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ABSTRACT

International Journal of Exercise Science 17(1): 660-669, 2024. Reliably determining vertical jump (V])
take-off on a force plate is crucial when identifying performance-related biomechanical factors. Therefore, the
purpose of this study was to compare several take-off thresholds (20 N, 10 N, 5 N, 1 N, five standard deviations
above an unloaded force plate (5SD), and peak residual force (PkRes) produced when the force plate was unloaded)
in terms of jump height (JH), movement time (MT), reactive strength index modified (RSImod), net impulse
(netIMP), and propulsive impulse (prIMP). Twenty-one participants performed five countermovement VJs on a
force plate. All thresholds were reliable with intraclass correlations > 0.835 and coefficient of variation < 10%. Our
results show significant differences across the different take-off thresholds for JH, MT, RSImod, netIMP, and prIMP.
However, these differences were considered trivial based on effect sizes. While differences in these thresholds may
not be practically meaningful, practitioners are encouraged to consider the noise in the force-time signal and select
an appropriate threshold that matches PkRes within their given environment.
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INTRODUCTION

For the strength and conditioning professional, routine athletic testing and monitoring are
necessary in order to aid the practitioner with managing the athlete’s neuromuscular fatigue as
it pertains to their training program. Vertical jump height is a simple measure that can be used
to evaluate neuromuscular readiness for resistance training (26). Performance and other
biomechanical variables relating to performance can be assessed when vertical jump testing is
conducted on a force plate (6, 12, 13, 24, 25).

Being able to reliably identify when the jumping motion begins and when take-off occurs are
two methodological concerns that could influence several metrics used to assess jump
performance conducted on a force plate. While several studies have evaluated different methods
for identifying movement initiation (2, 19, 22, 23), there has been no direct comparison in jump
performance when using different methods for identifying take-off from the force-time curve.
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Methods for identifying take-off include when the vertical ground reaction force (VGRF)
initially drops below 20 N (7, 12, 18), 10 N (2, 16), 5 N (9), when the VGRF equals 0 N (10, 17),
when the VGRF drops within five standard deviations of the first 300 ms of the flight phase (3,
14, 15), and when the VGRF drops below the peak residual force that occurs during the flight
phase (20). Therefore, the purpose of this investigation was to compare several different kinetic
and kinematic variables using these different take-off thresholds.

METHODS

Participants

Twenty-one participants (mean + SD, female, n = 9, age, 21.4 + 1.2 yrs; height, 165.4 + 4.8 cmy;
body mass, 68.3 £19.5 kg; male, n =12, age, 22.5 £ 3.3 yrs; height, 179.1 £ 5.5 cm, body mass, 84.7
* 10.9 kg) volunteered to participate in this study. Seventeen participants were currently
physically active, which we defined as participating in resistance training and/or aerobic
training at least twice per week. The remaining four participants were defined as sedentary. We
did not perform a power analysis or use effect size to determine the total number of participants
needed for this investigation. However, previous studies evaluating different movement
thresholds used sample sizes ranging from 10 to 17 participants (4, 19, 22, 23). To be eligible for
participation, participants had to be free from any neurological or musculoskeletal condition or
injury that would prohibit them from performing a maximal effort vertical jump. This research
was carried out fully in accordance to the ethical standards of the International Journal of
Exercise Science (21). All procedures and protocols were approved by the University’s
Institutional Review Board. All participants were informed of the risks and benefits of
participation prior to providing their written informed consent.

Protocol

For this study, we used data from previously published work in our lab (2). Using a within-
subjects design, all participants completed two sessions, a familiarization session and an
experimental session. Both sessions were scheduled at least 48 h apart and no more than two
weeks apart with both sessions being completed at the same time of day. The familiarization
session was completed first followed by the experimental session. During the familiarization
session all procedures were explained to the participants, all paperwork (informed consent and
health history questionnaire) was completed, and each participant was familiarized with the
jump procedure. The experimental session consisted of a five-minute warm-up followed by a
standardized dynamic warm-up, then two submaximal effort vertical jumps, and five
countermovement vertical jumps.

For the familiarization session, participants first completed paperwork (informed consent and
health history questionnaire) followed by their height and body mass measured. At the
conclusion of the treadmill warm-up, participants became familiarized with the jumping
protocol by performing several practice jumps with their hands on their hips on a portable force
plate (Kistler Type 9260AA6; Kistler Instruments AG, Winterthur, Switzerland).
Countermovement depth for each jump was self-selected by the participant. Participants
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performed several countermovement vertical jumps on the force plate until they were able to
jump and land without losing their balance and were able to report feeling comfortable with the
jumping procedure.

Participants started the experimental session with a five-minute warm-up on a motorized
treadmill. At the conclusion of the treadmill warm-up, participants performed a standardized
dynamic warm-up (i.e., forward gate swings, high knees, and walking lunges) (1) over a distance
of 14 m. Next, participants performed two submaximal effort vertical jumps on the force plate.
Participants were instructed to jump at 50% effort followed by 75% effort for these jumps. These
jumps were not included in the data analysis and were meant to serve as a more specific warm-
up. There was 30 s of rest between these jumps and after the last submaximal effort jump.
Following this last 30 s of rest, participants performed five, maximal effort vertical jumps.
Participants were allowed to rest one minute between each jump.

Data were obtained from the force plate during these five maximal effort jumps using the force
plate software (BioWare, Version 5.4.8, Kistler Instruments AG). The sampling rate was set to
1000 Hz. Unfiltered time and VGRF data were exported from BioWare as a text file to be
analyzed by a custom software program. The dependent variables analyzed were jump height
(JH), movement time (MT), reactive strength index modified (RSImod), net impulse (netIMP),
and propulsive impulse (prIMP) using each of the take-off thresholds.

Participants’ body weight was obtained during a quiet stance on the force plate prior to
performing each jump. Body weight was determined as the mean VGRF during this one second
period of quiet stance. The threshold for determining the beginning of the jumping movement
was set to five standard deviations below the jumper’s body weight. Take-off was determined
using the following thresholds: when the VGREF initially went below 50 N, below 20 N, below
10 N, below 1 N, when the VGRF dropped within five standard deviations of the VGRF during
the flight phase (5SD), and when the VGRF dropped below the peak residual force that occurred
during the flight phase (PkRes). For the PkRes threshold, the beginning of the flight phase was
identified as 30 ms after the VGRF went below 10 N and the end of the flight phase was
identified as 30 ms prior to VGRF exceeding 10 N. The net force produced during each jump
was calculated by subtracting the participant’s body weight from the VGRF. To determine
NetIMP, we integrated net force and time using the trapezoid rule. This integration started 30
ms before the start of the jumping motion (20) and ended with take-off. Acceleration-time curve
was calculated by dividing the net force by the participant’s body mass. Velocity-time curve was
calculated from the integral of acceleration and time. Take-off velocity was determined by using
the impulse-momentum method. JH was determined by dividing the square of the velocity at
take-off by 19.62. MT was the time elapsed between movement initiation and take-off. We
calculated RSImod by dividing JH by MT (5). The propulsive phase of each jump began at the
end of the braking phase, when the jumper’s velocity was closest to zero (3), and ended with
take-off. The product of the average net force produced during the propulsive phase and the
duration of this phase were used to calculate PrIMP.
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Statistical Analysis

Separate one-way repeated measures ANOVA were used to analyze differences in the JH, MT,
netIMP, RSImod, and prIMP across the six different take-off thresholds. Coefficient of variation
(CV%) was calculated for each participant for each metric using each take-off threshold. CV%
was determined for each participant by using the equation below:

CV% _ Standard Deviation X 100

Mean

The threshold for acceptable CV% was set to 10% (5). Relative reliability was determined for
each metric and threshold using intraclass correlation coefficients (ICCs) using a two-way mixed
effects model for single measures. The following scale was used to interpret ICCs and their 95%
CI: < 0.5, poor; between 0.5 and 0.75, moderate; between 0.75 and 0.9, good; > 0.90, excellent
reliability (11). SPSS (Version 28.0; IBM Corp., Armonk, NY, USA) was used to perform all
statistical analyses. Greenhouse-Geisser correction was used in subsequent analyses if sphericity
was violated during the repeated measures ANOVA tests. If the repeated measures ANOVA
detected statistical significance, pairwise comparisons using a Bonferroni adjustment were used
as the post hoc test. Hedges’ ¢ was calculated by hand to determine effect sizes and were
interpreted using the following scale: 0.0 to 0.2, trivial; 0.2 to 0.6, small; 0.6 to 1.2, moderate; 1.2
to 2.0, large; 2.0 to 4.0, very large; 4.0+, nearly perfect (8). The alpha level was set to p < 0.05.

RESULTS

There was a consistent pattern in terms of ranking the take-off thresholds based on time of
occurrence. From earliest to latest, the order of occurrence was 55D, 20 N, PkRes, 10 N, 5 N, and
<1 N. Sometimes more than one threshold was achieved simultaneously. The 20 N and PkRes
thresholds were achieved simultaneously for ~58% of the jumps. The 10 N and 5 N thresholds
were achieved simultaneously for ~13% of the jumps. The 55D, 20 N, and PkRes thresholds were
achieved simultaneously for ~13% of the jumps. The 10 N, 5 N, and < 1 N thresholds were
achieved simultaneously for ~13% of the jumps. The 5SD and 20 N thresholds were achieved
simultaneously for ~19% of the jumps. The 5 N and < 1 N thresholds were achieved
simultaneously for ~26% of the jumps. Figure 1 shows a typical force-time graph that identifies
each take-off threshold.

Table 1 shows the means and standard deviations for JH, MT, RSImod, netIMP, and prIMP for
each of the different take-off thresholds. There was a significant difference in JH among the
different take-off thresholds (F = 86.938, p < 0.001, np? = 0.813, 1 - = 1.000). The 20 N threshold
resulted in a larger JH compared to the 10 N (g = 0.05, p < 0.001), 5 N (g = 0.08, p < 0.001), <IN
(g =0.11, p < 0.001) thresholds. The 20 N threshold had a smaller JH compared to the 55D (g =
0.05, p < 0.001) and PkRes (g = 0.01, p = 0.001) thresholds. JH for the 10 N threshold (g = 0.02, p
< 0.001) was larger compared to the 5 N (¢ = 0.02, p < 0.001) and <1 N (g = 0.06, p < 0.001)
thresholds, and smaller compared to the 55D (g = 0.13, p < 0.001) and PkRes (g = 0.04, p < 0.001)
thresholds. The 5 N threshold had a larger JH compared to the <1 N threshold (¢ = 0.03, p =
0.002), and a smaller JH compared to the 55D (g = 0.16, p < 0.001) and PkRes (g = 0.07, p < 0.001)
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thresholds. The <1 N threshold had a smaller JH compared to the 55D (g = 0.20, p < 0.001) and
PkRes (g = 0.10, p < 0.001) thresholds. The 5SD threshold had a larger JH compared to the PkRes

threshold (g = 0.06, p < 0.001). Table 2 shows the CV% and ICCs for each metric and take-off
threshold.
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Figure 1. Force-time graph of a 65.5 kg subject showing system weight assessment as well as the six take-off
thresholds. The inset shows the location of each take-off threshold as well as the signal noise when the force plate
is unloaded.

Table 1. Means (SD) of various V] metrics for each take-off threshold.

20N 10N 5N <IN 55D PkRes
JH (cm) 29.8 (10.0)! 29.2 (10.0) 29.0 (10.1) 28.7 (10.2)! 30.1 (10.0)* 29.7 (10.0)*
MT (s) 1.148 (0.230)>  1.149 (0.230)  1.151(0.229)  1.151(0.229) 1.146 (0.228)*>  1.148 (0.230)
RSImod 0.27 (0.10) 0.26 (0.10)2 0.26 (0.10)2 0.26 (0.10)2%  0.27 (0.10)3>45  0.27 (0.10)34>
netIMP 186.98 185.29 184.50 183.32 188.10 186.73
(Ns) (57.47)1 (57.32) (57.54) (57.94)1 (57.40) (57.46)"

187.48 185.78 185.00 183.82 188.59 187.23
priMP (Ns) (57.85)1 (57.71)1 (57.93)! (58.33)1 (57.78)1 (57.84)1
Isignificantly different from all other thresholds (p < 0.002) 2significantly different from 20N (p < 0.001)

Ssignificantly different from 10N (p < 0.002) 4significantly different from 5N (p < 0.014) >significantly different
from < 1N (p <0.033)
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Table 2. ICC and CV% for several metrics for each take-off threshold.

20N 10N 5N <1N 55D PkRes
I ICC  0975[0.953, 0972[0.947, 0972[0.947, 0.965[0.933, 0.976[0.954,  0.976 [0.954,
[95% CI] 0.989] 0.988] 0.988] 0.984] 0.989 0.989]
CV% 49 5.1 52 6.0 46 48
MT ICC  0837[0.718, 0.839[0.720, 0.838[0.719, 0.835[0.715, 0.836[0.716,  0.835[0.715,
[95% CI] 0.924] 0.924] 0.924] 0.922] 0.923] 0.923]
CV% 6.4 6.4 6.4 6.4 6.4 6.4
RSIm  ICC  0916[0.847, 0.920[0.854, 0.919[0.852, 0.911[0.840, 0.917[0.848, 0.917 [0.847,
od [95% CI] 0.962] 0.964] 0.964] 0.959] 0.962] 0.962]
CV% 85 8.5 8.8 9.7 8.4 85
netl ICC  0.992[0.984, 0991[0.982, 0.990[0.981, 0.988[0.976, 0.992[0.985,  0.992[0.984,
MP  [95% CI] 0.996] 0.996] 0.996] 0.955] 0.997] 0.996]
CV% 24 25 26 3.0 2.2 23
prIM ICC  0.992[0.984, 0.991[0.983, 0.991[0.982, 0.988[0.977, 0.992[0.985,  0.992 [0.985,
P [95% CI] 0.996] 0.996] 0.996] 0.955] 0.997] 0.997]
CV% 23 24 25 2.9 2.2 23

The repeated measures ANOVA for MT also revealed significant difference among the different
take-off thresholds (F = 9.006, p < 0.001, np? = 0.310, 1 - p = 0.994). MT using the 20 N threshold
was less than the < 1 N threshold (g = 0.02, p = 0.033). MT using the 5 N threshold was
significantly longer than the 5SD threshold (g = 0.02, p = 0.014). MT for the <1 N threshold was
significantly longer than the 5SD threshold (g = 0.02, p = 0.002).

There was a significant difference in RSImod among the different take-off thresholds (F = 47.603,
p <0.001, np? =0.704, 1 - p =1.000). The 20 N threshold resulted in larger RSImod compared to
the 10 N, 5 N, and <1 N thresholds (g = 0.06 - 0.14, p < 0.001). RSImod for the 10 N threshold
was greater than the <1 N threshold (g = 0.08, p = 0.001) but smaller than the 55D (g = 0.08, p <
0.001) and PkRes (g = 0.05, p = 0.002) thresholds. The 5 N threshold resulted in a lower RSImod
compared to the 55D (g = 0.12, p < 0.001) and PkRes (g = 0.09, p < 0.001) thresholds. The <1 N
threshold resulted in a lower RSImod compared to the 5SD (g = 0.16, p < 0.001) and PkRes (g =
0.13, p < 0.001) thresholds.

There was a significant difference in netIMP among the different take-off thresholds (F = 79.553,
p <0.001, np? =0.799, 1 - B =1.000). The 20 N threshold resulted in a larger netIMP compared to
the 10 N (g = 0.03, p < 0.001), 5 N (g = 0.04, p < 0.001), and <1 N thresholds (g = 0.04, p < 0.001).
The netIMP for the 20 N threshold was smaller compared to the 55D (¢ = 0.02, p < 0.001) and
PkRes (g = 0.00, p = 0.001) thresholds. NetImp for the 10 N threshold was larger compared to the
<1 N threshold (g = 0.03, p < 0.001) and smaller compared to the 55D (g = 0.05, p < 0.001) and
PkRes (g = 0.03, p < 0.001) thresholds. The 5 N threshold had a larger netIMP compared to the <
1 N threshold (g = 0.02, p = 0.001), but a smaller netIMP compared to the 55D (g = 0.06, p < 0.001)
and PkRes (g = 0.04, p < 0.001) thresholds. NetImp for the <1 N threshold was smaller than the
55D (g = 0.08, p < 0.001) and PkRes (g = 0.06, p < 0.001) thresholds. The 55D threshold had a
larger netIMP compared to the PkRes threshold (g = 0.02, p < 0.001).
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The repeated measures ANOVA for prIMP also revealed significant difference among the
different take-off thresholds (F = 79.511, p < 0.001, np? = 0.799, 1 - = 1.000). The 20 N threshold
had a larger prIMP compared to the 10 N (g = 0.03, p < 0.001), 5 N (g = 0.04, p < 0.001), and <1
N (g = 0.06, p < 0.001) thresholds. The netIMP for the 20 N threshold was smaller compared to
the 55D (g = 0.02, p < 0.001) and PkRes (g = 0.02, p = 0.001) thresholds. The 10 N thresholds had
a larger netIMP compared to the 5 N (¢ =0.01, p <0.001) and <1 N (g =0.03, p <0.001) thresholds.
The 5 N threshold had a larger netIMP compared to the <1 N threshold (g = 0.02, p = 0.001), but
a smaller netIMP compared to the 55D (g = 0.06, p < 0.001) and PkRes (g = 0.04, p < 0.001)
thresholds. The netIMP for the <1 N threshold was smaller compared to the 5SD (g = 0.08, p <
0.001) and PkRes (g = 0.06, p < 0.001) thresholds. The 55D threshold had a larger netIMP
compared to the PkRes threshold (g = 0.02, p < 0.001).

DISCUSSION

The purpose of this study was to evaluate the effect of using different take-off thresholds when
determining JH, MT, RSImod, netIMP, and prIMP from vertical jumps performed on a force
plate. While there were several statistically significant differences across these thresholds for all
metrics evaluated, all of these differences were trivial based on Hedge’s g. Therefore, these
differences may not be practically meaningful. Furthermore, all thresholds demonstrated
acceptable absolute reliability as measured by CV % and good-to-excellent relative reliability as
measured by ICCs.

In all participants, the 5SD threshold was achieved first and the < 1N threshold was achieved
last. Due to the close proximity of these thresholds, multiple thresholds were achieved at the
same time in some participants. Because JH was based on the impulse-momentum method,
differences in JH were a result of differences in the integration of VGRF and time with greater
JHs being achieved with higher take-off thresholds. As a result, the differences across take-off
thresholds for netIMP and prIMP were the same as the differences in take-off thresholds for JH.
As expected, the lower thresholds resulted in longer MTs. Since the thresholds that were
achieved earlier in the force-time curve resulted in greater JHs, it would appear that the VGRF
was a more important factor than MT when determining take-off velocity. RSImod for the 20 N,
55D, and PkRes thresholds were statistically greater than the 5 N and <1 N thresholds. RSImod
is determined by JH and MT. So, a vertical jump that achieved a greater JH in a shorter MT
would result in a greater RSImod. Therefore, using a take-off threshold that occurs earlier in the
force-time curve could result in a greater RSImod.

Relative reliability as measured by ICCs was excellent (> 0.90) for JH, RSImod, netIMP, and
prIMP and good (between 0.75 and 0.90) for MT. For all measures, the CV % was less than 10%
for each of the take-off thresholds used in this study. All take-off thresholds demonstrated
similar CV % for each metric analyzed. NetIMP and prIMP had the greatest absolute reliability
with CV% < 3.0%. While still within the acceptable range (< 10%), RSImod was the least reliable
variable with a CV% of 8.4 - 9.7% with the <1 N threshold being the least reliable. As can be
seen in the inset of Figure 1, this threshold occurred below the mean of the VGREF signal when
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the force plate was unloaded, which raises questions concerning the validity of using this
threshold for our lab conditions and force plate.

Practitioners should consider the noise in the signal when determining the appropriate
threshold. In the present study, the peak residual force was 17 + 2.4 N (mean * SD), which
explains why the 20 N and PkRes thresholds were achieved simultaneously in ~58% of the trials
analyzed. In 3 of the jumps analyzed, the peak residual force was above 20 N. The inset in Figure
1 illustrates the relationship between the different take-off thresholds and the peak residual
force. Using a take-off threshold that falls within the range of the noise in the signal may lead to
inaccuracies in terms of JH, MT, RSImod, netIMP, and prIMP. In the present study, it would
appear that using a threshold of 10 N, 5 N, or <1 N occurred within the range of the signal noise
since the peak residual force for all jumps occurred ~17 N or higher. Arbitrary assignment of an
absolute threshold (e.g., 5 N) without considering the noise in the VGRF signal may lead to less
accurate results. In addition, filtering the data to remove this noise and use one of the absolute
thresholds may also adversely impact determining the beginning of the jumping movement,
which could also adverse impact on many of the metrics calculated in this study.

To a lesser extent, a similar problem can occur with the determination of the 55D and PkRes
thresholds. These two methods were based on the VGRF signal 30 ms after the force level fell
below 10 N. While the 5SD method uses the mean signal to determine the threshold, using a
cutoff of 10 N that occurs below the peak residual force removes higher force values from the
55D calculation that could stem from noise. Therefore, we would expect the true 5SD threshold
to be slightly higher than what was used in our study. Similarly, the true peak residual force
may have occurred either before the 10 N threshold was achieved or within the 30 ms window
after the 10 N threshold was achieved, which would influence JH, MT, RSImod, netIMP, and
prIMP. Therefore, we recommend evaluating the noise in the VGREF signal for each trial before
determining the appropriate threshold to be used.
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