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Key Points 

The distance-averaged method improves jump height prediction accuracy by resolving the 
discrepancy in mean force and velocity estimates between the force plate and simple methods. 
The distance-average method enables precise quantification of how improving maximal force and 
velocity affect jump performance, supporting personalized training prescriptions. 

Abstract 

The force–velocity (F–V) relationship model is widely used to describe jump performance and guide 
individualized training based on time-averaged force and velocity during squat jumps. However, 
recent studies have raised questions regarding its validity, which assumes that the average force 
values during squat jumps are equal when averaged over both distance and time. To address this 
limitation, we propose a novel F–V relationship model based on distance-averaged force and velocity. 
The validity and practical applicability of this method and the traditional time-averaged method for 
estimating mean force, velocity, and predicting jump height were evaluated in 40 male participants. 
Results showed that the predictive errors in the distance-averaged method were less than 2.5 %, 
which was lower compared with the traditional time-averaged method. The simulation showed that 
increases in maximal force (F₀), maximal velocity (v₀), and a greater push-off distance (hₚₒ) were all 
associated with improvements in jump height. The simulation further revealed that improvements 
in jump height for the same percentage changes in F₀ or v₀ might vary considerably. These findings 
suggest that the distance-averaged F–V relationship can serve as a more accurate and individualized 
tool for predicting jump height and enhancing jump performance. 

Keywords: force-velocity; muscle function; jumping performance; simulation 
 

Introduction 

Jumping height is critical to many athletic activities and is a key factor in competitive success 
[1,2]. The force-velocity (F–V) relationship is one of the most popular methods for describing jump 
performance because it allows for the evaluation of maximal lower-limb force (𝐹଴), velocity (𝑣଴), and 
power (P୫ୟ୶) based solely on jump heights and simple anthropometric measurements of push-off 
distance (ℎ௣௢) under different loading conditions (Morin & Samozino, 2016). This is because jumping 
performance is influenced by both the neuromuscular function and gravity [3]. Therefore, the force 
plate analyzing force-time signal and the aforementioned simple method can both be used to measure 
force, velocity, and power output during squat jumps [4,5]. Linear regression is then performed on 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 October 2025 doi:10.20944/preprints202510.2023.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.2023.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 21 

 

the force and velocity data from different unloaded and loaded squat jumps to obtain 𝐹଴ and 𝑣଴ 
[6,7]. Furthermore, due to the dual constraints, there exists an optimal ratio between 𝐹଴ and 𝑣଴ that 
maximizes jump height for the given P୫ୟ୶ (defined as one-fourth of the product of 𝐹଴ and 𝑣଴) [8,9]. 
This balance enables the full expression of P୫ୟ୶  during unloaded jumps and forms the basis of 
individualized F–V relationship training [9]. Accordingly, for populations characterized by either a 
velocity deficit or a force deficit, implementing velocity- or force-oriented training may lead to 
superior performance improvements compared to generalized training programs [10,11].  

However, recent studies have increasingly questioned the feasibility and accuracy of the F −V relationship  model. For instance, Lindberg et al. [12] and Zabaloy et al. [13] did not observe 
superior performance improvements resulting from individualized training. Additionally, a few 
studies have reported discrepancies between the F − V relationship obtained via the simple method 
and the force plate method, suggesting that the two approaches may not be equivalent [14–16]. A 
possible explanation lies in the theoretical foundation established by Samozino et al., where the 
distance-averaged force was assumed to be equivalent to the time-averaged force [4]. This 
assumption was then used to derive the relationship between time-averaged velocity and jump 
height, thereby constructing a simplified model that harmonizes the effects of gravity and 
neuromuscular function [3]. Notably, the underlying assumption may not be valid for all athletes, 
thereby restricting the applicability of the time-averaged F − V relationship  across diverse 
populations. To overcome this limitation, we introduce a new F − V relationship model grounded in 
distance-averaged force and velocity. The validity of these two different averaged level methods and 
the corresponding simple methods for estimating mean force, velocity, and predicting jump height 
was subsequently evaluated. We then compared the differences and correlations of the F −V relationship  variables between the distance-averaged method and the time-averaged method. 
Lastly, simulations were conducted to explore the effects of increasing 𝐹଴ , 𝑣଴ , and ℎ௣௢  on jump 
height and its growth rate in the distance-averaged method. 

Method 

Theoretical Approach and Error Analysis 

For the calculation of time-averaged force (𝐹ത௧௜௠௘ ) and velocity (𝑣̅௧௜௠௘ ) during squats jump, 
Samozino assumed that the 𝐹ത௧௜௠௘ is equal to that averaged in distance (𝐹തௗ௜௦௧௔௡௖௘ ) [4]. Hence, there 
is:   𝐹ത௧௜௠௘  =  𝐹തௗ௜௦௧௔௡௖௘ (1) 𝐹ത௧௜௠௘  and 𝐹തௗ௜௦௧௔௡௖௘  are normalized to body mass. Based on the principle that the work done 
during a vertical jump is equal to the change in gravitational potential energy of the systemʹs center 
of mass and jump height (ℎ), there is 𝐹തௗ௜௦௧௔௡௖௘ =  M ∙ ୥∙(௛೛೚ ା ௛)௛೛೚  (2) 

Here, M represents the ratio of system mass to body mass, which equals 1 during unloaded 
squat jumps, and g denotes the gravitational acceleration. In the force plate method, ℎ௣௢ is obtained 
by integrating the displacement of the center of mass from onset to takeoff during the concentric 
phase in the squat jump. In the simple method, ℎ௣௢  was calculated as the difference in length 
between the squat position and the fully extended lower limb during maximal foot plantarflexion 
(measured from the greater trochanter to the tip of the toes). For the 𝑣̅௧௜௠௘, it can be defined that:  𝑣̅௧௜௠௘  =  ௛೛೚୲೛೚  (3) 

Here, t௣௢ refers to the time elapsed from movement onset to take-off. According to the impulse–
momentum relationship from onset to take-off, there is  t௣௢  =  ୑ ∙ ௩೟೚ ிത೟೔೘೐ ି ୑ ∙ ௚  (4) 
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𝑣௧௢ refers to the instant velocity at take-off. According to the relationship between ℎ and 𝑣௧௢ 
[4], there is  𝑣௧௢  =  ඥ2 ∙ 𝑔 ∙ ℎ (5) 

Substituting Equation (3) and Equation (4) into Equation (5), it can be obtained that: 𝑣̅௧௜௠௘  = 0.5 ∙ 𝑣௧௢ (6) 

The above formulae are commonly used in vertical jump analysis to calculate 𝐹ത௧௜௠௘ and 𝑣̅௧௜௠௘, 
the main source of systematic error arises from assuming that the 𝐹ത௧௜௠௘ equals 𝐹തௗ௜௦௧௔௡௖௘. To avoid 
this kind of error, 𝐹തௗ௜௦௧௔௡௖௘  and distance-averaged velocity (𝑣̅ௗ௜௦௧௔௡௖௘ ) can be applied instead. For 𝐹തௗ௜௦௧௔௡௖௘ , equation (2) is used. For estimating 𝑣̅ௗ௜௦௧௔௡௖௘ , jump height can be included in a linear 
regression using the following equation: 𝑣̅ௗ௜௦௧௔௡௖௘ =  α + β ∙h (7) 

In this regression equation, α = 0.924 and β = 3.011. The coefficient of determination is R2 = 0.958, 
and the standard error of estimate is 0.057. This equation was derived from all unloaded and loaded 
jumps achieved by each participant in our experiment, totaling 385 attempts. For the time-averaged 
method, power (𝑃ത௧௜௠௘ ) is calculated as the product of 𝐹ത௧௜௠௘ and 𝑣̅௧௜௠௘ . However, for the distance-
averaged method, distance-averaged power (𝑃തௗ௜௦௧௔௡௖௘ ) cannot be obtained simply by multiplying 𝐹തௗ௜௦௧௔௡௖௘ and 𝑣̅ௗ௜௦௧௔௡௖௘ , because the product of force and velocity equals power only under the time-
averaged method. Nevertheless, we still calculated their product as an indicator of power. For ease 
of reading, the indicator of power uses the same notation as the distance-averaged power. 

The F-V relationship generated during a human being’s vertical jump can be approximated 
using the following linear equation (8) [3]. 𝐹 =  𝐹଴ − ிబ௩బ ∙ v (8) 

Based on equations (1), (2), (5), (6), and (8), the time-averaged predicted jump height is: ௚௛೛೚ ∙ h + ிబ ∙ √௚√ଶ ∙ ௩బ ∙ √ℎ +  𝑔 − 𝐹଴ = 0  (9)   

Equation (9) yields one positive and one negative solution. The positive solution corresponds to 
the predicted jump height we aim to calculate [8]. Based on equations (2), (7), and (8), the distance-
averaged predicted jump height is only one solution:  ℎ(𝐹଴,  𝑣଴, ℎ௣௢) = ிబ(ଵିೡഀబ)ି௚೒೓೛೚ାಷబഁೡబ  (10) 

When using the same jump height, for the time-averaged method, equations (1), (2), and (6) may 
introduce errors including 𝐹ത௧௜௠௘ being approximately 10% to 15% lower than 𝐹തௗ௜௦௧௔௡௖௘ [17], as well 
as discrepancies between the measured ℎ௣௢  and the displacement of the systemʹs center of mass 
(integrated); for the distance-averaged method using equations (2) and (7), the error originates from 
the inaccurate estimation of 𝑣̅ௗ௜௦௧௔௡௖௘  and the mentioned ℎ௣௢. The estimation error of 𝑣̅ௗ௜௦௧௔௡௖௘  is at 
most 5% when the jump height is 0.1 m, and it decreases to below 1% as the height increases to 0.5 
m. For the error in ℎ௣௢ , a former study reported it to be approximately 4% [16]. The difference 
between the time-averaged and distance-averaged methods lies solely in the magnitude of the 
discrepancy between 𝐹ത௧௜௠௘ and 𝐹തௗ௜௦௧௔௡௖௘, as well as the difference between 𝑣̅ௗ௜௦௧௔௡௖௘ from equation 
(7) and the integrated calculation. Since previous studies have reported that the former discrepancy 
is substantially larger than that observed in our model fitting. Hence, the distance-averaged method 
may yield smaller errors compared to the time-averaged method when predicting jump height and 
estimating with the simple method. 

The following experiment investigated the differences in F − V relationship  models between 
time-averaged and distance-averaged methods. Specifically, it examined: (1) the validity of the simple 
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method within each average level separately; (2) the prediction errors of jump height derived from 
different models; and (3) whether the distance-averaged method retains information about 
individualized F − V relationship  training adaptations comparable to that of the time-averaged 
method. 

Participants and Procedure  

Forty well-trained male participants were included in the study (mean ± SD = 22 ± 2 years; 1.77 
± 0.10 m; 72.9 ± 7.3 kg). All of the participants had professional sports training in the past, including 
in basketball, football, and field and track. They were capable of executing both unloaded and loaded 
squat jumps with the correct technique and reported no history of neuromuscular disorders or lower 
limb injuries within the past six months. All the participants were informed about the testing 
procedure and provided written informed consent prior to their participation in this study, which 
was approved by the Ethical Advisory Committee (Number: 2023142H) and performed in accordance 
with the Helsinki Declaration. Participants attended the laboratory on two occasions: one session for 
familiarization and one session for formal testing. 

During the familiarization session, participants performed unloaded and loaded squat jumps 
with the investigator checking their technique. During the formal session, participants first completed 
a warm-up consisting of jogging, dynamic stretching, and several jumps, both without and with a 
light external load. Then, participants performed two trials of unloaded squat jumps, resting for one 
minute between each trial. If a trial was not performed well, a third trial was permitted. Three minutes 
later, participants performed an incremental load squat jump test until they reached around their 
body weight (±5 kg). Typically, they tested four different loads, performing each load at least twice. 
They rested for one minute between trials of the same load and for three minutes between different 
loads. For the squat jump technique, participants initiated the movement by performing a controlled 
downward motion to reach their starting position with a 90-degree knee angle. A small chair helped 
them maintain this position. After holding this position for at least one second, participants were 
instructed to jump as quickly as possible. Any countermovement was verbally prohibited and closely 
monitored to ensure compliance. 

Measurement Equipment and Data Analysis 

All squat jumps were performed on a force platform (Kistler Instrumente AG, Winterthur, 
Switzerland) with the vertical component of the ground reaction force sampled at 1000 Hz. The onset 
of the concentric phase was defined as the first instance 20 N above the baseline [18], and the take-off 
phase was identified as the instant when the ground reaction force fell below 20 N [19].  

Jump height was calculated based on take-off velocity. Mean, force, and velocity were calculated 
using four different methods: (1) the time-averaged force plate method, based on the integration of 
the force–time signal (Figure 1; upper panel); (2) the time-averaged simple method, using Equations 
(1), (2), (5), and (6); (3) the distance-averaged force plate method, based on integration of the 
transformed force–distance signal (Figure 1; lower panel); and (4) the distance-averaged simple 
method, using Equations (2) and (7). For each participant, only the highest jump at each load was 
included in the F-V relationship modeling. To prevent overfitting, a leave-one-out approach was 
applied to the regression of Equation (7), whereby the linear model was recalibrated after excluding 
the tested participant to obtain the α and β. The least-squares method was then used to calculate 𝐹଴ 
and the slope of the F − V relationship, and 𝑣଴ was calculated as the negative ratio between 𝐹଴ and 
the slope of the F − V relationship. In the time-averaged method, P୫ୟ୶ was computed as one-fourth 
of the product of 𝐹଴ and 𝑣଴. The distance-averaged simple method could only provide an indicator 
of the maximal power indicator, which was also denoted as P୫ୟ୶ for simplicity of reading. Equations 
(9) and (10) were used to predict jump height for the time-averaged and distance-averaged methods, 
respectively. For the time-averaged method, the  F − V imbalance was calculated as the ratio between 
the athleteʹs actual slope and the theoretical optimal slope that maximizes jump height at a given P୫ୟ୶ [20]. A value greater than 1 indicated that the athlete was velocity-deficit, while a value less than 
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1 suggested that the athlete was force-deficit. For the distance-averaged method, based on Equation 
(10), the partial derivatives of jump height with respect to the percentage change in 𝐹଴ and 𝑣଴ were 
calculated at each participant’s current F − V relationship . The ratio of partial derivatives from 
equation (10) with respect to the percentage change in 𝐹଴ and 𝑣଴ was defined as F − V training ratio. 
A value greater than 1 indicated that improvements in jump height were more sensitive to increases 
in 𝐹଴, whereas a value less than 1 suggested that the increase in 𝑣଴ led to greater improvements in 
jump height. 

 

Figure 1. Force, velocity, and power calculated as functions of time and displacement from a representative 
subject performing unloaded squat jumps. 

Statistical Analyzes 

Descriptive statistics are presented as mean ± SD. Statistical analyses were performed using SPSS 
software version 22.0 (SPSS Inc., Chicago, IL, USA) and statistical significance was set at p < 0.05. The 
paired sample t-tests, correlation analyses, and absolute and relative errors were calculated in each 
jump to compare mean force, mean velocity, and mean power between the force plate method and 
the simple method across the two averaged methods except power in the distance-averaged methods, 
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respectively. Because the simple method could not compute distance-averaged mean power, it was 
only used for correlation analysis with the force plate method. Two paired-sample t tests were also 
applied to compare the magnitude of absolute relative error in mean force and velocity from the force 
plate method and simple method between time-averaged and distance-averaged methods. To 
analyze the errors of ℎ௣௢, separate paired-sample t-tests and correlation analyses were conducted for 
unloaded and all squat jumps respectively, comparing the force plate (integrated) and simple 
(anthropometric) methods. The intra-session reliability was evaluated for force, velocity, power, and 
jump height from different methods through the within-subject coefficient of variation (CV) and 
intraclass correlation coefficient (ICC), with good reliability set as CV ≤ 5% and ICC ≥ 0.900, as well 
as acceptable reliability set as CV ≤ 10% and ICC ≥ 0.700. The smallest important ratio between the 2 
CVs was considered to be higher than 1.15 [21]. 

Pearson correlation was used to assess the linearity of the F–V relationship across different 
methods. A one-way repeated measures ANOVA was conducted to compare the absolute prediction 
errors of jump height based on four different F–V relationship models. Because the time-averaged 
force plate method was not suitable for predicting jump height according to the results from the 
former ANOVA, Pearson correlations were applied between the other three methods separately in 𝐹଴, 𝑣଴, and P୫ୟ୶. Paired-sample t-tests were also calculated to compare the difference between the 
distance-averaged force plate method and the simple method of 𝐹଴ , 𝑣଴ , and P୫ୟ୶ . Pearson 
correlations were ultimately performed to assess the correlations between F − V imbalance and F −V training ratio among the time-averaged simple method and the two distance-averaged methods. 
The magnitude of the r coefficient was interpreted according to the scale proposed by Hopkins et al.: 
trivial (< 0.10), small (0.10-0.29), moderate (0.30-0.49), large (0.50-0.69), very large (0.70-0.89), and 
nearly perfect (≥ 0.90) [22].  

Results 

Validity of Simple Method in Different Averaged Method 

A total of 385 unloaded and loaded squat jump trials were recorded for validity analysis. Of 
these trials, 187 paired trials were selected for reliability analysis. Using the time-averaged method, 
the simple method overestimated 𝐹ത௧௜௠௘, 𝑣̅௧௜௠௘, and 𝑃ത௧௜௠௘ (t ≤ -19.646, p ≤ 0.001) and showed only 
large correlations with the force plate method for 𝑃ത௧௜௠௘ (r = 0.512). In contrast, the distance-averaged 
simple method overestimated only 𝐹തௗ௜௦௧௔௡௖௘  by a relative error of around 1% compared to the 
distance-averaged force plate method, but not in 𝑣̅ௗ௜௦௧௔௡௖௘. Furthermore, the measurement from the 
distance-averaged simple method demonstrated very large to nearly perfect correlations with the 
force plate method (0.826 ≤ r ≤0.978) (Table 1). In estimating mean force and velocity, the absolute 
relative error between the force plate and simple methods was higher when using the time-averaged 
method compared to the distance-averaged method (mean force: t = 13.243, p < 0.001; mean velocity: 
t = 16.609, p < 0.001). For the ℎ௣௢ , the force plate method showed a large correlation with the 
anthropometric simple method for the unloaded squat jump (r = 0.588), with no significant differences 
between the two methods (t = -1.233, p = 0.225). However, when considering both unloaded and 
loaded conditions, the anthropometric simple method underestimated ℎ௣௢ by 1.5 cm (t = -7.434, p ≤ 
0.001), and the correlation between the two methods was only moderate (r = 0.386). 
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Table 1. Force, velocity, and power calculated between force plate and simple method across time-averaged and 
distance averaged method. 

 Kinetics Error 

 force plate simple t-test correlation absolute (%) relative (%) 

𝐹ത௧௜௠௘ (N/kg) 22.33 ± 3.01 24.04 ± 3.00  -19.646 0.840 9.03 ± 7.90 -8.13 ± 8.83 

𝑣̅௧௜௠௘ (m/s) 0.906 ± 

0.173 

1.050 ± 

0.216 

-20.480 0.762 18.34 ± 18.01 -17.04 ± 

19.31 

𝑃ത௧௜௠௘ (W/kg) 20.34 ± 4.13 25.01 ± 4.74 -20.758 0.512 34.74 ± 

100.42 

-32.89 ± 

101.38 

𝐹തௗ௜௦௧௔௡௖௘ 

(N/kg) 

23.78 ± 2.61 24.04 ± 3.03 -4.091 0.909 4.19 ± 3.7 -1.05 ± 5.50 

𝑣̅ௗ௜௦௧௔௡௖௘  (m/s) 1.635 ± 

0.283 

1.635 ± 

0.278 

-0.029 0.978 2.90 ± 2.3 -0.17 ± 3.72 

𝑃തௗ௜௦௧௔௡௖௘ 

(W/kg) 

35.52 ± 5.29 38.93 ± 6.18  0.826   

𝐹ത௧௜௠௘ , time-averaged mean force; 𝑣̅௧௜௠௘ , time-averaged mean velocity; 𝑃ത௧௜௠௘ , time-averaged mean power; 𝐹തௗ௜௦௧௔௡௖௘ , distance-averaged mean force; 𝑣̅ௗ௜௦௧௔௡௖௘  , distance-averaged mean velocity; 𝑃തௗ௜௦௧௔௡௖௘ , distance-
averaged mean power; Significant differences are emphasized in bold. 

The between-trial reliability of all kinetics was acceptable (CV ≤ 8.89, ICC ≥ 0.776). Considering 
that the CV for squat jump height in both unloaded and loaded conditions was 5.40%, the ℎ௣௢ 
calculated from the force plate showed comparable reliability (CV = 5.62%). Across all kinetics, the 
time-averaged method exhibited acceptable to good reliability in both the force plate and simple 
methods (CV ≤ 8.89, ICC ≥ 0.776). However, the 𝑃ത௧௜௠௘ derived from the time-averaged force plate 
method exhibited poorer reliability compared to jump height (CVratio = 1.65). The distance-averaged 
method consistently demonstrated good reliability across all kinetics in both the force plate and the 
simple method (CV ≤ 4.12, ICC ≥ 0.916) (Table 2). 

Table 2. Reliability of force, velocity and power calculated from different methods. 

Kinetics Force plate method Simple method 
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 CV (95% CI) 

(%) 

ICC (95% CI) CV (95% CI) (%) ICC (95% CI) 

𝐹ത௧௜௠௘ (N/kg) 2.45 (2.06, 2.92) 0.960 (0.947, 0.970) 2.01 (1.68,2.39) 0.971 (0.961, 0.978) 

𝑣̅௧௜௠௘ (m/s) 6.05 (5.08,7.21) 0.783 (0.720, 0.833) 4.22 (3.54, 5.03) 0.896 (0.864, 0.921) 

𝑃ത௧௜௠௘ (W/kg) 8.89 (7.46, 

10.60) 

0.776 (0.712, 0.827) 3.65 (3.06, 4.34) 0.845 (0.798, 0.882) 

𝐹തௗ௜௦௧௔௡௖௘ (N/kg) 1.23 (1.03, 1.47) 0.989 (0.985, 0.992) 2.01 (1.68, 2.39) 0.971 (0.961, 0.978) 

𝑣̅ௗ௜௦௧௔௡௖௘  (m/s) 2.16 (1.81, 2.57) 0.970 (0.960, 0.977) 2.14 (1.80, 2.55) 0.969 (0.959, 0.977) 

𝑃തௗ௜௦௧௔௡௖௘ (W/kg) 3.77 (3.16, 4.49) 0.932 (0.910, 0.950) 4.12 (3.46, 4.91) 0.916 (0.889, 0.936) 𝐹ത௧௜௠௘ , time-averaged mean force; 𝑣̅௧௜௠௘ , time-averaged mean velocity; 𝑃ത௧௜௠௘ , time-averaged mean power; 𝐹തௗ௜௦௧௔௡௖௘ , distance-averaged mean force; 𝑣̅ௗ௜௦௧௔௡௖௘  , distance-averaged mean velocity; 𝑃തௗ௜௦௧௔௡௖௘ , distance-
averaged mean power; CI, confidence interval; CV, coefficient of variation; ICC, intraclass correlation coefficient. 

Comparison of the Different F-V Relationship Models 

The F − V relationship  variables derived from the four models demonstrated a very large to 
nearly perfect linear relationship. The r was 0.85 ± 0.14, 0.91 ± 0.12, 0.95 ± 0.05, and 0.91 ± 0.12 for the 
time-averaged force plate and simple method, the distance-averaged force plate and simple method, 
respectively. 

Significant differences were observed among the four models in the prediction of jump height 
(F 104.305, p < 0.001), with the time-averaged force plate method showing the greatest magnitude 
absolute errors (23.0% ± 12.0 %) compared to the other methods, while the distance-averaged simple 
method exhibited the lowest absolute error among the four method in around 2.3% ± 1.7%. The time-
averaged simple method and the distance-averaged force plate method yielded absolute errors of 
2.5% ± 2.7% and 3.2% ± 2.3%, respectively. Given that the magnitude of error in the time-averaged 
force plate method was substantially greater than that of the other three methods, individual error 
data for this method were not presented in Figure 2. 
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Figure 2. Comparison of individual absolute errors in squat jump height predicted by different models. 

The 𝐹଴, 𝑣଴, and P୫ୟ୶ showed moderate to very large correlated among the distance-averaged 
force plate method, simple method, and time-averaged simple methods (0.374 ≤ r ≤ 0.827) (Figure 3). 
The two simple methods demonstrated large to very large correlations for all variables (0.633 ≤ r ≤ 
0.827), and the two distance-averaged methods demonstrated very large correlations for all variables 
(0.724 ≤ r ≤ 0.815). The distance-averaged simple method significantly overestimated 𝐹଴ by 6 % (40.63 
± 5.43 vs. 38.24 ± 4.42 N/kg, t = 4.008, p < 0.001) and P୫ୟ୶ by 5% (45.78 ± 9.41 vs. 43.42 ± 6.25 W/kg, t 
= 2.445, p = 0.019) compared with the distance-averaged force plate method. However, no significant 
difference was found between 𝑣଴ (4.63 ± 1.40 vs. 4.61 ± 0.95 m/s, t = 0.105, p = 0.917).  
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Figure 3. Correlations of force–velocity relationship variables derived from different models. From top to 
bottom: maximal force (𝐹଴, upper panel), maximal velocity (𝑣଴, middle panel), and maximal power (P୫ୟ୶, 
lower panel). From left to right: time-averaged simple method vs. distance-averaged force-plate method; time-
averaged simple method vs. distance-averaged simple method; distance-averaged force-plate method vs. 
distance-averaged simple method. 

Theoretical Simulations and Potential Training Adaptation 

Analyzing the monotonicity of Equation (10) reveals that the partial derivatives with respect to 𝐹଴, 𝑣଴, and ℎ௣௢ are all positive, as the numerator must remain greater than zero under conditions 
valid for jumping. Consequently, increases in any of these three variables lead to corresponding 
increases in jump height. Figure 4 illustrates the effect of higher ℎ௣௢ on jump height across various 
combinations of 𝐹଴ and 𝑣଴, while Figure 5 depicts the influence of increasing 𝐹଴ and 𝑣଴ on jump 
height when ℎ௣௢ is fixed at 0.4m. 

Figure 6 illustrates how the growth rate of jump height varies as a function of the percentage 
change in 𝐹଴  and 𝑣଴ , while ℎ௣௢  is held constant at 0.4m. Notably, the highest growth rates are 
observed in the lower-left region, where both 𝐹଴  and 𝑣଴  are low. Similarly, in the upper-left and 
lower-right corners, the growth rate of jump height remains high when either 𝐹଴ or 𝑣଴ is high and 
with the other intercept very low. Meanwhile, the three lines in the figure divide the plot into four 
regions, corresponding to where the effect of increasing percentage of 𝐹଴ on jump height is greater 
than twice, between one and two times, between 0.5 and one times, and below 0.5 times that of 𝑣଴. 
Different regions may reflect the F − V imbalance  with respect to the Samozino et al. method [9]. 
Therefore, the more extreme the F − V 𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛𝑠ℎ𝑖𝑝  deviates, the faster the rate of jump height 
improvement. Well-trained individuals tend to experience greater difficulty improving their jump 
height compared to populations exhibiting either force or velocity deficits. 
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Figure 4. Different effects of ℎ௣௢  on jump height across various 𝐹଴ and 𝑣଴ combinations. ℎ௣௢  is set to four 

representative values (0.2, 0.3, 0.4, and 0.5m). 𝑣଴ (maximal velocity) is fixed at 2, 4, 6, and 8 m/s in the upper-
left, upper-right, lower-left, and lower-right panels, respectively. 𝐹଴ (maximal force) is shown on the x-axis and 
jump height on the y-axis. 
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Figure 5. Effect of increasing 𝐹଴ and 𝑣଴ on jump height. The upper panel presents a 3D surface illustrating 
jump height as a function of 𝐹଴ and 𝑣଴. The lower panel shows a 2D plot depicting jump height as a function 
of 𝐹଴ and 𝑣଴. 

 
Figure 6. Combined partial derivatives of jump height with respect to the percentage change in 𝐹଴ and 𝑣଴ at 
each point. The line segments indicate where the partial derivative with respect to the percentage change in 𝐹଴ 
is twice , equal to , or half that of 𝑣଴. 

Figure 7 shows how the growth rate of jump height changes when the partial derivatives of 
equation (10) are taken with respect to the percentage change in 𝐹଴ and 𝑣଴, respectively, while ℎ௣௢ 
is held constant at 0.4. As can be seen by comparing the upper and lower panels, individuals with 
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large 𝐹଴ and small 𝑣଴ experience faster jump height growth when 𝑣଴ increases, while those with 
small 𝐹଴ and large 𝑣଴ exhibit faster growth when 𝐹଴ increases. The line segments in the figure show 
where increases in the percentage change of 𝐹଴ have double, equal, or half the effect on jump height 
growth rate as that of 𝑣଴. This indicates that the benefits of increasing the percentage change of 𝐹଴ 
and 𝑣଴ on jump height are not consistent for all individuals, justifying the need for individualized 
training. 

 
Figure 7. Partial derivatives of jump height with respect to the percentage change of 𝐹଴ or 𝑣଴ at each point 
(𝐹଴: upper panel; 𝑣଴: lower panel). The line segments indicate where the partial derivative with respect to the 
percentage change of 𝐹଴ is twice, equal to, or half that of 𝑣଴. 

The F − V training ratio  derived from the distance-averaged force plate method exhibited a 
nearly perfect correlation with that obtained from the distance-averaged simple method (r = 0.981). 
Furthermore, the F − V training ratio  from the two distance-averaged methods showed a large to 
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very large correlation with the F − V imbalance calculated using the time-averaged simple method. 
The ranges of the F − V imbalance and F − V training ratio are presented in Table 3. 

Table 3. Ranges of F–V imbalance and F–V training ratio and their correlations. 

 Method Mean ±SD Max Min Correlation F − V  imbalance Simple method 0.94 ± 0.31 1.58 0.23  F − V training ratio Force plate method 1.23 ± 0.39 2.46 0.69 -0.542 

Simple method 1.25 ± 0.40 2.58 0.67 -0.628 
F-V, force-velocity. 

Discussion 

This research was designed to prove the superiority of the distance-averaged F − V relationship 
model to predict jump height and guide individualized training. The three following findings 
support the superiority of the distance-averaged F − V relationship: (1) the difference between the 
force plate method and the simple method in calculating average force and velocity from squat jump 
was much lower for the distance-average method compared to the time-averaged method; (2) the 
distance-averaged F − V relationship model showed nearly perfect linearity and lower errors were 
observed in predicting jump height compared to the time-averaged method; (3) the simulation 
revealed that 𝐹଴, 𝑣଴, and ℎ௣௢ all contributed to greater jump height. However, increasing 𝐹଴ and 𝑣଴ 
by the same percentage did not lead to the same growth rate in jump height; in some cases, the 
difference in their effects was around two and five tenths. 

Validity of Simple Method in Different Averaged Method 

Simple methods based on time- and distance-averaged used the same formula (1) to calculate 
mean force from work performed over displacement, yielding numerically identical results. 
However, the time-averaged force plate method derived 𝐹ത௧௜௠௘ by integrating force over time and 
then averaging it. This method did not result in the same value as 𝐹തௗ௜௦௧௔௡௖௘ . Our findings were 
consistent with previous studies showing that 𝐹ത௧௜௠௘ was lower than 𝐹തௗ௜௦௧௔௡௖௘ [6,17]. The magnitude 
of this underestimation, however, varied across studies and may be attributed to factors such as the 
presence or absence of the countermovements, differences in force onset detection, and variations in 
participants’ familiarity with the task [23–25]. The divergence between 𝐹ത௧௜௠௘  and 𝐹തௗ௜௦௧௔௡௖௘  is 
attributable to the temporal and spatial weighting inherent in each method. During squat jumps, the 
athlete undergoes a phase of increasing acceleration followed by a phase of decreasing acceleration. 
The 𝐹ത௧௜௠௘ metric assigns greater weight to the prolonged phase of increasing acceleration, during 
which the accumulated velocity and corresponding distance remain low [26]. Consequently, this 
phase contributes minimally to the displacement-based average, resulting in a relatively shorter 
weighting in 𝐹തௗ௜௦௧௔௡௖௘. Conversely, phases with higher velocity contribute more substantially to the 
value of 𝐹തௗ௜௦௧௔௡௖௘ . Therefore, 𝐹ത௧௜௠௘  emphasizes the longer-lasting, low-velocity phase, yielding a 
lower value compared to 𝐹തௗ௜௦௧௔௡௖௘. The 𝑣̅௧௜௠௘ obtained by integrating force over time, as well as the 𝑃ത௧௜௠௘, calculated by multiplying 𝐹ത௧௜௠௘ by 𝑣̅௧௜௠௘, could further amplify the discrepancies between the 
two methods. The difference in 𝑃ത௧௜௠௘ could be as much as around 30%, and the correlation between 
the two methods decreased to only a large level. 

Although the 𝐹തௗ௜௦௧௔௡௖௘ estimated by the simple method only differed slightly from integration 
in the force plate method, a significant difference was observed. One possible explanation was that 
the ℎ௣௢ calculated by the force plate method did not exactly match the value measured from the 
simple method. Furthermore, the discrepancy of ℎ௣௢  between the two methods increased with 
greater loading because increased load tended to alter the trunk angle during movement. Previous 
simulations have shown that changes in trunk angle during loaded jumps could result in 
discrepancies of up to 9 cm in ℎ௣௢  between the two methods under extreme conditions [14]. 
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Consistent with our regression analysis, the 𝑣̅ௗ௜௦௧௔௡௖௘  from the simple method closely matched the 
value obtained from the force plate method, with an absolute error of less than 3%. Since it was not 
feasible to analytically derive 𝑣̅ௗ௜௦௧௔௡௖௘  from the force as a function of displacement, we employed 
linear regression to address this limitation. Although the physical interpretation of the regression 
parameters α and β was unclear, this approach provided an effective and simple measurement for 
the distance-averaged method. Lastly, although the distance-averaged method did not allow for a 
direct calculation of 𝑃തௗ௜௦௧௔௡௖௘ by multiplying 𝐹തௗ௜௦௧௔௡௖௘ by 𝑣̅ௗ௜௦௧௔௡௖௘ , the result was highly correlated 
with the actual 𝑃തௗ௜௦௧௔௡௖௘, suggesting that its potential as an indicator of 𝑃തௗ௜௦௧௔௡௖௘.  

Regarding reliability, we found that the CV for the two distance-averaged methods and the time-
averaged simple method was below 5%. The relatively lower CV observed for both simple methods 
compared to that of jump height might be attributed to the structure of the simple method formulae, 
in which jump height appeared only as a component of the numerator. As a result, its variability was 
diluted by the presence of fixed parameters, thereby enhancing the overall reliability of the derived 
kinetics. However, the time-averaged force plate method only showed acceptable reliability for 𝐹ത௧௜௠௘ 
and 𝑃ത௧௜௠௘. The discrepancy may be attributed to the use of a particularly sensitive onset detection 
threshold (20N), which allowed minor fluctuations in the signal to trigger the start of integration 
prematurely [23]. This could lead to the integration process beginning before the actual movement 
started, thereby introducing variability in the computed values. In contrast, such small fluctuations 
were unlikely to affect the distance-averaged force plate method, as it did not rely on precise onset 
identification. 

Comparison of the Different F-V Relationship Models 

We found that all four F–V relationship models exhibited very large to nearly perfect linearities. 
While previous studies have repeatedly demonstrated the strong linearity of the two time-averaged 
methods, our findings further extended this evidence to the two distance-averaged methods, which 
reinforced their applicability, particularly in time-constrained testing scenarios where the two-point 
method was employed [27,28]. 

The time-averaged force plate method was the only approach that exhibited a substantial 
prediction error, approximately 23%, which was considered entirely unacceptable. This large error 
was primarily attributed to the non-equivalence between 𝐹ത௧௜௠௘  and 𝐹തௗ௜௦௧௔௡௖௘ . Consequently, the 𝐹ത௧௜௠௘ and 𝑣̅௧௜௠௘ information obtained through the force plate method could not be reliably translated 
into calculating mechanical work, thereby preventing the establishment of an accurate relationship 
between the two. For the other three methods, the prediction errors between estimated and actual 
jump height were all within 5%. The consistency in 𝐹തௗ௜௦௧௔௡௖௘ and 𝑣̅ௗ௜௦௧௔௡௖௘  values derived from both 
the distance-averaged force plate and simple methods helped explain the validity of their predictions. 
Notably, the distance-averaged simple method showed the smallest error in number among the three, 
likely because the jump height was used directly as input during the modeling process. Interestingly, 
the time-averaged simple method accurately predicted jump height even though the estimated mean 
force and velocity did not correspond directly to those obtained from the force plate method. This 
may be because the time-averaged simple method actually used 𝐹തௗ௜௦௧௔௡௖௘. Although 𝑣̅௧௜௠௘ could not 
be simply estimated with half 𝑣௧௢ , its variation across different loads closely paralleled that of 𝐹തௗ௜௦௧௔௡௖௘  and 𝑣̅ௗ௜௦௧௔௡௖௘   obtained from the distance-averaged method. As a result, it could still be 
effectively used to predict jump height. Furthermore, the 𝐹଴, 𝑣଴, and P୫ୟ୶ values derived from the 
time-averaged simple method demonstrated large to very large correlations with those obtained from 
the distance-averaged simple method. This further supported the notion that it might carry 
equivalent F − V relationship  information to that of the distance-averaged simple method, 
suggesting its validity in predicting jump height.  

Compared to the distance-averaged force plate method, the distance-averaged simple method 
slightly overestimated 𝐹଴ and 𝑃௠௔௫, while no significant difference was observed for 𝑣଴. A possible 
explanation was that the ℎ௣௢ integrated from the force plate method was not entirely equivalent to 
the directly measured value in the simple method, which might lead to discrepancies between the 
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𝐹଴ 𝑖𝑛 𝑡ℎ𝑒 two methods. However, since both methods accurately predicted jump height, both of them 
could effectively support individualized training, with the F − V training ratio providing a reference 
for tailoring force- or velocity-oriented interventions. The F − V training ratio from the two methods 
showed nearly perfect correlation with each other. Nonetheless, given the lower error margin in the 
distance-averaged simple method, it may represent the most advantageous option among all 
evaluated approaches. 

Theoretical Simulations and Potential Training Adaptation 

According to the simulation results, jump height increased monotonically with 𝐹଴, 𝑣଴, and ℎ௣௢. 
Since P୫ୟ୶ cannot be accurately computed using the distance-averaged method, this approach did 
not allow for determining an optimized performance under a given P୫ୟ୶. However, it still supported 
individualized training strategies. Specifically, the growth rate of jump height accelerated at the 
extremes of the F − V relationship  spectrum: when 𝐹଴  was high and 𝑣଴  was lower, increasing 𝑣଴ 
led to greater improvements in jump height, and vice versa. This pattern aligned with the optimized 
F–V imbalance concept previously proposed by Samozino et al. [29], which emphasized tailoring 
force- or velocity-oriented training to an individual’s profile. In this study, the F − V training ratio, 
calculated in the distance-averaged method, was found to be largely correlated with the F −V imbalance . This finding further supported the feasibility and validity of individualized training 
approaches. However, the advantage of the F − V training ratio over the F − V imbalance was that it 
directly provided the growth rate in jump height associated with a given percentage increase in either 𝐹଴ or 𝑣଴. In contrast, the F − V imbalance only indicated whether force- or velocity-oriented training 
was needed to enhance power output during unloaded jumping, without offering a quantitative 
estimate of the benefit expected from improving each component. Considering the diminishing 
marginal returns of increases in 𝐹଴ and 𝑣଴ at higher levels, the efficiency of individualized training 
might surpass that suggested by the F − V training ratio  [12]. Therefore, the F − V training ratio 
represents a more precise tool for guiding individualized training compared to the F − V imbalance. 
The comparison between the time-averaged and distance-averaged methods, along with their 
application in guiding individualized training, was listed in Figure 8. 

. 

Figure 8. General comparison of the time-averaged method and distance-averaged method. 
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Our simulations indicated that the superior benefits of individualized training over traditional 
programs originated from the varying potential for jump height improvement among athletes (Figure 
6). Specifically, athletes classified as the velocity-deficit or force-deficit exhibited greater potential to 
enhance jump performance compared to balanced individuals. However, targeted training 
addressing F − V imbalance achieved to balance within a period as short as one to three months [10], 
which may imply a potential limitation for individualized approaches in long-term training periods 
due to the diminishing returns after initial adaptations. In longer-term training regimens, coaches 
and sport scientists were advised to prioritize strategies that most efficiently led to high levels of both 𝐹଴  and 𝑣଴ . Sequential development (𝐹଴  followed by 𝑣଴ , or 𝑣଴  followed by 𝐹଴ ) and concurrent 
development of 𝐹଴  and 𝑣଴  can be conceptualized as three distinct training strategies aimed at 
comprehensively improving the variables underlying the F-V relationship. However, there was 
currently no direct empirical evidence to determine which approach leads to the most rapid 
improvement. The conventional periodization approach emphasized extensive strength training 
during the preparatory phase, with a gradual shift toward velocity-oriented training closer to 
competition [30]. This structure implicitly reflected a training philosophy that prioritizes the 
development of 𝐹଴ first, followed by an emphasis on 𝑣଴. Furthermore, heavy-load training has also 
been shown to impair 𝑣଴, such as the relative rate of force development in the early phase [31,32]. 
This might suggest that prioritizing the development of 𝑣଴  before 𝐹଴  may not be an optimal 
strategy. Future studies should therefore aim to provide direct empirical evidence comparing the 
efficacy of different sequencing strategies for training prescription. 

Different from the optimized training raised by Samozino et al. [29] and its practical application 
[33,34], our simulation suggested that improvements in jump height should not come at the expense 
of reducing one of the intercepts. Instead, training should aim to enhance one maximal capacity 
(either 𝐹଴  or 𝑣଴ ) while maintaining the other, thereby promoting balanced development without 
compromising existing capabilities. Nonetheless, we also observed that in their fixed F − V imbalance 
training framework, gains in either 𝐹଴ or 𝑣଴ typically came at the expense of the other intercept. 
Therefore, future efforted to develop optimized training strategies should be based on the current 
model to improve the intercept without compromising other aspects of performance. It was also 
observed that, even among individuals with a velocity deficit undergoing force-oriented training, 
Lindberg et al. [12] found that 𝐹଴  may decrease while their squat 1RM continues to improve. A 
similar phenomenon was observed in the study by Simpson et al., where participants in the general 
training group experienced a reduction in 𝐹଴, but their squat strength still showed gains [20]. This 
suggested that changes in maximal dynamic strength did not always correspond to changes in 𝐹଴. 
Although some studies have proposed that high-load, force-oriented training may reduce the early 
rate of force development [32,35], which was considered an important determinant of the 𝑣଴ [31], no 
study has provided direct evidence to support the claim that force-oriented training led to reductions 
in both 𝑣଴ and the early rate of force development. The importance of evaluating the validity of the F − V relationship  model intercepts under minimal and maximal force or velocity conditions was 
emphasized, excessive extrapolation of the F − V relationship may compromise the validity of the 
intercept values. 

Although human anatomical structure stops development after the mature, the ℎ௣௢could still be 
modified by altering the squat depth [36–38]. For instance, research has shown that a smaller ℎ௣௢ 
was associated with a higher 𝐹଴, while having minimal impact on the 𝑣଴ in the same athletes. This 
may help to explain the optimal countermovement depth angle observed by Pommerell et al. who 
found that modifying ℎ௣௢  resulted in changes in 𝐹଴  and achieved a locally optimal jump height 
(2024). Therefore, in the short term, there was potential to improve jump height by modifying the ℎ௣௢. 

Limitation 

As the first study to focus on the distance-averaged F − V relationship, this investigation had 
several limitations. First, we used a regression-based approach to estimate the relationship between 
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𝑣̅ௗ௜௦௧௔௡௖௘  and jump height. However, this relationship might vary depending on the magnitude of 
the countermovement and might not apply to elite athletes. Future research should explore how this 
relationship differs across populations and movement strategies. Second, we did not examine the 
between-session reliability of the distance-averaged F − V relationship . It would be valuable for 
future studies to compare the reliability of this method to that of the more commonly used time-
averaged F − V relationship. Lastly, the long-term validity and sensitivity of this method have not 
yet been evaluated. Longitudinal research or fatigue studies are needed to determine its effectiveness 
in tracking performance adaptations over extended periods. 

Conclusions 

This study introduced and validated a novel distance-averaged F − V relationship  model, 
demonstrating superior accuracy over the traditional time-averaged method in estimating mean 
force, and velocity, and predicting jump height. Simulation results further revealed that increases in 
the same percentage 𝐹଴ and 𝑣଴ did not contribute equally to improvements in jump height; thus, 
athletes were encouraged to plot their jump height growth rate in response to percentage increases 
in 𝐹଴  or 𝑣଴  to guide individualized training strategies. These findings supported the distance-
averaged F − V relationship as a valid and practical tool for individualized ballistic performance in 
both research and applied settings. 
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Abbreviation 𝐹ത௧௜௠௘, time-averaged mean force 𝐹തௗ௜௦௧௔௡௖௘, distance-averaged mean force F − V imbalance, the ratio between the athleteʹs actual F − V slope and the theoretical optimal F − V slope that 

maximizes jump height at a given maximal power output F − V training ratio, the ratio of partial derivatives with respect to percentage change in 𝐹଴ and 𝑣଴ F − V relationship, force-velocity relationship 𝐹଴, maximal force ability from force-velocity relationship 
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g, gravitational acceleration ℎ, jump height ℎ௣௢, push-off distance M, ratio of system mass to body mass P୫ୟ୶ , maximal power output 𝑃ത௧௜௠௘, time-averaged mean power 𝑃തௗ௜௦௧௔௡௖௘, distance-averaged mean power t௣௢, time elapsed from movement onset to take-off. 𝑣̅௧௜௠௘, time-averaged mean velocity 𝑣̅ௗ௜௦௧௔௡௖௘ , distance-averaged mean velocity 𝑣௧௢, take-off velocity 𝑣଴, maximal velocity ability from force-velocity relationship 

α, constant used to estimate distance-averaged velocity 

β, coefficient used to estimate distance-averaged velocity. 
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