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Abstract

Background Resistance equipment is often used to achieve the post-activation performance
enhancement (PAPE) effect; however, tennis players who are constantly in tournaments may not always
have access to it. This study aimed to investigate the PAPE effects of resistance-band-based squat and
core exercises on selected physical test parameters in tennis players.

Methods Fifteen male tennis players (14.86 + 0.66 years) participating in international tennis
tournaments completed three separate randomized experimental visits. At each visit, participants began
with different warm-up protocols (jogging [Control], dynamic warm-up [DW], and dynamic warm-up +
resistance band [DW + RB]). Then they performed a series of sport-specific tests (countermovement
jump [CMJ], anaerobic power, squat jump [SJ], 5m, 10 sprints, 5-0-5 change of direction test [COD], and
medicine ball forehand [MBFH] and backhand [MBBH] throw tests).

Results The findings showed that the DW + RB protocol produced statistically significant differences in
CMJ, anaerobic power, MBFH, and MBBH test results compared to both CON and DW (p < 0.05).
Although the DW + RB group showed an increase in SJ performance (CON 7.83% and DW 2.66%), there
was no statistically significant difference compared to the other warm-up groups (p > 0.05). No
statistically significant differences were observed between the groups in the sprint (5 m and 10 m) and
the change of direction test results.

Conclusions The use of elastic bands after a dynamic warm-up resulted in improved core performance,
essential for jumping and tennis, compared to other warm-up protocols. Therefore, warm-up activities
involving elastic band-based exercises can be integrated into the traditional warm-up protocol before
training or matches for players participating in international tennis tournaments.

Background

Tennis is an intermittent sport that requires multiple physical components, including sprinting, change of
direction (COD), and strength, across matches of varying durations (1-5 h) [1]. To achieve top-level
success in this sport, players must possess not only technical skills but also good physical fitness,
including acceleration, power, and change of direction [2]. Coaches and players use various warm-up
exercises to prepare these motor skills for training or competition [3]. Dynamic warm-up (DW) or ballistic
warm-up exercises performed before athletic activity generally increase muscle temperature, facilitating
physiological changes such as increased blood flow and optimized metabolic responses [4, 5]. Another
alternative to general warm-up exercises is the improvement in voluntary muscle contraction after
conditioning activities (CA) performed with maximal or submaximal loads (e.g., 60—-85% of a 1 RM back
squat) after the warm-up. This is defined as Post-Activation Performance Enhancement (PAPE). [6-8].
Although the mechanisms of action of PAPE have been implicated, including increased calcium
sensitivity, phosphorylation of myosin light chains, and preferential recruitment of fast-twitch fibers, the
exact mechanisms of PAPE remain incompletely understood [9, 10].
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One key factor determining the positive effect of PAPE is the optimal balance between induced fatigue
and potentiation after CA, which is necessary to achieve performance enhancement [11]. Although CAs
performed at 70-90% of 1 RM in PAPE protocols have indicated positive effects on performance [12],
some studies have reported deterioration in performance due to fatigue at these high intensities [13].
Although it has been stated that CAs performed at light resistances cannot sufficiently activate the
motor units in the muscles [14], a recent meta-analysis reported that PAPE is effective on performance
after CAs performed at 50%—-85% of 1 RM in resistance exercises [6]. In some tennis studies, the PAPE
protocol demonstrated that lighter loads are more effective for tennis-specific performance indicators
[7]. Specifically, squatting at 60% of 1RM significantly improved maximal power output [15].

Studies demonstrating the positive effects of PAPE in the literature have frequently used free weights or
resistance machines. However, because resistance bands provide both long and short-term
improvements in force production by achieving maximum or near-maximal muscle contractions, they
have been used as an alternative method to reveal the positive effects of PAPE [16—18]. A meta-analysis
compared muscle activation using resistance bands and isoinertial resistance equipment. The study
reported that EMG measurements with resistance bands did not differ from those with isoinertial
resistance equipment; however, resistance bands tended to yield higher stabilizer EMG values [19]. This
partially refutes the criticism that resistance bands cannot provide sufficient muscle activation. These
results suggest that using resistance bands rather than resistance equipment or free weights may be an
alternative for performing PAPE. A study in the literature found that CA applied with resistance bands at
3-5 RM improved participants' jumping and sprint performance [18]. A study involving handball players
demonstrated significant improvements in jumping, sprinting, and free-throw performance after applying
CA with resistance bands [17]. Because the participants in studies investigating the effect of PAPE were
mostly adults participating in team sports, the literature has also highlighted the need for further
research on the effects of PAPE on adolescent players participating in individual sports [20].

From an early age (e.g., U14), tennis players participate in tournaments held on specific weeks in specific
regions around the world. In these tournaments, players compete in both singles and doubles matches
throughout the day [21]. However, tennis players do not always have access to gyms during
tournaments. Therefore, versatile, portable, compact, and relatively inexpensive resistance bands offer
an alternative method for frequently traveling tennis players to induce the PAPE effect after a warm-up.

One solution to minimize fatigue while maintaining potency is the use of resistance bands for PAPE,
which may be particularly suitable for adolescent players, as the literature recommends using lighter
weights [22]. Therefore, the purpose of this study was to investigate the effects of squat and core CA
performed with RB on jumping, sprinting, change of direction, and medicine ball throwing performance in
tennis players. Our research hypothesis was that completing a dynamic warm-up before CA would
significantly affect tennis players' performance scores.

Methods
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Study design

This study used a randomized, controlled, crossover experimental design to investigate the effects of
different warm-up protocols on several performance parameters in tennis players. All players underwent
several practice sessions to familiarize themselves with the use of resistance bands, determine their
individual loading intensity, and perform squats and core exercises. The players were also instructed to
familiarize themselves with the experimental testing procedures. The research team randomly assigned
participants to experimental visits, and the players received a 48-hour rest period between testing days.
The participants were divided into control, dynamic warm-up (DW), and dynamic warm-up + resistance
bands (DW + RB) groups. After completing the warm-up protocols, the players underwent a 4-minute
passive rest, followed by the countermovement jump (CMJ), squat jump (SJ), 5-m and 10-m sprints, 5-0-
5 change of direction (COD), and medicine ball throws (forehand and backhand). Participants were
allowed to perform two tests for each test, and their best scores were recorded. The participants were
given a T-minute passive rest between repeated tests. All tests were conducted on an indoor hard-
surface tennis court. A schematic diagram of the experimental procedure is shown in Fig. 1.

Participants

A G*power analysis was conducted to determine the sample size for this study. Assuming a significance
level of 0.05, a power of 0.80, and a correlation of 0.70 across three replicate measurements, a sample
size of at least 15 participants was calculated to detect medium effect sizes. The study results of Chen
et al. [17], who examined CMJ, SJ, and COD and their physical parameters in a study using resistance
bands, were used to determine the sample size. Fifteen male adolescent tennis players (mean + SD: age:
14.86 + 0.66 years; height: 1.72 + 0.06 cm; body weight: 62.57 + 4.67 kg, training age: 8.79 + 0.58; BMI:
21.29 + 1.41) who had international tennis rankings and participated in international tournaments
volunteered for this study. All participants participated in tennis and conditioning training 6 days a week.
Participants were asked to avoid high-intensity physical activity throughout the study and to maintain
regular daily habits, including sleep, nutrition, hydration, and daily activities. Participants were also
prohibited from consuming alcohol or caffeine or from taking any additional supplements during the
study. Extra effort was made to ensure that the tests were conducted at approximately the same time of
the day (10:00 AM-12:00 PM). All experimental procedures in this study adhered to the principles
outlined in the Declaration of Helsinki. All participants and their parents or guardians were fully informed
of the study protocol, potential risks and benefits, and provided written consent. The study was approved
by the Sinop University Ethics Review Board (No. 10/255-276).

Procedures

Studies have shown that using the OMNI (0—10) scale to determine load intensity is beneficial for
assessing load intensity [23]. Therefore, in this study investigating the PAPE effect, we used the OMNI
(0-10) scale to determine the appropriate load intensity. Before the test, resistance bands of varying
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tensions (green: 15 kg, yellow: 25 kg, orange: 35 kg, and red: 45 kg, Corength, Decathlon CO) were used
to determine the load intensity for each participant. To measure the load applied to the squat using
elastic bands, the resistance bands were fixed to the tennis players' shoulders, with the other ends
placed under their feet. This tension provides variable resistance during squats. To measure the load
applied to the core by the elastic bands, the participants assumed a lunge position with one leg forward
(at a 90° angle), the rear leg back, and the knee on the floor. In this position, the participants grasped the
middle of the resistance band with both hands, and the other end of the band was attached to a fixed
point (an area fixed at the heel of the rear foot). In this position, participants were positioned to perform
a forward pull in the sagittal plane and then to the right or left. This requires tennis players to engage
their core and maintain balance. Bands representing each participant's OMNI 8 score (for squat and
core) were determined before the tests, and the bands used by each participant were noted. A
metronome (e.g., 4 s per squat) was used to establish the rhythm of the movement during the CAs.

Our study included the CON, DW, and DW + RB groups as indicated in Fig. 1. Participants in the CON
group performed a 5-minute warm-up run (at a heart rate of 120 bpm), followed by 2 min of passive rest,
and then completed performance tests. The other warm-up group, DW, performed a 5-minute warm-up
run (at a heart rate of 120 bpm) followed by 2 min of passive rest. The participants then performed the
DW exercise adapted by Ayala et al. [24]. The tennis players performed 6—8 minutes of DW exercises
(i.e., straight leg march, forward lunge with opposite arm reach, forward lunge with an elbow instep,
lateral lunge, trunk rotations, and multidirectional skippings) in 3 sets, from low to high, with a 15-second
rest period between each set. For more detailed exercises, see Ayala et al. [24]. After the warm-up, the
tennis players rested for 3 minutes and then completed the performance tests. In the DW + RB warm-up
protocol, participants performed the DW protocol in the same manner and were then given 3 minutes of
passive rest. The tennis players then performed three sets of 8 squats (4.5 minutes) and three sets of 8
core exercises (5 minutes) to scores of 8 on the OMNI scale (Fig. 2). Performance tests were conducted
after a 4-minute passive rest period.

Measures

Sprint Test

The linear sprint test (5 m and 10 m) was conducted using the Smartspeed Pro timing system (Fusion
Sport, Boulder, CO, USA). The tennis players performed a 10 m sprint while standing after hearing an
audible signal. The time intervals (in seconds) for the first 5 m and the first 10 m of the sprint attempt
were recorded for data collection [25].

Countermovement Jump and Squat jump Test

The countermovement jump test was conducted using a Smartjump system (Fusion Sport). The
participants were asked to perform a countermovement to a depth that would allow for maximum jump
height, with both hands placed on their hips. In the squat jump test participants were asked to hold their

Page 5/18



squat position for ~ 3 s and then perform the jump. During both jumps, the participants were asked to
maintain the extension of their hip, knee, and ankle joints while in the air. A 1-minute rest period was
given between the repetitions [17]. Anaerobic power was calculated from participants' CMJ test results
using the Lewis formula: Anaerobic Power (W) = {v 4.9 [Body Weight (kg)] v Vertical Jump (m)}[26].

Change of Direction test

The 5-0-5 change of direction test was conducted using the Smartspeed Pro timing system (Fusion
Sport, Boulder, CO, USA). To accelerate the participants, they ran 10 m, then 5 m, turned 180°, and
sprinted 5 m back in the direction they came from to complete the test. This test is used in sports that
frequently involve changes in direction, such as tennis [27].

Medicine Ball Throw Test

Medicine ball throw, a 3 kg medicine ball (Domyos, Decathlon CO) was used for the medicine ball throw
(forehand and backhand). A study of adolescent tennis players' trunk rotation and flexion strength found
a high correlation with their performance in forehand and backhand medicine ball throws [28]. Before the
medicine ball throw, the participants were asked to grasp the ball with both hands, with their feet
shoulder-width apart, and stand behind a designated line on the floor. They then threw the ball forward,
using a technique similar to a forehand or backhand stroke in tennis. The throw distance was calculated
in cm from the point where the ball first touched the ground.

Statistical Analyses

Before selecting the tests to be applied to the data obtained in the study, the Shapiro-Wilk normality test
was applied to check whether the error terms showed a normal distribution. The differences between
variables were analyzed using repeated-measures ANOVA. Differences between groups were assessed
using the Bonferroni correction. The effect size index was calculated with the Eta-squared value (n?) in
the range of 0.00-1.00, and n2 values were considered as 0.01-small, 0.06-medium, 0.14-large, and 0.20-
very-large effect sizes [29]. Research findings are presented as mean and standard deviation (Mean *
SD), and statistical analysis and interpretation of the data were considered significant at a significance
level of p < 0.05. SPSS 22.0 was used as the statistical package program for all statistical calculations.

Results

When the performance parameters of the three groups were compared (Table 1), no statistically
significant difference was observed in sprint (5-10 m) and COD performance (p > 0.05). Furthermore,
when the effect size was examined, a change/difference in performance values between the three
groups was detected.
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Table 1
5 m, 10 m and change of direction test results of different warm-up groups

Variables CON DW DW +RB f p n2
X+SD X+SD X+SD
5 m sprint (s) 1.28+.17 1.22+.17 1.29+.20 1.755 0.207 12
10 m sprint (s) 2.16+.25 2.01+.29 2.04+.31 3.059 0.090 19
COD (s) 2.57+.14 2.48 +.20 2.51+.21 2.149 0.160 14
*(p < 0,05); X = mean; SD = standard deviation; CON = control group; DW = dynamic warm-up; DW + RB
= dynamic warm-up + resistance band; COD = change of direction.

When the performance parameters of the three groups were compared (Fig. 3), a statistically significant
difference was found in the countermovement jump and anaerobic power parameters (p < 0.05). No
statistically significant difference was found in the squat jump performance (p > 0.05). According to the
obtained data, a statistically significant difference was found in the countermovement jump and
anaerobic power parameters between the DW + RB and DW and CON groups, favoring the DW + RB group
(p < 0.05). Furthermore, when the effect size was examined, a change/difference in performance values
was detected between the three groups.

When the performance parameters of the three groups were compared (Fig. 4), a statistically significant
difference was found in the forehand and backhand parameters of the medicine ball throw (p < 0.05).
According to the data obtained, the statistical analysis showed a significant difference, with the DW + RB
group achieving higher performance scores than the DW and CON groups on both forehand and
backhand parameters of the medicine ball throw (p < 0.05). Furthermore, when the effect size was
examined, a change/difference in performance values was detected between the three groups.

Discussion

This study aimed to investigate the effects of CA on the OMNI 8 scores of tennis players in terms of
jumping, sprinting, change of direction, and MB throwing. The main finding of our study was that DW +
RB produced statistically significantly different performance responses in CMJ, anaerobic power, and
MB throwing tests compared to both CON and DW. Furthermore, players in the DW + RB group performed
better on SJ performance (CON 7.83% and DW 2.66%) than players in the other groups; however, this
difference was not statistically significant in the group analysis. However, no significant difference was
found between the groups in terms of sprint and COD. Our results supported our hypothesis regarding
the CMJ and MB throwing tests. To our knowledge, this study is one of the few to examine a
comprehensive battery of performance tests in elite adolescent tennis players following different warm-
up protocols (CON, DW, and DW + RB).
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An athlete's power generation capacity is generally considered a key performance indicator of athletic
success. In our study, after 4 min of passive rest following three sets of 8 repetitions of squats and core
CA performed with a resistance band, significant results were observed in CMJ and anaerobic power
performance. The SJ results showed a statistically significant trend compared to the other warm-up
groups. The difference in both jump test results may be due to the muscle stretch-shortening cycle [30].
Overall, our findings suggest that a properly planned PAPE protocol can enhance fundamental athletic
skills, such as jumping, without inducing additional perceptual fatigue. In the literature, significant effects
on jump performance have been observed after completing CA at different intensities (5 RM or 75-90%
of 1 RM) during PAPE protocols using various forms of resistance equipment [31, 32]. Similar to our
study, studies using resistance bands have shown a significant difference in CMJ performance after
squats performed at 3—5 RM [18]. A study involving handball players reported that CAs performed at
specific intervals using resistance bands increased CMJ performance [17]. The positive effects of PAPE
emerge from increased recruitment of motor units during CAs performed with resistance equipment,
which, in turn, activate neuromuscular function, including improved intramuscular coordination [33].
Elastic bands, used as a resistance method, complement the length-tension relationship by requiring a
gradual activation of high-threshold motor units, thus providing the highest motor unit activation in the
most mechanically advantageous position within a movement, which may have facilitated the positive
effect of PAPE [34—-36] In our study, the positive effect of PAPE was observed only in the DW + RB group,
suggesting that using elastic bands as a warm-up before training or matches may be a more effective
tool than resistance equipment [17, 18]. Furthermore, because CMJ results are strongly correlated with
tennis performance, tennis players can implement this PAPE protocol to enhance their current
performance, especially before matches [2].

Owing to the nature of tennis and the court's dimensions, a tennis player's acceleration performance is
more important than their sprint speed [21]. One study reported that 89.2% of the total distance covered
by tennis players during a match was achieved through acceleration-based sprints [37]. In our study,
after performing three sets of 8 squats and three sets of 8 core CA, there was no loss of performance in
the 5m and 10m acceleration scores; however, no statistically significant difference was found between
the groups. Studies on PAPE acceleration have generally shown increases in 5m and 10m performance
after 4 min of passive rest following squats performed at high-intensity loads (90% of TRM) [38, 39].
However, since the positive effect of PAPE varies depending on the sporting branch or factors such as
age, CAs applied at high loads in branches such as tennis can have a negative effect, especially on
acceleration performance [13, 40]. Indeed, CA applied to tennis players was observed to negatively affect
sprint (5m and 10m) performance following leg press exercise at 85% of 1RM [13]. However, another
study conducted on tennis players reported that while no increase in sprint performance was observed
after squats performed at 80% of 1 RM, interestingly, an increase in sprint (5m and 10m) performance
was reported when squat + hip trust exercises were applied together at lower loads at 60% of 1 RM [15].
Hip trust is an exercise predominantly activated by hip extension and specific muscles and transferred to
explosive, short-term activities, such as high-speed sprints. This exercise differs from our research
results because it was applied to squats in this study [40]. Other studies using resistance bands for
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sprinting have reported significant differences in sprint speed at 20 m [18] and 30 m [17]. Our current
findings suggest that PAPE may vary across sprint phases (5-10 m and 20-30 m), which explains the
differences in results. Therefore, when discussing the effects of PAPE on linear velocity during sprinting
with resistance bands, it is essential to specify whether the potentiation is due to acceleration or
maximum sprint speed [8].

Studies on COD performance with PAPE protocols have shown positive improvements in COD
performance after leg press (5RM) [41] and back squat (60-90% of TRM) CAs [42]. Studies involving
tennis players have shown that COD performance deteriorates due to fatigue after leg press (85% of
1RM) exercise [13]. However, another study reported increases in COD performance after squat (70-90%
of TRM) CAs [12]. Our current findings indicate no positive or negative effects on performance after
squat and core CAs exercises performed using resistance bands. Owing to the existing positive
relationship between acceleration and COD [43], the lack of an increase in acceleration performance in
our current findings is also thought to affect COD performance. Other studies using resistance bands
have shown a significant effect on COD performance with squats (3RM and 5RM) [18] or plyometric
(10% of body weight) CAs [44]. One reason our study's findings differ from those of this study may be
due to the inclusion of adolescent players in the participant group. A PAPE study involving
preadolescents, adolescents, and adults found that adults performed best [45]. Furthermore, a recent
meta-analysis has indicated that PAPE can improve COD performance; however, the results may vary
depending on factors such as age, branch, and the type of CA performed [20].

Previous studies have reported that a strong core structure positively affects tennis performance by
enabling force transmission from the lower to the upper extremities via the kinetic chain [46, 47]. In our
study, after applying squat and core conditioning with resistance bands, a statistically significant
difference was observed in both the MBFH and MBBH throwing test results compared to the other warm-
up groups. These findings confirm our hypothesis and provide some clues that more active core muscles
may have a positive effect on tennis players' subsequent training or match performance [46, 47]. In a
study with results parallel to our research findings, the authors reported significant effects on MB
throwing speed and handball throw performance in handball players after core CA was applied using
resistance bands [44]. Given the limited literature on core CAs in warm-up protocols, the effects of
different PAPE protocols across athletic populations should be investigated in the future.

The current study had some limitations that should be acknowledged. The tennis players in this study
were adolescent males with high-performance levels. Therefore, these results may not be valid for
players of different genders and performance levels. Although studies investigating the effect of PAPE
have different protocols in the literature, in our study, performance tests were conducted 4 min after
squats and core CA with resistance bands at a score of 8 on the OMNI scale. Therefore, future studies
should investigate the effect of PAPE at 4, 8, and 12 minutes after CA across different sports.

Conclusions
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Although numerous studies investigating the PAPE effect exist in the literature, PAPE protocols involving
adolescent players are limited. Furthermore, tennis players compete in tournaments across countries
throughout the year. Therefore, players' access to fitness centers during each tournament is limited.
Alternatively, using resistance bands to achieve the PAPE effect may present an opportunity for these
players. In conclusion, squat and core exercises using elastic bands likely improved athletic performance
(CMJ, anaerobic power, MBFH, and MBBH) in adolescent male tennis players compared to CON and DW.
Considering these findings, there is some evidence supporting the use of elastic bands as an alternative
to PAPE before training or matches.

Abbreviations

PAPE Post-activation performance enhancement
CA Conditioning activities

COD Change of direction

CON Control

DW Dynamic warm-up

DW+RB Dynamic warm-up + resistance bands
MBFH Medicine ball throws forehand

MBBH Medicine ball throws backhand

CMJ Countermovement jump

SJ Squat jump
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Figure 1




Figure 2

Demonstrations of the elastic band exercises. Back squat (a), elastic band left trunk rotation (b), elastic
band right trunk rotation (c)
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medicine ball throw (Forehand and backhand)
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