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Abstract 

Purpose: The rate of force development (RFD) is commonly used as indicator of explosive strength and 

has been linked to sport-specific performance. However, the exact role of RFD and other temporal 

variables in relation to performance criteria remains unclear. This study aimed to examine the 

relationship of RFD and countermovement jump (CMJ) height during the eccentric and concentric 

phases of the CMJ.  

Methods: Fifteen professional male volleyball players participated. Each performed CMJs on a force 

platform. Average power, peak power, time to peak power, maximum RFD, average RFD, and peak 

RFD were calculated for both concentric and eccentric phases. Pearson correlation analyses were 

conducted to assess relationships among kinetic and temporal variables and CMJ height. Regression 

coefficients assessed the association of force and jump height (p<0.05).  

Results: No significant correlations existed between force variables and jump height in either the 

eccentric or concentric phases. The findings suggest that contractile force variables, such as RFD, do 

not significantly influence vertical jump height during CMJ. Vertical jump height in CMJ is likely 

influenced more by non-contractile factors including anthropometric and biomechanical characteristics, 

rather than contractile force alone.  

Conclusion: Therefore, caution is advised when using RFD to interpret explosive power during CMJ. 

Additionally, RFD may not be a reliable tool to forecast jump performance in athletes engaged in sports 

requiring high explosive strength.  

 

Keywords: Ground reaction force, Peak power, Countermovement jump, Volleyball.  
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Highlights 

 

1. No significant relationship was found between RFD and CMJ value in either phase. 

2. Strong inter-correlations were observed among eccentric and concentric RFD variables. 

3. RFD may not be a reliable standalone indicator of explosive power in volleyball players. 

4. Biomechanical and anthropometric factors may better explain CMJ performance. 

5. Caution is needed when using RFD to assess jump performance in athletic training. 

Plain Language Summary: 

This study looked at how quickly muscles generate force (RFD) in jumping, and whether is 

related to how high athletes can jump. Fifteen young professional volleyball players performed 

vertical jumps while researchers measured their muscle force and power during two key phases: 

when they lowered their body before jumping (eccentric phase) and when they pushed off the 

ground (concentric phase). Surprisingly, the results showed that RFD and power were not 

significantly related to how high the athletes jumped. In other words, just being able to generate 

force quickly didn't mean the player would jump higher. However, several force and power 

variables were strongly related to each other. These findings suggest that jump height depends 

on more than just muscle strength—factors like body shape, joint angles, and movement 

technique may be more important. Coaches and trainers should consider these aspects rather 

than focusing only on force measures like RFD. The study also recommends future research 

with larger and more diverse groups of athletes. 
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Introduction 

The rate of force development (RFD) refers to how quickly contractile force escalates at the 

beginning of a muscle contraction  (1). It indicates the capability to exert maximal force in the 

shortest time frame and is commonly utilized as a measure of explosive strength (2, 3). RFD 

seems to have a stronger correlation with performance specific to sports, is more adept at 

identifying both acute and chronic alterations in neuromuscular function, and could be 

influenced by unique physiological processes. 

One of the most widely utilized methods for assessing explosive strength is the 

countermovement jump (CMJ), in which the RFD plays a critical role (4, 5). Jump height is 

influenced by many criteria, such as the maximal muscle force, the force-time curve slope, and 

body segments inter-coordination (5, 6). The CMJ is often used to evaluate explosive 

performance in athletes involved in sports that require significant power, such as football, 

rugby, basketball, Olympic weightlifting, and volleyball (7).  

Researchers have explored the link between RFD and CMJ performance in a variety of studies 

(2, 5). While some researchers have identified RFD as a key variable in explosive actions like 

the CMJ (8-12), others have reported little to no significant correlation (13, 14). For instance, 

Marcora and Miller (2000) (15) found no significant relationship between RFD and CMJ 

performance during isometric testing in a horizontal squat position. However, the joint angles 

used in that study (90° and 120°) may have compromised the external validity of the strength 

assessments. It is therefore recommended that isometric strength be assessed at various angles, 

allowing participants to adopt more natural and comfortable positions during testing. 

Similarly, Kawamori et al. (2006) (16) also expressed a non-significant association between 

RFD and CMJ height. Although CMJ height has been widely used as a proxy for evaluating 

maximal force and power (1, 17, 18). this approach has also been questioned in terms of its 

validity (19-23). Even though earlier efforts have sought to investigate the connection between 

explosive strength, as measured by RFD, and vertical jump height, there remains limited 

understanding of how RFD and power fluctuate over time throughout the downward and 

upward phases of the countermovement jump (CMJ)—both of which are essential for jump 

performance. In jumping, the eccentric phase refers to the time starting since initiation of the 

downward motion of center of mass until the hip reaches its lowest position (24). 

Methodological constraints in some studies might account for their non-significant findings, 

such as evaluating RFD and CMJ performance in separate tests, using small sample sizes, or 

mixing male and female participants—despite their anatomical differences potentially 

influencing outcomes. Training status may also impact an athlete's ability to generate high RFD 

values, with more experienced athletes typically performing better. 

Other performance-influencing factors include joint kinetics, countermovement depth, pre-

activation, and jumping technique (25) For example, greater shoulder flexion at take-off, 

increased ankle plantarflexion, or differing involvement of hip versus knee extensors may all 
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play significant roles in CMJ outcomes. Furthermore, Schenau (1989) (26) noted that some 

athletes may struggle to effectively convert rotational forces generated at the joints into 

translational force during the jump, which could negatively affect jump performance. Given the 

critical importance of jump capacity in various athletic disciplines (27), further investigation is 

warranted to assess the behavior of RFD and power variables different phases of  jumping and 

determine whether they significantly correlate with performance. Such insights could help 

identify which phases and mechanical factors should be emphasized in training programs aimed 

at improving jump ability. 

There has not been any prior research investigating the association between RFD and 

countermovement jump (CMJ) height from the biomechanical viewpoint in the eccentric and 

concentric phases, utilizing regression-based statistical techniques. Therefore, the purpose of 

this study was to investigate the relationship between phase-specific RFD and CMJ height 

during the eccentric and concentric phases of the CMJ. We hypothesized that higher RFD in 

the eccentric and concentric phases would be positively and phase-dependently associated with 

CMJ height 

. 

Materials and Methods 

Participants 

This Cross-sectional study was carried out in the laboratory of the National Olympic 

Committee. The study involved fifteen males Volleyball players (Age: 16.0 ± 1.4 years, Body 

mass: 60.5 ± 8.4 kg, Height: 1.72 ± 0.06 m), who were all right-leg dominant, as determined by 

their preferred leg for single-leg take-off in sport-specific tasks. Leg dominance was used as an 

inclusion criterion to standardize the tested limb and reduce inter-individual variability; 

therefore, dominance was not included as a separate factor in the statistical analyses. However, 

that restricting the sample to right-leg dominant athletes may limit the generalizability of our 

findings to left-leg dominant populations. The number of participants was calculated using 

G*Power® software, according statistical power of 0.80, effect size of 0.80, significance level 

of 0.05 (11). A large effect size was chosen because previous studies examining the 

relationships between mechanical variables (e.g., force- and power-related measures) and 

countermovement jump performance have typically reported large associations, and we 

therefore anticipated a similarly strong relationship between RFD and CMJ height.  Participants 

were recruited via convenience sampling and were members of a local national volleyball 

league team in Iran. All testing sessions were performed on Monday mornings during the 

summer season to minimize diurnal and seasonal variability. 

participants exhibited robust health without any record of major leg injuries or persistent 

discomfort. During their research phase, they participated regularly in intensive three 

session/week practice, alongside participating at major nationwide events. Participants 

abstained from strenuous exercise for at least 72 hours before testing and were instructed to 
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maintain their habitual diet and normal hydration status during this period. The study protocol 

was approved by the Sport Sciences Research Institute Ethics Committee (approval code 

IR.SSRC.REC.1404.078).  

Countermovement jump 

Participants employed countermovement jumps on a 1000 Hz Kistler® force plate. Testing was 

conducted during the pre-season in the same laboratory. Participants stood with feet parallel, 

heels in contact with the force plate, body aligned parallel to the wall, and extended one arm 

vertically to mark the highest reachable point on the wall. Three maximal vertical jumps were 

performed, two-minute rest intervals between attempts. Participants performed three 

countermovement jumps, and only the highest jump height was used for analysis, as an 

indicator of maximal performance capacity. 

Participants underwent a standardized warm-up before testing, which included 10 minutes of 

self-paced cycling on a cycle ergometer and 5 minutes of dynamic stretching (e.g., hip circles, 

leg swings, high knees). A separate familiarization session was also completed by participants 

four days before the testing commenced. Permanent monitoring of appropriate execution of 

jumping technique as well as anthropometric parameters equality were considered through task 

performance by an experienced volleyball coach. 

The force-time data was used to compute the variables for the analysis that followed (16): 

average power (AP), peak power (PP), time to peak power (TPP), maximum rate of force 

development (MRFD), average RFD (ARFD), and peak RFD (PRFD). Power for each time 

frame was calculated using the formula (16): 

P𝑖=F𝑖×V𝑖 (Equation 1) 

Where Pi is power, Fi is force, and Vi is velocity. 

• Average Power (AP) (W/kg): Mean power output during each phase, normalized to 

body mass. 

• Peak Power (PP) (W/kg): Maximum power attained during each phase, normalized to 

body mass. 

• Time to Peak Power (TPP) (ms): Time elapsed from phase onset to peak power. 

• Maximum RFD (MRFD) (N/ms/kg): peak force divided by time from phase onset to 

peak force, normalized to body mass. 

• Average RFD (ARFD) (N/kg/s): Mean rate of force development across consecutive 

time frames within each phase, normalized to body mass. 

• Peak RFD (PRFD) (N/ms/kg): Peak rate of force development within each phase, 

normalized to body mass. 
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Force signal analysis 

Force Signal Analysis 

Vertical ground reaction force data were baseline-corrected by subtracting the mean force 

recorded during a quiet standing period prior to each jump and then low-pass filtered using a 

fourth-order zero-lag Butterworth filter (cut-off frequency: 10 Hz). Net vertical force was 

calculated by subtracting body weight from the filtered signal and dividing by body mass to 

obtain center of mass acceleration, which was integrated over time using the trapezoidal method 

to obtain velocity (28). The force-time signal during the CMJ was segmented into three phases 

based on the vertical center-of-mass velocity profile, in line with previous CMJ analyses  (29-

31). 

Initiation phase (IP): from the start of movement until the instant of minimum (most negative) 

vertical velocity, representing the onset of downward motion and initial braking. 

Eccentric phase: from the end of the IP (minimum velocity) until velocity returns to zero, 

corresponding to the remainder of the downward movement in which the musculotendinous 

system stores elastic energy. 

Concentric phase: from the instant velocity becomes positive until take-off (force < body 

weight), representing the upward propulsion phase that generates jump height. 

This velocity-based segmentation was chosen because it provides a mechanically meaningful 

separation of braking and propulsive actions, and has been widely adopted to characterize CMJ 

phase-specific performance (29–31). 

Force and power variables (PRFD, ARFD, MRFD, TPP, PP, and AP) were calculated within 

each phase. Jump height was estimated using the formula: 

jump height= (1/8) ×g×ft2.                 (Equation 2) 
 

where g is gravitational acceleration and ft is flight time (32, 33). 

 

Statistical analysis 

Pearson product–moment correlation coefficients were calculated to examine the relationships 

between kinetic and temporal variables (RFD, power, and time) in the eccentric and concentric 

phases of the CMJ. Simple linear regression analyses were then performed to evaluate the 

functional relationships between force-related variables and CMJ height. Statistical 

significance was set at p < 0.05. All analyses were conducted using SPSS (version 23.0, IBM 

Corp., Armonk, NY, USA) 
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Results 

Table 1 presents the Pearson correlation coefficients of rate of force development (RFD), 

power, and time variables of the research. Significant positive correlations were observed 

between average RFD in the eccentric phase (ARFDecc) and peak RFD eccentric (PRFDecc), 

as well as between ARFDecc and maximum RFD eccentric (MRFDecc). Conversely, ARFDecc 

showed a significant negative correlation with average RFD concentric (ARFDcon) and time 

to peak power eccentric (TPPecc). Peak RFD eccentric (PRFDecc) was significantly correlated 

with peak power eccentric (PPecc), time to peak power concentric (TPPcon), MRFDecc, and 

maximum RFD concentric (MRFDcon). Additionally, ARFDcon demonstrated significant 

correlations with TPPcon, MRFDecc, and MRFDcon. Significant associations were also found 

between PRFDcon and PPecc, as well as between peak power eccentric and average power 

eccentric (APecc). Time to peak power concentric showed strong negative correlations with 

MRFDecc and MRFDcon. Finally, MRFDecc and MRFDcon were positively correlated. 

 

Table 1. Correlation analysis between rate of force development, power, and time variables. 

Variable β0 β1 β2 β3 β4 β5 β6 β7 β8 β9 β10 β11 

ARFDecc 

(β0) 
1.00            

PRFDecc 

(β1) 
0.650 1.00           

ARFDcon 

(β2) 

-

0.874 

-

0.383 
1.00          

PRFDcon 

(β3) 

-

0.243 
-.062 0.260 1.00         

PPecc (β4) 
-

0.369 

-

0.456 
0.278 0.578 1.00        

PPcon (β5) 
-

0.094 

-

0.081 

-

0.063 

-

0.030 
-.158 1.00       

TPPecc 

(β6) 

-

0.073 

-

0.134 
0.121 

-

0.066 
0.155 

-

0.554 
1.00      

TPPcon 

(β7) 

-

0.680 

-

0.625 
0.551 0.194 0.410 0.155 0.001 1.00     

APecc 

(β8) 

-

0.306 

-

0.407 
0.212 

-

0.583 
0.990 

-

0.150 
0.087 0.399 1.00    

APcon 

(β9) 
0.022 0.106 

-

0.115 

-

0.194 

-

0.346 
0.950 

-

0.549 

-

0.042 

-

0.343 
1.00   

MRFDecc 

(β10) 
0.915 0.737 

-

0.710 

-

0.303 

-

0.580 

-

0.011 

-

0.111 

-

0.789 

-

0.538 
0.168 1.00  

MRFDcon 

(β11) 

-

0.303 
0.533 

-

0.689 

-

0.186 

-

0.323 

-

0.079 

-

0.084 

-

0.940 

-

0.292 
0.093 0.767 1.00 

Significant differences (p≤0.05) are highlighted in bold. Average Power Concentric (APcon), Average Power Eccentric (APecc), Peak Power 

Concentric (PPcon), Peak Power Eccentric (PPecc), Time to Peak Power Concentric (TPPcon), Time Peak Power Eccentric (TPPecc), RFD 

Maximum Concentric (MRFDcon), RFD Maximum Eccentric (MRFDecc), Average RFD Concentric (ARFDcon), Average RFD Eccentric 

(ARFDecc), Peak RFD Concentric (PRFDcon), Peak RFD Eccentric (PRFDecc). 
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Table 2 presents the results of regression analyses presenting the relationship between jump 

height and RFD, power, and timing variables in both eccentric and concentric phases. No 

significant relationships were obvious between jump height and any of the force or power 

variables at the 0.05 significance level. The highest, although non-significant, correlation with 

jump height was observed for average power during the eccentric phase, while peak power 

during the concentric phase showed the lowest correlation. Regarding RFD variables, peak 

RFD during the concentric phase showed the strongest association with jump height, whereas 

average RFD demonstrated the weakest correlation. 

 

Table 2. Regression coefficient between jump height and power-RFD variables. 

Dependent 

Variable 
Independent Variables 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig 

Beta Std. Error Beta 

Jump height 

Power 

Constant 40.747 4.225  9.644 0.000 

APcon (W/kg) 0.972 0.577 1.229 1.686 0.11 

APecc (W/kg) 4.065 1.960 2.583 2.074 0.055 

PPcon (W/kg) -0.272 0.270 -0.697 -1.006 0.329 

PPecc (W/kg) -2.164 1.436 -1.852 -1.507 0.151 

TPPcon (ms) -0.020 0.025 -0.200 -0.787 0.444 

TPPecc (ms) -0.013 0.038 -0.138 0.0337 0.741 

RFD 

Constant 28.604 7.130  4.012 0.001 

MRFDcon 

(N/ms) 
-0.063 0.079 -0.266 -0.796 0.438 

MRFDecc 

(N/ms) 
-0.089 0.346 -0.379 -0.258 0.809 

ARFDecc 

(N/kg/s) 
-0.117 0.179 -0.422 -0.652 0.524 

PRFDecc (N/ms) 0.789 0.778 0.350 1.014 0.327 

ARFDcon 

(N/kg/s) 
-0.373 0.291 -0.694 -1.282 0.219 

PRFDcon (N/ms) 1.053 0.587 0.411 1.794 0.093 

Average Power Concentric (APcon), Average Power Eccentric (APecc), Peak Power Concentric (PPcon), Peak Power 

Eccentric (PPecc), Time to Peak Power Concentric (TPPcon), Time Peak Power Eccentric (TPPecc), RFD Maximum 

Concentric (MRFDcon), RFD Maximum Eccentric (MRFDecc), Average RFD Concentric (ARFDcon), Average RFD 

Eccentric (ARFDecc), Peak RFD Concentric (PRFDcon), Peak RFD Eccentric (PRFDecc). 

 

 

Discussion 

This study explored the association of RFD and countermovement jump (CMJ) height in the 

eccentric and concentric phases of the CMJ. The results showed no significant correlation 

between force-related variables, including RFD, and jump height in either phase. This finding 

suggests that RFD alone may not be a reliable indicator of explosive power in athletes. 

Therefore, RFD data should be interpreted with caution when assessing performance. 
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Strong correlations were found among several RFD and power variables. For instance, average 

RFD in the eccentric phase (ARFDecc) correlated significantly with peak RFD eccentric 

(PRFDecc), average RFD concentric (ARFDcon), time to peak power eccentric (TPPecc), and 

maximal RFD eccentric (MRFDecc). Similarly, PRFDecc showed significant correlations with 

peak power eccentric (PPecc), time to peak power concentric (TPPcon), MRFDecc, and 

maximal RFD concentric (MRFDcon). Average RFD concentric (ARFDcon) was strongly 

associated with TPPcon, MRFDecc, and MRFDcon. Additional significant correlations were 

observed between other power and RFD parameters, indicating complex interrelations among 

these variables. 

Three distinct phases characterize the stretch-shortening cycle (SSC): eccentric (muscle 

lengthening), amortization (brief transition), and concentric (muscle shortening) (34). The 

eccentric phase reflects an athlete’s ability to transition effectively to concentric action and the 

stretch experienced by the musculotendinous unit following the countermovement (35, 36). 

Power training has been shown to alter this force-time curve component, highlighting its 

importance for performance monitoring and impulsive ability or “explosiveness” (37) (38)  

Despite the crucial role of the eccentric phase in generating explosive muscular contractions, 

no significant correlations were found between RFD variables and jumping height during this 

phase in the present study. However, these findings should be interpreted with caution due to 

the relatively small sample size and narrow age range of the participants, which may limit the 

statistical power and generalizability of the results. Within these constraints, our observations 

are consistent with previous research reporting weak or non-significant relationships between 

RFD and CMJ performance in similar contexts (15, 16, 39). Kawamori et al. (2006)  (16) 

suggest that the lack of correlation may stem from the tests measuring different abilities and 

utilizing different contraction types. Likewise, McErlain-Naylor et al. (2014) (25) note that 

biomechanical and anthropometric factors—such as peak knee power, take-off shoulder angle, 

and peak ankle power—may more strongly influence CMJ performance than RFD. Dowling 

and Vamos (1993) (39) further argue that some individuals, despite generating high peak forces, 

may not effectively apply this strength to optimize CMJ performance due to force application 

patterns. Marcora and Miller (2000) (15) attribute the lack of correlation partly to the joint angle 

used during CMJ execution. 

Several factors may help to explain why RFD did not show a clear association with CMJ height 

in this cohort. First, CMJ height is strongly influenced by jump technique and intersegmental 

coordination, and technical proficiency may vary considerably between youth players even 

when their mechanical capacities are similar. Such between-subject differences in technique 

could obscure potential relationships between RFD and performance. Second, the participants 

were mid-adolescent athletes, a developmental stage characterized by rapid growth and 

maturation-related changes in neuromuscular function. Possible mismatches between neural 

and morphological development may decouple the association between isolated RFD measures 

and actual jump performance. Third, volleyball-specific training in this group may prioritize 

jump frequency, timing, and tactical execution over maximizing RFD in the specific test 



 

12 

 

condition used here, leading to sport-specific adaptations that do not necessarily translate 

directly to the RFD metrics obtained in our protocol 

Given these factors, significant correlations between RFD and CMJ performance may only be 

evident under specific conditions. Thus, RFD might be necessary but insufficient for optimal 

CMJ performance. Athletes aiming to improve jump ability should complement maximal 

strength training with exercises targeting the stretch-shortening cycle. 

Anthropometric variables also play a role in vertical jump performance. Previous studies 

identified factors such as weight, shank length, calf circumference, seated height, torso 

circumference, and thigh length as important predictors in elite male volleyball players (40, 

41). Similarly, Davis et al. (2003)  (42) presented significant relationships between jump height 

and variables like foot length, fat percentage, and joint circumferences in amateur athletes. Joint 

angles further contribute to jump height. 

In contrast, several investigations have identified substantial relationships RFD and 

Countermovement Jump (CMJ) performance. Kochanowicz et al. (2016) and McLellan et al. 

(2011) (5, 43) demonstrated that both peak RFD and peak force are relevant to CMJ 

performance. However, McLellan et al. (2011) (5) caution that these findings should be 

interpreted carefully due to low retest reliability. 

In summary, the current findings indicate no significant association between force variables, 

including RFD, and vertical jump height during CMJ. This suggests that CMJ performance is 

not solely dependent on contractile force characteristics. Consequently, RFD should not be used 

as a standalone measure of explosive jump ability in athletes involved in sports requiring high 

levels of power. 

Limitations of this study include the inability to control for extraneous factors such as athletes’ 

psychological and nutritional status, which may have influenced results. Future research should 

include larger, more diverse samples, considering different age groups and skill levels to 

enhance external validity. Also, we acknowledge that restricting the sample to right-leg 

dominant athletes may limit the generalizability of our findings to left-leg dominant 

populations. 

We recommend future studies explore additional biomechanical parameters associated with 

CMJ performance in volleyball players, including various jump types, age ranges, and 

competitive levels, with higher data sampling rates to improve measurement precision. 

Conclusions 

This study found no significant correlations between force-related variables (RFD, average 

power, and peak power) and jump height in the eccentric and concentric phases of the CMJ in 

male adolescent volleyball players. Within this specific cohort, these findings suggest that 

contractile force alone may not be the primary determinant of vertical jump height at the initial 

phase of muscle action. Instead, non-contractile factors—including anthropometric and 
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biomechanical characteristics—may play a more prominent role in influencing CMJ 

performance in this population. Accordingly, caution is warranted when using RFD as a sole 

predictor of explosive power in CMJ among adolescent volleyball players. Furthermore, the 

small sample size and narrow age range limit the generalizability of these results, underscoring 

the need for further studies with larger and more diverse athletic populations. 

This study found no significant correlation between force-related variables (such as RFD, 

average power, and peak power) and jump height in the eccentric and concentric phases of 

CMJ. Within this specific cohort, these findings suggest that contractile force alone does not 

determine vertical jump height at the initial phase of muscle action. Instead, non-contractile 

factors—including anthropometric and biomechanical variables—may play a more critical role 

in influencing CMJ performance in this population. Accordingly, caution is recommended 

when using RFD to predict explosive power in CMJ among adolescent volleyball players. 

Furthermore, the small sample size and narrow age range limit the generalizability of these 

results, underscoring the need for further studies with larger and more diverse athletic 

populations. 

Practical implication 

For coaches working with male adolescent volleyball players, the present findings suggest that 

improving countermovement jump performance should not focus solely on increasing force-

related measures such as RFD, average power, or peak power. Instead, training programs may 

benefit from emphasizing technical and biomechanical aspects of the jump. In practice, this 

could include targeted work on countermovement depth, timing and coordination of hip–knee–

ankle extension, and consistent landing and take-off positions. Given the limited association 

between RFD and CMJ height in this cohort, routine monitoring of CMJ performance using 

simple jump height measures may be more informative for day-to-day decision-making than 

relying on detailed RFD metrics, especially in youth settings with restricted access to advanced 

equipment. 
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