs indicate that FT might offer more reliable
measurements than ToV (Table 4). Following these lines,
Pérez-Castilla et al. [79, 80] concluded that FT provided
more reliable measures of Smith-machine-loaded CMJs and
SJs than ToV (Tables 3 and 4).

The constrained movement path of the Smith machine
likely contributes to the increased reliability by standard-
izing the jump technique, thus reducing the intrinsic errors
associated with FT discussed above. However, Pérez-Castilla
et al. [79, 80] discussed how frictional forces from the linear
bearings of the Smith machine increase the propulsion time
and thereby artificially increase the net vertical impulse of
SJs. This results in overestimated JH,,,..4 When estimated
by ToV compared with FT, an effect that may become more
pronounced with heavier loads (Table 3). Interestingly,
the proposed friction effect was not observed for Smith-
machine-loaded CMJs, where the static friction probably is
overcome during the countermovement phase. We would,
however, suggest that the friction effect may vary between
equipment, and care should be taken when comparing jump
heights between Smith machines.

For free-weight barbell jumps, FT and ToV demon-
strated similar JH, .. and reliability for both SJs and CMJs
(Tables 3 and 4; [79, 80]). Landing technique instructions
could have influenced these outcomes [80]. However, Lind-
berg et al. [54] demonstrated FT to overestimate loaded
JH eort» compared with ToV, even when clear landing

instructions were given. The discrepancies in these findings
suggest that calculation protocols and athlete performance
levels, which differed in these studies, may also affect jump
height estimations.

In conjunction with Pérez-Castilla et al. [79, 80],
Lindberg et al. [54] reported that FT demonstrated bet-
ter between-session reliability compared with ToV, dur-
ing loaded jumps (additional data were provided by the
authors). Lindberg et al. [54] highlighted potential difficul-
ties in detecting jump phases that are required when using
ToV owing to noisy GRF-time data, especially for loaded
SJs. Therefore, both Pérez-Castilla et al. [79, 80] and Lind-
berg et al. [54] recommended choosing FT over ToV when
assessing JH,,; .. from loaded CMIJs and SJs, both in a
Smith machine and when using free weights.

It should be recognized that adding external loads to a
jumper results in a system (body plus additional load) with
a higher CoM position than an unloaded body. Equivalent
joint positions and movements will thus result in greater
sagittal plane excursion of the CoM with heavier loads.
This may alter the neuromuscular demands of jumping and
require different jump strategies at light and heavy loads.
Most prominently, jumping with external loads increases
the relative hip joint contribution and reduces the knee joint
contribution [70]. External loads will also slow the push-
off movement and allow for more complete extension of
the ankle, knee, and hip joints at take-off [11]. The more
extended position in the take-off might facilitate a more
extended position in the landing, especially considering the
short flight time, which may explain why the FT method is
more appropriate for loaded jumps. The kinematics of land-
ing from maximal CMJs and SJs warrants investigation to
support this point.

4.2 Including the Heel-Rise

While practitioners and researchers might consider FT or
ToV to be satisfactory for jump height calculations, others
have stated that jump height is affected by both the velocity
and the position of the CoM at take-off, as simply estimating
jump height from toe-off neglects the change in CoM posi-
tion between standing and take-off (i.e., heel-rise; point A
to Cin Fig. 1) [18, 69, 99, 102, 104].

Both FT and ToV give lower jump heights compared with
ToV+D and DIS by up to ~ 15 cm (Table 3), because they
neglect the displacement of the CoM prior to take-off. In the
studies where ToV+D or DIS were recommended over ToV
or FT (Table 3; [18, 86, 99]), the conclusions were based on
the fact that ToV+D or DIS provided JH,pgin, values closer
in magnitude to a 3D motion capture criterion, i.e., the dif-
ference in CoM position taken from standing until the apex
of the jump (from point A to point D in Fig. 1).
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With regard to the FT approach, Wade et al. [97] pro-
posed a method to improve the FT equation for calculat-
ing JH,4ing> Where an anthropometrically scaled constant
accounting for the heel-rise was used. However, even when
accounting for the heel-rise, there may be inconsistent land-
ing techniques, which would influence the FT values [98].

The fact that ToV+D and DIS provide higher jump
heights than ToV or FT does not indicate that these equa-
tions are better for jump height estimations. ToV+D and DIS
are simply defining jump height differently; i.e., ToV+D and
DIS account for the heel-rise prior to take-off, while ToV
and FT do not [102, 104]. Which one of these jump height
definitions is the “correct” one remains debatable. Perhaps
including heel-rise could better represent the specific bio-
mechanics of the jump and might be useful when there is
an interest in jumping mechanisms [10, 11]. Notably, the
work done on the CoM, from standing to the apex of the
jump (between points A and D in Fig. 1), is only captured by
ToV+D and DIS. Not including heel-rise will fail to account
for the work required to raise the CoM higher for an athlete
with larger feet than someone with smaller feet. Perhaps
most importantly, ToV+D and DIS represent the absolute
displacement of the CoM over the ground and are, thus,
more representative of how high an athlete can jump; e.g.,
imagine two basketball players dueling to reach the ball in
the air. In contrast, the ToV or FT represents a displacement
of the CoM from an unknown take-off point, which can vary
between individuals [38, 103].

Nevertheless, not including heel-rise for jump height cal-
culations is a more straightforward approach that provides a
simpler estimation of jump height and should be sufficient
in a sporting context [102], if comparing jump height results
within an athlete over time. Moreover, from a technical per-
spective, the fact that ToV+D and DIS require double inte-
gration of the GRF-time data renders them more prone to
integration drifts, and thus, they might not be suitable in all
instances.

4.2.1 Integration Drifts

For JHnging» DIS has only been recommended when not
compared with ToV+D (Table 3). In the one study com-
paring ToV+D and DIS, even though both equations pro-
vided JHgy,,4in, €stimates closer to a 3D motion criterion
(compared with JH,,;..), Chiu and Dahlin [18] recom-
mended ToV+D over DIS owing to larger random errors
observed for the latter. The larger random error observed
for DIS compared with ToV+D was suggested to mirror
the integration of the force—time signal in the flight phase
of the jump. Ideally, the force platform would register zero
force during the flight phase, but drift in raw force signals
can introduce nonzero readings, impacting the double inte-

gration necessary when using DIS for JH,, g, €Stimations

[18]. One suggestion is to subtract the force data extracted
during the flight phase from the total GRF-time data to
achieve a near-zero GRF—time signal for the flight phase.
However, even with a zero force trace during the flight
phase, the time required for integration in ToV+D and
DIS will result in integration drifts. While it is possible to
control for drift, this is not practical for in-field applica-
tions. Moreover, drift is mainly a concern if users intend to
process the GRF-time data themselves, using tools such as
Excel or coding languages. For some proprietary software,
users cannot account for drift. Nevertheless, both practi-
tioners and researchers should consider this point when
interpreting jump height results obtained from ToV+D
and DIS.

Chiu and Dehlin [18] analyzed CMIJs and suggested
that ToV+D and DIS were not suited for estimating SJ or
DJ heights. Wade et al. [97] observed how ToV+D pro-
vided accurate JHg,, 4, estimates for the CMJ, although
they advised against using this equation for SJ height cal-
culations, owing to larger integration drift risks (integrat-
ing the GRFs from the upraised standing position, through
the squat position (held for 1-2 s)—increasing integration
time). Indeed, Wade et al. [97] reported how double inte-
gration of the force data resulted in clear errors in jump
height and negative values for heel-lift, which has not been
reported in other studies or by methods not including the
force data. Conversely, Wank and Coenning [99] recom-
mended DIS over ToV and FT for SJ height estimates
(Table 3), which was based on the fact that DIS provided
SJ heights closer in magnitude to a 3D motion criterion.
A clear difference between the studies by Wade et al. [97]
and Wank and Coenning [99] is how the latter started inte-
gration from the end of the jump (performing a backward
integration procedure), while Wade et al. [97] started inte-
gration from the beginning of the jump. Indeed, backward
integration could offset the limitations mentioned by Wade
et al. [97], as it would require a shorter integration time
for SJ height calculations since the squat position is not
held after landing. However, a major limitation of using
backward integration procedures is the time required to
achieve a standing still position, especially for inexpe-
rienced participants. Moreover, slight differences in the
body weight measurements from before to after the jump
could affect jump height when performed via backward
integration procedures.

4.2.2 Criterion Dependence

All studies that have recommended ToV+D or DIS over FT
or ToV have used 3D motion capture as a criterion, where
jump height has been defined from point A to point D in
Fig. 1 (JHganging)- Moir [69] did not include 3D motion
capture, where ToV+D was the criterion, resulting in
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the recommendation of ToV over both ToV+D and FT
(Table 3). Moir [69] observed that ToV+D provided little
additional information compared with ToV as the CoM dis-
placement at take-off was not significantly different between
a group of men and women, while jump height was signifi-
cantly higher in the group of men, indicating that the lat-
ter was due to differences in take-off velocity. These results
agreed with previous findings [2] but have not been sup-
ported by newer findings [18]. The question is whether we
should be concerned with the equation best suited for com-
paring jump heights both within and between participants
or which equation gives values closer to an assumed true
jump height.

4.3 Drop Jump Analyses

As described in Sect. 1.2 and illustrated in Fig. 3, four differ-
ent methods can be used to calculate DJ height using force
platforms. One of these methods requires two force plat-
forms, while the remaining three methods require a single
force platform.

On the basis of the studies presented in Table 3, the dou-
ble force platform method is generally recommended over
any of the single force platform methods for calculating
DJ heights. This is simply because the double force plat-
form method provides the most direct estimate of the initial
velocity condition (Eq. 4) required if using ToV for JH ..«
estimates.

However, it is crucial to consider the exponential increase
in the use of portable force platforms for in-field settings
[65], and that many practitioners are unlikely to possess
two force platforms [50, 65]. Furthermore, most practition-
ers rely on commercial software that does not calculate
DJ height using the double force platform method. Con-
sequently, in practical applications, any of the single force
platform methods will be employed.

When using a single force platform for DJ analysis, three
different methods can be employed: ToV estimating touch-
down velocity from box height, ToV using backward inte-
gration, or FT (Fig. 3).

4.3.1 Box Height Method

As seen in Table 3, the box height method has been advised
against for DJ analysis. The reason is that the box height
does not represent the true drop height of the participant.
Indeed, research highlights how participants tend to elevate
their CoM when dropping from low box heights (20 cm)
while lowering their CoM when dropping from higher box
heights (40-60 cm), which in turn would lead to the box
height under- (at low box heights) or overestimating (at
higher box heights) actual drop height [12, 50]. However, it
has also been reported that drop height is overestimated at

low box heights (20 cm) by up to ~ 5 cm [23]. Nonetheless,
to the best of our knowledge, all studies that have investi-
gated this phenomenon have reported how actual drop height
differs from box height by, on average, 0.7-12.5 cm, where
the absolute difference increases with higher box heights
[12, 20, 23, 50, 65]. It is noteworthy that some commercial
software, which most practitioners rely on, calculates DJ
heights by using box height as an input for estimating touch-
down velocity [9, 57]. Practitioners should be careful when
interpreting DJ results from proprietary software.

4.3.2 Backward Integration Method

The backward integration method has been reported by Baca
[4] to result in better accuracy for JH,,. .4 compared with
using the box height or FT methods [4], while Jgrgensen
et al. [46] observed how the backward integration approach,
using a single force platform, resulted in greater intraindi-
vidual variability in JH,.. compared with the reference
double force platform method.

Neither Jgrgensen et al. [46] nor Baca [4] recommended
the backward integration method for DJ analysis (for esti-
mating JH, o)

Baca [4] argued against using ToV with backward inte-
gration owing to the difficulty of having participants land
on the force platform and remaining still, leading to many
repeated trials. Baca [4] further discussed how the require-
ment to stand still after the jump could influence the jump
technique and, thus, performance.

McMahon et al. [65] suggested a proposed method where
any discrepancies between the velocity obtained from the
average final second of data recording and the estimated
touchdown velocity derived from the box height were used
as a correction factor for the latter. McMahon et al. [65]
observed that using the proposed method with a single
force platform provided equally accurate drop height and
touchdown velocity estimates, compared with the double
force platform method. Consequently, the proposed method
resulted in equally accurate JH,, .. measures when using
the corrected touchdown velocity as the initial velocity
(Table 3).

In contrast to the report by Baca [4], McMahon et al. [65]
did not encounter challenges with their participants landing
on the force platform and remaining still for the final sec-
ond of data recording. The discrepancies in these observa-
tions can be attributed to the fact that McMahon et al. [65]
instructed their participants to perform a controlled land-
ing and remain still until the end of data recording, while
Baca [4] simply instructed participants to “jump as high as
possible” (though excluding jumps where the participants
failed to land on the force platform). Jgrgensen et al. [46]
also instructed participants to reach a still position for 2 s as
fast as possible after landing. Wank and Coenning [99] also
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recommended estimating DJ heights (JH,qin) Via back-
ward integration procedures, although they did not mention
the instructions given or directly compare this approach with
other alternatives. On the basis of the experimental find-
ings, force data from the end of the jump can only be used
if participants have been instructed and are able to land on
the force platform and remain still to ensure accurate body
weight and integration procedures [59]. The achievability of
these requirements likely depends on factors such as the size
of the force platform, the height of the box from which the
person drops, the height of the jump, the experience of the
jumper, the willingness to give landing instructions when
testing maximal jump heights, etc.

4.3.3 Flight-Time Method

If the landing criterion is not met, it is interesting to note
that, in Baca [4], FT showed better agreement with the dou-
ble force platform method for DJ height (JH,,..) €stimates
compared with using the estimated touchdown velocity from
box height (Table 3). Although not recommended, FT was
considered useful when comparing trials within the same
participant or athlete [4]. Thus, if data from the end of the
jump cannot be used, FT (with its limitations highlighted in
Sect. 4.1) might be the best secondary option for DJ height
(JH,eoft) calculations using a single force platform.

5 Practical Applications

The purpose of this review is to inform researchers and prac-
titioners about the expected differences in jump height and
the reasons for these, considering the different equations
that can be chosen for jump height estimations using force
platforms.

It is strongly advised that anyone using force platforms
to estimate jump height considers which equation should be
employed in advance of their testing based on:

(1) The jump type tested
(i) The reason for testing
(iii) How one defines jump height

These points are summarized in Fig. 5, which outlines a map
of what one should consider with regard to equation choices
when estimating jump height from force platforms.

First and foremost, it is important to establish a clear
definition of jump height. While a common and simple
approach is to define jump height without accounting for
heel-rise, either by ToV or FT, incorporating the heel-rise
(via ToV+D or DIS) may be important when testing for
performance implications. Nevertheless, regardless of the

definition employed, certain technical aspects that depend
on the type of jump being tested and the purpose of the test
must be considered.

FT can be used to compare JH,,..; Within participants
for CMJs, SJs, and DJs, but it is imperative to ensure fully
extended lower limbs in the landing. This requires specific
landing instructions and experienced athletes. Owing to
individual differences in landing technique, the FT equa-
tion is generally not recommended for between-participant
comparisons. However, for loaded CMJs and SJs, FT may
be preferred over any of the impulse-momentum equations.

Access to equipment is a major factor contributing to the
equation used to assess jump height, as addressed by Xu
et al. [102]. In many cases, a force platform is not acces-
sible, and FT is the only option to calculate jump height via
contact mats or smartphones [102]. Thus, when estimating
JH, eoir from FT, the results could be more easily compared
with others [1]. The advantage of using a force plate is then
that other variables, such as maximal force, rate of force
development, and peak power, can be used to evaluate the
neuromuscular condition of an athlete [31, 43].

ToV+D has often been recommended in the literature
over ToV or FT for CMIJ height estimates, because ToV+D
includes the heel-rise, while ToV and FT do not. It is
worth noting that these recommendations stem from stud-
ies using 3D motion capture as the criterion, where jump
height has been defined as JH,,4in, (from point A to point
D in Fig. 1). DIS defines jump height closest to a jump
height definition of 3D motion capture. From an applied
sports context, it may also seem obvious to estimate jump
height as the difference of the position of the CoM from
standing until the highest point in the air (consider two
basketball players dueling to reach the ball in the air).
However, ToV+D and DIS require more data processing
than ToV or FT, where DIS requires double integration
of the GRF-time data over the longest time period com-
pared with the other equations. Double integration of the
GRF-time data can lead to drift, which increases with time
and may cause errors in JHg,qi,, estimates. In fact, this
may make DIS unsuitable in some cases, especially for SJs
if applying a forward integration procedure. Therefore, if
disregarding the jump height definition, it is not necessar-
ily clear that ToV+D and DIS are better options for jump
height estimates compared with, e.g., ToV, which is robust
for all jumping modalities.

Given that differences in jump height of up to ~ 15 cm
have been reported when accounting for the heel-rise versus
not, one cannot compare jump heights estimated by ToV or
FT with those estimated by ToV+D or DIS.

When testing DJs with a single force platform, instruc-
tions on how to land are necessary as estimating drop height
from the box height should be avoided. If planning to apply
a backward integration procedure, the participants must be
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Jump height equations using force platforms:
A guide for practitioners and researchers
.
Jump type Definition Equation
Between-
participants
FT: The participant needs to be instructed and able to land
From toe-off with legs/ankles extended.
Countermovement | Tov oV
Jump ToV+D ToV+D ToV+D & DIS: Be aware of potential integration drifts.
From standing
DIS
FT: The participant needs to be instructed and able to land
S From toe-off with legs/ankles extended.
quat ___________________________________ T _°Y_ - - | ToV &ToV+D: Be aware of potential integration drifts. For
JU mp ToV+D ToV+D backward integration, the participant needs to be
From standing instructed to remain still after landing for 1-2 seconds.
If using a single force platform:
FT: The participant needs to be instructed and able to land
From toe-off .
Drop ToV with legs/ankles extended.
ToV: Estimating drop height from box height should be
Jum P . ToV+D ToV+D. avoided in velocity estimates
From standing DIS ToV &DIS: For backward integration, the participant needs
to be instructed to remain still after landing for 1-2 seconds.
FT FT: The participant needs to be instructed and able to land
From toe-off with legs/ankles extended.
Loaded
Jump ToV+D, ToV+D,
From standin,
. DIS.

Fig.5 A map of considerations to be taken into account when choos-
ing a jump height equation using force platforms. First, one should
consider the jump modality tested. Second, one should choose the
definition of jump height that is suited to the context. Third, the
jump height equations are chosen, but the decision must account for
the reason for testing, i.e., whether the results are used for within- or

instructed to land on the force platform and come to a still
position as quickly as possible. Using the FT equation might
be the second-best option if working with a single force
platform, where the participants must then be instructed
to land with the legs extended. These points are important
for anyone analyzing DJs, as it is necessary to plan what
instructions should be given (on the basis of the equation
used) before testing. If two force platforms are available, the
double force platform method is recommended rather than
using any of the single force platform methods.

6 Conclusions

Four equations have been commonly described in the litera-
ture for jump height estimates using the force platform: FT,
ToV, ToV+D, and DIS—where the two latter methods include
the heel-rise, while the two former methods do not. ToV has
been the most recommended equation and has typically been
used as a reference equation in methodological studies for
jump height calculations. However, most of the current rec-
ommendations on which of these jump height equations to
apply do not account for factors such as different jump height

between-participants comparisons. If the equation is not presented,
it has not been recommended for the intended use. Lastly, regard-
less of the equation chosen, there are considerations that should be
accounted for, which are indicated in the Notes section. *No research
has examined the suitability of these equations for the respective
jump modality

definitions, landing instructions, ease of use in practical set-
tings, and/or data processing. We claim, however, that these
are important considerations. Which of the four equations is
best suited for jump height estimates depends on (i) the jump
modality tested, (ii) the reason for testing, and (iii) how one
defines jump height. None of the equations should be used
interchangeably, but they may be presented side by side or
as supplementary data to be used and compared with other
data. The findings from this review highlight the advantages
and disadvantages of the different jump height equations and
provide recommendations for selecting the most appropriate
equation on the basis of the specific setting.

Without the context of the method applied, jump heights
cannot be compared with those obtained by others.
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