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Over the past decade, force-velocity (F-v) profiling has emerged as a promising tool for assessing neuromuscular capacity to design individually tailored interventions in diverse populations. To date, a limited number of studies have addressed the optimization of the linear method for measuring F-v profiles of single-joint isokinetic movements. We aimed to simplify the measurement of knee extension (KE) and knee flexion (KF) isokinetic tasks by evaluating the most appropriate combination of two velocities (i.e., the 2-point method). Twenty-two healthy participants (11 males and 11 females) were included in the study. Isokinetic peak torque was measured at nine angular velocities (30-60-90-120-150-180-210-240-300°/s) and under isometric conditions (at 150° and 120° of KF for KE, and KF, respectively). Maximal theoretical force (F0), maximal theoretical velocity (v0), slope of the relationship (Sfv) and maximal theoretical power (Pmax) were derived from the linear F-v profiles of KE and KF and compared between the 9-point method and all possible combinations (36 in total) of the 2-point methods. The F-v profiles obtained from nine points were linear for KE (R2 = 0.95; 95% CI = 0.94–0.96) and KF (R2 = 0.93; 95% CI = 0.90–0.95), with F0 underestimating isometric force. Further analyses revealed great to excellent validity (range: ICCs = 0.89–0.99; CV = 2.54%–4.34%) and trivial systematic error (range: ES = −0.11–0.24) of the KE 2-point method when force from distant velocities (30°/s, 60°/s or 90°/s combined with 210°/s, 240°/s or 300°/s) was used. Similarly, great to excellent validity and trivial systematic error of the KF 2-point method for F0 and Pmax (range: ICC = 0.90–0.96; CV = 2.94%–6.38%; ES = −0.07–0.14) were observed when using the previously described combinations of velocities. These results suggest that practitioners should consider using more distant velocities when performing simplified isokinetic 2-point single-joint F-v profiling. Furthermore, the F-v profile has the potential to differentiate between the mechanical properties of knee extensors and flexors and could therefore serve as a potential descriptor of performance.
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1 INTRODUCTION
Sport performance levels are highly dependent on mechanical efficiency, described as the ability to maximize external force, velocity, and external power production during a given motor task (López-Segovia et al., 2011; Seiler et al., 2019). The relationship between these external mechanical characteristics is described by the force-velocity (F-v) relationship or the so-called F-v profile, which has been shown to be approximately linear for multi-joint tasks (Samozino et al., 2008; Jaric, 2016). Therefore, a linear regression is used to calculate the F-v profile parameters, maximal external theoretical force (F0), maximal theoretical velocity (v0), slope of the F-v relationship (Sfv), and maximal external theoretical power (Pmax), reflecting the neuromuscular capacity of the tested muscle groups (Morales-Artacho et al., 2018). Optimal relationship between force and velocity, expressed as Sfv was found to be important for maximizing performance. Namely, based on their F-v profile the athletes capable to exert relatively high force at low velocity can be described as force-dominant, while the ones producing relatively low force at high velocity can be described as velocity-dominant (Lindberg et al., 2021). However, the definition of the optimal profile, especially for different motor tasks such as single-joint movements, represents a challenging task. Some indices suggest that the optimal F-v profile depends highly on the movement task (Samozino et al., 2012). Besides the necessity to describe mechanical capacity of muscles, particularly important could be the information regarding potential discrepancies between optimal F-v profile of the task and individual F-v profile indicating the imbalances in external mechanics. Moreover, individually tailored training interventions based on profile optimization were shown to be highly effective and significantly increased jumping and sprinting performance (Baena-raya et al., 2021a).
With this in mind, it is not surprising that F-v profiles have attracted considerable interest in the last decade among researchers and practitioners who aimed to optimize and suit the measurement profile to various motor tasks. In particular, high linearity of the F-v relationship has been observed in multi-joint tasks such as vertical jumps, squats or bench press (Samozino et al., 2008; Samozino et al., 2012; Jaric, 2015; García-Ramos et al., 2016; Jiménez-Reyes et al., 2016; García-Ramos et al., 2021). On the other hand, only a few studies have considered the F-v or torque-velocity profiles (i.e., reporting maximal theoretical values at zero force/torque or zero velocity and the slope of relationship) of single-joint movements isokinetic conditions (Lemaire et al., 2014; Grbic et al., 2017a; Janicijevic et al., 2019). This can be explained by the well-known observations of Hill (1938), who found a hyperbolic intra-muscular relationship between force and v, which devalued the use of the linear F-v profiling method from the outset. Since then, various deviations of the F-v relationship from the double-hyperbolic to the quasilinear relationship have been observed in in-vivo studies investigating the external mechanics of isokinetic single-joint tasks (Wickiewicz et al., 1984; Harris and Dudley, 1994; Finni et al., 2003), focusing mainly on the force at one of the ends of the F-v curve (i.e., at high forces and low velocities), where the largest deviation from a linear relationship has been described (Seger and Thorstensson, 2000). Nevertheless, some studies observed the linear F-v relationship (R2 > 0.96) of knee extension (KE) and knee flexion (KF) tasks in the range of angular velocities from 30° to 240°/s (Lemaire et al., 2014; Grbic et al., 2017b; Janicijevic et al., 2019). These observations, which allow F-v profiling and extrapolation of F0 and v0 outcomes, could potentially be of great importance and practical value. Detailed information on the F-v profile of specific muscle groups could allow the exploration of novel parameters describing between-muscular ratios [e.g., quadriceps to hamstring (H/Q) ratio] and could be interesting to further distinguish muscular function imbalances. In addition, individualization of strength training performed at mid-range velocity based on the F-v profile would be possible.
Although F-v profiling protocols obtained from multiple loads are reliable and valid, they are time-consuming and could lead to muscle fatigue (Garcia-Ramos and Jaric, 2018). As a solution, Jaric (2016) proposed an optimized profiling method using only two loads (2-point method). Since then, different authors have confirmed the validity and reliability of the 2-point method in multi-joint tasks (Garcia-Ramos and Jaric, 2018; Janicijevic et al., 2020) and single-joint tasks (Grbic et al., 2017b; Janicijevic et al., 2019). Perez Castilla et al. (2018) observed the highest agreement between the two- and multi-point methods in the bench press throw when two very distant loads (20 and 70% 1RM) were used. Similar findings were observed for vertical jumps by Garcia-Ramos and Jaric (2018), who suggested the use of the two most distant loads (i.e., 0 and 75 kg) when evaluating the F-v relationship in vertical jumps. For a single-joint task, the agreement between two- and multi-point methods was assessed only with the combination of data from two most commonly used velocities, 60°/s and 180°/s. The results indicated high agreement and association between all F-v parameters in study by Grbic et al. (2017a), where high validity of the 2-point method was observed only for F0 in the study by Janicijevic et al. (2019). Although it seems that 60°/s and 180°/s method is valid, previous studies investigating 2-point method validity on multi-joint tasks emphasized the use of more distant velocity points. Those could yield even higher agreement in single-joint tasks, due to a lower tendency to the erroneous prediction of end values.
Isokinetic testing is commonly used to assess lower-limb strength deficits. For example, the relationship between quadriceps and hamstring concentric strength is used to assess knee function. At lower angular velocities, quadriceps exert a relatively greater torque than hamstring (at 12°/s H/Q ratio = 0.52), and with increasing velocity the strength equalizes, reaching an H/Q ratio of 0.80 at 300°/s (Baroni et al., 2020). Furthermore, part of the literature suggested asymmetry in strength at high and low velocities as an important risk factor for hamstring and anterior cruciate ligament injuries (Myer et al., 2009; Lee et al., 2018), while some studies neglected these assumptions (van Dyk et al., 2016; Kellis et al., 2019). A comparison of the F-v profile ratios in addition to the strength ratios between quadriceps and hamstrings would provide unique insight into the differences in mechanical performance. An important feature of the F-v profile is that it describes the relationship between force or power and velocity across the velocity spectrum, which could be an important risk factor for injury during rapid movements, as simultaneous action of the quadriceps and hamstring muscles at different velocities is important for normal knee function. However, the sensitivity of the F-v profile to detect differences between muscle groups must be evaluated first. To our knowledge, only Janicijevic et al. (2019) had already assessed differences between four muscle groups (knee extensors, knee flexors, elbow flexors and elbow extensors) and concluded that the F-v profile is muscle and task-specific. Further evidence is therefore needed to investigate the sensibility of the F-v profile for various single-joint movements.
For this purpose, we evaluated the F-v profile of KE and KF using nine different velocities (9-point method) and all possible combinations of two velocities (2-point method) together with the isometric strength at the angle of optimal KE and KF length-force relationship. At the preliminary level, we aimed to evaluate differences 1) in the degree of fit between the linear and polynomial multi-point methods and 2) in maximal theoretical force between both calculation methods (linear F0 and polynomial F0) and the isometric method. Secondarily, we 3) aimed to investigate the concurrent validity of 36 2-point methods with respect to the 9-point method. Finally, we 4) assessed the sensibility of F-v parameters to discriminate between the mechanical capacity of KE and KF. Based on the results of previous studies, we hypothesized to obtain the following: 1) high association and agreement between linear and polynomial 9-point methods with potentially 2) underestimated isometric force with F0, 3) significant differences between all F-v parameters between KF and KE, and 4) the highest degree of agreement in the F-v profile between the linear 9-point and 2-point method that used the most distant force and velocity points.
2 MATERIALS AND METHODS
2.1 Participants
Eleven male and eleven female kinesiology students (23.3 ± 3.8 years, 1.73 ± 0.10 m, and 63.1 ± 4.4 kg) voluntarily participated in this study. All participants were physically active (minimal 3 to 6 aerobic and/or strength training sessions per week in the last year) and had no back or lower limb injuries or pain in the past 6 months. In addition, all participants had previous experience with isokinetic testing or training. Prior to the experiment, participants were informed of the aims and procedures of the study. An informed consent form was provided and approved by the Institution’s Ethics Committee (approval number: 0120-99/2018/5). The study was conducted in accordance with the Declaration of Helsinki.
2.2 Study Design
For the purpose of the study, we used a cross-sectional design to examine the concurrent validity of the linear and 2-point methods for calculating the characteristics of the F-v relationship of isokinetic KE and KF (see Figure 1 for details). Each participant reported for testing for an approximately 1-h session consisting of a standardized warm-up and measurement protocol.
[image: Figure 1]FIGURE 1 | Graphical presentation of experimental design and measurement procedures of the study. KF, knee flexion; KE, knee extension; F, force; ISO, isometric; POLY, polynomial; LIN, linear; F0, maximal theoretical force; V, velocity; N, Newtons; kg, kilograms; m, meters; s, seconds.
2.3 Testing Procedures
All measurements were performed by an experienced examiner on a Humac NORM isokinetic dynamometer (CSMi, Stoughton, Massachusetts) in the laboratory. The warm-up included 5 min of stepping (100 bpm) on a 20-cm box and 5 dynamic stretching and 5 strengthening lower-limb exercises. Afterwards, the participants were seated in an upright position with 100° seat tilt and fixed with straps around the chest, pelvis, thigh, and ankle. The axis of rotation of the knee was aligned with the femoral condyle and the lever length was set at the end of the tibia (with maximally dorsiflexed ankle) and measured for the purpose of further analyzes. Prior to measurement, a demonstration and explanation of the protocol were given, as well as a specific warm-up, which included 3 consecutive repetitions of KE and KF at 0°/s, 30°/s, 150°/s, and 300°/s.
The strength tests were performed under isometric and isokinetic conditions. The isometric tests were performed at 60° and at 30° of KF to assess the strength of KE and KF, respectively (where 0° corresponds to full extension). Participants were verbally instructed before the test to “gradually increase the level of KF/KE and maintain maximum exertion for at least 3 s,” therefore, the contraction lasted ∼5 s in total. Three consecutive repetitions were performed with 30 s rest between trials and 1 min rest between the tasks. The isokinetic concentric strength of KE and KF was tested between 90° and 170° of knee extension at 9 angular velocities (30, 60, 90, 120, 150, 180, 210, 240, and 300°/s) to assess moment torque production capacity across a wide range of angular velocities. During the test, 6 KE and KF repetitions were performed in a sequence at each angular velocity. The last four repetitions were considered in further analyzes. The tests were performed in randomized order, with 1–2 min rest between trials. Verbal encouragement and real-time visual feedback of the torque-velocity curves during testing were provided (Hald and Bottjen, 1987).
2.4 Data Acquisition
Torque-time data were sampled at 500 Hz and low-pass filtered using a second-order Butterworth filter (5 Hz). For further analysis, the trial with the highest peak torque in the isokinetic part of the torque-time curve was used. Peak torques and angular velocities were converted to Force (F) and linear velocity (v) by dividing or multiplying measured values by the subject’s lever arm length. Then, to account for interindividual differences, the froce was normalized to body size (N/kg2/3) as suggested by Jaric (2002). The F-v relationship and F-v profile were calculated using a polynomial and a linear regression line fitted to the force at nine different velocities (9-point polynomial or linear method). Next, a linear regression line was fitted to the force at all possible (36) combinations of two velocities (2-point method). F0 and v0 of KE and KF were calculated with all methods by extrapolating the regression line to its limits (i.e., zero force and zero velocity). Finally, the slope of the relationship (SFv) and maximal theoretical external power production (Pmax) were calculated as follows (Eqs 1, 2):
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In order to assess the deviations in the calculation of maximal force production capacity using the theoretical (polynomial and linear 9-point) method, KE and KF peak isometric torque was also divided by lever length and normalized per body size (N⋅kg2/3).
2.5 Statistical Analysis
Statistical analyzes were performed using SPSS Statistics (version 26.0, Armonk, NY, IBM Corporation) and Prism software (version 9.0.2, San Diego, CA, GraphPad Software). Descriptive statistics were calculated and reported as mean ± standard deviation. The normality of data distribution was tested using the Shapiro-Wilk test. When the assumption of normality has been violated, nonparametric tests or nonparametric data were used. In the preliminary phase of the analyzes, the fit of linear and polynomial methods to the F-v data was compared using the paired-sample t-test. Next, paired-sample t-test was used together with Cohen’s d effect size coefficient (ES), and Pearson’s r correlation coefficient to assess between-method (linear and polynomial in regard to isometric) differences in F0, and between-task (KE in regard to KF) differences in the F-v profile. The criteria for interpreting the magnitude of the ES were as follows: negligible (< 0.20), small (0.20–0.50), moderate (0.50–0.80), and large (> 0.80) (Cohen, 1988); whereas Pearson’s r was interpreted as weak (0.00–0.30), moderate (0.31–0.50), strong (0.51–0.70), very strong (0.71–0.99), or perfect (1.00) (Hopkins et al., 2009).
In the consequent phase of analysis, the concurrent validity of the linear 2-point method in regard to the 9-point linear method was tested in multiple ways. The paired-sample t-test was used to assess the agreement between the methods, coefficient of variation [CV (%) = SEM/mean x 100] to examine within-individual error, and two-way mixed average and single intra-class correlation coefficients (ICCs and ICCa) with respective 95% confidence intervals to quantitatively interpret the agreement between the methods. ICC was considered fair (0.40–0.59), moderate (0.60–0.74), good (0.75–0.90), or excellent (> 0.90) (Koo and Li, 2016). The most valid 2-point methods (e.g., those that showed good to excellent agreement (ICCs lower bound of 95% CI ≥ 0.75), no systematic bias (p ≥ 0.05), and low within-individual error (CV lower bound of 95% ≤ 10%) separately for F0, v0, Sfv, and Pmax) were selected and presented as Bland-Altman plots to visually elucidate the agreement.
3 RESULTS
A normal distribution was found for all linear and polynomial F-v profile parameters of the KE and KF 9-point methods (all p’s > 0.076). However, the intra-individual fit of the regression methods to the F-v data was not normally distributed. Therefore, the correlation coefficients were converted to nonparametric z' values using Fisher z-transformation, and the assumption of normality of distribution was met (all p’s > 0.258).
3.1 Linearity of Force-Velocity Relationship and Maximal Isometric Force Estimation
The differences in the fit of the polynomial and linear regression methods to the F-v data are shown in Table 1. Although the values presented in Figure 2 section A showed a near-perfect fit of both regression models for KE and KF (all R2 > 0.93), the polynomial fit was significantly better for both movement tasks (ES = −1.13 and ES = −0.82, respectively). Regardless of the differences in fit, both polynomial and linear method F0 significantly underestimated maximal isometric KE force and KF froce (see section B at Figure 2). Additionaly, a moderate association between KE F0 and isometric force (r = 0.32 for the polynomial; r = 0.42 for the linear), and KF F0 and isometric force (r = 0.50 for the polynomial; r = 0.45 for the linear) was observed.
TABLE 1 | Differences between the fit of 9-point methods to the KE and KF F-v data.
[image: Table 1][image: Figure 2]FIGURE 2 | (A) Polynomial and linear model with respective isometric force and (B) the differences between polynomial and linear maximal theoretical force and maximal isometric force. KF, knee flexion; KE, knee extension; F, force; F0, maximal theoretical force; V, velocity; ISO, isometric; POLY, polynomial; LIN, linear; N, Newtons; kg, kilograms; m, meters; s, seconds. *p < 0.05, **p < 0.01, ***p < 0.001.
3.2 Differences Between KF and KE F-v Profile
In general, significant differences in 9-point method F-v profile were found between KE and KF (see Table 2). In contras to ∼60% greater F0 and ∼54% greater Pmax of KE, KF possessed ∼6% larger v0 and ∼66% flatter Sfv. Strong to very strong relationship between KE and KF was observed for all F-v parameters except for Sfv, where a weak correlation was observed.
TABLE 2 | Differences between KE and KF F-v profiles.
[image: Table 2]3.3 Validity of the 2-Point Method for Measuring F-v Profile
The validity of the 2-point methods for KE is shown in Table 3 and Figure 3 section A. Good to excellent agreement was found between the 9-point and specific 2-point methods for all F-v parameters. In particular, the combinations of low (from 30°/s to 90°/s) and high velocities (from 210°/s to 300°/s) gave no systematic error (all p’s > 0.06), negligible effect sizes (all ES’s < 0.17), the lowest within individual variation (all CV’s lower limit < 7.43%) and good to excellent agreement (all ICCs lower limit > 0.75) with respect to the 9-point method.
[image: Figure 3]FIGURE 3 | Bland—Altman statistics for combination of the 2-point methods with the highest validity. (A) graph presents knee extension and (B) graph presents knee flexion. Horizontal line shows mean bias—difference between the 2-point methods and 9-point method F-v parameters in %. Vertical red line shows 95% limits of agreement for bias. F0, maximal theoretical force; v0, maximal theoretical velocity; Sfv, slope of force-velocity curve; Pmax, maximal theoretical power; N, Newtons; W, Watts; m, meters; s, seconds.
TABLE 3 | 2-point methods with the highest validity for KE task.
[image: Table 3]Similar observations were made for KF (see Table 4 and Figure 3 section B). The particular combinations 30-180, 30-210, 30-240, 30-300, 60-240, 60-300, 90-150, 90-180, 90-210, 90-240, and 90–300 showed little variation within individuals (all CV’s < 5.05%), good to excellent agreement (all ICCs > 0.90), no systematic errors (all p’s > 0.06), and negligible effect size (all ES’s < 0.14) for F0 and Pmax in respect to 9-point method. However, none of the 2-point methods provided sufficient validity for the v0 and Sfv.
TABLE 4 | 2-point methods with the highest validity for KF task.
[image: Table 4]4 DISCUSSION
In this study, we investigated the linearity of the F-v relationship, the concurrent validity of the simplified 2-point method for determining theoretical mechanical capacities in isokinetic single-joint tasks, and the discrepancies between KE and KF in the F-v profiles. The results showed: 1) high linearity of the 9-point method for KF and KE F-v relationship and 2) underestimation and moderate association between F0 and the isometric force; 3) significant differences between the KE and KF F-v parameters with a strong association between F0, v0 and Pmax; and 4) high concurrent validity of the 2-point method for KE and KF F-v parameters when using distant force and velocity points.
The presence of strong linearity of the F-v profile is preferred because it allows the use of the 2-point method and provides a reliable extrapolation of F0 and v0 (Jaric, 2015). So far, many studies have reported different curvatures of the relationship, such as hyperbolic and double hyperbolic, which makes the use of F-v profiles for evaluating the mechanical characteristics of single-joint tasks controversial. It is important to note that many studies have observed deviations from the linear relationship at high force and high velocity portions of the F-v profile (see Alcazar et al., 2019 for details). Bobbert (2012) described the F-v relationship single-joint segments in leg press as quasilinear (i.e., linear in the middle range and hyperbolic at the extreme ends). Similar results were observed in our study, as we found almost perfect linearity of KE (r = 0.97) and KF (r = 0.96) in the range between 30°/s and 300°/s, but underestimated the maximum F-capacity. One of the possible explanations could be that the nature of isokinetic movement enables detection of the Sfv, but not its actual maximal capacities (e.g., F0 and v0). This has already been observed in some studies evaluating multi-joint tasks, as Hahn et al. (2014) noted a hyperbolic F-v relationship at low velocity when performing leg press. Furthermore, Šarabon, Kozinc, and Marković (2020) found a significantly underestimated isometric force during the squat when comparing it to the F0 of a loaded countermovement jump. This linearity misconception of the F-v relationship across the entire velocity range may exist in both single- and multi-joint movements, but many studies evaluating bench press throw, KE, squat jump and countermovement jump at a certain range of velocity showed the relationship to be highly linear (R2 ∼ 0.95 and r ∼ 0.98) (Yamauchi et al., 2007; Sreckovic et al., 2015; Grbic et al., 2017b; García-Ramos et al., 2021; Piche et al., 2021). Although F0 and v0 may not directly reflect actual maximal force or velocity, there is a strong relationship between F-v parameters and neuromuscular capacity, as well as sport performance (Baena-Raya et al., 2021b). More importantly, by determining Sfv of KE and KF we can indicate if the muscle groups performing the movement are more “force” or “velocity” dominant. Based on the results, we can support our hypothesis that the F-v relationship of a single-joint at a limited range of velocities is not perfectly, but approximately linear. That observation supports the use of F-v profiling on single-joint tasks.
To our knowledge, Grbic et al. (2017a) were the first to evaluate F-v parameters of KE and KF and tested the concurrent validity of the 2-point method (60°/s and 180°/s) with respect to the four-point method. Later, Janicijevic et al. (2019) conducted a similar study using the same velocities (60°/s and 180°/s) in respect to the eight-point method, to evaluate its feasibility, sensitivity, generalizability, and linearity. In both studies, strong linearity of the F-v relationship and good validity of the respective 2-point method was observed, therefore the appeal for optimization of the 2-point method. Both studies observed satisfactory validity of the 2-point method, but only for the F0 and Pmax in the study by Janicijevic et al. (2019). The main advantage of our study was that we observed high validity of 2-point methods for all KE FVP parameters when using distant loads. The combinations of the most distant velocities (30°/s, 60°/s, or 90°/s with a combination of 210°/s, 240°/s, or 300°/s) showed the highest agreement and the lowest within-individual and systematic error for the KE F0, v0, Sfv, and Pmax and KF F0 and Pmax. In particular, 90°/s and 240°/s was the only combination that showed very high validity for measuring KE and also KF F0 and Pmax and could therefore be considered the most appropriate. The use of such distant F-v data was already supported on multi-joint tasks by Perez-Castilla et al. (2018) and García-Ramos et al. (2021) who observed that 0 and 75 kg for vertical jump and 20% and 70% 1RM for bench press provided the most valid results. Results from our study are a logical reflection of previous notions by Jaric (2016), who exposed that the error scores of the 2-point method had the smallest effect when the force and velocity data were obtained from two very reliable distant points. With this in mind, we can confirm our second hypothesis since the results of our study indicate that the 2-point method could be accurately applied in most cases when the low velocity is in the range between 30° and 90°/s and the second point is higher than 210°/s. However, these assumptions must be confirmed in future studies on larger samples and with different populations.
Compared to our results, Janicijevic et al. (2019) reported slightly larger F0 and similar v0 of KF and KE in both male and female participants. It could be intferred that their participants were better-trained individuals. Similar Sfv values observed between studies might indicate that the changes in the relationship between imposed velocity and hence force of KE and KF from the two studies are similar. For that reason isokinetic F-v profiling justifies its application in practice. Moreover, the simple 2-point method provides valid insight into the maximal theoretical mechanical capacity of KE and KF, which could be of great importance for the evaluation of muscular capacity. The significantly greater KE F0 in comparison to KF is consistent with other studies that have investigated the differences in isometric strength between quadriceps and hamstring muscles (Lord et al., 1992; Kong and Burns, 2010). It is evident that the F-v profile significantly differentiates between KE and KF, therefore our last hypothesis can be accepted. Interestingly, we have observed slightly (but non-significantly) larger KF v0 values. This was a reflection of hamstring ability of retaining a higher percentage of maximal external force production with increasing angular velocity during KF in comparison to KE. Therefore, KF Sfv was less steep than KE Sfv, which suggests that the KF muscles might be more velocity dominant. Since the differences in v0 are relatively smaller than those in F0, KE possesses significantly higher Pmax production capacity. The logical link between the F-v parameters, neuromuscular and anatomical characteristics of KE and KF muscles might be disrupted. Differences in relative force production capacity at a particular shortening velocity between KE and KF could be due to architectural differences between hamstring and quadriceps muscles and their different role with respect to overcoming gravity. Hamstrings are smaller in size, have smaller pennation angles and longer fiber lengths in comparison to quadriceps muscles (Kellis et al., 2012; Chleboun et al., 2014; E Lima et al., 2015; Maden-Wilkinson et al., 2021). Longer muscle fibers have more sarcomeres in series than shorter muscle fibers, meaning that at a given velocity sarcomeres shorten less for a given change in total muscle length in longer fibers. Therefore, hamstrings have a greater ability to sustain higher relative force with increasing velocity. Inversely, quadriceps have more potential to produce greater absolute F, since production capacity is proportional to muscle physiological cross section area:the larger the area, the greater the capacity to develop the external force. From that, it was suggested that KE are designed for producing large forces and KF for longer executions and faster movements (Lieber and Fridén, 2001). We infer that architectural characteristics of KE and KF are in a way reflected through F-v parameters, which jointly describe mechanical capacity at a wide range of velocity. For that purpose, it would be informative to use the F-v profile in future studies that aim to explore knee function. Specifically, the Sfv ratio between KE and KF could provide comprehensive insight into muscular strength (dis)balance, similar to a standard H/Q ratio. The main advantage of Sfv would be that it summarizes strength capacity across the total spectrum of measured concentric velocity, whereas the standard H/Q ratio usually considers strength capacity at one or two velocities (van Dyk et al., 2016). Moreover, practitioners could assess mechanical characteristics and function of the knee by using a simple, valid, fast, and non-fatigue prone 2-point F-v profiling method.
Despite the overall promising results of the study, several potential methodological limitations should be noted to properly interpret the data. Firstly, KE and KF strength was measured only in seated position, with hip flexed, and not also with hip extended. Predicted knee strength and F-v profles obtained might be therefore less sport specific. Secondly, the use of the linear method to interpret the F-v relationship between 30°/s and 300°/s seems to be appropriate since high linearity was observed at that range. However, it must be noted that F0 and v0 are theoretical values, and do not realistically reflect the true neuromuscular capacity of the muscles to produce maximal isometric force and maximal velocity, since the deviations from the linear F-v relationship are observed at its very ends. Thirdly, the data were obtained closer to F0, which could increase the bias of v0. Therefore, future studies might consider using even greater velocities when assessing the F-v profile of single-joint tasks. Next, it should be noted that the 2-point method was calculated from the data from a single 9-point method measurement, rather than from the data from a separate 2-point measurement, therefore fatigue might occur. Although this was not objectively measured, we believe that adequate rest between sets and randomized order of velocities negated the protocol-induced fatigue and potentially biased results. Finally, the participants were healthy, physically active young adults, so the high validity of the 2-point method can only be generalized to this population and may differ in more or less trained groups. Future studies should therefore investigate the validity and reliability of the method in athletes with different abilities.
Future studies should aim to evaluate a relationship and differences in the H/Q ratio and KF/KE ratio of the mechanical variables of the F-v profile and to establish reference values (e.g., taking into account the effects of training status, maturity, gender, sport type, injury, etc.) for the F-v profile (F0, v0, Sfv, and Pmax) of KF and KE to allow reliable classification of the specific muscle group as force or velocity dominant. Conclusions regarding optimal training modes for these muscle groups could then be drawn and tested. The next important aspect of research could be the relationship between the structural and neuromuscular properties and the F-v profile of KF and KE.
5 CONCLUSION
In conclusion, this study confirms a high linearity of the F-v relationship in KE and KF tasks and a high concurrent validity of the 2-point method for evaluating the F-v profile of single-joint tasks when distant force and velocity points are used. It is difficult to determine the most optimal combination of isokinetic velocities for the test procedure, as different combinations yielded valid results for different F-v parameters. However, we can recommend using combinations of velocities below 90°/s (ideally 30°/s) and above 210°/s when possible. The 2-point method for evaluating the F-v profile of a single joint is faster, simpler, less fatiguing, and a good alternative to the multi-point method when dealing with single joint tasks. For this reason, practitioners should consider it when measuring the mechanical capacity of muscles. In addition, the F-v profile, particularly the Sfv, has the potential to differentiate between the mechanical characteristics of KE and KF muscles and should therefore be further evaluated as a performance descriptor in studies investigating knee function and injury prevention.
PRACTICAL APPLICATION
Two important practical conclusions can be drawn from the results of this study, which complement each other. The F-v profile of the isokinetic KE and KF jointly describe the mechanical capacity of the knee extensors and knee flexors over a wide range of velocities and could therefore be used to study knee function in terms of performance or injury prevention. And for this purpose, practitioners can use a highly valid 2-point protocol consisting of two widely distant loads rather than a time-consuming and fatigue-prone multi-point protocol.
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