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Abstract

:

Assessment of lateral symmetries (LS) of lower limbs has been widely investigated. However, there are no studies about LS during exposure to high eccentric and concentric loads during flywheel (FW) squats. A total of 422 young, physically active participants performed squats on an FW device with different equidistant loads (0.05, 0.125 and 0.2 kg∙m2). The mean and peak force of the left and right leg were assessed for the concentric and eccentric contaction phase. LS values were calculated for each load and phase of squat. Our results showed that the absolute mean and peak force of the concentric and eccentric phase of contraction had excellent reliability, while LS values were more reliable when eccentric force was used for their calculation. Mean and peak forces were increased with the higher FW load. In general, we found a decrease in LS values in the concentric phase of contraction with the higher load. Moreover, values of LS are similar to a wide range of other functional movements. Nevertheless, symmetrical force application during squatting on a FW device should be satisfied regardless of the FW load. Due to the large sample size, our results are valuable as a reference point when athletes are evaluated during training.






Keywords:


inertia; concentric; eccentric; asymmetry; squatting












1. Introduction


In past years, differences in function and performance of the contralateral limbs have been widely investigated. Studies used different methods for quantifying lateral symmetry such as isokinetic dynamometry [1], free weights [2], jumping [3], and change of direction speed [4]. However, none of these methods assessed lateral (a)symmetries by combining concentric and eccentric contraction under higher loads, which occur in sport-specific actions [5].



Lower limb exposure to different loads in the concentric and eccentric phase of contraction can be achieved and well-controlled during squatting on a flywheel (FW) device. While performing FW squats and delaying the deceleration movement in the first phase of the eccentric phase, these devices enable the participant to achieve a difference between eccentric and concentric peak forces [6]. Due to the eccentric overload, good balance and stability during FW squats may be even more important for symmetrical performance than a traditional barbell squat [2]. Lateral symmetry between legs can be evaluated in unilateral or bilateral tasks. The decreased strength symmetries between the left and right side or dominant and non-dominant side, which are considered as a risk factor for injury ranging from 10 to 15% [7,8,9]. These differences are more frequently evaluated in different unilateral tasks [10,11,12,13], while evaluation of bilateral resistance exercises during squatting is rare as bilateral exercises are most often incorrectly considered symmetrical [14].



The use of the FW squatting devices is a popular and effective tool for resistance training in athletes [15] and in rehabilitation [16]. The reliability of different outcome measures during FW squatting such as force output [17] and force-velocity outcome parameters [18] has already been confirmed. However, there is no evidence about lateral symmetries during bilateral FW squat performance. Bilateral symmetry values can be calculated with different equations, however, they need to be selected based on the test method, ensuring accurate calculation and interpretation [19]. Reduced lateral symmetry represents a risk factor for an injury [20,21], or it can negatively affect performance [22]. Use of different loads in FW squatting is required for the development of muscle hypertrophy or strength [23] and power [24].



Only a few studies have explored the relationship between load magnitude and lateral symmetry in the squat exercise. This relationship has been studied only in recreationally trained men and women (7), where a decreased lateral symmetry occurred in several kinematic and kinetic parameters during barbell squat under light loads. In addition, increasing the external load did not necessarily lead to a decrease in the lateral symmetry in any of the outcome measures explored in that study (7). However, only one study on female softball players (12) has been conducted under a heavy loading condition (80% of 1RM); therefore, it is unclear whether the lateral symmetry differs among varying loading conditions.



Symmetrical squatting and good postural control should be provided before participating in FW resistance training due to high forces occurring during the concentric and especially eccentric phase of the FW squat. It could be speculated that the higher force demands result in decreased lateral symmetry. The first aim of our study was to test the reliability of FW squat (mean and peak ground reaction force; lateral symmetry values). We hypothesized that good to excellent reliability would be calculated for the mean force, peak force and symmetry values calculated from the mean and peak force. Moreover, our second aim was to compare mean and peak forces in the eccentric and concentric phase of contraction for three different loads. We hypothesized that the mean and peak force would significantly increase with higher FW load, while significantly higher mean and peak forces would be present in the eccentric phase of contraction as compared to the concentric phase. The first and the second aim served as the ground for our third and the main aim of our study. The aim was to investigate force lateral symmetries of lower limbs during squatting on an FW device. Specifically, we investigated force lateral symmetry in FW squatting between three different FW loads. We hypothesized that the mean and peak force lateral symmetry would decrease with higher FW loads and moreover, that lateral symmetry values would be decreased more in the eccentric phase of contraction compared to the concentric phase.




2. Materials and Methods


2.1. Participants


All of 422 volunteers (Table 1) were regularly physically active and knowledgeable about resistance training. The inclusion criterion for our participants was regular strength training at least twice a week for the past three years. Participants with knee injuries (e.g., cartilage, meniscus, or ligament damage), chronic medical conditions (systemic, cardiac, and/or respiratory diseases and neuromuscular disorders), previous occurrence of low back pain, or any acute injuries in the past six months that might prevent the participant from performing squats on FW device with maximal exhaustion. The Slovenian Medical Ethics Committee (approval no. 0120-99/2018/5) approved the experiment, which was conducted according to the Declaration of Helsinki. Participants (or their parents/guardians if a subject was underage (n = 260, age: 16.0 ± 1.2 years)) were informed of the testing procedures before signing an informed consent form. To determine participants’ preferred (jumping) leg, we used a question, “Which leg do you use for take-off during unilateral jumping movements?” Participants were instructed to avoid any demanding exercise at least 48 h prior to the testing session.




2.2. Experimental Design


A cross-sectional study was conducted to compare the mean and peak ground reaction force and lateral symmetry in the concentric and eccentric phase during the FW squat. Six repetitions were used to assess the reliability of force and symmetry parameters for each FW load and each phase (concentric and eccentric), as suggested by previous studies [18]. Six repetitions were averaged to calculate the outcome variables: mean and peak force in the concentric and eccentric phase (left and right leg), symmetry values for mean and peak force between the legs in the concentric and eccentric phase. Mean values were used for symmetry calculation as it was previously suggested that they better highlight individual differences [25].




2.3. Testing Procedures


The participants performed FW squats on a custom-made FW device (Figure 1) [18]. Three equidistant FW loading conditions were used—0.05, 0.125, and 0.2 kg∙m2. Prior to each testing session on the FW device, participants performed a 10-min warm-up consisting of 2 min of alternating step-ups on a 25 cm high bench (80 bpm), flexibility exercises for the arms, hips, knees, and ankles (10 repetitions each), dynamic stretches of the hip flexors, knee extensors, knee flexors, and ankle extensors (10 reps each), and heel raise, squat, crunch resistance exercises (10 reps each). After the general warm-up, each subject performed five maximal countermovement jumps, squat jumps and jumping push-ups.



A draw-wire sensor (Way-Con SX-50, Taufkirchen, Germany; range 1250 mm, linearity ±0.02%) was attached perpendicular to the FW device under the standing surface, and a draw-wire was attached to the lifting harness (between the legs). The sensor setup provided us with position-time data for the propulsive and braking phase of the squat. A bilateral force plate system (type 9260AA, Kistler Instrumente AG, Winterthur, Switzerland) with Kistler MARS software was used to record ground reaction force (Figure 1). The two sensory systems were synchronized in time and acquired with a USB Data Acquisition System (Type 5695B, Kistler Instrumente AG, Winterthur, Switzerland).



After the warm-up, an experienced investigator verbally described and demonstrated the correct technique of the FW squats. The participant then performed two to three sets of five to ten submaximal FW squats with each FW load to achieve the correct tempo and amplitude of squat execution—the accustomization protocol.



Subsequently, three loading conditions were applied to subjects in opposite random order to avoid systematic inter-trial effects. Participants performed eight squat repetitions with each load. The first two repetitions were used to accelerate FW and stabilize squat amplitude and were excluded from data analysis; the following six repetitions were performed at maximal effort and analysed post-hoc. The number of consecutive squat repetitions and the FW loads were selected based on previous reliability research findings [18]. Participants performed the squat from the bottom position (90° knee angle) to full extension of the knees (0° knee angle). Arms were crossed with the hands on the opposite shoulders, and ankle extension was not allowed. Participants were instructed to perform the concentric phase as quickly as possible, delaying breaking during the first third of the eccentric phase and making the transition from the eccentric to the concentric phase of the squat as short as possible. During all testing sessions, participants received loud verbal encouragement. To standardize the participants’ range of motion, the squat amplitude was monitored, and real-time feedback was provided on the screen in front of the subject. Rest periods between the different loads were at least 2 min long [26], allowing participants to maintain maximal power levels under the different loading conditions.




2.4. Data Processing


The position and force data were simultaneously collected at a frequency of 1000 Hz and filtered using a moving average filter with a 50-ms window. During each of the FW loads, force parameters were calculated directly from the force plates. Mean and peak values of the force parameters were calculated for both the concentric and eccentric phase of the squat (Figure 2).




2.5. Statistical Analysis


The mean and peak forces were calculated as an average of the six consecutive repetitions for each leg, load and both contraction phases. The equation used is based on previously established literature [27,28]. In our case, the symmetry values between the legs were calculated for each of the six repetitions according to the following equation:


  Symmetry   ( % )   = 100 −  (    m a x  (  l e f t   o r   r i g h t  )    −   m i n    (  l e f t   o r   r i g h t  )    m a x  (  l e f t   o r   r i g h t  )     )   ×   100   











The six repetitions averaged values of the absolute outcome measures, and the symmetry indexes are presented as means ± standard deviations.



Coefficient of variation (CV) and intraclass correlation coefficient (ICC2,1) with 95% confidence intervals (CI) [29,30] were calculated from the six consecutive repetitions (within-session reliability) for mean and peak force (both legs, concentric and eccentric phase of the contraction) and symmetry values at each FW load. CV values <10% were deemed acceptable [31]. The values of the ICC2,1 were interpreted according to recent guidelines (ranges): <0.5 indicates poor reliability, 0.5–0.75 indicates moderate reliability, 0.75–0.9 indicates good reliability, and >0.90 indicates excellent reliability [30].



Normal distribution of data was tested with the Shapiro–Wilk test. Differences between absolute values were assessed with repeated measures multi-factor three-way (load; 0.05, 0.125, and 0.2 kg∙m2, contraction: concentric, eccentric; leg: left, right), followed by two-way (load; 0.05, 0.125, and 0.2 kg∙m2, contraction: concentric, eccentric) analysis of variance followed by Bonferroni post-hoc comparisons, separately for common peak and mean force values (both legs together). Paired t-tests were performed to assess differences between all absolute outcome metrics. Taking into account the non-normal distribution of the symmetry data, an aligned rank transformation was performed, while afterwards, type III ANOVA was performed. To assess symmetry differences between loads and phases of contraction, contrasts were used. In the case of statistical significance, Wilcoxon’s signed-rank test was used to assess the mean and peak symmetry value comparisons among different loading conditions. The effect size was calculated by taking the Z-value, dividing it by the number of observations over the two time-points (sample size multiplied by 2), and then taking the square root of this value [32]. Value of <0.1 is considered as a very small effect, 0.1–0.29 is considered to be a small effect, 0.3–0.49 a medium effect, and >0.5 a large effect. Statistical analyses were performed in SPSS (Version 26, IBM, Armonk, NY, USA) and R (4.0.2) [33]. For all analyses, the level of significance was set at p < 0.05.





3. Results


3.1. Reliability


The reliability results for the three different loads and the two phases of contraction (concentric and eccentric) are presented in Table 2. Reliability values are presented for the mean and peak force (both legs) and lateral symmetry values. In general, reliability results for absolute outcome metrics showed acceptable CV values (<10%) (except peak eccentric force for the load 0.05 kg∙m2, CV = 10.61) and excellent ICC2,1 values. Moreover, CV values for symmetry outcome metrics showed acceptable CV values (all <10%), while ICC2,1 values varied from poor to good reliability (Table 2).




3.2. Absolute Differences


Three-way repeated measure ANOVA for the mean force values showed a significant effect of load (F = 2827.9, p = 0.000, 0.87) and phase (F = 3067, p = 0.000, 0.88), while there were no differences between the legs (F = 1.2, p = 0.27, 0.003). Moreover, there was a significant interaction between load and phase (F = 5181.5, p = 0.000). According to that, only common force (both legs together) was included in further analysis of absolute values. Due to that, two-way ANOVA was performed, where our results showed a significant effect of load (F = 870.9, p = 0.000, 0.67), phase (F = 70.8, p = 0.000, 0.14) and interaction between load and phase (F = 5.5, p = 0.004, 0.013) when mean force was observed. The results were similar when the peak force was assessed. There was a significant effect of load (F = 170.8, p < 0.001, 0.45), phase (F = 137.6, p < 0.001, 0.25) and interaction between load and phase (F = 38.8, p < 0.001, 0.16). We observed a statistically significant difference in mean and peak force between all three loads (all p < 0.001). Both the mean and peak force significantly increased with a higher load (Figure 3). Differences in mean force between phases showed a significantly lower force in the eccentric phase of contraction (p < 0.001). In contrast, the eccentric force was significantly higher compared to the concentric when the peak force values were observed (p < 0.001). All pairwise comparisons are presented in Figure 3.




3.3. Symmetry


Our results of symmetry values using the mean force showed significant effect of phase (F = 359.6, p < 0.001), load (F = 3.1, p < 0.05), and significant interaction between phase and load (F = 6.0, p < 0.01).



Pairwise comparison showed that the difference between the load 0.125 kg∙m2 and load 0.2 kg∙m2 in the concentric phase is significantly different than the difference between the load 0.125 kg∙m2 and load 0.2 kg∙m2 in the eccentric phase (p < 0.001). Symmetry values were significantly increased from the load 0.125 kg∙m2 (90.31%) to the load 0.2 kg∙m2 (90.82%) in the concentric phase (p < 0.01, ES = 0.12) and mean symmetry values were significantly decreased between the load 0.125 kg∙m2 (92.65%) and the load 0.2 kg∙m2 (92.19%) in the eccentric phase (p < 0.001, ES = 0.13) (Figure 4a).



In the case when maximal values were used for symmetry calculation, our results showed a significant effect of load (F = 7.2, p < 0.001), phase (F = 32.3, p < 0.001) and significant interaction between load and phase (F = 8.7, p < 0.001).



The pairwise comparison showed that the difference between the load 0.05 kg∙m2 and load 0.125 kg∙m2 in the concentric phase was significantly different than the difference between the load 0.05 kg∙m2 and load 0.125 kg∙m2 in the eccentric phase (p < 0.001). There was a significant decrease in symmetry values between load 0.05 kg∙m2 (93.36%) and load 0.125 kg∙m2 (92.70%) in the concentric phase (p < 0.001, ES = 0.17), while there were no significant differences in symmetry values between the load 0.05 kg∙m2 (92.11%) and load 0.125 kg∙m2 (92.31%) in the eccentric phase (p = 0.54, ES = 0.03). Moreover, the difference between the load 0.05 kg∙m2 and load 0.2 kg∙m2 in the concentric phase is significantly different than the difference between the load 0.05 kg∙m2 and load 0.2 kg∙m2 in the eccentric phase (p < 0.001). We found a significant decrease of symmetry values between the load 0.05 kg∙m2 (93.36%) and load 0.2 kg∙m2 (92.59%) in the concentric phase (p < 0.001, ES = 0.18) (Figure 4b), while there were no significant differences in the eccentric phase between the load 0.05 kg∙m2 (91.11%) and load 0.2 kg∙m2 (92.21%) (p = 0.98, ES = 0.001) (Figure 4c).





4. Discussion


This study is the first to evaluate lateral symmetries during bilateral FW squats in concentric and eccentric phases between different FW loads. Our reliability results showed acceptable CV for most outcome metrics, while ICC2,1 values were found to be excellent for all absolute force values and poor to good for lateral symmetry values. Moreover, we found that the mean and peak forces significantly increased with a higher FW load. Furthermore, mean force values were significantly higher in the concentric phase of contraction compared to the eccentric phase of contraction. Our results of lateral symmetry values showed a decrease in lateral symmetry with higher FW load in the eccentric phase, while the opposite trend was seen in the concentric phase when the mean force was evaluated. Moreover, the opposite trend was seen when the peak force was assessed. There was a decrease in lateral symmetry with higher FW load in the concentric phase, while the opposite was seen in the eccentric phase.



The main aim of our study was to assess symmetry between legs during squatting on an FW device. Different FW devices are nowadays popular and widely used tools for different purposes (i.e., resistance training, rehabilitation, exercise in an elderly population). However, symmetrical squatting and good postural control should be satisfied before participating in FW resistance training with higher loads. Thus, we evaluated lateral symmetries during squatting on an FW device between three different loads. Moreover, due to specific eccentric overload, which is present in FW squatting, we evaluated lateral symmetries in the concentric and eccentric phase of contraction using mean and peak force. When mean force was assessed, our results showed a significant increase of symmetry values between load 0.125 kg∙m2 (90.31%) and load 0.2 kg∙m2 (90.82%) in the concentric phase (p < 0.01, ES = 0.12), while a decrease in symmetry values between the same loads were seen in eccentric phase (92.65% vs. 92.19%) (p < 0.001, ES = 0.13). (Figure 4). In contrast, when symmetry values using peak force were compared, significant differences in the concentric phase were seen between load 0.05 kg∙m2 (93.36%) and 0.125 kg∙m2 (92.70%) (p < 0.001, ES = 0.17) and between load 0.05 kg∙m2 (93.36%) and load 0.2 kg∙m2 (92.59%) (p < 0.001, ES = 0.18). Based on this, we can conclude that, in general, there was a decrease in symmetry values in the concentric phase of contraction with a higher load. In the eccentric phase differences between loads showed the opposite trend, as symmetry values increased with higher load, but they were not significant (load 0.05 kg∙m2: 92.1%, load 0.125 kg∙m2: 92.3%, load 0.2 kg∙m2: 92.2%).To evaluate the trustworthy of our results the reliability analysis was performed. Our results showed excellent ICC2,1 (all ICC2,1 > 0.92) and acceptable CV values (<10%) for most absolute outcome metrics, except for the peak eccentric force of the right leg for Load 0.05 kg∙m2 (CV = 10.61). This is in accordance with some other studies which investigated reliability and validity of force [17] and force-velocity outcome measures [18] during squatting on FW device. However, lateral symmetry values during squatting on the FW device have not been assessed until now. All lateral symmetry values showed an acceptable CV, while ICC2,1 values were in general lower compared to absolute outcome metric. ICC2,1 values were higher in the eccentric phase (ICC2,1 = 0.43–0.80) compared to the concentric phase in which ICC2,1 values were poor (ICC2,1 = 0.37–0.52). Consequently, we can confirm our first hypothesis. Our results suggest that FW squatting can be a useful and simple way for multi-joint lateral symmetry evaluation in eccentric conditions. It is well known that high forces are produced in muscles working eccentrically, which can cause damage and injury prevention [34]. Because of that, lateral asymmetry evaluation in eccentric conditions can be useful for injury prevention.”



Based on the three-way ANOVA factor analysis, the comparison of the absolute force values showed significant differences between the loading conditions and contraction phases, while there were no differences between the legs. Due to that, only common force (both legs together) was included and presented in the further investigation of the absolute values. In the evaluation of common force, our results showed that mean and peak forces produced at different loading conditions depend on the contraction phase observed. When two-way ANOVA was applied to the factors, the significant differences of factors (load, contraction phase) were reconfirmed. Significant differences in mean and peak force were calculated between all three loads (all p < 0.001). Our results showed that both mean and peak force are increased with higher FW load, which can confirm the fact that participants performed the test with maximal effort (Figure 3, Table 2). Similar results were already confirmed in a previous study where mean and peak forces were increased with a higher FW load while performing knee extension, however, there were only 22 participants included in that study [6]. In case when mean force was evaluated, our results showed a significantly lower force in the eccentric phase compared to the concentric phase (p < 0.001) (Table 2, Figure 3). This can be explained with the fact that only a short period of high force is present in the eccentric phase (short peak force/eccentric overload), while concentric force production is present during the whole range of motion in the concentric phase [35]. Averaging whole concentric (propulsive) and eccentric (braking) phase of contraction consequently results in higher mean forces during the concentric phase (Table 2, Figure 3). Similar findings were presented by Vázquez-Guerrero et al. (2016) Ref. [36] who reported mean force outputs during squatting performance on an FW device were greater in the concentric phase compared to eccentric phase for four different FW loads. On the other hand, significantly higher peak force was observed in the eccentric phase compared to the concentric phase, which confirms the theory of eccentric overload during squatting on an FW device [6,35] (Table 2). Based on these results, we can only confirm the first part of our second hypothesis, while the second part can be confirmed only partially.



We are aware that these differences between contraction phases and different loads are extremely small and that significant differences are also a consequence of a very large sample size. However, these results represent valuable information about absolute lateral symmetry values in the FW squat, which was not questioned in the past. Several studies investigated lateral symmetries during different tasks such as isokinetic knee extension and flexion [1], squat exercise [14,37], bilateral vertical jumping [38], unilateral vertical jumping [3], and others [4]. These studies used different metrics for asymmetry calculation as peak torque [1], knee net joint torque [14], mean force [37], and peak force [3,37,38] and reported different lateral asymmetries ranging from 6% to 13.2%. In our case, absolute symmetry values were very similar for mean force in both phases (from 90.16–92.20% or 7.80–9.74%) and peak force in both phases (from 92.12–93.37% or 6.63%–7.88%). In general, we can notice slightly lower symmetry values in the concentric compared to the eccentric phase. This could be a consequence of longer force production during the concentric phase, where possible asymmetries influence force production during longer intervals compared to short eccentric action during the FW squat [39]. In addition, eccentric contractions require unique activation strategies by the nervous system [40], which could mean that the nervous system’s strategy for controlling movement during squatting could be independent of contraction type. However, it should be addressed that despite acceptable CV, symmetry values in the concentric phase had poor to good reliability, which should be considered. Nevertheless, similar findings can be found in the study by Hart et al. [41] where greater lateral asymmetries (peak force) were found in the concentric phase of countermovement jumps compared to the eccentric phase in professional football players.



In previous literature, a strong focus has been given to lateral (a)symmetries and injury incidence, which highlighted that lateral asymmetries >15% have been associated with increased injury incidence in athlete and non-athlete population [8,42]. Moreover, it has been investigated how lateral asymmetries in different abilities, such as strength, jumping and balance, influence physical and sport-specific performance [43]. Our study showed that quantifying (a)symmetries is possible with a bilateral task such as squatting on an FW device. Such measurements on an FW device enable us identifying (a)symmetry during forced eccentric movement, which is important for a wide range of functional movement where high eccentric forces occur (e.g., skiing). Moreover, assessment of FW squatting with different flywheel loads evaluates a wide spectrum of physical abilities such as strength, speed, power and balance. Due to that, further investigations should address (a)symmetry during FW squatting and its associations with injury risk and sport-specific performance.



There are a few limitations of our study. Despite a very large sample size, the results and conclusions can be related only to young, sport active and trained population. Furthermore, even though the sample was heterogeneous (sport, training history), there were no significant differences between groups. Better results may be collected with a longer familiarization protocol, as squatting on an FW device represents a specific movement for this type of participants. The direct transmission of a rope to the flywheel shaft provides us with an unbiased determination of the flywheel load [18] and a high intra-leg force data reliability. On the contrary, the discrepancy between high absolute reliability (CV) and lower lateral symmetry reliability (ICC2,1) values could be a consequence of the absolute/relative coefficient calculations from each of the six consecutive squat repetitions. Coiling the rope onto the shaft (spinning once to the left and once to the right) laterally changes the vector of pulling rope by the shaft radius, and it is plausible that the lateral force distribution is affected despite the execution of a bilateral task. Nevertheless, symmetry values when averaging an even number of repetitions (six) represent a valid result.



To sum up, our results showed that absolute mean and peak forces of concentric and eccentric phases of contraction have excellent reliability, while lateral symmetry values are more reliable when the eccentric force is used for their calculation. Mean and peak forces were increased with higher FW load. Mean force outputs during squatting performance on the FW device were greater in the concentric compared to the eccentric phase, while the opposite was seen when peak force was assessed. These results confirm the theory of eccentric overload [6,39]. In general, we found a decrease in symmetry values in the concentric phase of contraction with a higher load. However, we are aware that these significant differences are very small from a practical point of view. Moreover, values of lateral (a)symmetries are similar to a wide range of other functional movements. Nevertheless, symmetrical force application during squatting on the FW device should be satisfied regardless of the FW load as our results showed similar lateral (a)symmetries for three different loads. Furthermore, because of a slightly greater decrease of lateral symmetries in the concentric phase of contraction (peak force), it seems that more attention should be given to the movement in the propulsion phase. Due to the large sample size, our data (force and force symmetry) are valuable as a reference point when athletes are evaluated during training.
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Figure 1. Position and measurement setup for bilateral ground reaction force measurement during flywheel (FW) squats. The FW device used the inertia of a rotating FW load (E) to generate resistance. The dimensions of the FW standing platform (F) were 1.1 × 0.6 m (width × length). To aid in performing FW squats, participants wore a harness (D). Participants stood on the force plates (C) in a symmetrical position. A draw-wire sensor was placed under the device (A). The distal part of the wire was attached to the harness and to the rope attachment between the legs (B). 
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Figure 2. Representative time normalized force (upper part) and position data (lower part) during FW squats. Data are presented for six consecutive squat repetitions at three different loading conditions (0.05, 0.125, and 0.225 kg∙m2). Repetitions were determined from position data cycles, starting at the lowest (approximately 90° knee flexion) going through the highest (approximately 0° knee flexion) position and stopping again at the lowest vertical position. The shaded area represents the concentric phase of the squat. 
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Figure 3. Differences in absolute values of the mean and peak force (both legs) between different loads and phases. * Significant differences between contraction phases (p < 0.001); # significant differences for all pairwise comparisons (concentric and eccentric phase) between mean and peak force (p < 0.001). $ significant differences for all pairwise comparisons (mean and peak force) between three different loads (p < 0.001). 
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Figure 4. Selected symmetries (statisticaly significant contrasts) between different loads for eccentric and concentric phase: (a) load 0.125 kg∙m2 and load 0.2 kg∙m2 (mean force); (b) load 0.05 kg∙m2 and load 0.125 kg∙m2 (peak force); (c) load 0.05 kg∙m2 and Load 0.2 kg∙m2 (peak force). 
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Table 1. Subjects’ characteristics.
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	n
	Age (Years)
	Body Height (cm)
	Body Mass (kg)
	BMI (kg/m2)
	Left Preferred

n
	Right Preferred

n





	Female
	119
	20.3 ± 8.4
	170.3 ± 6.9
	62.8 ± 9.4
	21.6 ± 2.5
	84
	35



	Male
	303
	18.4 ± 5.3
	181.9 ± 8.2
	73.3 ± 11.1
	22. 1± 2.4
	188
	115



	All
	422
	18.9 ± 6.4
	178.6 ± 9.5
	70.3 ± 11.7
	21.9 ± 2.4
	272
	150







Mean data ± standard deviation.
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Table 2. Force and lateral symmetry reliability values for different loads (0.05 kg∙m2, 0.125 kg∙m2, and 0.2 kg∙m2) and contraction phases (concentric and eccentric).






Table 2. Force and lateral symmetry reliability values for different loads (0.05 kg∙m2, 0.125 kg∙m2, and 0.2 kg∙m2) and contraction phases (concentric and eccentric).





	
KERRYPNX

	
Load (kg∙m2)

	
Left

	
Right

	
Symmetry




	

	
M ± SD (N/kg)

	
CV (%)

	
ICC2,1 (95% CI)

	
M ± SD (N/kg)

	
CV (%)

	
ICC2,1 (95% CI)

	
M ± SD (%)

	
CV (%)

	
ICC2,1 (95% CI)






	
Concentric

	
Mean force:

	

	

	

	

	

	

	

	

	




	
0.05

	
8.07 ± 0.91

	
8.89

	
0.92 (0.90, 0.93)

	
8.03 ± 0.91

	
8.15

	
0.92 (0.90, 0.91)

	
90.16 ± 3.35

	
8.20

	
0.37 (0.28, 0.36)




	
0.125

	
9.20 ± 1.11

	
8.40

	
0.93 (0.92, 0.94)

	
9.23 ± 1.08

	
8.57

	
0.93 (0.91, 0.94)

	
90.31 ± 3.27

	
7.97

	
0.38 (0.29, 0.47)




	
0.2

	
9.78 ± 1.24

	
8.88

	
0.95 (0.94, 0.96)

	
9.76 ± 1.23

	
8.21

	
0.95 (0.94, 0.96)

	
90.82 ± 2.99

	
7.80

	
0.33 (0.23, 0.41)




	
Peak force:

	

	

	

	

	

	

	

	

	




	
0.05

	
11.77 ± 1.66

	
5.23

	
0.95 (0.93, 0.96)

	
11.71 ± 1.64

	
7.73

	
0.95 (0.93, 0.96)

	
93.37 ± 2.69

	
4.86

	
0.52 (0.44, 0.58)




	
0.125

	
13.47 ± 8.96

	
9.55

	
0.95 (0.94, 0.96)

	
13.49 ± 8.89

	
8.64

	
0.94 (0.93, 0.95)

	
92.70 ± 2.81

	
6.35

	
0.42 (0.33, 0.50)




	
0.2

	
12.88 ± 1.83

	
8.58

	
0.96 (0.95, 0.96)

	
12.83 ± 1.81

	
8.24

	
0.96 (0.95, 0.96)

	
92.59 ± 2.69

	
6.06

	
0.42 (0.33, 0.50)




	
Eccentric

	
Mean force:

	

	

	

	

	

	

	

	

	




	
0.05

	
7.68 ± 0.93

	
5.23

	
0.95 (0.93, 0.97)

	
7.64 ± 0.93

	
5.68

	
0.95 (0.93, 0.96)

	
91.73 ± 4.46

	
5.42

	
0.80 (0.74, 0.83)




	
0.125

	
8.96 ± 1.15

	
8.12

	
0.95 (0.93, 0.96)

	
8.89 ± 1.12

	
6.64

	
0.95 (0.93, 0.96)

	
92.65 ± 3.29

	
5.82

	
0.67 (0.61, 0.71)




	
0.2

	
9.62 ± 1.27

	
6.73

	
0.95 (0.94, 0.97)

	
9.50 ± 1.23

	
6.72

	
0.95 (0.94, 0.96)

	
92.20 ± 3.23

	
6.37

	
0.58 (0.51, 0.63)




	
Peak force:

	

	

	

	

	

	

	

	

	




	
0.05

	
12.12 ± 1.86

	
9.41

	
0.93 (0.92, 0.94)

	
12.07 ± 1.84

	
10.61

	
0.93 (0.92, 0.94)

	
92.12 ± 3.75

	
6.48

	
0.61 (0.55, 0.66)




	
0.125

	
12.89 ± 1.86

	
7.17

	
0.94 (0.93, 0.95)

	
12.81 ± 1.81

	
9.76

	
0.93 (0.92, 0.94)

	
92.31 ± 3.32

	
6.86

	
0.54 (0.46, 0.60)




	
0.2

	
13.66 ± 2.08

	
7.27

	
0.94 (0.93, 0.95)

	
13.51 ± 1.99

	
7.85

	
0.94 (0.93, 0.95)

	
92.21 ± 3.05

	
6.73

	
0.43 (0.34, 0.51)








M, mean value; SD, standard deviation; CV, coefficient of variation; ICC2,1, intraclass correlation coefficient; 95% CI, 95% confidence interval.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Position (m) Position (m) Position (m)

)

- right (N/kg
left (N/kg)

Position (m)

Force
Force -

0.05 kg-m?

2

0.2kg'm

0.125 kg-m?

1

1

20
15+

(631/N) 80404 (B%/N) 82104 (63/N) 82404

Time





nav.xhtml


  symmetry-13-00111


  
    		
      symmetry-13-00111
    


  




  





media/file2.png





media/file5.jpg





media/file3.jpg
Force (Nikg)

(w) vonsog

Forcs (Nikg)

(w) voysog





media/file1.jpg





media/file7.jpg





media/file0.png





media/file8.png
Symmetry (%)

100

95- : § § fedl
90 5 2 ¢
X -
- H
85- . : :..
: : . :
on * : i
ov 1 1 1 1 I 1 1 1 |
Load (kg*m?): 0.2 0.125 0.2 0.05 0.125 0.05 0.125 0.05 0.2 0.05 02
Concentric Eccentric Concentric Eccentric Concentric Eccentric
Average force Peak force Peak force






media/file6.png
Load 0.05 kgem?

Load 0.125 kgem?

Load 0.2 kc;-m2

30

Mean force
Nm/kg
o]
o
]

—
o
|

-

$

Peak force
Nm/kg

$
.

$

T

i*@

1 |
CONCENTRIC ECCENTRIC

|
CONCENTRIC

1 1
ECCENTRIC CONCENTRIC

|
ECCENTRIC






