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Abstract: 
Background: CrossFit® (CF) a globally embraced fitness program, has gained widespread 
popularity for its comprehensive approach to improving overall fitness. Central to its methodology is the 
emphasis on enhancing various physical attributes, including strength and muscular power. The power clean 
(PC), an integral exercise within CF, serves as an importante tool for assessing the muscular strength profile. 
Aim: This study aimed to investigate the intricate relationship between muscle strength, power variables, and 
maximal performance in executing the PC, an Olympic Weightlifting exercise, among CF practitioners. 
Material and methods: Thirty-five recreationally trained men, with an average age of 31 ± 5.2 years and a body 
mass of 85.7 ± 13.6 kg, actively participated in the study. The assessment of muscular strength involved key 
measures such as the isometric mid-thigh pull (IMTP) test, countermovement vertical jump (CMJ), and relative 
1-RM progressive test specifically tailored for the PC exercise. Results: Our findings found significant 
correlations between the indices of strength, muscle power and load in PC. The variables exhibiting the highest 
correlations with 1-RM in the PC were maximal dynamic strength (Fmax (dyn)) (R=0.76), maximal power (Pmax) 
(R=0.71), and maximal isometric strength (Fmax (iso)) (R=0.51). However, lower limbs power output (LLP) 
(R=0.42) was very low predictive value and RFD presented trivial and small correlation values without statistical 
significance. Conclusion: We conclude that Fmax (dyn) and Pmax have a greater capacity to estimate 1-RM in the 
PC exercise in CF practitioners. Fmax (iso) and LLP had a lower predictive capacity, certainly because they are not 
evaluated during PC movement. The RFD, despite being important, showed trivial-low predictive capacity, 
certainly because it was measured during the IMTP test. Further studies with other OW exercises may provide 
more detailed information about the relationship between strength variables and the execution of these 
movements. 
Key Words: High-Intensity Interval Training, Conditioning, Athletic Performance, Neuromuscular 

Assessment. 
 
Introduction 

CrossFit® (CF) is a conditioning program featuring short-duration, high-intensity exercises rooted in 
calisthenics, gymnastics, bodyweight strength training, and Olympic Weightlifting (OW) exercises (Carreker & 
Grosicki, 2020). Sessions are structured with mobility and warm-up exercises, followed by technical 
enhancement exercises (skills) and the main part known as the workout of the day (WOD) (Meier et al., 2023). 
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Performance in specific WODs (benchmarks) and tests (Personal Records; PR) is used to monitor the individual 
progress of participants. From a fitness standpoint, CF aims for the simultaneous improvement of various 
components such as muscular strength, power, cardiorespiratory fitness, and subsequently, alterations in body 
composition components (Feito et al., 2018). 

It should be noted that today CF gains steady popularity (Petrova et al., 2022). There exist CF 
competitions at local, regional, national, and international levels, where outcomes have been associated with 
different physical variables (Carreker & Grosicki, 2020). Common variables include maximal oxygen uptake, 
maximal anaerobic power output, strength, and power of upper and lower limbs, as well as body composition. 
These variables have demonstrated different capacities in explaining athletes' performance in competitions 
(Martínez-Gómez et al., 2020). This is due to the unpredictability and variation in selected exercises, leading to 
distinct structures like a predetermined number of repetitions/rounds to be completed in the shortest time 
possible (Rounds for Time; RFT), or participants attempting the highest number of repetitions/rounds within a 
stipulated time (AMRAP) (Mangine et al., 2020). 

Olympic Weightlifting (OW) exercises are part of the daily and competitive routine of CF (Maté-
Muñoz et al., 2017) and have been incorporated into the training regimes of various sports disciplines to improve 
strength (Suchomel et al., 2020). Performance in these exercises depends on technique, strength, and muscular 
power (Brady et al., 2020). Consequently, the ability to optimize muscular strength is considered fundamental 
for successful performance in CF and other athletic and sporting activities. 

For assessing strength components in OW, maximal isometric strength and the rate of force 
development (RFD) are common variables (Beckham et al., 2018). The most common test for evaluating RFD is 
the isometric mid-thigh pull (IMTP) test (Dos’Santos et al., 2018) (Stone et al., 2019). The position in this test 
which is supposed to mimic the second pull of the Power Clean (PC) (Lum et al., 2020), where the highest force 
(Moreira et al., 2023) and speed (Santos et al., 2020) are generated. 

 
The PC is a foundational exercise among several other full-body exercises in OW, resulting from the 

combined extension of the ankle, knee, and hip joints. It is commonly used in physical preparation due to its 
similarity with specific sports movements when the intention is to apply maximal force in a brief time. Recent 
studies have indicated that strength performance in OW exercises has a strong correlation with final rankings in 
CF competitions (Peña et al., 2021). However, few studies have analyzed the relationship between strength and 
power variables in OW exercises among CF practitioners. A study (Mangine et al., 2020) examined the 
differences between advanced and recreational CF practitioners compared to a physically active group. The 
authors reported that advanced practitioners exhibited higher maximal strength and greater RFD compared to the 
physically active group. Martínez-Gómez et al (2019) explored the relationship between power and muscular 
strength measured in the full squat exercise. The findings show moderate to strong correlations between peak 
power and performance in different WODs. 

Therefore, few studies have explored the ability to predict one repetition maximum (1-RM) through 
lower limb power and isometric strength in PC exercise. Through a recent systematic review (Lum et al., 2020) it 
is possible to see that the correlation values between 1-RM and lower limb power or isometric strength can 
change predictive capabilities in relation to different competitive levels. However, none of the studies presented 
in this review explored these relationships in CF practitioners.  

To date, the authors are not aware of any study that has established a relationship between 1-RM in the 
PC and various strength variables in CF practitioners. Therefore, this study aimed to investigate the intricate 
relationship between muscle strength, power variables, and maximal performance in executing the PC, an 
Olympic Weightlifting exercise, among CF practitioners. Insights from muscle strength derivations can provide 
information about fitness, as power training depends on the force/velocity relationship. Such findings may assist 
coaches and physical trainers in the appropriate prescription and control of power training. 
 

Material & methods  

Experimental Approach to the Problem 

In this study, 35 male recreational CF participants were evaluated, with an average age of 31 ± 5.2 
years, body mass of 85.7 ± 13.6 kg, and training experience of 38.9 ± 19.2 months. Participants were regularly 
training in CF and demonstrated a strength level ranging from intermediate to advanced, as per the Weightlifting 
Strength Standards (https://strengthlevel.com/), which categorizes individuals based on their body mass and the 
load lifted in PC. General warm-up and technical analysis during this movement were overseen by a CF-
accredited coach (Level 1). 

Tests were conducted in the morning, in the following order: countermovement jump (CMJ), IMTP, 
and a progressive test up to 1-RM in PC. A five-minute rest was allowed between each test to prevent 
interference from one test to another. A standard warm-up was performed before the tests, consisting of a five-
minute cycle on an ergometer at a cadence of 50 rpm, followed by dynamic stretching exercises and barbell lifts 
(20 kg) for five minutes, supervised by the coach. Participants, after being informed about the investigation's 
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objectives and the procedures they would undergo, voluntarily agreed to participate in the study and signed an 
informed consent form by the norms of Resolution 196/96 of the National Health Council concerning research 
involving human beings. The local Research Ethics Committee approved the procedures, under number 
3.290.772. 
 

Lower limb power output 

Participants were familiarized with the movement by performing 6 to 10 submaximal jumps and were 
instructed to keep their hands fixed on their waist, both at the beginning and the end of the jump, with their feet 
on the contact mat, and to keep their knees extended during the jump's airborne phase. Participants were 
instructed to jump as high as possible and to land with both feet simultaneously. Each participant completed six 
jumps, with a 30-second rest between each jump. A contact mat was used to determine flight time and calculate 
lower limb power (Jump System Pro Cefise®). Lower limb power was estimated from the product of the 
participant’s weight and take-off velocity (Banja et al., 2023). Take-off velocity was estimated from flight time 
(t) and gravity (g) using the equation (gt/2). As this study measured maximal capacities, the jump with the 
highest relative power was used for analysis. 
 

Isometric mid-thigh pull test 

Participants were positioned in front of a handle and pulled upwards. The handle was connected to a 
load cell that recorded the force. They familiarized themselves with the movement by pulling three times with 
less than maximal force to adjust their body position. Each participant made three 5-second attempts with a 3-
minute rest in between. They were instructed to pull the handle as "firmly and quickly as possible," maintaining 
maximal effort. Participants were also instructed to maintain a knee angle between 90 and 120° during the test, 
which was monitored using a goniometer, with a full knee extension equating to 180°. Force data were recorded 
at a rate of 100 Hz using a load cell.  

Time series were analyzed using DasyLab® version 11 software (National Instruments®, Ireland). 
Force-time curves were filtered using a fourth-order 10 Hz low-pass Butterworth filter implemented in the 
software. Analyzed variables also included the RFD, calculated as the maximal slope on the force-time curve at 
10-milliseconds (ms) time intervals; and the position of the force-time curve obtained at different times (50, 100, 
150, 200, and 250 ms from the onset of force production) (Mangine et al., 2020). The analysis began when the 
force value increased by 5% compared to the static force without returning to these values. The attempt with the 
highest relative maximal force was used for analyses. 
Progressive loading test 

Maximal dynamic force (Fmax (Dyn)) and maximal power (Pmax) (both during the concentric phase) and 1-
RM load in the PC exercise were determined using a linear velocity transducer at a frequency of 100 Hz 
(PeakPower Cefise®) attached to the bar by an inelastic cord. Time series were analyzed using DasyLab® version 
11 software (National Instruments®, Ireland). Force-time curves were filtered using a fourth-order 10 Hz low-
pass Butterworth filter implemented in the software.  

 
Each participant performed an incremental test in the PC exercise up to 1-RM. The test began with a 

load of 40 kg. Participants executed one repetition in PC at maximal speed upon hearing the command. The load 
was progressively increased by 10 kg increments each attempt, as long as the peak bar velocity was equal to or 
greater than 1.5 m/s. When this value was less than 1.5 m/s, the load increment was reduced to 5 kg, and the rest 
periods were extended from 3 to 5 minutes (Maté-Muñoz et al., 2017). When necessary, the load was increased 
in increments of 1 to 2 kg until the participant could not lift the load with the correct technique. The highest load 
lifted was considered the 1-RM value. This load (in Kg) was multiplied by the acceleration of gravity (g) and 
normalized by body mass for each participant. 
 

Statistical analyses 

To verify data normality and homogeneity, Shapiro-Wilk and Levene tests were employed, 
respectively. Data underwent a descriptive statistical analysis using mean and standard deviation. The correlation 
between the previously described variables and the 1-RM value was calculated using the Pearson correlation 
coefficient, and Spearman's correlation was used when they did not show normal distribution. Correlation 
coefficients were interpreted using the following criteria: trivial (0 ≤ r <0.1); small (0.2 ≤ r <0.3); moderate (0.3 
≤ r <0.5); large/strong (0.5 ≤ r <0.7); very large/very strong (0.7 ≤ r <0.9); almost perfect (0.9 ≤ r <1.0); and 
perfect (r = 1.0). All analyses were performed in the Statistical Package for Social Sciences® (SPSS Inc. USA), 
v. 25.0, using a significance level of 5%. 
 

Results 

The results for the variables are shown in Table 1. The findings showed that Fmax (iso), Fmax (dyn), Pmax, and 
LLP are significantly correlated with 1-RM performance (Table 2). 
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Table 1. Strength and performance variables. 
Variable Mean ± Standard Deviation 

1-RM (N. Kg-1) 11.1 ± 1.7 

Fmax (iso) (N. Kg-1) 13.2 ± 2.3 

Fmax (dyn) (N. Kg-1) 17.8 ± 3.9 

Pmax (W. Kg-1) 29.5 ± 6.5 

RFD50 (N. s-1) 1532.3 ± 1315.1 

RFD100 (N. s-1) 2537.2 ± 1760.3 

RFD150 (N. s-1) 2942.8 ± 1580.7 

RFD200 (N. s-1) 2848.6 ±1181.1 

RFD250 (N. s-1) 2582.2 ± 908.1 

LLP (W. Kg-1) 50.3 ± 3.8 

 
Legend: 1-RM= Maximal load at Power clean relative to body mass; Fmax (iso) = Maximal isometric force; Fmax 

(dyn)= Maximal dynamic force in the Power clean at 1-RM; Pmax= Maximal power in Power clean at 1-RM; 
RFD50 = Rate of force development at 50 milliseconds; RFD100= Rate of force development at 100 milliseconds; 
RFD150= Rate of force development at 150 milliseconds; RFD200= rate of force development at 200 milliseconds; 
RFD250= Rate of force development at 250 milliseconds; LLP= Lower limbs power output in counter movement 
jump. 

Table 2: Correlation between variables and 1-RM on PC. 
 

 1-RM p 

Fmax (iso) 0.51 (p) 0.001* 
Fmax (Din) 0.76 (p) 0.001* 
Pmax 0.71 (p) 0.001* 
RFD50 0.27 (s) 0.558 
RFD100 0.20 (s) 0.468 
RFD150 0.16 (p) 0.333 
RFD200 0.17(p) 0.340 
RFD250 -0.05 (p) 0.762 
LLP 0.42 (p) 0.016* 

Legend: 1-RM= Maximal load at Power clean relative to body mass; Fmax (iso) = Maximal isometric force; Fmax 

(dyn)= Maximal dynamic force in the Power clean at 1-RM; Pmax= Maximal power in Power clean at 1-RM; 
RFD50 = Rate of force development at 50 milliseconds; RFD100= Rate of force development at 100 milliseconds; 
RFD150= Rate of force development at 150 milliseconds; RFD200= rate of force development at 200 milliseconds; 
RFD250= Rate of force development at 250 milliseconds; LLP= Lower limbs power output in counter movement 
jump. *= Significant correlation p≤0.05; (p) = Pearson correlation; (s)= Spearman correlation. 
 
Table 2 highlights that the 1-RM load significantly and positively correlated with Fmax (iso), Fmax (dyn), Pmax, and 
LLP. Figure 1 displays the average RFD values at the assessed intervals. 
 

 
Figure 1: Mean of Rate of force Development in IMTP test intervals. 
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Discussion 

This study aimed to evaluate the profile of strength and muscle power during maximal performance (1-
RM test) in an OW exercise in CF practitioners. The main finding was that Fmax (dyn) and Pmax were better 
associated with performance in the PC. Fmax (dyn) was classified as "very strong." The same classification also 
occurred between Pmax and 1-RM. This was expected since these dynamic variables were evaluated directly 
during PC execution. Our findings corroborate those of (Martínez-Gómez et al., 2019), who found significant 
correlations between the indices of strength, muscle power and l-RM in PC. In the case of the PC, it becomes 
more evident, as besides the fast movement, Pmax is the product of Fmax (dyn) and lifting speed. 

Although PC is a ballistic movement, Pmax was not the variable that correlated most with 1-RM. An 
explanation for this would be that maximal power does not correspond to maximal load, but rather to an optimal 
load that can be lifted at the highest possible speed. This relationship between strength and speed is well defined 
in the literature, (Suchomel et al., 2020) and it means that to execute a movement at maximal power, the external 
load must be less than 1-RM (Poole et al., 2016). Thus, the relationship between maximal power and 1-RM is 
proportional until an optimal relationship between strength/speed. From this "optimal value," when increasing 
the load, power values decrease, due to lower movement speed (Toji & Kaneko, 2004). This nonlinear 
relationship is represented by a second-degree polynomial (a parabola). This reasoning is in agreement with the 
study carried out with the Hang PC, which identified that the external load had a significant influence on power, 
being maximized at a submaximal load, ≥ 70% of 1-RM, showing a decrease in its value as the load increased. 
This nonlinear behavior of power was also identified in the back squat (Carroll et al., 2017). 

Fmax (iso) showed significant correlations with 1-RM, being classified as “strong” and lower than the 
values of dynamic strength. This result is similar to that found by (De Witt et al., 2018) and occurs because 
isometric tests have a low correlation with dynamic activities (James et al., 2020). However, isometric strength 
can be beneficial to sports if performed in the fastest time in the form of ballistic isometric action. Unlike ramp 
isometric actions, where the force gradually builds up to its maximal without a focus on speed, ballistic isometric 
actions are more reflective of the quick movements often required in many sports. Despite this, this variable 
seems to influence the performance of sports modalities (Mcguigan et al., 2010), especially those that require 
power and RFD (Beckham et al., 2018). Compared to other populations where IMTP was applied, our results for 
Fmax (iso) were lower than in OW athletes (Stone et al., 2019). Although we did not specify the evaluation interval 
for RFD, we set a knee angle of 130 degrees during the IMTP. In our study, we kept the handle height the same 
for all participants. This means that, depending on a participant's height, the knee angle might vary from other 
studies, possibly affecting their ability to generate force, as pointed out by (Beckham et al., 2018). We found a 
stronger correlation between 1-RM and the dynamic variables when the muscles were active in the same way 
(concentrically).  

The low correlation between all RFD values and 1-RM reinforces this reasoning. These correlation 
values were also reported by other studies (Tillin et al., 2010) (De Witt et al., 2018). It is suggested that the low 
correlation between RFD and 1-RM may be due to less influence of isometric tests and dynamic activity and as 
mentioned earlier, occurred because isometric tests do not correlate well with dynamic activities (James et al., 
2020) due to differences in the length-tension relationship of the muscle in static postures when compared to a 
dynamic contraction. In this sense, several studies have identified that the correlation between dynamic strength 
and isometric performance depends on the similarity of joint angles (Kawamori et al., 2006). 
In the present study, the highest RFD value occurred at RFD150 (Figure 1). This differs from the results of OW 
athletes, where the highest RFD values occur around 250 ms (James et al., 2020). The highest RFD value at 150 
ms could be explained by the types of training used in the WOD. Normally the training contains an AMRAP 
series where the highest number of repetitions possible is performed without the technique being compromised 
or for time (Maté-Muñoz et al., 2017). Repeating the action many times can lead to a decrease in the load that 
stimulates power, which in turn, could affect the RFD (James et al., 2020). The consequence of this training 
would lead to force production in a shorter time resulting in higher RFD values at 150 ms. As RFD has direct 
physiological/mechanical relevance for the performance of sports activities (Blazevich et al., 2020), RFD150 
becomes an option for use in future studies in CF. 

LLP showed a moderate correlation with 1-RM in the PC, corroborating with other studies (Carlock et 
al., 2004). According to (West et al., 2011), athletes with the greatest relative strength of the lower body would 
also have better performance in executing the CMJ. This occurs because, according to (Kawamori et al., 2006), 
the force and power produced by the lower limbs during a jump are crucial as they depend on maximizing force 
generation in these actions (Dos’Santos et al., 2017) (Thomas et al., 2015), thus being essential for the 
performance of PC. During dynamic activities, the stretch-shortening cycle helps store elastic energy which, in 
turn, improves the performance of the concentric phase of the movement (Fukutani et al., 2021). Although the 
lower limbs are crucial for generating force at the start of the PC, the stretch-shortening cycle is little used when 
compared to CMJ. Thus, we can understand the result of the correlation value found between LLP and 1-RM in 
the PC. 
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In this study, the highest correlation occurred between Fmax (dyn) generated in the dynamic action and 1-
RM in the PC. This indicates that by increasing strength through training, it would be possible to improve the 1-
RM of this exercise. Thus, training to maximize strength becomes a priority for recreational CF practitioners. 
Similarly, Pmax also showed an extraordinarily strong correlation. Training programs that prioritize increasing 
strength and power have the most potential to improve performance in this movement. It is up to the coaches to 
manage training programs and prioritize strength training in the initial phase of training, as well as the possibility 
of implementing power training. Moreover, in the current investigation, moderate correlations were found 
between Fmax (iso) and 1-RM in the PC. This suggests that isometric strength could also be a way of monitoring 
performance in OW. The monitoring conducted through these tests has revealed varying capabilities in 
predicting loads associated with the 1-RM in OW movements. Ultimately, this analysis can serve to delineate the 
ideal load balancing between strength and speed concerning the external load (%1-RM) when the primary 
training goal is to enhance muscular power. 
 
Limitations  

We recognize some limitations within our study. Primarily, the majority of the CF practitioners 
examined were classified as recreational, potentially impacting the predictive performance variables due to their 
level of experience or familiarity. Consequently, it remains uncertain whether these variables would demonstrate 
associations with the performance of more seasoned practitioners. Furthermore, our results are based solely on a 
cross-sectional evaluation of the group, and it's crucial to acknowledge that their conditioning may undergo 
changes over time. Conducting further studies encompassing a broader range of OW exercises could offer more 
comprehensive insights into the relationship between strength variables and the execution of these movements. 
 
Conclusions 

We conclude that Fmax (dyn) and Pmax have a greater capacity to estimate 1-RM in the PC exercise in CF 

practitioners. LLP and Fmax (iso) had a lower predictive capacity, certainly because they are not evaluated during 
PC movement. The RFD, despite being important, showed trivial-low predictive capacity, certainly because it 
was measured during the IMTP test. However, this variable is important for quantify the ability to generate rapid 
force. Further research is still needed to understand better how to control the load using field tests or specific 
tests in CF. This will allow for a better association between these variables and performance criteria, ultimately 
leading to more effective training strategies for practitioners. 
Conflicts of interest - The authors declare no conflict of interest. 
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