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Abstract

:

Flight time is widely used to calculate jump height because of its simple and inexpensive application. However, this method is known to give different results than the calculation from vertical velocity at takeoff. The purpose of this study is to quantify the effect of postural changes between takeoff and landing on the jump height from flight time. Twenty-seven participants performed three vertical jumps with arm swing. Three-dimensional coordinates of anatomical landmarks and the ground reaction force were analyzed. Two methods of calculating jump height were used: (1) the vertical velocity of the whole-body center of mass (COMwb) at takeoff and (2) flight time. The jump height from flight time was overestimated by 0.025 m compared to the jump height from the takeoff velocity (p < 0.05) due to the lower COMwb height at landing by −0.053 m (p < 0.05). The postural changes in foot, shank, and arm segments mainly contributed to decreasing the COMwb height (−0.025, −0.014, and −0.017 m, respectively). The flight time method is reliable and had low intra-participant variability, but it cannot be recommended for a vertical jump when comparing with others (such as at tryouts) because of the potential “cheating” effect of differences in landing posture.
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1. Introduction


Jumping ability is regarded as one of the most important aspects of many sports. Vertical jump measurement is a method to assess lower limb power [1], strength [2], and neuromuscular status [3]. Therefore, the vertical jump test has been used to assess the impact of training [2] and to select high-level players at tryouts in many sports such as American football [4] and basketball [5].



The force platform is one of the most widely used methods of vertical jump measurement and is considered the gold standard for determining the mechanical outputs of jumping [6]. Force platforms are used to measure the ground reaction force (GRF) and derive the velocity of the whole-body center of mass (COMwb) using the impulse–momentum relationship. However, they are costly for sports teams and strength coaches, so their use is limited mainly to university laboratories and research institutes.



Recently, the calculation of jump height from flight time using a contact mat, a photoelectric cell, and a smartphone that utilizes a high-speed camera application has become increasingly popular due to its low cost and straightforward assessment methods. In this method, jump height is calculated using a uniform acceleration equation. The equation justifies the method only if the height of the COMwb is the same at takeoff and landing. It has been reported, however, that the method overestimates the countermovement jump without arm swing (CMJ) height by 2% [7], 3–4% [8], 8% [8], and 11% [9] compared to the method using vertical velocity at takeoff from a force platform. These results suggest that the height of the COMwb at landing is lower than that at takeoff, making the flight time longer. Consequently, the jump height from flight time is overestimated.



One potential determining factor for this difference, suggested by the previous studies, is that participants landed with their lower limbs partially bent, resulting in an inflated flight time [8,9]. Kibele [7] showed that knee and ankle joints were more flexed, and the COMwb height was lower at landing than at takeoff. Also, a different arm posture at takeoff and landing seems to affect the difference in the COMwb height when arm swing is permitted [10]. Previous studies reported that the COMwb height at takeoff in the vertical jump with arm swing (VJ) was 0.024 m [11] and 0.034 m [12] higher than that in CMJ.



The flight time method of calculating jump height is widely used by laboratories and sports teams, even though many researchers have acknowledged the postural differences at takeoff and landing. However, there have been few studies which have aimed to understand the sources of error in jump height from flight time. In order to fully understand the sources of error, it is helpful to quantify the relationship between the postural difference and the difference in the COMwb height. This is because the height of the center of mass of a system is given by a mathematical formulation: the mass-weighted average of the heights of the segments. Therefore, the purpose of this study is to quantify the effect of postural changes in each segment on the COMwb height difference between takeoff and landing. We hypothesized that lower limb bending and arm movement are the primary factors that affect the overestimation of jump height from flight time. Understanding the sources of error in jump height from flight time would be useful for better instruction to reduce systematic bias and interpersonal variability when using the simple and low-cost method of vertical jump measurement.




2. Materials and Methods


2.1. Participants


Twenty-four males and three females (age: 19 to 42 years; height: 1.77 ± 0.11 m; mass: 75.3 ± 11.9 kg) participated in this experiment. They provided written informed consent to undergo the experimental procedures, which were conducted in accordance with the Declaration of Helsinki and were approved by the ethics committee of the Japan Institute of Sports Sciences (H29-0065).




2.2. Instrumentation


Three-dimensional coordinates of the anatomical landmarks were acquired using a 3D optical motion capture system with ten cameras (500 Hz; Vicon, Oxford, UK). Forty-seven reflective markers were placed on each participant’s body—the same as in the previous study [13]. All kinematic data was filtered and interpolated using a Woltring quintic spline [14]. To choose the optimal cut-off frequency of 4.6–7 Hz, a residual analysis was performed [15]. Participants wore their athletic shoes. GRF data was obtained at 1000 Hz using two force platforms (0.9 m × 0.6 m, type 9287B; Kistler, Winterthur, Switzerland).




2.3. Procedures


Participants performed three maximal VJs after warm-up and familiarization. They were instructed to stand upright and motionless for 1 s then began the movement of the jump. They were required not to bend their lower limbs before landing. Two or more experimenters watched each trial, and if they noted that the requirement was not met (i.e., leg tucking), the trial was repeated.




2.4. Data Reduction


Two methods of calculating jump height were used: (1) the vertical velocity of the COMwb at takeoff, and (2) flight time. The vertical GRFs (Fver) were integrated by trapezoid rule integration to estimate the vertical velocity [6]. The vertical velocity at takeoff (Vto) was calculated using the following equation:


   V  to     =    1   m  wb       ∫    t  st      t  to        F  ver   −  m  wb   g   dt  



(1)




where mwb, Fver, g, tst, and tto represent the body mass, vertical GRF, gravitational acceleration (9.806 m/s2 [16]), the time of the start of the initial jumping motion, and the time of its termination at takeoff, respectively. The body mass was calculated by averaging Fver over the 0.3 s quiet stance [7] and dividing by gravitational acceleration. We confirmed that the coefficient of variance (CV) of Fver during the quiet phase in each trial was low (less than 1%). The start of the motion was identified as the first Fver detected to deviate above or below body weight by 1%. To eliminate the influence of inter-participant variance in body weight, takeoff and landing times were defined as the first intersection of Fver with 1% of body weight (7.4 ± 1.2 N, range 5.0 to 9.9 N). The jump height from Vto (Hv) was calculated using the following equation:


       H v    =    1  2 g    V  to     2  .      



(2)







Hv was used in this study as the criterion for comparison. Jump height from flight time (Ht) was calculated using the following equation:


   H t    =    1 8  g  t  flight     2   



(3)




where tflight represents the flight time (see Appendix A).



The COMwb position was calculated as the weighted sum of a 15-segment model (i.e., head, upper trunk, lower trunk, upper arms, forearms, hands, thighs, shanks, and feet) based on body-segment parameters [17]. To compare the difference in the whole-body posture between takeoff and landing, we used a seven-segment model of the head, arm, upper trunk, lower trunk, thigh, shank, and foot (Figure 1). The positions of the arm, thigh, shank, and foot segments were the average of the right and left side.



Once an object is projected into the air, the COM of the system must follow a parabolic trajectory, and the trajectory cannot be altered in the air until landing. When the position of a segment moves relative to the COMwb, it affects the other segments’ positions relative to the COMwb to keep the COMwb trajectory constant. As a result, the difference in a segment posture influences the COMwb height at landing. To understand the effects of the postural difference between takeoff and landing on the COMwb height, we quantified the contributions of the changes in the vertical component of each segment on the COMwb height. When one segment changes its posture, it affects (1) the segment COM height and (2) the COM height of all segments above it. We defined the vertical component of the segment COM length (COMk) by the following equations:


    COM  k    =    h   C k  /  J k        k   =   1    to    6    



(4a)






    COM  k    =    h   C k  /  J 6        k   =   7    



(4b)




where k represents the segment number (see Figure 1) and    h   C k  /  J k      represents the height from the lower edge point (joint) of the segment to the segment COM (Figure 1a). COM7 (i.e., the arm segment) was defined relative to the proximal joint (the suprasternal notch). In the same way, we defined the vertical component of the segment length (SEGk) by the following equation:


    SEG  k    =    h   J  k + 1   /  J k     



(5)




where    h   J  k + 1   /  J k      represents the height from the lower edge point (joint) of the segment to the proximal joint (Figure 1b). Then, we calculated the contributions for all seven segments (CONTk) using the following equations:


    CONT  k    =        m k     m  wb     Δ  h   C k  /  J k      +   ∑   i   =   k + 1  7     m i     m  wb     Δ  h   J  k + 1   /  J k        k   =   1    to    5    



(6a)






    CONT  k    =        m k     m  wb     Δ  h   C k  /  J 6                                            k   =   6    and    7    



(6b)




where m and Δ represent the segment mass and the difference in a variable between takeoff and landing, respectively.



When a lower COMwb at landing is observed, the difference makes the flight time longer, meaning that the jump height from flight time is overestimated. To understand the influence of the difference in the COMwb height on jump height overestimation (ΔH), we created a contour color map using the following equations:


  Δ H   =    H t  −  H v   



(7)






  Δ H   =    1 8  g         2  H v   g    +     2    H v  + Δ   COM   wb      g       2  −  H v   



(8)




where ΔCOMwb represents the difference in the COMwb height. The term in brackets on the right side of Equation (8) is the flight time (see Appendix B). All numerical calculations were performed using MATLAB 2018b (The MathWorks, Inc., Natick, MA, USA).




2.5. Statistical Analysis


The three jumps performed with each device were averaged to provide a representative value for each variable. Means and standard deviations (SDs) were calculated after verifying the normality of distributions using Kolmogorov–Smirnov statistics. Paired-sample t-tests were used to compare the mean differences between methods and between time phases (takeoff and landing). One-sample t-tests were used to examine CONTk against zero. The magnitude of the difference was also assessed using Cohen’s d, where d > 0.8 is a large effect, 0.5 ≤ d ≤ 0.8 is a moderate effect, 0.2 ≤ d ≤ 0.5 is a small effect, and d < 0.2 is a trivial effect [18]. The intra-participant reliability of the variables of the three jumps was examined by the intraclass correlation coefficient, one-way random-effects model (ICC1,1). Acceptable reliability was defined as an ICC > 0.70 [19]. The analysis of the fixed bias with its upper and lower limits of agreement (LOA) between the jump heights for all 81 trials obtained from the two calculations was performed by using a Bland–Altman plot [20]. Heteroscedasticity of error (proportional bias) was defined as a coefficient of determination (r2) > 0.1 [21]. Statistical significance was determined by a probability level of p < 0.05. All calculations were performed using IBM SPSS Statistics version 19 (IBM Co., Chicago, IL, USA).





3. Results


Ht was significantly higher than Hv (0.421 ± 0.081 and 0.396 ± 0.074 m, respectively, p < 0.001, d = 1.046). The mean fixed bias (with 95% LOA) between Ht and Hv was 0.025 m (with range −0.028 to 0.079 m) (Figure 2a). The further analysis of the Bland–Altman plot (Figure 3) revealed very low r2 values (r2 = 0.068), meaning outcomes estimated from Ht had no proportional bias to overestimate or underestimate jump performance. Acceptable intra-participant reliabilities were observed for both Ht and Hv (ICC1,1 = 0.964 and 0.979, respectively).



The COMwb was significantly lower at landing than at takeoff (1.087 ± 0.100 m and 1.140 ± 0.071, respectively, p < 0.001, d = 1.17) (Table 1). Acceptable intra-participant reliabilities were observed for the COMwb at both takeoff and landing (ICC1,1 = 0.991 and 0.967, respectively). Inter-participant variability ranged from −0.182 to 0.008 m (Figure 2b). COMarm, COMshank, and COMfoot showed lower values at landing compared to at takeoff (p < 0.05, large effect size) (Table 1). SEGshank and SEGfoot showed lower values at landing (p < 0.05, large effect size) compared to at takeoff (Table 2). The intra-participant reliabilities of those variables were acceptable (ICC1,1 > 0.7). CONTarm, CONTshank, and CONTfoot showed lower values compared to zero (p < 0.05, moderate to large effect size) (Table 3 and Figure 4).



From Equation (8), the difference in jump height (ΔH) was influenced by ΔCOMwb and jump height (Hv). The contour map (Figure 5) showed that the jump height did not greatly affect the overestimation of jump height.




4. Discussion


The purpose of the present study was to quantify the effect of postural changes between takeoff and landing on jump height overestimation. The jump height from flight time was 0.025 m (6.4%) higher than the jump height calculated from velocity. We confirmed that the current result was reasonable compared to the previous studies, which showed 2–11% overestimation of CMJ height [7,8,9].



The difference in the vertical components of the foot and shank segment lengths were the main contributions to the difference in the COMwb height. Also, the inter-participant differences were large (range −0.092 to 0.018 m for foot and −0.040 to 0.003 m for the shank, see Figure 4). Therefore, the observed lower COMwb height at landing was mostly due to lower ankle dorsiflexion. In some previous studies, experimenters instructed each participant not to flex their knees [22] and hips [23] at landing. In other studies, experimenters instructed participants to land in a similarly extended position at takeoff [24,25]. From these previous studies, it is suggested that ankle dorsiflexion at landing was considered a less serious effect on the jump height, whereas our results indicate that it is the most critical motion. In these studies, each trial was also watched and judged by the experimenter subjectively to ensure that the instructions had been followed. To reduce the difference in the COMwb height, it is recommended that an experimenter instruct participants about the landing technique for the jump tests, primarily focusing on foot and shank segments, such as “landing with toes pointing downwards” [26]. However, such instruction seems to be inappropriate. One reason for this is that the posture at landing is essential because high impacts cause lower joint injuries [27]. Preparatory flexing at the hip, knee, and ankle is an effective strategy to reduce the impact of landing [28]. Moreover, a previous study revealed that extra attention increased the impact of landing [29]. It may be difficult to control the posture at landing in detail without increasing the risk of injury and excess stress.



It is unlikely—but not impossible—that the control of the upper body affects the lower limb bending. Because the total momentum and total angular momentum of a system both remain constant unless acted upon by an external influence, when a segment moves relative to the COMwb, the other segments have to move to compensate. Therefore, there is a possibility that the upper trunk movement affected the shank and foot postures. It is notable that the causal relationships between these postural effects are unknown.



In this study, the difference in the arm COM height relative to the suprasternal notch also affected the difference in the COMwb height between takeoff and landing, though there was a large inter-participant variability (from −0.046 m to 0.008 m). Although no previous study has reported the effect of arm posture on flight time overestimation, some studies reported that an arm swing contributes to increased the COMwb height [11]. The height of the arm COM in 23 out of 27 participants was above the proximal joint at takeoff, and in 14 of the 23 participants, it was below the proximal joint at landing. When VJ is performed, experimenters do not instruct the participants regarding the height of arm movement before takeoff, because they want to evaluate jump performance using arm swing as much as possible, comparing it to jumps without arm swing. On the other hand, it might be possible to control the height of the arm movement at landing through instruction, such as “arms above the shoulder at landing.” No studies justify that the height of the COMwb should be the same at takeoff and landing. At least, the current instruction focusing on lower limb posture cannot prevent the potential “cheating” that can be accomplished by lowering arms as much as possible at landing. Previous studies have shown that arm swing improved jump height [30], but the improvement might be somewhat overestimated when the jump height was calculated from flight time. Therefore, the flight time method cannot be recommended for a vertical jump with arm swing, especially when compared with others, such as at tryouts.



From the contour curve (Figure 5), jump height did not greatly affect the overestimation. For example, if the jump height is 0.20 m and the COMwb height is 0.04 m lower at landing compared to takeoff, then the jump height from flight time is overestimated by 0.0195 m. if the jump height changes to 0.60 m, the overestimation from the same difference in the COMwb height is 0.0198 m. The relationship between the difference in the COMwb height and the overestimation of jump height is in a ratio of almost two to one.



Many studies have considered force platforms as the “gold standard” to evaluate jump height [22,31,32], but this confuses the instrumentation with the calculation method. We can calculate jump height by two methods using force platforms: (1) vertical velocity at takeoff, and (2) the time in the air [8,9]. To clarify the validity and reliability of the simple methodology to calculate jump height from flight time, force platforms are considered the gold standard to calculate flight time because the method contained is valid under certain conditions, as described above. The jump height from vertical velocity at takeoff is the true gold standard for jump height measurement.



Calculating jump height from flight time is still useful for coaches who want to measure changes in an individual resulting from their training program because of its low cost, simplicity, and ease of implementation. Recently, many commercial devices are have been developed to measure jump height from flight time, such as an iPhone app [33] and inertial measurement unit [24]. Other methods have also been in development, such as linear position transducers, but these showed overestimation by 7.0 cm compared to the jump height from flight time [34]. In this study, we confirmed that the flight time method has high intra-participant reliability and no proportional bias, though there is a fixed bias. Researchers and coaches are usually interested in comparing jump height before and after training. If the same device is used for both pre- and post-tests, it is useful.




5. Conclusions


In conclusion, we found that jump height from flight time is overestimated compared to the jump height from takeoff velocity as a result of the lower limb and arm postures at landing. Understanding the sources of error in jump height from flight time can be used to develop better instruction to reduce the systematic error.
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Appendix A. Calculation of Jump Height from Flight Time


It is noted that the assumption for this calculation is that the height of the COMwb is the same at takeoff and landing of the jump (Hv is equal to Ht). Once an object is projected into the air, the COMwb must follow a parabolic trajectory, and the trajectory cannot be altered in the air until landing because only the gravitational acceleration is applied to it. Therefore, the vertical velocity of the COMwb is calculated as


  V  t  =    V 0  − g t  



(A1)




where V(t) represents the vertical velocity, V0 represents the initial velocity, and t represents the time of travel. As V(t) becomes zero at the highest point during flight phase the time from the takeoff to the highest point (ttop) is expressed as


   V  to   − g  t  up     =   0  



(A2a)









   V  to     =   g  t  up    



(A2b)




tup should be half of the flight time, with the peak of the jump happening at exactly the midpoint of the flight time, expressed as follows:


   V  to     =    1 2  g  t  flight    



(A3)







Substituting Equation (A3) for Equation (2), we obtain Equation (3) as follows:


   H t    =    H v    =    1  2 g        1 2  g  t  flight      2   



(A4)






   H t    =    1 8  g  t  flight     2   



(A5)








Appendix B. Calculation of the Flight Time from the Vertical Displacement of the COMwb


The vertical displacements of the COMwb travelling from takeoff to the highest point (vertical velocity becomes zero) and from the highest point (vertical velocity is zero) to landing are both expressed as


  h  t    =    1 2  g  t 2   



(A6)




where h(t) represents the vertical displacement. During the time from the takeoff to the highest point (tup), h(t) is equal to Hv, and Equation (A6) gives


   H v    =    1 2  g  t  up     2   



(A7)






   t  up     =       2  H v   g     



(A8)







On the other hand, during the time from the highest point to landing (tdown), h(t) is the sum of Hv and ΔCOMwb, and Equation (A6) gives


   H v  + Δ   COM   wb     =    1 2  g  t  down     2   



(A9)






   t  down     =       2    H v  + Δ   COM   wb      g     



(A10)







The flight time (tflight) is the sum of tup and tdown. Therefore, tflight is expressed as


   t  flight     =       2  H v   g      +     2    H v  + Δ   COM   wb      g     



(A11)
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Figure 1. The definition of (a) vertical component of the segment center of mass length (COMk) and (b) vertical component of the segment length (SEGk). 
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Figure 2. (a) The difference in jump height (ΔH) and (b) the difference in whole-body COM height (ΔCOMwb) for each participant. Each bar represents a participant. They are arranged in descending (a) and ascending (b) order. 
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Figure 3. Bland–Altman plot for the jump height from the vertical velocity at takeoff (Hv) and the jump height from flight time (Ht). The central line represents the absolute average difference between the methods, and the upper and the lower lines represent ± 1.96 standard deviation (SD). 
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Figure 4. The contribution of the difference in the vertical component of the segment length (SEGk) to the difference in the whole-body center of mass (COMwb) height (contributions for all seven segments, CONTk). The sum of the differences in all of the segments is the difference in the COMwb height. Each bar shows the result for a participant; the values are arranged in ascending order. 
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Figure 5. An illustration of the influence of the difference in the COMwb height (ΔCOMwb) and jump height (Hv) on jump height overestimation (ΔH) (Equation (8)). The top-left triangular area in white shows there are no real roots because ΔCOMwb cannot be greater than Hv. The red circles represent each experimental data point. 
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Table 1. The vertical component of the segment center of mass (COMk) at takeoff and landing.
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	Segment
	Takeoff (m)
	Landing (m)
	Difference (m)
	Effect Size (d)





	Whole body
	1.140 ± 0.071
	1.087 ± 0.100 *
	–0.053
	1.17



	Head
	0.143 ± 0.024
	0.143 ± 0.028
	0.000
	0.02



	Arm
	0.109 ± 0.133
	–0.067 ± 0.187 *
	–0.175
	1.33



	Upper Trunk
	0.183 ± 0.021
	0.184 ± 0.019
	0.001
	0.13



	Lower Trunk
	0.086 ± 0.010
	0.086 ± 0.010
	0.000
	0.00



	Thigh
	0.225 ± 0.013
	0.227 ± 0.015
	0.002
	0.25



	Shank
	0.237 ± 0.018
	0.229 ± 0.021 *
	–0.009
	1.64



	Foot
	0.129 ± 0.009
	0.108 ± 0.031 *
	–0.021
	0.97







* p < 0.05.
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Table 2. The vertical component of the segment length (SEGk) at takeoff and landing.
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	Segment
	Takeoff (m)
	Landing (m)
	Difference (m)
	Effect Size (d)





	Upper Trunk
	0.321 ± 0.035
	0.323 ± 0.032
	0.002
	0.13



	Lower Trunk
	0.220 ± 0.026
	0.220 ± 0.028
	0.000
	0.00



	Thigh
	0.427 ± 0.026
	0.430 ± 0.003
	0.003
	0.25



	Shank
	0.400 ± 0.032
	0.385 ± 0.035 *
	–0.015
	1.64



	Foot
	0.199 ± 0.011
	0.173 ± 0.037 *
	–0.025
	0.99







* p < 0.05.
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Table 3. The contribution of the difference in the vertical component of the segment length (SEGk) to the difference in the whole-body center of mass (COMwb) height (CONTk).
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	Segment
	Contribution (m)
	Effect Size (d)





	Head
	0.000 ± 0.001
	0.023



	Arm
	–0.017 ± 0.013 *
	1.259



	Upper Trunk
	–0.001 ± 0.005
	0.119



	Lower Trunk
	0.000 ± 0.006
	0.009



	Thigh
	0.003 ± 0.011
	0.244



	Shank
	–0.014 ± 0.009 *
	1.446



	Foot
	−0.025 ± 0.032 *
	0.781







* p < 0.05.
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