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Abstract 1 

Purpose: Performing back squat with elastic bands has been 2 

widely used in resistance training. Although research 3 

demonstrated greater training effects obtained from adding 4 

elastic bands to the back squat, little is known regarding the 5 

optimal elastic resistance and how it affects neuromuscular 6 

performance. This study was to compare the force, velocity, 7 

power and muscle activity during the back squat with different 8 

contributions of elastic resistance. Methods: Thirteen 9 

basketball players performed three repetitions of the back 10 

squat at 85% of 1 repetition maximum across four conditions: 11 

1) total load from free weight; 2) 20%, 3) 30%, and 4) 40% of 12 

the total load from elastic band and the remaining load from 13 

free weight. The eccentric and concentric phases of the back 14 

squat were divided into upper, middle, and bottom phases. 15 

Results: In the eccentric phase, mean velocity progressively 16 

increased with increasing elastic resistance, muscle activity of 17 

the vastus medialis and rectus femoris significantly increased 18 

with the largest elastic resistance in the upper phase (P ≤ 19 

0.036). In the concentric phase, mean power (P ≤ 0.021) and 20 

rate of force development (P ≤ 0.002) significantly increased 21 

with increasing elastic resistance. Furthermore, muscle activity 22 

of the vastus lateralis and vastus medialis significantly 23 

improved with the largest elastic resistance in the upper phases 24 

(P ≤ 0.021). Conclusion: Velocity, power, rate of force 25 

development, and selective muscle activity increased as the 26 

elastic resistance increased in different phases during the back 27 

squat exercise. 28 

  29 

Keywords: variable resistance training, elastic band, power, 30 

rate of force development, electromyography 31 

 32 

Introduction 33 

Back squat is one of the most widely prescribed exercises in 34 

resistance training and is traditionally performed with a 35 

constant external load. Owing to joint angle influences, the 36 

maximal load that can be lifted is dependent on the initial 37 

concentric phase and more specifically, the sticking region 38 

(i.e., the range of motion where a large increase in the 39 

difficulty to continue the lift is experienced).1 This can have 40 

two consequences: 1) high load can cause the velocity to 41 

decrease in the initial concentric phase,2,3 thus potentially 42 

limiting the power output; 2) as the joints extend, the muscle 43 

force potential gradually exceeds the load provided in the 44 



 

remaining phase. Therefore, a constant external load may not 45 

optimize neuromuscular performance during the back squat. 46 

The addition of elastic bands to the back squat (termed 47 

variable resistance training (VRT)), has been proposed as an 48 

alternative to optimize neuromuscular performance throughout 49 

the range of motion.4,5 More specifically, by reducing the free 50 

weight load, there is potential to alleviate the negative effects 51 

(e.g., decreased velocity2) of the sticking region caused; as the 52 

joints extend to the range of motion where the muscles can 53 

produce more force, the external load is accordingly increased 54 

to a greater extent. Empirical evidence supports that a larger 55 

contribution of the elastic resistance results in greater 56 

velocity,6,7 force,6,8 power output,6,9 and muscle activation10 57 

compared to when a lower contribution of the elastic resistance 58 

is used. However, Heelas et al.7 compared the effect of 20 kg, 59 

25 kg, and 30 kg elastic resistance on muscle activity during 60 

the deadlift. A significant decrease in electromyography 61 

(EMG) was observed in the medial gastrocnemius (MG) and 62 

semitendinosus as the elastic resistance increased. This is 63 

likely attributed to their VRT design strategy used, the load 64 

was equal between VRT and constant resistance training (CRT) 65 

at the upper position. Similarly, Nijem et al.11 utilized the 66 

aforementioned VRT design and observed significantly 67 

decreased peak force and gluteus maximus EMG in the VRT 68 

condition (20% of the total load from elastic resistance) 69 

compared with the CRT condition. Therefore, using a large 70 

contribution of the variable resistance to optimize 71 

neuromuscular performance is attractive as the effects are 72 

clearly influenced by the VRT design strategy. 73 

A recent meta-analysis compared the acute effects of 74 

different VRT design strategies on force, velocity, and power 75 

output.5 In comparison with the strategies using an equalized 76 

load at the bottom/top position, the results showed that VRT 77 

using an equated loading scheme (i.e., lower load at the bottom 78 

and higher load at the top in the VRT compared to the CRT) 79 

was more likely to increase mean power output.5 However, 80 

Wallace et al.8 examined the effect of kinetics during the back 81 

squat with different contributions of elastic resistance in 60% 82 

and 85% of one repetition maximum (1RM) conditions, 83 

respectively. A decrease in power output was noted when using 84 

35% of the total load from elastic resistance compared to a 85 

total load of 20% in the 85% 1RM condition. It is noteworthy 86 

that there were slight improvements in force and rate of force 87 

development (RFD) with the larger elastic resistance compared 88 



 

to the lower one8. Their findings indicate that a larger elastic 89 

resistance leads to a more pronounced reduction in velocity, 90 

resulting in decreased power output. Similarly, Heelas et al.7 91 

reported that velocity and power began to plateau during the 92 

deadlift as the elastic resistance increased to 30% of total load 93 

in the 54% 1RM condition. From the above, there appears to 94 

be a threshold for elastic resistance that limits power output. 95 

Although some studies have investigated the acute effects of 96 

different contributions of elastic resistance, such as Swinton et 97 

al.12 who compared the effects of 20% 1RM and 40% 1RM 98 

from elastic resistance in 30% 1RM, 50% 1RM, and 70% 1RM 99 

conditions, respectively, and Kubo et al.6 who compared the 100 

effects of 20%, 40%, and 80% of the total load from elastic 101 

resistance in the 56% 1RM condition, a low free weight load 102 

used in these studies limits the applicability to practice. In 103 

addition, anecdotal information indicates that the elastic 104 

resistance at the top position may increase the eccentric 105 

velocity, which enhances the efficacy of the stretch-shortening 106 

cycle (SSC)13. Although some studies demonstrated an 107 

increased peak eccentric velocity in the VRT compared to the 108 

CRT,14,15 no significant difference in mean eccentric velocity 109 

was found,15 likely caused by the VRT design strategy used.5  110 

Based on the variable results, it is necessary to further 111 

elucidate the acute effects of different contributions of elastic 112 

resistance using an equated loading scheme. This could 113 

provide comprehensive information that will inform future 114 

prescription of VRT strategies. The purpose of the study 115 

therefore was to compare force, velocity, power, RFD, and 116 

EMG during the back squat with 20% (20%VRT), 30% 117 

(30%VRT), and 40% (40%VRT) of the total load from elastic 118 

resistance in a cohort of male basketball players. It is 119 

hypothesized that as the elastic resistance increases, 1) velocity 120 

will increase in the eccentric phase; 2) the power output and 121 

RFD will increase in the concentric phase; 3) 40%VRT will 122 

limit power output compared to the other conditions and 4) 123 

muscle activation will increase in the upper phase of the back 124 

squat. 125 

 126 

Methods 127 

Study design 128 

The study used a randomized, counter-balanced, cross-over 129 

design to compare the force, velocity, power, RFD, and EMG 130 

of the vastus lateralis (VL), vastus medialis (VM), and rectus 131 

femoris (RF), biceps femoris (BF) and MG during the back 132 



 

squat in CRT and VRT conditions. The back squat in the CRT 133 

condition was performed at 85% of 1RM whereby the total 134 

load came from free weight. In VRT conditions, the elastic 135 

resistance produced approximately 17%, 25%, and 34% 1RM 136 

at the top position of the back squat in 20%VRT, 30%VRT, and 137 

40%VRT conditions, respectively. The free weight was 138 

removed by half of the elastic resistance (e.g., 17% 1RM was 139 

removed from the free weight in 40%VRT condition) to make 140 

a lower load at the bottom and a larger load at the top position, 141 

as previously described.8 Therefore, the average load was 142 

equal across the range of motion in all VRT conditions in 143 

comparison with the CRT condition. The dependent variables 144 

were analyzed in different phases and the whole in the 145 

eccentric and concentric phases. 146 

 147 

Participants 148 

Fourteen well-trained male collegiate basketball players, 149 

certified at least national II level of basketball performance, 150 

volunteered for this study. Thirteen participants (age: 20.5 ± 151 

0.9 years; height: 188.5 ± 8.5 cm; body mass: 82.8 ± 12.9 kg) 152 

completed the study, with one participant withdrawing for 153 

personal reasons. Most of them performed recreational 154 

resistance training for 6 months prior to the study (back squat 155 

1RM relative to body mass: 1.4 ± 0.3). A priori power analysis 156 

with effect size of 0.4, power of 90%, an α error of 0.05 was 157 

conducted, the estimated sample size was 12 participants. All 158 

participants had no current musculoskeletal injury that could 159 

affect them performing a back squat exercise and were 160 

required to refrain from high intensity exercises 24 hours 161 

before testing. Written informed consent was obtained from 162 

participants before the beginning of the study. Ethical approval 163 

was granted by the Shanghai University of Sport Science 164 

Research Ethics Committee in accordance with the Helsinki 165 

Declaration. 166 

 167 

Procedures 168 

Prior to the experiment, three sessions were conducted to 169 

familiarize participants with the VRT in two weeks. In the 170 

fourth familiarization session, participants completed back 171 

squat 3RM testing, then the 1RM was estimated based on the 172 

formula by the National Strength and Conditioning 173 

Association.16 First, participants performed a general warm-up 174 

including 5 minutes of low-intensity running followed by 10 175 

minutes of dynamic stretching exercises, which was identical 176 



 

in all sessions. Then, participants were instructed to perform 177 

7−10, 5−7, and 3−5 repetitions at 50%, 70%, and 80% of the 178 

estimated 1RM, respectively. 2 minutes recovery was 179 

provided. Further, participants completed 3 to 4 trials at their 180 

estimated 3RM with correct back squat technique. 4 minutes 181 

recovery followed. Participants were required to squat to a 90° 182 

knee angle. The last familiarization session was used to 183 

measure the elastic band (Rising, Nantong, China) resistance 184 

following the previous protocol.15 Shortly, participants stood 185 

on a force plate (Kistler, model 9290AA, Winterthur, 186 

Switzerland) with an unloaded barbell to measure the target 187 

elastic resistance using a trial-and-error method.15 The actual 188 

elastic resistance for 20%VRT, 30%VRT, and 40%VRT were 189 

1.42 (± 1.44) to 17.36 (± 2.53), 2.66 (± 2.18) to 24.8 (± 2.4), 190 

and 2.76 (± 2.53) to 33.84 (± 2.7) % 1RM at the bottom and 191 

top position of the back squat, respectively. 192 

In the experimental session, following the general warm-up, 193 

the participant’s skin was shaved and washed with alcohol. 194 

The electrodes were placed over the VL, VM, RF, BF, and MG 195 

in the direction of the underlying muscle fibers on the 196 

dominant leg (referred to the leg kicking the ball) (Figure 1) 197 

according to the recommendations by SENIAM 198 

(www.seniam.org). A reflective marker was placed on the 199 

center of the barbell to track the trajectory of the barbell; the 200 

other reflective markers were placed on the pelvis and greater 201 

trochanter, medial and lateral malleoli, first and fifth metatarsal 202 

heads, toe, and heel (Figure 1). The electrodes and markers 203 

were placed by the same researchers for consistency.  204 

 205 

FIGURE 1 HERE 206 

 207 

Prior to the testing, two submaximal and three maximal 208 

vertical jumps were conducted. Two minutes later, participants 209 

stood on the force plate to perform one set of three repetitions 210 

of the back squat in the CRT, 20%VRT, 30%VRT, and 211 

40%VRT in a random order with at least 48 hours between 212 

conditions (Figure 2). During the back squat, participants were 213 

instructed to bend their knees in a self-paced but controlled 214 

manner with the upper leg being parallel to the ground, and 215 

then execute the concentric phase as fast and forcefully as 216 

possible. Strong verbal encouragement was given to the 217 

participants across all conditions. 218 

 219 

FIGURE 2 HERE 220 



 

 221 

Data collection and processing 222 

EMG was recorded using a Ultium-EMG sensor system 223 

(Noraxon Inc, Scottsdale, AZ, USA) with a sampling rate of 224 

2000 Hz. A force plate with a sampling frequency of 1000 Hz 225 

was used to collect the vertical ground reaction force. A three-226 

dimensional motion capture system (Qualisys, Gothenburg, 227 

Sweden) with eight cameras sampling at a frequency of 200 228 

Hz was used to track markers. Three systems were 229 

synchronized via Qualisys Track Manager software (Qualysis 230 

Oqus 400, Gothenburg, Sweden). 231 

Raw kinetic and kinematic data were imported to Visual 3D 232 

(C-motion Inc, Germantown, USA) for segment modelling and 233 

analyses. Data were smoothed using a Butterworth fourth-234 

order filter with a cutoff frequency of 10 Hz. Velocity was 235 

calculated using a first-order derivative of the barbell 236 

displacement data. Power was calculated as the product of the 237 

synchronized barbell velocity and vertical ground reaction 238 

force data. RFD was determined between the first minimum 239 

and maximum force during the concentric phase. The 240 

concentric and eccentric phases were determined by the barbell 241 

velocity.15,17 Thereafter, the concentric and eccentric phases 242 

were equally divided into three phases (upper, middle, and 243 

bottom) based on the barbell displacement data.  244 

The raw EMG data was converted to a custom script written 245 

in MATLAB software (MATLAB, version R2020b, 246 

MathWorks Inc., Natick, USA). The signal was full wave 247 

rectified and bandpass (fourth-order Butterworth filter) filtered 248 

with a cutoff frequency of 10-400Hz, and then converted to 249 

root of mean square (RMS). RMS was normalized with the 250 

peak RMS value during the first repetition of the back squat 251 

for each participant.11 For all dependent variables, three 252 

repetitions were averaged in different phases and the whole of 253 

the concentric and eccentric phases for further analyses. 254 

 255 

Statistical analyses 256 

All data were expressed as mean ± SD. The Shapiro-Wilk test 257 

was used to assess normality. One-way repeated-measures 258 

analysis of variance (ANOVA) was used to compare each 259 

dependent variable in different phases and the whole of the 260 

concentric and eccentric phases across conditions. If 261 

significant differences were found, Bonferroni post hoc 262 

comparisons were performed. The effect sizes were evaluated 263 

with η2, whereby 0.01, 0.06, 0.14 were considered small, 264 



 

moderate, and large, respectively.18 Statistical significance was 265 

set at P ≤ 0.05 (version 25.0. SPSS Inc., Chicago, IL, USA). 266 

 267 

Results 268 

Force 269 

The force outcomes between conditions are presented in 270 

Figure 3. In the eccentric phase, there were highly significant 271 

differences in peak and mean force in the upper and bottom 272 

phases (F = 8.6 − 21.3, P < 0.001, η2 ≥ 0.419). Post hoc 273 

comparisons revealed that peak and mean force significantly 274 

increased in all VRT conditions compared with the CRT 275 

condition in the upper phase (+1.02 – +1.56 N/kg, P ≤ 0.02); in 276 

contrast, peak and mean force significantly decreased in all 277 

VRT conditions compared with the CRT condition in the 278 

bottom phase (-0.77 – -1.54 N/kg, P ≤ 0.026). 279 

In the concentric phase, there was a highly significant 280 

difference in peak and mean force (F = 3.3 − 19.8, P < 0.032, 281 

η2 ≥ 0.214). Post hoc comparisons showed that peak and mean 282 

force significantly decreased in all VRT conditions compared 283 

with the CRT condition in the bottom phase (-0.65 – -1.25 284 

N/kg, P ≤ 0.036). Mean force significantly increased in both 285 

30%VRT and 40%VRT conditions compared with the CRT 286 

condition in the upper phase (+2.02 – +2.73 N/kg, P ≤ 0.036).  287 

 288 

FIGURE 3 HERE 289 

 290 

Velocity 291 

The velocity outcomes between conditions are presented in 292 

Figure 4. In the eccentric phase, there was a significant 293 

difference in peak and mean velocity in the upper and bottom 294 

phases (F = 3 − 4.72, P ≤ 0.043, η2 ≥ 0.2). There was a 295 

significant difference in mean velocity in the whole movement 296 

(F = 4.3, P = 0.011, η2 = 0.263). Post hoc comparisons 297 

revealed that only mean velocity significantly increased in the 298 

30%VRT compared to the CRT in the bottom phase 299 

(+0.052m/s, P = 0.019). 300 

In the concentric phase, there were significant differences in 301 

peak and mean velocity in the bottom and upper phases (F = 302 

3.2 − 28.8, P 0.034, η2 ≥ 0.211). There was a significant 303 

difference in mean velocity in the whole movement (F = 15.8, 304 

P < 0.001, η2 = 0.568). Post hoc comparisons showed that 305 

mean velocity significantly increased in all VRT conditions 306 

compared with the CRT condition in the bottom phase (+0.064 307 

− +0.104m/s, P ≤ 0.003). For the whole movement, mean 308 



 

velocity significantly increased in both 30%VRT and 40%VRT 309 

conditions compared with the CRT condition (+0.076 − 310 

+0.101m/s, P ≤ 0.001). 311 

 312 

FIGURE 4 HERE 313 

 314 

Power  315 

The power outcomes between conditions are presented in 316 

Figure 5. In the concentric phase, there were significant 317 

differences in mean power in the bottom and upper phases (F = 318 

14.9 − 24.1, P < 0.001, η2 ≥ 0.554). There were significant 319 

differences in mean power and RFD in the whole movement (F 320 

= 19.4 – 20.5, P < 0.001, η2 ≥ 0.617). Post hoc comparisons 321 

showed that mean power significantly increased in all VRT 322 

conditions compared with the CRT condition in the bottom and 323 

upper phases and the whole movement (+1.06 – +3.22w/kg, P 324 

≤ 0.021). RFD significantly increased in all VRT conditions 325 

compared with the CRT condition (+3.12 – +5.56N/s·kg, P ≤ 326 

0.002). 327 

 328 

FIGURE 5 HERE 329 

 330 

Electromyography 331 

The normalized RMS outcomes between conditions are 332 

presented in Figure 6 and Figure 7. In the eccentric phase, 333 

there were significant differences in RF and VM RMS in the 334 

upper phase (F = 6.8 − 8.1, P ≤ 0.002, η2 ≥ 0.493). Post hoc 335 

comparisons revealed that the RF and VM RMS significantly 336 

increased in the 40%VRT compared to the CRT (+15.2 − 337 

+18.4%, P ≤ 0.036). 338 

In the concentric phase, there were significant differences in 339 

VL and VM RMS in the upper phase (F = 5.3 − 5.4, P = 0.005, 340 

η2 ≥ 0.37) and the VL EMG in the whole (F = 4.74, P = 0.009, 341 

η2 = 0.345). Post hoc comparisons showed that the VL and VM 342 

RMS significantly increased in the 40%VRT compared to the 343 

CRT in the upper phase (+15.5 − +17.9%, P ≤ 0.021). 344 

 345 

FIGURE 6 AND FIGURE 7 HERE 346 

 347 

Discussion 348 

This study compared force, velocity, power, RFD, and muscle 349 

activity during the back squat with or without different 350 

contributions of elastic resistance. Considering the gradually 351 

changing load during the VRT and the equalized load (i.e., the 352 



 

load is equal at the middle position) between VRT and CRT 353 

used in the present study, the eccentric and concentric phases 354 

were therefore divided into 6 phases, which would fully 355 

elucidate the advantages or disadvantages of the VRT. 356 

Results of the eccentric phase supported the hypotheses that 357 

greater velocity and EMG occurred as the elastic resistance 358 

increased. The increased velocity in the upper phase could be 359 

explained by the largest elastic resistance that pushes the 360 

individual downward.4 This was also supported by Stevenson 361 

et al.15 who found a greater peak eccentric velocity during the 362 

VRT compared to the CRT. However, no significant difference 363 

was observed with regards mean eccentric velocity.15 This may 364 

be caused by the equalized load at the bottom between two 365 

training modalities. In the present study, the load was lower at 366 

the bottom of the back squat in all VRT compared to the CRT; 367 

results showed that the eccentric velocity increased in this 368 

phase of the lift in the VRT, and the magnitude of the 369 

improvement was greatest in the 40%VRT condition. The 370 

finding is consistent with previous findings reporting an 371 

increased peak eccentric velocity during the VRT where the 372 

load was equal at the upper position between the two.14 The 373 

author concluded that eccentric unloading at the bottom 374 

position is a better way to optimize the SSC due to the 375 

compliant series elastic component.14 Based on the above, the 376 

increased eccentric velocity in the current study could be 377 

attributed in the main to the larger elastic resistance and 378 

unloading in the upper and bottom phases, respectively. 379 

The results of this study found a greater activation in RF and 380 

VM muscles in the eccentric upper phase in the 40%VRT 381 

compared to the CRT, which concurs with previous study.10 382 

Thus, the hypothesis, that the EMG will increase in the upper 383 

phase as the elastic resistance increased, can be partially 384 

accepted. Simply put, the muscle is capable of generating more 385 

forces during eccentric action than concentric contraction.19 386 

Thus, more loads in the eccentric upper phase in the VRT can 387 

accommodate the ability that the muscles produce more forces, 388 

which evidenced by the increased EMG. The current study 389 

found greater EMG and force in the eccentric bottom phase 390 

compared to the eccentric upper phase in all conditions. This 391 

suggests that subjects required more forces to decelerate in the 392 

eccentric bottom phase, resulting in greater EMG. However, 393 

no significant differences in EMG for any muscle were 394 

observed between conditions in the eccentric bottom phase, 395 

which is surprising considering the external load decreased in 396 



 

this phase in the VRT. One possible explanation is that a 397 

greater number of activated α-motoneurons (i.e., increased 398 

EMG) in the eccentric upper phase in the VRT compared to the 399 

CRT may remain active in the eccentric bottom phase due to a 400 

shorter eccentric action period (improved velocity in the VRT), 401 

therefore reducing the EMG difference between conditions. 402 

This needs to be evaluated in future trials to more fully 403 

elucidate. 404 

In the concentric phase, both mean velocity and power 405 

improved as the elastic resistance increased in the bottom and 406 

upper phases and the whole movement, which is consistent 407 

with the second hypothesis. Specifically, in the bottom phase, 408 

although the VRT resulted in significantly decreased force 409 

compared with the CRT, a greater velocity obtained in the VRT 410 

had a more positive influence on power output. The findings 411 

are consistent with a previous study6 where the concentric 412 

phase of the back squat was divided into acceleration and 413 

deceleration sub-phases, and a decreased mean force and 414 

increased mean velocity and power were observed in the 415 

acceleration sub-phase in the VRT.6 From the above, it seems 416 

that despite there was a decrease in force production in the 417 

bottom phase of VRT, individuals were able to greatly 418 

accelerate the movement, potentially improving their power 419 

output. 420 

For the middle phase of the concentric phase, only mean 421 

force significantly decreased in the 40%VRT compared with 422 

the CRT while other outcomes were not significantly different. 423 

This can be explained by the fact that the load was 424 

theoretically equal in the middle phase between conditions. 425 

Specifically, the differences in both force and velocity reduced 426 

between conditions from the bottom to the middle phase, 427 

related to increased elastic resistance. As a consequence, the 428 

results of the power output and muscle activation did not show 429 

any statistically differences between conditions.  430 

When the movement extends to the upper phase, the mean 431 

power significantly improved in the VRT, which mainly 432 

resulted from the increased mean force. Interestingly, a slight 433 

improvement in velocity was found in the VRT, which 434 

contrasts other reports of a decreased velocity in the VRT 435 

when load is higher.15,20 In the current study, a higher load was 436 

just provided in the biomechanically advantageous position 437 

(i.e., the upper phase) during the VRT, resulted in improved 438 

force production and EMG. Thus, it could be speculated that 439 

the small upper phase velocity improvements may result from 440 



 

optimized force production. In addition, the third hypothesis, 441 

that the 40%VRT would limit the power output, can only be 442 

partially accepted as the peak power began to plateau in 443 

comparison with the 30%VRT. Further research that using 444 

larger elastic resistance (e.g., 50% of the total load) to 445 

investigate this aspect is needed. 446 

For the whole concentric phase, no significant differences in 447 

force and muscle activation were noted between conditions, 448 

attributed to the fact that the outcomes in the bottom and upper 449 

phases counteracted each other. Similarly, the improved mean 450 

velocity and power in the VRT conditions can also be 451 

explained by the greater velocity and power obtained in the 452 

bottom and upper phases, thus accepting the second 453 

hypothesis. In addition, RFD improved significantly as the 454 

elastic resistance increased, which is consistent with Galpin et 455 

al.9 who demonstrated a significantly improved RFD in the 456 

35%VRT compared with the 15%VRT and CRT in the 85% 457 

1RM condition. In the current study, the time interval of the 458 

RFD was found in the bottom and upper phases in all 459 

conditions. In this case, it is understandable that the 40%VRT 460 

condition could achieve the peak force in a shorter time due to 461 

the improved velocity in the initial concentric phase, thus 462 

improving the RFD. 463 

Some limitations need to be acknowledged. Due to the 464 

participants had no experiences with VRT prior to the study, 465 

the findings may limit the applicability to more experienced 466 

athletes that have used VRT. Further research is required to 467 

explore whether training experience in VRT affects the 468 

biomechanical patterns of the back squat. Additionally, only 469 

males were recruited to the study, it is unclear whether the 470 

findings are generalized to females. Another limitation is that 471 

the load was not enough to induce a clear sticking region in 472 

most participants. Only three participants showed decreased 473 

concentric velocity in all four conditions. Statistical analyses 474 

were not conducted for the kinematics and EMG changes in 475 

the sticking region. 476 

 477 

Conclusions 478 

During the eccentric phase of the back squat, velocity 479 

increased with larger elastic resistance. The RF and VM 480 

muscles showed higher activation in the upper phase with the 481 

largest elastic resistance. In the concentric phase, larger elastic 482 

resistance led to a significant increase in mean power, 483 

especially in the bottom and upper phases, as well as in RFD. 484 



 

The VL and VM muscles showed higher activation in the 485 

upper phases with the largest elastic resistance. Of note, peak 486 

velocity and peak power slightly decreased in the late 487 

concentric phase in the 40%VRT condition. These findings are 488 

important for athletes seeking to improve power and RFD as 489 

part of their resistance training program and point to the 490 

potential of using elastic resistance to achieve these aims. 491 
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FIGURES 574 

Figure 1. EMG and reflective markers setup 575 

 576 

Figure 2. Elastic bands setup of the back squat 577 

 578 



 

Figure 3. Force outcomes in the concentric and eccentric 579 

phases. *Statistically significant difference to CRT; 580 

#Statistically significant difference to 20%VRT. Triangle 581 

denote results for the whole phase. 582 

 583 

Figure 4. Velocity outcomes in the concentric and eccentric 584 

phases. *Statistically significant difference to CRT; 585 

#Statistically significant difference to 20%VRT. Triangle 586 

denote results for the whole phase. 587 

 588 

Figure 5. Power outcomes in the concentric phase. 589 

*Statistically significant difference to CRT; #Statistically 590 

significant difference to 20%VRT. Triangle denote results for 591 



 

the whole phase. 592 

 593 

Figure 6. Normalized RMS outcomes of rectus femoris, vastus 594 

lateralis, and vastus medialis muscles in the concentric and 595 

eccentric phases. *Statistically significant difference to CRT; 596 

#Statistically significant difference to 20%VRT. 597 

 598 

Figure 7. Normalized RMS outcomes of biceps femoris and 599 

medial gastrocnemius muscles in the concentric and eccentric 600 

phases. 601 
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