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ABSTRACT

Previous research has shown that the velocity of movement can influence muscle activation. However, no studies have
investigated the impact of movement velocity under the same load conditions on electromyography (EMG) activity in
knee and hip extensors. This study aims to compare the mean muscle activation of gluteus maximus [GM], biceps
femoris [BF], semitendinosus [ST] and rectus femoris [RF] in three hip extension exercises (i.e., squat [SQ], hip thrust
[HT] and Bulgarian squat [BS]) with two different movement velocities (i.e., maximum velocity [MV] and controlled
velocity [CV]). Fifteen physically active students participated. The mean EMG activity of all targeted muscles was
measured. Maximum Voluntary Isometric Contraction was used to normalize EMG muscle activation. All muscles were
activated to a greater extent in BS at MV than in the same exercise performed at CV. However, during the SQ exercise,
EMG differences between velocities were only obtained for BF and GM, and in HT, only for GM (p < .05). In conclusion,
higher velocity involves higher activation of the lower-limb muscles, depending on the physical test, and this can be
used to better plan the functional recovery of injury, taking it into consideration for intensity progression and avoiding
the risks of overly strenuous exercises.
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INTRODUCTION

Resistance training is very important in sports performance, injury prevention and rehabilitation (Alcaraz-
Ibafiez & Rodriguez-Pérez, 2018; Bourne et al., 2018; Buckthorpe & Roi, 2017; Ferri Caruana et al., 2020).
Previous research has shown that several uncontrollable factors (i.e., muscle size and length, joint angle,
myotatic reflex and muscle elasticity (Cronin et al., 2008; Kuriki et al., 2012; Watanabe & Akima, 2011)) and
controllable factors (i.e., exercise intensity (Keogh et al., 1999), the velocity of movement (Sakamoto &
Sinclair, 2012), fatigue (Sakamoto & Sinclair, 2012), mental focus (Snyder & Fry, 2012), movement phases
(van den Tillaar et al., 2012) and stability conditions) may affect the degree of muscle activation in dynamic
contractions. Therefore, in order to control exercise performance, it is important to understand the impact of
each of these controllable factors on muscle activation since they are the key improving training efficiency
(Stastny et al., 2017).

Although the effect of most of the controllable factors, such as exercise load, fatigue, mental focus, movement
phases and stability condition, has been widely studied (Cochrane & Barnes, 2015; Hassani et al., 2006;
Krzysztofik et al., 2019; Pincivero et al., 2006; Smilios et al., 2010; van den Tillaar et al., 2019; van den Tillaar
& Sousa, 2019), there is controversy in research about the effect of movement velocity on muscle activation.
Physiologically, a rapid contraction produces rapid recruitment of motor units (Farina et al., 2004; Felici,
2006), reduces the required time for cross-bridge formations (Jones et al., 2004), increases the velocity of
movement (Carpentier et al., 1996; Enoka, 2008) and decreases the fatigue resistance of fast-twitch motor
units which are preferentially recruited in dynamic actions (Hunter et al., 2005). All of this could reflect higher
muscle electromyography (EMG) activity (Jakobsen et al., 2013; Tsoukos et al., 2021) regardless of the load
applied (Sakamoto & Sinclair, 2012; van den Tillaar et al., 2019).

In this line, only three studies compared different exercise velocities using the same load. Calatayud et al.
(Calatayud et al., 2018) found that in the bench press exercise and using 50% 1-repetition maximum (1-RM)
of load, maximum EMG activity of the pectoralis major and the triceps brachii muscles was higher when
movement was performed at maximum velocity (MV) compared to a controlled movement velocity (CV). In
the same way, Sakamoto et al. (Sakamoto & Sinclair, 2012) concluded that EMG amplitudes were greater
under faster and heavier bench press conditions.

In contrast, Gentil et al. (Gentil et al., 2017) examined the effects of movement velocity on muscle EMG
activity during a no-load resistance training exercise and they did not find higher EMG activity during higher
velocities compared to slower velocities. However, study participants were asked to sustain maximum
contraction during the full range of motion, without any external load, therefore the transferability of results to
the clinical or sports performance setting is difficult.

Besides these controllable factors that have an effect on performance, it is further essential to select
exercises suited to the goal set, for example, avoiding those too physically demanding that may jeopardize
healing program goals. Hip extension is the most trained movement, since it is important for accelerating the
body’s upward and forward movement such as during sprinting and jumping (Neumann, 2010). In this regard,
the squat (SQ) (Clark et al., 2012), Bulgarian squat (BS) (Appleby et al., 2019), and hip thrust (HT) (Contreras
et al., 2015, 2017) are often used in training to increase force production during hip extension, since these
exercises produce high activation in lower key limb muscles (i.e., rectus femoris [RF], biceps femoris [BF],
gluteus maximus [GM] and semitendinosus [ST]). However, no studies have compared muscle activation
using different movement velocities in regular hip exercises.
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Taking into account what has been discussed above, this study aimed to compare the mean muscle activation
of the GM, BF, ST and RF in three hip extension exercises (i.e., SQ, BS and HT) using two different
movement speeds: MV (maximum velocity) and CV (controlled velocity).

METHODS

Study design

This cross-sectional study compares the mean EMG activity of different lower-limb muscles (i.e., RF, BF, ST
and GM) normalized by Maximum Voluntary Isometric Contraction (MVIC) during three resistance exercises
(i.e., SQ, HT and BS) at two different movement velocities: MV and CV.

Participants

Healthy active University students were recruited. Inclusion criteria were i. aged 18 years or older; and ii.
regular resistance training (> 3 h per week). Exclusion criteria were i. a history of lower-limb or low back injury
in the 6 months before the study, ii. any acute or chronic pain in the lower body or low back, iii. neurological
or vestibular disease, and iv. any contraindication for exercise. Moreover, participants were asked to refrain
from caffeine intake and any unaccustomed or intensive exercise during the 72 h before the assessment
sessions.

Procedures

The study was carried out following the guidelines contained in the Declaration of Helsinki and was approved
by the University of Valencia Research Ethics Committee (1552264). Al eligible candidates who agreed to
take part in the study provided written informed consent.

During the week before measurements, participants were assessed for anthropometric parameters (i.e., body
mass and height), and they were familiarized with all exercises (Supplementary Material). In this session,
participants were instructed to use the proper technique throughout the exercises, and the pace of the
exercise was also practiced before assessment and controlled using a metronome. The exercises were
chosen based on existing scientific research to ensure lower-limb training (Appleby et al., 2019; Neumann,
2010).

The second visit was a 60-minute testing session. It began following a 10-min warm-up protocol involving
dynamic stretching, jogging, double leg squats and jumping exercises. Then, MVIC from each muscle was
obtained. The dominant (preferred kicking) limb was selected for data collection.

For MVIC, two 5-s maximum contractions with 1-minute resting intervals between trials were performed, and
the highest mean EMG activity over 5 seconds was recorded as the MVIC. The MVIC test for knee flexors
(i.e., BF and ST) was performed with participants lying in the prone position with their knees flexed 45°.
Manual resistance was then applied at the ankle as the volunteer attempted to flex the knee. In addition, the
MVIC for GM was taken with the subjects in a prone position and their knee flexed 90°. In this position, the
subject was stabilized holding the uninvolved leg and the upper body and manual resistance was placed at
the distal part of the femur, while the volunteer performed a hip extension. Finally, the MVIC for RF was taken
with the subject on a quad extension machine, with the hip and torso firmly against the seat, 90° knee angle
and a strap around the foot providing the fixed resistance, while the volunteer performed a knee extension.

After 3 minutes rest, exercises were carried out in a pre-established order: SQ (as bilateral and multiarticular
exercise), HT (as bilateral and hip-dominant exercise) and BS (as unilateral exercise). However, the order of
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exercise methods (i.e., CV and MV) was randomized using the simple randomization method according to
https://www.randomizer.org/. At the end of each exercise, a 3-min rest was taken to allow full recovery.

Finally, the mean EMG activation of the GM, BF, ST and RF were recorded using the MVIC method for
normalizing EMG data (in percentage).

Description of strength training methods and velocities

Training procedures are shown in the Supplementary Material. For the SQ, HT and BS at CV, 1 series of 6
repetitions was performed using a metronome to guide the pace (3 s during the eccentric phase, 1 s during
the isometric phase, and 2 s during the concentric phase with a constant velocity) (Calatayud et al., 2018).
For SQ, HT and BS conducted at MV, volunteers were asked to do 1 set of 4 repetitions at a faster velocity
(1 s during the eccentric phase, 1 s during the isometric phase and maximum velocity during the concentric
phase). The number of repetitions was chosen in accordance with the type of training and time under tension
commonly performed in a regular resistance training session (Baechle & Earle, 2008).

A 20-kg barbell and discs with various weights were used to adjust the load for each subject. The weight
used in each exercise (the same for both methods) was obtained by calculating 60% of the 1-RM (Castillo et
al., 2012). The 1-RM of each subject was estimated using the Vitruve Teams App (version 1.11.2) at the end
of the warm-up session. Subjects performed 10 repetitions of each of the exercises at maximum velocity with
two loads: 40 kg and 60 kg. Rest periods were 2 min between warm-up sets. Load-velocity profiles and
validity of 1-RM prediction methods in different exercises using the Vitruve linear position transducer have
been proven reliable (Kilgallon et al., 2022; Pérez-Castilla et al., 2019).

Instrumentation

The mean muscle activation of GM, BF, ST and RF were monitored through surface EMG. For registering
EMG signal, the skin was shaved, rubbed, and cleaned with alcohol. Electrodes were placed in pairs 1.5-2
cm apart and parallel to the muscle fibres. Electrode placement was according to SENIAM guidelines
(Hermens et al., 1999). To ensure identical positioning of the electrodes, all EMG data were collected in a
single session.

The EMG activity was recorded with two portable two-channel devices from the Shimmer group (Realtime
Technologies Ltd, Dublin, Ireland) with a 16-bit analogue/digital (A/D) conversion. The sampling frequency
was programmed at 1024 Hz. Moreover, during registration, the EMG signal was monitored using the
mDurance software (MDurance Solutions S.L., Granada Spain) for Android and stored in a cloud server for
further analysis. The application was installed on a ZTE BLADE device, model A506 with the Android 6.0.1
Marshmallow operating system (ZTE Corporation., Shenzhen, China).

A high-pass 20 Hz filter was used (De Luca et al., 2010) and the root mean square (RMS) was calculated
from a window showing the duration of test execution and both movement phases were used for the analysis
(i.e., concentric and eccentric). To obtain the EMG average, the four middle repetitions for each exercise at
CV were used, while all the four repetitions of exercises at MV were used.

Further, to collect hip motion data, a sensor was placed in the middle of the thigh, 5 cm distal to the electrodes
of the RF and in line with the patella. Hip range of motion was used to ensure that the SQ and the HT were
performed at a similar range of motion through instant feedback to the researcher (5-10°) and to delimit
duration of movement.
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In order to compare values of different muscle activation patterns, EMG data were normalized as a
percentage of the EMG signal recorded during MVIC tests as explained above.

Statistical analysis

Statistical data analysis was conducted using SPSS v26 (Inc. IBM., Chicago, IL, USA). Data were presented
as mean and standard deviation (SD). A Repeated Measures T-test with the within-subjects factor ‘training
method’ was used to search for differences between the two training methods (i.e., MV and CV) in the mean
EMG activity of the key muscles (i.e., GM, BF, ST and RF). Type | error was set at 5% (p < .05).

RESULTS

Fifteen physically active University students (5 females and 10 males) participated in this study. Demographic
data are shown in Table 1.

Table 1. Demographic data.

Age (years) Height (metres) Weight (kilogrammes)
Men 21.20 (0.63) 1.80 (0.08) 75.75(9.90)
Women 20.20 (1.64) 1.65 (0.09) 62.00 (13.56)
Total 20.87 (1.13) 1.75 (0.11) 71.17 (12.67)

Note. Data are expressed in mean (standard deviation).
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Figure 1. Comparison of mean EMG activity of the RF, BF, ST and GM muscles for SQ, HT and BS exercises
using CV (dark bars) and MV (light bars).
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Results of mean EMG activity in each muscle are shown in Figure 1. BF and GM obtained significantly higher
values at MV compared to CV in SQ exercise, but ST and RF showed no differences between movement
velocities in this exercise. With regard to HT, only GM showed significantly higher mean EMG activity at MV
for the other muscles there were no differences between movement velocities. For BS, all muscles exhibited
significantly higher EMG activity at MV compared to CV.

DISCUSSION

This is the first study to analyse EMG activity of the knee flexor and hip extensor muscles (i.e., RF, BF, ST
and GM) during SQ, HT and BS exercises using two velocities (i.e., MV and CV). We investigated whether
the increased velocity is enough to improve EMG activity of the muscles and thus avoid high-load strength
training that has been related to injuries (Keogh & Winwood, 2017). Overall, significantly higher mean EMG
activity was found at MV compared to CV for all muscles assessed except for RF.

Previous studies that assess the bench press exercise similarly compared different velocities (e.g., Sakamoto
et al.(Sakamoto & Sinclair, 2012) compare slow 5.6 s/repetition, medium 2.8 s/repetition, fast 1.9 s/repetition,
and MV; and Calatayud et al. and Gentil et al.(Calatayud et al., 2018; Gentil et al., 2017) compared CV vs
MV), using the same load for each velocity. Their results were not consistent since not all muscles exhibited
an increase in EMG amplitude when faster velocities were used to perform the exercises. Calatayud et al.
and Sakamoto et al. (Calatayud et al., 2018; Sakamoto & Sinclair, 2012) reported higher EMG activity for the
pectoralis major, deltoid and triceps brachii muscles when higher speed was used, while Gentil et al. found
no differences between movement velocities for the biceps and triceps brachii (Gentil et al., 2017). Despite
this controversy, earlier literature using other tools to assess differences between movement velocities in
terms of muscle response (i.e., hypertrophy, strength, tensiomyography and other physiological parameters)
supports that MV movements exhibit higher hormonal and neurological responses (Koji¢ et al., 2021; Pryor
etal., 2011; Wilk et al., 2018), while muscles are subject to a greater work load (Cormie et al., 2009, 2010),
as compared to lower movement velocities.

In this study, the average (minimum and maximum) increment in EMG activity when performing the exercises
at MV was 17.41% (1.08%-25.49%) compared to CV. Although not entirely comparable, these values are
slightly higher than those reported by Calatayud et al. (Calatayud et al., 2019), which showed increments of
EMG activity when performing the bench press exercise at MV of about 9% for the pectoralis major and 14%
for the triceps brachii. This difference might be because they used a lower load (i.e., 50% 1-RM load
compared to 60% 1-RM in our study). In the same line, Sakamoto et al. (Sakamoto & Sinclair, 2012) found
an overall increment of EMG activity (around 20%) similar to our study when high velocity of movement was
used for pectoralis major, triceps brachii and anterior deltoid exercises with a 60% 1-RM load.

When comparing muscle activation between velocities (i.e., MV or CV), in each of the exercises, SQ rendered
a higher mean increment of EMG activity for BF and GM at MV. A rapid contraction produces higher muscle
EMG activity through faster recruitment of motor units (Farina et al., 2004; Felici, 2006), decreasing the
required time for cross-bridge formations (Jones et al., 2004) and fast-twitch motor units (Hunter et al., 2005),
and increasing velocity of movement (Carpentier et al., 1996; Enoka, 2008). These results suggest that most
of the main muscles involved in exercise performance significantly increase their activation when higher
speeds are applied to the execution of the movement (i.e., BF and GM) (McCaw & Melrose, 1999).

Conversely, our results failed to report higher EMG activity during MV compared to CV in the SQ exercise
for ST and RF, despite the major role of the latter muscle (McCaw & Melrose, 1999) . RF has a particular
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architecture, specifically its proportion of active type | and Il fibres and its pennate architecture. On the one
hand, RF has a higher proportion of fast-twitch muscle fibres and a lower proportion of slow-twitch muscle
fibres compared to GM, ST and BF (Punkt, 2012). Accordingly, this muscle is more prepared to perform
faster dynamic movements, without the need of increasing the EMG activity. On the other hand, when a
pennate muscle, like RF, contracts and shortens, the penetration angle increases, allowing higher velocities
without needing to increase muscle activity (Azizi et al., 2008).

Regarding the lack of significant differences between velocities in ST, it should be noted that ST has a more
important intervention in single-limb SQ performance, as compared to double-limb SQ. During single-limb
performance, less external hip rotation and greater knee abduction were recorded due to the repositioning of
the body weight (Khuu et al., 2016). In this way, previous studies (McCurdy et al., 2018; Monajati et al., 2019)
reported higher muscle activation of ST during the single-leg squat compared to the double-leg squat, while
BF remains at a similar level of activation. Therefore, to better assess differences between velocities in this
muscle, single-leg squat would be more appropriate, such as using the BS exercise.

For HT, only the GM muscle showed a significantly higher activation at MV compared to CV. In this case, MV
produced higher EMG activation of those muscles most involved in the exercise performed; previous studies
have shown that GM has a major role in the HT exercise execution, far more important than the role of other
muscles involved (Garcia et al., 2020; Neto et al., 2019). This main contribution is probably because HT
produces greater bilateral extensor demand at the hip jointin comparison to the knee joint (Brazil et al., 2021)
and, therefore, hip extensor muscles involving the knee joint (i.e., BF and ST) are activated to a smaller
extent. In this way, the use of higher velocities may place a higher demand on the GM during the exercise,
improving its EMG activation capacity with low loads, making this a feasible option for the recovery or
prevention of hip injuries. Indeed, HT could be an ideal exercise for untrained people because it is a guided
close-chain exercise, preventing unwanted movements, even at high velocities.

With regard to the BS exercise, higher mean EMG activity was registered at MV for all muscles. This single-
leg squat exercise has shown to produce higher neuromuscular activation in both hamstring and quadriceps
muscles as compared to other types of squats (i.e., double-leg squat and double-leg squat with Bosu)
(Monajati et al., 2019) at a slow velocity. As with the HT exercise, the use of fast speeds during the
performance of BS promoted higher EMG activity of the main muscles involved in execution (i.e., all assessed
muscles). Thus, BS at MV could be useful to increase muscle activation in trained people, but further studies
are needed to establish how higher speeds during BS may affect muscle activation in untrained people
lacking the training skills of the former.

Overall, the findings suggest that the greater the difficulty or instability of the exercise, (i.e., BS) the higher
the increase in muscle activation at high speeds for all the muscles involved.

There were some limitations in this study since all participants were active healthy individuals; thus, our
results cannot be extrapolated to the sedentary population. Moreover, activation strategies not only vary
among individuals but are unique to each individual (Hug et al., 2010). Our results support this idea based
on the large standard deviations obtained. Accordingly, individual differences must be accounted for when
setting SQ, HT and BS workout routines at MV or CV.
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CONCLUSION

This study supports that standard lower-limb exercises performed at MV generally achieve higher muscle
activation compared to their CV performance using the same load. Larger increments were obtained in the
more physically demanding exercises.

Therefore, SQ, HT and BF at MV could be an ideal option for achieving higher muscle activation of BF, ST
and GM, while avoiding the risks of high-intensity training.
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