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Abstract  10 

Background: It remains unknown if flywheel assisted squats can be reliably utilised to 11 

increase power outputs and if such outputs are related. Objectives: Compare assisted and 12 

unassisted flywheel squat peak power outputs, determine their reliability and analyse the 13 

relationship of the delta difference between peak power outputs during the squats. Methods: 14 

Twenty male athletes attended the laboratory six times – performing three sets of eight 15 

repetitions of assisted and unassisted squats during 2 familiarisation sessions and then three 16 

sets of eight repetitions during experimental sessions 3-6 (2 sessions for unassisted and assisted 17 

squat in randomised order, respectively). Results: Concentric and eccentric peak power were 18 

significantly greater during assisted squats (both p < 0.001, d = 1.59, d = 1.57, respectively). 19 

Rate of perceived exertion (RPE) (p = 0.23) and eccentric:concentric (E:C) ratio (p = 0.094) 20 

did not differ between squat conditions. Peak power measures obtained excellent reliability, 21 

while RPE and E:C ratio estimates were rated as acceptable to good, with greater uncertainty. 22 

A large to very large correlation (r = 0.77) was found between concentric and eccentric peak 23 

power delta difference of assisted and unassisted squats. Conclusions: Greater concentric 24 

outputs during assisted squats induce greater eccentric outputs and obtain greater mechanical 25 

load. Peak power is a reliable metric for monitoring flywheel training, whereas the E:C ratio 26 

should be used with caution. Eccentric and concentric peak power are strongly related during 27 

flywheel squats, evidencing the need to maximise the concentric output to enhance the 28 

eccentric output.  29 

  30 



Introduction  31 

The development of strength and power capabilities through resistance training is central to 32 

many strength and conditioning programmes 1,2. To enhance strength and power outcomes, 33 

coaches often manipulate or monitor training intensity by utilising a variety of mechanical 34 

outputs (i.e., force, velocity, power) or rate of perceived exertion (RPE) during resistance 35 

training 3–6. Specifically, the manipulation of mechanical outputs during resistance training has 36 

received a lot of attention: weight releasers with traditional resistance training 7 and different 37 

moments of inertia with flywheel training 5. Over the years, the quantification of such 38 

mechanical outputs has become much more accessible through technology 5, which has 39 

specifically enabled flywheel training prescription to be conceptualised 5,8. Although flywheel 40 

training has been successfully applied with a variety of athletic populations 9, alternative 41 

methods to prescribe and manage flywheel training intensity (i.e., by altering limb involvement 42 

or assistance) remain under investigated 10.  43 

 44 

Flywheel training relies on the concentric phase being initiated by an unwinding of the strap 45 

that attaches the participant to the ergometer (with a harness/attachment) and thereby generates 46 

angular momentum that must be decelerated during the eccentric phase 11. A key advantage to 47 

flywheel training is the ability to achieve an eccentric overload 12,13, which is an eccentric 48 

output relatively greater to the precedent concentric output 5. A great focus has been placed on 49 

obtaining eccentric overload during flywheel training by practitioners 14 and researchers alike 50 
5. Peak power is commonly used due to its association with key performance indicators in sport 51 
15. The main method to increase eccentric overload is to manipulate moment of inertia 16. 52 

Several studies report the distinct effects moment of inertia has on kinetic and kinematic 53 

variables during the squat at the group or individual level 17–19. The most recent guidelines 54 

suggest that moment of inertia should be individualised to improve training prescription 16. 55 

Although individualised ‘optimal’ moments of inertia should be used over a ‘one-size fits all’ 56 

approach 20, this is not commonly performed 21. 57 

 58 

Traditionally, ‘braking in the last third of the eccentric phase’ was recommended to increase 59 

peak eccentric demands within flywheel training 22. Although this technique can obtain 60 

eccentric overload, heterogeneity in the eccentric overload outputs has been reported in the 61 

flywheel squat literature 5. Alternative methods have been applied to increase the eccentric 62 

demand by manipulating the concentric phase. For example, Presland and colleagues 10 applied 63 

6 weeks of unassisted and eccentrically biased (2 legs during the concentric and 1 leg during 64 



the eccentric phase) flywheel leg curl training. In a similar fashion, practitioners have begun to 65 

incorporate assisted squats into training and therefore increase force and velocity (either 66 

simultaneously or specifically) during the flywheel squat. Assisted squats involve assistance 67 

from the arms during the concentric phase but not the eccentric phase. This approach could be 68 

used to accentuate peak power during the eccentric phase and obtain a greater eccentric 69 

overload, but this has never been investigated using flywheel devices in the literature. Although 70 

concentric and eccentric outputs during flywheel training are logically associated 11, the 71 

assumption that as concentric power increases, a corresponding linear increase in eccentric 72 

power will occur has not been demonstrated.  73 

 74 

The reliability of flywheel training measures can also affect the ability to monitor and prescribe 75 

training, and so must be investigated. The effects of altering moment of inertia on reliability of 76 

open 23,24 and closed 17,25 kinetic chain exercises have recently been investigated. For the 77 

flywheel squat, the reliability of concentric and eccentric peak power has previously been rated 78 

acceptable to excellent 15,26, while the eccentric:concentric (E:C) ratio has been rated poor to 79 

questionable 17. The eccentric:concentic ratio reliability ranged lower (ICC = 0.54-0.66) 80 

relative to concentric and eccentric peak power outputs (ICC = 0.70-0.89) using moments of 81 

inertia that are typically prescribed in practice (0.025 – 0.075 kg·m2) 17. A similar trend was 82 

reported with unilateral hamstring exercises 24. It remains unknown how incorporating the 83 

upper limbs during the flywheel squat would impact reliability of mechanical outputs, and if 84 

the eccentric:concentic ratio can be reliably utilised, particularly given the increased movement 85 

complexity during the assisted squat.  86 

 87 

Therefore, the aims of this study was twofold: (i) To investigate the comparative effects of 88 

assisted and unassisted flywheel squats on peak power outputs;  (ii) To determine the reliability 89 

of assisted and unassisted squat peak power measures; and (iii), To analyse the relationship of 90 

the delta difference between concentric and eccentric peak power of assisted and unassisted 91 

squats. It was hypothesised that concentric and eccentric peak power would be greater in the 92 

assisted compared to unassisted flywheel squat, that assisted squats would have lesser 93 

reliability than the unassisted flywheel squat, and that eccentric peak power correlates 94 

positively with concentric peak power. 95 

Methods  96 

Experimental design 97 



Participants attended the laboratory on six separate occasions (Figure 1). Sessions 1 - 2 served 98 

as familiarisation sessions, and all analyses (including test-retest reliability) were performed 99 

during sessions 3 - 6. In sessions 3 - 6, a randomised cross-sectional design was used to 100 

compare concentric peak power, eccentric peak power, the ratio of eccentric to concentric peak 101 

power, and rate of perceived exertion (RPE) between assisted and unassisted flywheel squats.  102 

 103 

*** Please add Figure 1 here *** 104 

 105 

Participants 106 

An a priori power analysis in G*Power (version 3.1.9.3, Düsseldorf, Germany) indicated that 107 

a sample of 20 participants was required to detect a moderate effect (t = 0.7) with an α of 0.05 108 

and a power (1-β) of 0.80 in a paired samples t-test (actual power = 0.82). Twenty amateur 109 

male university athletes (age 24 ± 3 years; body mass 79.3 ± 10.3 kg; height 1.77 ± 0.08 m) 110 

were therefore recruited for this study. Inclusion criteria were the absence of any injury or 111 

illness, confirmed by completion of a Physical Activity Readiness-Questionnaire; participation 112 

in a minimum of 2 training sessions per week; and at least 6 months of resistance training 113 

experience. All participants completed a written informed consent form. The Ethics Committee 114 

at the University of Suffolk (UK) approved this study. All procedures were conducted in line 115 

with the Declaration of Helsinki for studies involving human participants. 116 

 117 

Data collection 118 

All sessions were performed at least 48 h apart, and at least 48 h after the last training session 119 

or competition performed by the athlete, to avoid the effects of accumulated fatigue. Most 120 

participants performed a session at the beginning of the week and at the end of the week. Each 121 

participant performed all testing sessions at the same time of day to reduce the impact of 122 

circadian rhythms. Participants were required to maintain their habitual nutritional intake 123 

during the experimental period. Depressants (e.g., alcohol) and stimulants (e.g., caffeine) were 124 

not permitted for 24 hours prior to the experimental sessions, and participants were encouraged 125 

to hydrate as necessary during all sessions. 126 

 127 

Prior to each session, a standardised warm-up (as reported in Figure 1) was performed 128 

including 8 min of cycling at a constant power (1 W·kg-1 body mass) on a Watt bike (Trainer, 129 

Nottingham, United Kingdom) and dynamic bodyweight mobilization (8 squats, 8 lunges, 8 130 

deadlifts). Participants were requested to avoid static stretching. During the first familiarisation 131 



visit (Session 1), participants’ body mass and height were recorded through a stadiometer (Seca 132 

286dp; Seca, Hamburg, Germany). The participants were familiarised with the procedure of 133 

the experimental protocol 15. Self-selected recovery was allowed between familiarisation of 134 

assisted and unassisted flywheel squats (see Figure 1 for protocol details). This familiarisation 135 

was repeated in session 2. For experimental visits (Sessions 3 - 6), participants performed the 136 

four protocol sessions in a randomised order. 137 

 138 

Flywheel squat and assisted flywheel squat were performed using the same flywheel ergometer 139 

(D11 Full, Desmotec, Biella, Italy). One pro disc (moment of inertia 0.06 kg·m2) was utilised 140 

for both protocols, based on a previous study 15. The moment of inertia of the ergometer is 141 

estimated as 0.0011 kg·m2 (totalling 0.061 kg·m2), a moment of inertia utilised in a previous 142 

study 15. Both conditions consisted of 3 sets of 6 maximal repetitions (+2 initial submaximal 143 

repetitions per set to attain rhythm), interspersed by 2 min of passive recovery 15. Participants 144 

were asked to perform the concentric phase with maximal velocity and to achieve 145 

approximately 90° of knee flexion during the eccentric phase. It was encouraged that the 146 

participants brake maximally in the final third of the eccentric phase, as recommended 147 

previously 22. All sessions were evaluated qualitatively by an investigator to ensure appropriate 148 

technique, offering kinematic feedback to participants during the familiarisation period. During 149 

the concentric phase of the assisted squat protocol, participants used their arms (from a slightly 150 

flexed elbow position; Figure 2) to push maximally on a bar positioned 20-30 cm anterior to 151 

the edge of the flywheel device at a height as close as possible to the participant’s anterior 152 

superior iliac spine when standing on the flywheel ergometer. Participants were required to 153 

remove their hands from the bar during the eccentric phase. Peak power during the concentric 154 

and eccentric phases were collected via a built-in rotatory position transducer. RPE (CR100 155 

scale) was utilised to help understand if sessions were perceived of greater or less exertion 6. 156 

All parameters were deemed to be normally distributed. 157 

 158 

*** Please add Figure 2 here *** 159 

 160 

Statistical Analyses 161 

All statistical analyses were performed using JASP (version 0.9.2., JASP, Amsterdam, the 162 

Netherlands). The Shapiro-Wilk test was used to assess normality of the residuals distributions. 163 

Data were presented as mean ± standard deviation (SD). For each exercise type, the two 164 

experimental sessions were compared to calculate inter-session reliability, with the values from 165 



both sessions averaged to obtain average estimates prior to comparing the two exercises. Inter-166 

session reliability of peak power measures and respective confidence intervals was assessed 167 

using a two-way mixed model intraclass coefficient correlation (ICC) and interpreted as: 168 

excellent ≥ 0.9; 0.9 > good ≥ 0.8; 0.8 > acceptable ≥ 0.7; 0.7 > questionable ≥ 0.6; 0.6 > poor 169 

≥ 0.5; unacceptable < 0.5 27. Technical error of estimate (TEE) was calculated using the 170 

following formula: TEE = SD√(1-ICC). Coefficient of variation (CV), which represents 171 

absolute reliability, was calculated and interpreted in an identical manner to o a previous 172 

investigation 15
. Specifically, values were considered good if CV <5% and acceptable if CV = 173 

5-10%. A paired samples t-test compared parameters between the exercises, with significance 174 

set at p < 0.05. Delta differences (assisted − unassisted) with 95% confidence intervals (CI) 175 

were reported. Cohen’s d effect size (and 95% CI) was interpreted as: trivial < 0.2; 0.2 ≤ small 176 

< 0.6; 0.6 ≤ moderate < 1.2; 1.2 ≤ large < 2.0; very large ≥ 2.0 28. Pearson’s correlation 177 

coefficient (r) was computed to assess the relationship between concentric delta difference 178 

(assisted − unassisted) and eccentric delta difference (assisted − unassisted) of peak power. 179 

The strength of the relationship was assessed as trivial < 0.1;  0.1 ≤ small < 0.3; 0.3 ≤ moderate 180 

< 0.5; 0.5 ≤ large < 0.7; 0.7 ≤ very large < 0.9; 0.9 ≤ almost perfect <1.0 27. 181 

 182 

Results 183 

The reliability of the assisted squat concentric (TEE = 66; CV = 4.1%; ICC = 0.98 [0.96; 0.99]) 184 

and eccentric (TEE = 102; CV = 5.8%; ICC = 0.96 [0.91; 0.99]) outputs were similar to the 185 

unassisted squat concentric (TEE = 40; CV = 2.8%; ICC = 0.99 [0.97; 0.99]) and eccentric 186 

outputs (TEE = 79; CV = 5.3%; ICC = 0.97 [0.93; 0.99]). The inter-session reliability (ICC) of 187 

all concentric and eccentric peak power values was excellent while the absolute reliability 188 

(CV%) of concentric peak power outputs were all rated as good and eccentric peak power 189 

outputs were rated as acceptable.  190 

 191 

The reliability of the eccentric:concentic ratio (ICC values) were rated as unacceptable to good 192 

(0.70 [0.23, 0.88]) for assisted squats (TEE = 0.05; CV = 4.4%) and poor to excellent (0.81 193 

[0.51,  0.92]) for unassisted squats (TEE = 0.04; CV = 3.8%). The ICC values for RPE were 194 

poor to excellent (0.84 [0.59, 0.94]) for assisted squats (TEE = 6.4; CV = 9.4%, acceptable) 195 

and unacceptable to excellent (0.76 [0.40, 0.91]) for unassisted squats (TEE = 7.3; CV = 196 

11.2%). Although ICC values varied largely with regards to uncertainty for both RPE and E:C 197 



ratio in comparison to peak power outputs, the absolute reliability of the eccentric:concentric 198 

ratio was rated as good while the RPE was poorer (CV = 9.4 - 11.2%).  199 

 200 

Significant differences (p < 0.01; Figure 3) were observed between assisted and unassisted 201 

flywheel squats for concentric (moderate to very large) and eccentric (moderate to very large) 202 

peak power measures. No differences were found for eccentric:concentic ratio (p = 0.094, 203 

trivial to moderate) or RPE (p = 0.230, trivial to moderate).  204 

 205 

*** Please insert Figure 3 and Table 1 here *** 206 

 207 

A large to very large correlation between the concentric and eccentric peak power delta 208 

differences (assisted − unassisted) was reported (r = 0.77 [0.62, 0.88]; Figure 4). 209 

 210 

*** Please insert Figure 4 here *** 211 

 212 

Discussion  213 

The first aim of this study was to investigate whether assisting the concentric phase of the squat 214 

can be a practical method to increase eccentric phase loads (greater eccentric overload 215 

measured as peak power values) in comparison to the traditional unassisted flywheel squat. 216 

The moderate to very large significant difference in concentric and eccentric peak power 217 

measures between assisted and unassisted squats supports the hypothesis that assisted flywheel 218 

squats can enhance concentric and eccentric peak power. Secondly, we aimed to determine 219 

test-retest reliability of peak power during assisted and unassisted flywheel squats. In 220 

disagreement with the hypothesis that reliability would differ between squats, our findings 221 

suggest that peak power measures are excellent for both squat conditions, while the E:C ratio 222 

reliability estimates ranging from acceptable to good. Our third objective was to understand 223 

the relationship between the delta difference of concentric and eccentric peak power outputs 224 

between assisted and unassisted squats. The present findings suggest concentric peak power 225 

and eccentric peak power are positively correlated, highlighting the importance of maximising 226 

the concentric phase output to enhance the eccentric phase output.  227 

 228 

The present investigation highlights for the first time that assisted squats can be used to increase 229 

training intensity (eccentric peak power output) without changing moments of inertia during 230 

flywheel squats 20. Specifically, a moderate to very large difference in eccentric peak power 231 



was obtained between assisted and unassisted squats (Figure 3). The eccentric peak power 232 

produced during the assisted squats was also much larger than the concentric peak power 233 

obtained during unassisted squats with the same participants in the present study (Table 1). The 234 

high intensity eccentric mechanical load achieved with assisted squats may be of particular 235 

interest to stimulate greater neuromuscular adaptations 12,13 and may warrant inclusion into 236 

periodisation guidelines to optimise flywheel training outcomes 2,9,16. The assisted squat 237 

provides alternatives to progressively increase mechanical load to those that are typically 238 

limited by the few combinations of moments of inertia used in practice (0.025 to 0.0100 kg·m2) 239 
16. Specifically, the assisted squat can be programmed to increase training mechanical load for 240 

a specific athlete or manage different athletes within the same session more effectively 16. The 241 

use of assisted flywheel squats must be further investigated for this purpose. 242 

 243 

The findings of the present investigation align with the literature reporting that flywheel squats 244 

have excellent reliability for peak power measures 15,26, as well as being the first to report the 245 

reliability of such measures during assisted flywheel squats. Like the unassisted flywheel squat, 246 

the assisted flywheel squat obtained excellent reliability for both concentric and eccentric peak 247 

power outputs. The reliability of concentric and eccentric peak power outputs highlights they 248 

can be used for real-time feedback and may enhance flywheel training prescription 5. The 249 

reliability of mechanical outputs and their (real-time) application in practice may considerably 250 

enhance the long term periodisation of training within team sport environments 15,16.  251 

 252 

Although this study reports acceptable to good reliability estimates for assisted and unassisted 253 

eccentric:concentic ratios (albeit with relatively greater uncertainty), the use of ratios remains 254 

a debated topic 29. Previous studies report that the E:C ratio are not as reliable as its peak power 255 

components 17,24. Specifically, in the present investigation, the use of the E:C ratio remains 256 

questionable due to its lower reliability in comparison to peak power values and its inability to 257 

discern higher and lower peak power outputs 24. A bias towards smaller values may deceive 258 

practitioners when using the E:C ratio. For example, if two participants obtained 1100:1000 W 259 

and 2200:2000 W, each would have a E:C ratio of 1.1. A conclusion that both athletes are doing 260 

an equivalent eccentric overload would be fair despite the second participant achieving greater 261 

absolute eccentric peak power outputs (1100 vs. 2200 W, respectively) and eccentric overload 262 

(100 vs 200 W, respectively). The E:C ratio disregards some valuable information that could 263 

inform the monitoring and prescription of training. The authors therefore recommend utilising 264 

absolute concentric and eccentric values rather than the eccentric:concentric ratio.   265 



 266 

Our findings highlight that the level of eccentric output in peak power is largely related to the 267 

prior magnitude of concentric output. Intuitively, increases in concentric outputs would 268 

therefore be expected to lead to a direct and proportional increase in eccentric outputs 11. 269 

Indeed, our findings support the notion that greater eccentric phase outputs cannot be obtained 270 

without greater concentric phase outputs 2. Although our findings suggest outputs are related, 271 

it is possible that some athletes do not increase both concentric and eccentric outputs linearly 272 

(Figure 4). Such differences could be due to differences in technique utilised (premature or 273 

delayed braking), muscular strength, or familiarisation with the exercise 2. Practitioners should 274 

therefore still monitor both concentric and eccentric phases since neuromuscular and 275 

morphological adaptations associated with flywheel training are derived from the combination 276 

of both phases (rather than only the concentric or eccentric phase) 2. Further research is 277 

necessary to better understand the relationship between concentric and eccentric outputs (such 278 

as mean or peak force, power, or velocity) and how these may differ between exercises and 279 

populations. The present findings highlight that if the concentric phase of an assisted flywheel 280 

squat is performed maximally after sufficient familiarisation with a cylindrical shaft, concentric 281 

and eccentric peak power increases are closely correlated.  282 

 283 

The perception of exertion is an important and useful aspect when aiming to prescribe 284 

resistance training 3,6. Indeed, the pairing of external and perceptual responses in training by 285 

practitioners may help better manage the training process and enhance outcomes 3,30. 286 

Interestingly, although RPE has been applied with traditional resistance training methods 3,30, 287 

it has not been utilised in many flywheel training investigations 4,9. The present investigation 288 

shows that although there were significant differences in concentric and eccentric peak power 289 

between the assisted and unassisted squat, no significant differences were reported in RPE. The 290 

relative contributions of the upper and lower body limbs to the concentric phase of the assisted 291 

squat cannot be determined within the present study and so it is possible that the greater 292 

contribution of the upper limbs afforded a lesser contribution from the legs and so a similar 293 

overall RPE. The present findings underline the importance of utilising mechanical outputs for 294 

determining exercise intensity with flywheel training 5 but also support the need for further 295 

research to better understand whether RPE can be used to determine flywheel training intensity 296 
4. 297 

 298 



A few limitations of the present investigation are worthy of acknowledgement. It is unknown 299 

whether the present findings are consistent with other moments of inertia. Additionally, it is 300 

likely that participants with greater upper body strength may experience a greater benefit from 301 

the assisted squat – although this was not accounted for. Secondly, the present protocol only 302 

included the squat and was performed by male university athletes. Investigation into the effects 303 

of concentric phase assistance with different populations (i.e., athletes and females) and 304 

exercises (i.e., leg curl) are warranted. It remains unclear if movement mechanics and exercise 305 

outcomes are altered by concentric phase assistance during the flywheel squat. Finally, it would 306 

be of interest to investigate the long-term effects of concentric phase assistance during flywheel 307 

training.  308 

 309 

Conclusions  310 

Significantly greater concentric and eccentric peak power can be achieved during assisted 311 

squats in comparison to unassisted squats without increasing the exercise perceived fatigue. 312 

Peak power is a reliable metric that can be used during assisted and unassisted squats, whereas 313 

the eccentric:concentric ratio should be used with caution. Variation in concentric peak power 314 

is strongly related to variation in eccentric peak power, evidencing the need to maximise power 315 

output in the concentric phase to enhance the subsequent eccentric phase.  316 

 317 

Practical Application  318 

The prescription of assisted and unassisted squats allows for two distinctly different training 319 

intensities without needing to change moments of inertia. The assisted variation of the flywheel 320 

squat may therefore allow for a greater eccentric overload in a practical manner. The use of 321 

reliable metrics (peak power) provided in real-time feedback may be relevant for confirming 322 

whether eccentric overload was obtained with individual athletes and may also help guide 323 

exercise selection. Unreliable metrics such as the eccentric:concentric ratio should be used with 324 

caution. 325 

 326 
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