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Abstract

Background: Plyometric and ballistic exercises are popular in sprint training due to their
well-known long-term benefits. However, researchers debate the acute effects of such exercises
when integrated into warm-up routines. Purpose: This study aimed to distinguish the effects of
plyometric, ballistic, and mixed warm-up strategies on sprint performance in individuals with
different performance levels. Method: 15 sprinters and 15 non-sprinters completed
traditional, ballistic, plyometric, and mixed (ballistic-plyometric) warm-ups before a 40-meter
sprint test on four days in randomized order. Sprint times were recorded at 10, 20, 30, and 40
meters. Spatiotemporal and kinematics data were recorded at the start and 40 meters. A
validated spreadsheet estimated force-velocity variables based on time intervals. Two-way
repeated measures ANOVA assessed the effects of groups and warm-ups. Result: No
significant differences in sprint performance (p = .82-.92, pn?= .01-.02), kinetic (p = .48-.64,
pn’= .03-.06), and kinematics (p = .16-.99, pn?>=.01-.12) were found between warm-ups.
However, group differences were observed in sprint performances (p < .001, pn’>= .59-.74),
contact time at the first step and maximum-speed sprinting (p < .001, pn?= .59-.75), flight time
at the first step (p < .001, pn?>= .61), maximum horizontal power output (p = .003, pn>= .48),
and maximum speed (p < .001, pn?>=.79). Conclusion: Plyometric, ballistic, and mixed warm-
up protocols appear to produce neglectable improvements in sprint performance compared to
traditional warm-up. Future research should rigorously control for variables and systematically
vary conditioning intensity to determine whether appropriately dosed interventions can elicit

true PAPE effects or should be discounted for sprint enhancement.
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I. INTRODUCTION

1.1  Study Background

Sprinting is a fundamental human motor skill focused on rapid movement from one point
to another within a specific time. It holds major importance in various sports including football,
soccer, and especially sprint running (Mero & Gregor, 1992; Haugen et al., 2019). Studies
indicate that enhancing sprinting capabilities can lead to an improvement in overall physical
performance in sports (Haugen et al., 2014).

Before training or competing, athletes often perform warm-up exercises to enhance their
performance in the following activity. Active warm-ups (i.e., dynamic stretches) are commonly
used before sprinting sessions and have shown performance improvements (McGowan et al.,
2015). However, over the decades, plyometric and ballistic exercises have gained popularity
among athletes and trainers because their movements closely resemble the sprinting
characteristics.

While plyometric and ballistic exercises have shown long-term benefits (Cormie et al.,
2011; Moran et al., 2023; Ramirez-Campillo et al., 2021), their immediate effects remain a topic
of debate. Furthermore, individuals at varying levels of strength and skill may experience
different degrees of benefit from these exercises (Chiu et al., 2003; Pereira et al., 2022).
Therefore, this study aims to discuss the acute effects of plyometric and ballistic exercises and
compare them with traditional warm-ups (i.e., dynamic stretches), taking into account

differences between various skill levels.



1.2 Research Purpose
This study aims to evaluate the effects of various warm-up protocols on sprint
biomechanics and performance in sprinters and non-sprinters. Specifically, it compares pure
plyometric warm-ups, pure ballistic warm-ups, and a mixed warm-up combining plyometric

and ballistic characteristics to a traditional warm-up (dynamic stretching).

1.3  Hypotheses
According to the research purpose, the hypotheses of this study are:
A. Plyometric, ballistic, and mixed exercise warm-ups more effectively improve sprint
performance than traditional warm-up.
B. Each warm-up alters various biomechanical variables in sprinting differently due to
different mechanisms underlying these warm-up regimes, allowing for need-specific

recommendations

1.4 Operational Definition

1. Ballistic exercises

Ballistic exercises involve acceleration throughout the entire range of motion,
transitioning into a subsequent flight phase (Maloney et al., 2014; Cormie et al., 2011;

Newton et al., 1996).

2. Plyometric exercises

Plyometric exercises involve an eccentric movement, immediately followed by a

concentric movement (Wathen, 1993; Davies et al., 2015). Such a sequence of
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countermovement and acceleration engages a stretch-shortening cycle (SSC; Cormie et al.,

2011).



II. LITERATURE REVIEW

2.1 The components of sprinting

The linear sprint involves many sports activities and is an important ability, such as team sports
and track and field (Popowczak et al., 2019; Haugen et al., 2019; Keiner et al., 2021). Sprinting
is typically segmented into three phases: acceleration (including the start block), maximal
velocity, and deceleration (Mero & Gregor, 1992). The sprint winner is usually the person who
completes the race in the shortest time. As for team sports, it would hold more advantages, for
example, related to the ability to change direction (Keiner et al., 2021; Kadlubowski et al.,
2021). According to the formula where velocity equals distance divided by time, achieving a
greater velocity is crucial for reaching better sprint performance. Achieving great velocity in
the maximal velocity phase requires a good acceleration in the previous (Von Lieres Und
Wilkau et al., 2020). The distance is usually shorter for team sports, for instance, within 20 m
for rugby and soccer (Gabbett, 2012; Andrzejewski et al., 2013). A study also indicated that
players selected for Australian football demonstrate greater 5 m and 20 m sprint abilities
(Young & Pryor, 2007). These studies suggested that the ability to accelerate becomes a more
important element. In the acceleration phase of the sprint, velocity increases with the growth of
the stride length and stride frequency (Mero & Gregor, 1992; Nagahara et al., 2014). This period
lasts around 5 to 7 seconds or 30 to 50 meters (Hirvonen et al., 1987; Mero & Gregor, 1992).
The acceleration phase is critical in sprinting as it is characterized by the generation of maximal
horizontal power. Research highlights the importance of propulsive force during this phase, as
it directly contributes to horizontal translation and influences key performance factors,
including horizontal external power, propulsive impulse, and running velocity. (Slawinski et
al., 2015; Samozino et al., 2015; Haugen et al., 2019; Von Lieres Und Wilkau et al., 2020)

4



Research also shows that higher-level sprinters have greater propulsive horizontal forces across
the entire acceleration phase (Bezodis et al., 2019).

During the constant speed phase, it is achieved by the ideal acceleration, resulting from
the optimal relationship between the stride length and stride frequency of an individual (Coh et
al., 2001). While both factors are significant in sprinting, researchers suggest that the stride
frequency may play a bigger role in improving speed (Mero & Gregor, 1992; Coh et al., 2001;
Nagahara et al., 2014). According to the above, to achieve a better sprinting performance of an
individual, the increases of stride frequency and reaching an optimal relation between stride
length and stride frequency is important.

Sprinting includes reaction time, force production, muscle structure, neural factors, and
technique (Mero & Gregor, 1992), all of these factors play an important role. Resistance
training can improve force production, muscle structure, and neural factors (Sale, 1988; Komi,
2003; Duchateau et al., 2006), hence leading to a better sprint performance. Accordingly, a
proper training method is essential for sprinting. Plyometric and ballistic exercises have gained
popularity in sports because of their similarity to explosive movements like jumping and
running. These methods may help enhance athletic performance by its characteristics

(Markovic & Mikulic, 2010; Newton et al., 1996).



2.2 Chronic effects of plyometric and ballistic training

Coaches and trainers have widely applied plyometric movements in training for a long
time. The mechanism of plyometrics is by using the stretch-shortening circle (SSC). Wathen.
(1993), described the SSC characteristic as a rapid deceleration of a mass followed immediately
by a rapid acceleration of the mass in the opposite direction. In other words, an eccentric
movement followed by a quick concentric movement. The SSC mechanism includes pre-
activation, stretch-reflex, history-depend properties, and recoil of the elastic energy (Seiberl et
al., 2021). The store of elastic energy plays a role contributing to the SSC effect, during the
rapid eccentric phase, muscle-tendon units store elastic energy by the series elastic components
(SEC) and parallel elastic components (PEC), and release it in the concentric phase, thus,
improving the physical ability such as power output. Additionally, Fukutani et al. (2021)
suggest that other factors contribute to the SSC effect, including the mechanisms of contractile
and structural proteins, residual force enhancement, and cross-bridge kinetics. Overall,
plyometric exercises leveraging the SSC mechanism can increase neural adaptation, the
stiffness of muscle-tendon units, and the rate of force development (RFD), thereby improving
performance (Markovic & Mikulic, 2010; Turner & Jeffreys, 2010; Cormie et al., 2011; Davies
et al.,, 2015; Seiberl et al., 2021). Consequently, researchers and experts suggest using
plyometric training in sports involving jumping, running, or a change of direction (Davies et
al., 2015). In agreement, several studies show positive effects after lower-extremity plyometric
training, Mackala and Fostiak. (2015) found that 2 weeks of plyometric training increased the
explosive power in the lower limb and decreased ground contact time, thus, improving times in
20-meter, 60-meter, and jumping performance in male sprinters; Beato et al. (2018) found that
6 weeks of plyometric with the change of direction training improve performance in jumping
and short distance sprint in elite football player; Villarreal et al. (2015) found 9 weeks of

plyometric and sprint training significantly improve performance in sprinting and jumping.



Ballistic movement is another training method in sports, the ballistic exercise is
characterized by performing with maximal velocity and acceleration (Zehr & Sale, 1994) or
executing a movement with the intention of maximal velocity and accelerating a mass through
the entire movement (Maloney et al., 2014; Cormie et al., 2011). Because it requires continual
acceleration throughout the movement, it often transitions into a flying phase, typically
involving jumping or throwing movements. (Maloney et al., 2014). According to Newton et al.
(1996), performing a movement in a ballistic manner will generate higher peak velocity and
peak force than the traditional manner, in which the movement stops at the end of the concentric
phase. The findings also suggest that the force-velocity curve of ballistic movements is more
akin to explosive motions like jumping than traditional movements (Newton et al., 1996).
Generally, the mechanism of ballistic movements is considered to improve the neuromuscular
system (Newton et al., 1996), and thus increases the motor units recruit, the rate of fire of units,
and the RFD (Desmedt & Godaux, 1977; Zehr & Sale, 1994). In agreement, Winchester et al.
(2008) found that 8 weeks of ballistic training significantly improved the peak power and RFD
in male recreational athletes, the result suggests the improvements came from the recruitment,
rate coding, or neural modifications rather than structural changes; Bettariga et al. (2023) found
that 6 weeks of ballistic jumps and unilateral strength training improved the force-velocity
curve and time in short distance sprint in male amateur soccer players. Although the long-term
effects of plyometric and ballistic training have been well-established, their acute effects are

still debated.



2.3 Benefits of a warm-up in sprinting

Athletes typically perform a warm-up before a training session or competition to enhance
subsequent activity. A common warm-up for sprinting typically includes cardiovascular
exercises, dynamic stretches, and sport-specific movements (Taylor et al., 2013), which follow
the RAMP principle (Raise, Activate, Mobilize, and Potentiate, Racinais et al., 2017) but do
not include the potentiate phase. In the raise phase, the goal is to increase muscle temperature.
Research indicates that increases in muscle temperature have several positive effects, such as
enhancing muscle metabolism, increasing muscle glycogen availability, and improving the
RFD. Notably, a 1°C rise in muscle temperature can result in a 2-5 percent improvement in
subsequent exercise performance (McGowan et al., 2015; Racinais et al., 2017). In the activate
and mobilize phase, the aim is to stimulate the target muscle groups for the main activity and
improve the range of motion, typically achieved through dynamic stretching. Finally, in the
potentiate phase, the objective is to enhance voluntary movement by improving the recruitment
of motor units, synchrony of motor neuron firing, and further increasing muscle temperature.
This phenomenon, known as post-activation performance enhancement (PAPE), is particularly
beneficial for activities requiring maximal effort over a short duration (Racinais et al., 2017;
Cuenca-Fernandez et al., 2017; Blazevich & Babault, 2019). However, Taylor et al. (2013)
found that a warm-up consisting of cardiovascular activities followed by sport-specific
movements is effectively equivalent to one including cardiovascular (raise), dynamic stretching
(activate & mobilize), and sport-specific activity. Given that sprinting requires maximal effort
and lasts for quite a short duration, a warm-up that includes a potentiate phase is expected to
benefit more than warm-ups that do not. Implementing a suitable warm-up before starting a

sprint exercise is also reasonable.

In recent years, coaches and trainers have utilized the concept of the PAPE in their warm-

up routines to achieve acute performance augmentation (Cuenca-Fernandez et al., 2017; Brink
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etal., 2021; Moré et al., 2024). PAPE is characterized by a short-term improvement in voluntary
muscle performance following previous conditioning activity (Wilson et al., 2013; Maloney et
al., 2014; Cuenca-Fernandez et al., 2017; Blazevich & Babault, 2019; Boullosa, 2021; Fischer
& Paternoster, 2024). The optimal range of the enhancement happens between 4 to 10 minutes
after conditioning activity (Wilson et al., 2013; Gotas et al., 2016; Blazevich & Babault, 2019;
Fischer & Paternoster, 2024). The mechanisms of PAPE may be the increases in muscle
temperature, water accretion within the muscle and intracellular, neural mechanisms like
recruitment of motor units, or the excitability of motoneuron (Cuenca-Fernandez et al., 2017;
Blazevich & Babault, 2019; Fischer & Paternoster, 2024). Based on these mechanisms,
researchers suppose that PAPE can enhance muscle performance in explosive sports by
improving the RFD. Sprinting requires force output in an extremely short time (less than 250
milliseconds), thus, recruiting and firing as much as possible of motor units is essential. Hence,
implementing a warm-up to induce the PAPE effect before a sprint may have a beneficial

impact.

When selecting an appropriate conditioning activity to stimulate PAPE, there is no
consensus yet on which exercise is the best. However, a review study from Loturco et al. (2024)
found that using plyometric exercise as a conditioning activity caused a greater acute effect on
sprinting performance than other studies that used resisted sprint drills. Research also indicated
that the potentiate phase typically involves executing intense sports-specific movements to
imitate performance demands and activate the essential neural paths (Racinais et al., 2017).
Based on the above, incorporating plyometric and ballistic exercises may benefit explosive
sports. These movements closely resemble the demands of explosive sports, suggesting that
inducing the PAPE with these exercises could have positive acute effects. When selecting a
method to induce PAPE, it is crucial to consider fatigue as a critical factor. For example,

Maloney et al. (2014) concluded that using heavy resistance exercise might impair performance



and need more recovery time, while using ballistic exercise has less recovery time. As a result,
using ballistic exercise as a warm-up may be more suitable than heavy resistance exercise.
Turner et al. (2015) found that using plyometric exercise improved 10-meter and 20-meter
sprinting time at 4 and 8 minutes after exercises. Consequently, plyometric and ballistic

exercise as a warm-up method is time-efficient.

2.4  Acute effects of plyometric and ballistic exercises

Utilizing plyometric and ballistic exercises, which are time-efficient and cause less fatigue
than heavy resistance exercises, to induce PAPE is expected to positively affect sprinting
performance, as these exercises closely relate to sprinting. Studies have explored various
conditioning activities—such as resisted or assisted sprints and resistance exercises, to examine
their acute effects on sprint performance (Matusinski et al., 2021; Zisi et al., 2022; Li et al.,
2024). While recent research suggested plyometric and ballistic exercise could also stimulate
PAPE effects on sprint performance (Maloney et al., 2014; Boullosa, 2021). A previous study
also speculates using plyometric exercises as conditioning activity may cause acute neural
enhancement (Masamoto et al., 2003), and thus improve voluntary contractile performance in
sprinting, which is highly related to the sprint acceleration phase. In agreement, Creekmur et al.
(2017) found a decrease in time in 20-meter and 40-meter sprints after plyometric warm-up for
track and field athletes. They used plate jumps (11.3 kg) as plyometric exercises; Turner et al.
(2015) used alternate leg bounds with and without external weight (10% body weight) as
plyometric exercise and tested in different periods (15 seconds, 2, 4, 8, 12, and 16 minutes)
after exercises. Both have improved performance in 10-meter and 20-meter in non-competitive

sprinters, but only at 4 and 8 minutes; Gil et al. (2019) found using depth jump as a ballistic
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exercise warm-up significantly increased the stride length in the first 50-meter of 100-meter
sprint compared with a normal warm-up in non-competitive sprinters, although the sprint time
in 50 and 100-meter does not significantly different. In contrast, Gil et al. (2020) found after
using depth jump as the ballistic warm-up, the sprint kinematics and performance were not
significantly different compared with the general warm-up in 15 and 30-meter. The different
outcomes between the research of Gil et al. (2019) and Gil et al. (2020) may result from the
different time gaps from the warm-up exercise to the sprint test. In the study (Gil et al., 2020),
the sprint test was conducted 10 minutes after the exercise. Such a long period may cause the
PAPE effect to dissipate as shown by Turner et al. (2015). Simperingham et al. (2015) found
using weight ballistic exercises (1-5% of body mass), such as drop jump, and 40-meter sprint
acceleration with additional load, the result shows drop jumps impair sprint performance while
sprint acceleration with additional load improves the performance. However, plyometric
movements often occur naturally in human activities like sprinting and throwing, which also
involve ballistic characteristics (Cormie et al., 2011; Seiberl et al., 2015). Therefore, the
performance benefits of plyometric exercises may stem from both their plyometric and ballistic
qualities. For instance, Creekmur et al. (2017) used plate jump as a plyometric exercise; lacono
et al., used drop jumps as a plyometric exercise; Simperingham et al. (2015) used drop jump as
a ballistic exercise; Gil et al., (2019, 2020) used depth jump as a ballistic exercise. Both the
exercises in the study include the SSC (plyometric characteristic) and flying phase (ballistic
characteristic). As a result, it is necessary to separate these two types of exercises further to

identify the effect of a different type of exercises.

The magnitude of PAPE varies between individuals, potentially depending on strength
level, skill level, exercise type, intensity, sets, repetitions, and recovery time (Wilson et al.,
2013; Maloney et al., 2014; Gotas et al., 2016; Blazevic & Babault, 2019). Chiu et al. (2003)

confirmed greater PAPE effects in athletes than in recreational practitioners. However, Pereira
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et al. (2022) reported negligible PAPE effects in top-level sprinters; Loturco et al. (2024)

concluded PAPE caused no effective enhancement in elite sprinters. Hence, appropriate

implementation of PAPE strategies for different target groups needs further investigation.

Finally, the acute changes in neural factors of PAPE caused by using plyometric or

ballistic movements as conditioning activities remain unclear. While previous research

(Masamoto, 2003) suggests potential acute effects on neural factors, most studies focus on

performance metrics such as time and velocity or kinematic aspects. Therefore, collecting

kinetic data could provide valuable insights into whether these acute neural changes play a

significant role.

Table 2-1

Research on acute effects in plyometric warm-ups

Plyometric Movements

Result

Creekmur et al., 2017  CMJ with additional weight

Turner et al., 2015 Leg bound with/ without additional weight
Pereira et al., 2022 Drop jumps

Iacono et al., 2016 Single leg drop jumps (vertical &

horizontal)

Improve the time of 20, 40m
Improve the time of 10, 20m
Negligible improvement

Improve sprint performance
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Table 2-2

Research of acute effect in ballistic warm-ups

Ballistic Movements Result
Gil et al., 2019 Depth jumps Increase stride length in the first 50m of
100m
Gil et al., 2020 Depth jumps No significant improvement
Simperingham et al., ~ Drop jumps, sprint Load acceleration improves 10m sprint; drop
2015 acceleration, flying start (with jumps & flying sprint impair sprint
additional weight) performance
Table 2-3

The performance level and acute effect in each research

Research Subjects Acute effect
Creekmur et al., 2017 NCAA 1 track & field athlete YES

Turner et al., 2015 Non-competitive sprinters YES

Pereira et al., 2022 Top-level & international-level sprinters NO

Iacono et al., 2016 Elite handball players YES

Gil et al., 2019 Non-competitive sprinters YES

Gil et al., 2020 Non-competitive sprinters NO
Simperingham et al., 2015  Former national team rugby player YES & NO

13



2.5 Summary

Sprinting acceleration demands maximum power output from muscle groups in a short
period.

A proper warm-up routine is crucial for explosive sports such as sprinting, as it elevates
muscle temperature and enhances muscle capability.

While plyometric and ballistic exercises have shown long-term benefits, their acute effects
are still under debate.

Plyometric movements, inherent in natural human locomotion like sprinting and jumping,
possess ballistic characteristics. These two characteristics may contribute to different
outcomes in sprinting. Therefore, it's essential to distinguish between these qualities for
effective comparison and analysis.

PAPE may improve voluntary performance, which is highly relevant for sprinting
acceleration, especially in initial acceleration. Plyometric, and ballistic exercise as
conditioning activity to induce PAPE may cause acute effects in neural factors (motor-
neuron excitability, motor-unit recruitment pattern, and the activation of synergist

muscles), thus improving speed and power.
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IHI. METHODOLOGY

3.1 Participants

The sample consisted of thirty participants, divided into two groups: fifteen individuals
engaged in regular strength training and physical activity, meeting the criterion of squatting an
external load at least 1.5 times their body weight (Davies et al., 2015) and not competing in
sprinting (general group); another fifteen participants were competitive sprinters (sprinting
group). All participants were collegiate students who volunteered for the study, had no history
of muscle, bone, soft tissue, or other injuries within the past 6 months, and abstained from
potential ergogenic aids (e.g., caffeine, creatine). Table 4-1 presents their anthropometric
characteristics and squat performance. Before commencing the experiment, all participants
thoroughly read the instructions to ensure they understood the process, content, and objectives.
Following this, participants completed a consent form, providing basic information to allow for
a preliminary assessment of their physical condition. Only participants meeting the specified

criteria were included in the experiment.

3.2 Design

The purpose of the experiment is the biomechanical analysis of the acceleration phase in
sprinting following different warm-up routines. Divided into sprinting groups (sprinters) and

general groups (non-sprint competitors), each subject in both groups performed a 40-meter
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sprint test after different warm-up protocols, with at least 24-hour intervals to ensure full
recovery. The warm-up conditions included a traditional warm-up (T), plyometric warm-up (P),
ballistic warm-up (B), and mixed warm-up (plyometric + ballistic, M). Before commencing the
experiment, all subjects understood the experiment's process and had previous experience in
warm-up exercises. The height and weight scale records participants’ anthropometrics before
the experiment. The four warm-up regimes vary in the exercises used in the middle part:
traditional, plyometric, ballistic, or mixed. Following the protocol from previous literature
(Taylor et al., 2013), which included low-intensity aerobic exercise and running-related
movements, this research added the four exercises between aerobic exercise and running-
related movements to assess their acute effects on sprinting. The warm-up began with a 5-
minute jogging, rated 3-4 on a 10-point perceived effort scale (Foster et al., 2001). After this
general warm-up, traditional, plyometric, ballistic, and mixed exercise regimes were performed.
Finally, the running-related warm-up included two short sprints (20 and 40 m) with 50% to

90% of participants perceived maximal effort (Taylor et al., 2013; Brink et al., 2022).

Table 3-1 specifies the single exercises of the traditional warm-up, which incorporates
dynamic stretching as suggested by previous research (Pearce et al., 2012). The remaining three
regimes use squat-type movement as the conditioning activity. To avoid overlapping,
plyometric exercise uses power squat without jumping movements and needs to be performed
in a plyometric manner; ballistic exercise uses squat jumps while maintaining the squat position
for 2 seconds before the jump; the mixed exercise uses a countermovement jump from a
standing position, performs without break or stop during the entire movement. The squat-type
movement is chosen based on previous research used or mentioned (Maloney et al., 2014;
Davies et al., 2015; Winchester et al., 2008). According to the review research, both plyometric
and ballistic exercises can involve external loads. Ballistic exercises can have a wide intensity

range, from 0% to 50% of 1 Repetition Maximum (RM) as noted by Cormie et al. (2011).
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Therefore, participants' 1 RM information is collected, and 10% of the 1 RM is calculated for
three regimes. Each regime consists of 3 sets of 5 repetitions, with a 2-minute rest period

between sets.

After finishing the warm-up, the official test begins. The official test used a 40-meter sprint
with maximal effort, collecting spatiotemporal, kinematics, and kinetics data for analysis. Data
for the sprint group were collected on an indoor synthetic track in Japan, while data for the

general group were obtained on a composite polyurethane running track in Taiwan.

Table 3-1

Movements in Dynamic Stretching (Pearce et al., 2012)

Traditional Movements Repetitions

Dynamic stretching Walking high knee to chest 2 sets of 10 repetitions

Leg swing ante-post 2 sets of 10 repetitions

Leg swing medio-later 2 sets of 10 repetitions

Hurdler's knee raised 2 sets of 10 meters
Hurdle's knee raised - reverse 2 sets of 10 meters
Heel up 2 sets of 10 meters
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3.3 Warm-up sequences

The four warm-up regimes in a repeated design allow for a total of twenty-four possible
combinations of how to sequence the experiments (i.e., C-P-B-M, C-P-M-B, C-M-B-P, C-M-
P-B...). All of the twenty-four sequences will be randomly assigned to two groups as shown
below. Participants in each group will be evenly distributed across twelve sequences, with the
remaining three participants randomized to three of the twelve sequences. All four warm-up
routines have the same total duration and include identical general warm-ups at the beginning

and identical running-related warm-ups at the end.

Figure 3-1

Schematic Diagram of the Sequence Assignment
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3.4 Procedure

All experiments were conducted in the morning (9-10 A.M.) to ensure that all subjects
performed the movements in the same environment. The experimental flow chart is shown
below (Figure 3-2). Squat one-repetition maximum values were obtained from participants'
documented performances within the previous six months. After the collection of all subjects,
they were randomly assigned to the twenty-four sequences of the four regimes for
experimentation. After the participants completed the general warm-up, the traditional,
plyometric, ballistic, or mixed exercise regime was carried out. In the traditional exercise
regime, subjects performed modified dynamic stretches based on Pearce et al. (2012), as
detailed in Table 3-1. In the ballistic exercise regime, subjects performed a squat jump starting
from a squat position with hips parallel to the knees, holding this position for 2 seconds before
jumping with maximal effort. For the plyometric exercise regime, subjects began from a
standing position with feet shoulder-width apart, then rapidly moved downward into a squat
position with hips parallel to the knees, and quickly returned to the standing position. In the
mixed exercise regime, subjects performed a countermovement jump starting from a standing
position with feet shoulder-width apart, moving rapidly downward to a squat position with hips
parallel to the knees, and immediately following with a maximal effort jump without pausing
or breaking the movement. To avoid overlapping effects in different warm-up regimes,
participants were specifically instructed to implement the movements as follows: a) they
decelerate and stop the movement at its designated end (i.e., no flight phase) in the plyometric
exercise and b) accelerate until the end, entering a subsequent flight phase in the ballistic and
mixed exercise. All participants performed with maximal effort in all regimes. After the
intervention is completed, rest for 1 minute, then perform sprint-specific warm-ups: 20 meters
at 50% and 40 meters at 90% of the participant’ s perceived maximal effort. 2 minutes rest

after 20-meter sprints, 3 minutes rest after 40-meter sprint. After completing the sport-specific
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warm-up, the official test begins. The official test involved a 40-meter sprint, during which
biomechanical and spatiotemporal variables of running were collected for all participants.
Participants start from a two-point split-stance position, trunk leaning forward and slightly apart
in the leg with self-selected distance, one foot in the front, another in the back, positioning
behind the starting line All participants were motivated to sprint with maximum effort.

Following the official instructions, participants prepared and commenced maximal sprinting.

Figure 3-2

Schematic Diagram of the Experiment Procedure

Traditional
Measurement: G 1 Plyometric
i enera i i
height rest Sprint rest Sprint rest 40m
& Warm-up warm-up
Mixed
> — —> >
5 mins 10 mins Imins 2mins 3mins
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3.5 Data collection

For the sprinter group, spatiotemporal and kinematic data were measured via 54 embedded
force platforms (TF-90100, TF-3055, TF-32120; Tec Gihan, Uji, Japan), operating at a
sampling frequency of 1000 Hz. For the general group, data were collected using two high-
speed cameras (RXOM2, SONY, JAPAN), operating at a sampling frequency of 960 Hz,
positioned perpendicular to the track (1.05-meter height from the ground) and 4 meters away
from the participants to record a 2-dimensional videotape of spatiotemporal characteristics from
sprinting at the start and 40-meter, a simple camera (iPhone 12, Apple, USA) records the entire
sprint to obtain the number of steps and calculate for step frequency. Open-source software
(version 2023.1.2; Kinovea, 2025) measures the step frequency, step length, flight time, and
contact time of 40-meter sprinting. To accurately determine the length of a step from the screen,
the researcher placed an object with a known length parallel to the camera. This allows
measuring the exact distance from the screen to the object, enabling the calculation of the

precise length of the stride displayed on the screen.

Kinetic data from sprinting were analyzed using the sprint acceleration spreadsheet
developed by Samozino et al. (2015), which estimates force-velocity and power—velocity
profiles. The spreadsheet uses individual body mass, stature, and split times over a 40-meter
sprint to calculate key variables, including maximal horizontal force, maximal power output,
and maximal velocity. Split times at 10, 20, 30, and 40 meters for both the sprinter and

general groups were entered into the spreadsheet for further analysis.
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Figure 3-3

Schematic Diagram of the Experiment Site Setup

40m

000 0

A. Anthropological measuring

m
Participant
position
| =1
Start line Finish line
Camera Camera

3.6 Variables

This study collected body height (cm) and mass (kg) from each participant.

B. Sprinting kinematics

1) Sprinting time (s): For the sprinter group, split times were calculated using a 50-meter-

long series of force platforms, with reaction time excluded by applying a 20 N threshold

for ground reaction force onset. For the general group, split times at 10, 20, 30, and 40

meters were recorded using timing gates (Dashr, Omaha, USA; Sportreact, Zagreb,

Croatia).
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2) Step length (m): For the sprinter group, step length at the start and 40 m was calculated
as the anteroposterior distance between the center of pressure at toe-off across
consecutive steps, based on force platform data. For the general group, step length at
the start and 40 m was measured using Kinovea (version 2023.1.2), a 2D motion
analysis software, with recordings captured by high-speed cameras. For both groups,
the average step length was calculated from velocity divided by step frequency.

3) Contact time and flight time (ms): For the sprinter group, Contact and flight times were
determined using a 20 N threshold for vertical ground reaction forces. For the general
group, Kinovea (version 2023.1.2) analyzed each participant's contact and flight time at
the start and 40 meters using high-speed cameras.

4) Step frequency (Hz): For both groups, step frequency was calculated by dividing the
total number of steps taken by each participant by their 40-meter sprint time.

5) Theoretical Maximal velocity: presented as VO (m/s), based on Samozino et al. (2015).

. Sprinting kinetics

1) Maximal horizontal force: presented as FO (N/kg), based on Samozino et al. (2015).
2) Maximal horizontal power output: presented as Pmax (W/kg), based on Samozino et al.

(2015).
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3.7 Data Analysis

Jamovi (version 2.4.7) software with Two-way ANOVA repeated measurement (2*4
factors, 2 groups: general group, and sprinting group; 4 regimes: traditional, ballistic,
plyometric, and mixed) process the data. Using Mauchly’s test checks sphericity, when the
sphericity doesn’t pass the assumption, Greenhouse-Geisser adjusts the F-ratio, and Bonferroni
post-hoc analysis executes to understand the effect of each group further. Eta squared presents
the effect size for two-way ANOVA, Cohens’ d for post-hoc analysis. Including assessing the
interaction effect between the groups (general and sprinting) and the regimes (traditional,
ballistic, plyometric, and mixed). Descriptive statistics explain the subjects' data and the tests'
raw results. All analysis data are presented as mean + standard deviation with a 95% confidence

interval. The significance level is set to a < .05.
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IV. RESULTS

Table 4-1 presents the profiles of two groups, with an independent t-test revealing a
significant difference only in body mass. Results indicate no significant performance
differences between warm-up interventions across all sprint phases (10, 20, 30, and 40 m) (p
=.82-.92, pn? = .01-.02). However, sprinters demonstrated significantly shorter sprint times
than non-sprinters at all distances (p <.001, pn?=.59—.74). No significant interaction was found

between warm-up interventions and group (p = .77-.98, pn? <.03).

No significant differences in step length were observed at the start or 40 m across warm-
up interventions (p = .16—.52, pn? = .05-.12), groups (p = .14-.34, pn? = .07-.16), or their
interaction (p = .19—.73, pn? = .03—.12). Contact time also showed no significant effects of
warm-up at either the start or 40 m (p =.30-.33, pn?>=.08). However, sprinters had significantly
shorter contact times than non-sprinters at both distances (p < .001, pn? = .59-.75), with no
significant interaction (p = .29—.60, pn? = .04—.09). In the flight time, no significant effects of
warm-up were found at the start or 40 m (p = .20-.26, pn? = .10—.11). However, sprinters
exhibited significantly longer flight times than non-sprinters at the start (p < .001, pn? = .61)
but not at 40 m (p = .46, pn? = .04). No significant interaction was observed (p = .49—.72, pn?

= .03-.05).

No significant effects of warm-up interventions were found for maximal horizontal
force (p = .54, pn? = .05), group differences (p = .08, pn? = .21), or their interaction (p = .78,
pn? = .03). In maximal power output, no significant effect of warm-up was observed (p = .48,
pn? = .06), but sprinters generated significantly greater horizontal power than non-sprinters (p
= .003, pn? = .48). No significant interaction was found (p = .86, pn? = .02). For maximal
velocity, no significant effect of warm-up was detected (p = .64, pn? = .03), but sprinters
achieved significantly higher maximal velocity than non-sprinters (p <.001, pn?=.79).
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Table 4-1.

Mean (standard deviation) of demographic and physical sample characteristics

Sprinters (n=15)

General (n=15)

Age (years) 19.7 (1.0)
Body mass (kg) 67.7 (4.0)*
Body height (cm) 174.0 (5.0)
1 RM squat (kg) 130.0 (21.7)

22.5(2.7)
75.3 (8.9)*
176 (5.0)

142.0 (24.6)

* indicating group differences at p <.05.

Figure 4-1

Sprint Performance Across Warm-up Interventions in Two Groups
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Step length at start
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Maximal velocity
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Figure 4-3

Kinetic Variables After Different Warm-up Interventions in Two Groups
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Figure 4-4

Individuals’ sprint time after different warm-up interventions (general group)
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Figure 4-5

Individuals’ sprint time after different warm-up interventions (sprinter group)
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Table 4-2

Mean (standard deviation) of average kinetic variables in all interventions between groups

Sprinter general

Maximal horizontal force (N/ kg) 9.81 (1.16) 8.59 (2.42)

Maximal power output (W/ kg) 23.05 (2.53)* 18.00 (5.10)*

* indicating group differences at p <.05.
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Table 4-3

Mean (standard deviation) of average kinematic variables in all interventions between groups

Sprinter General
Average step length (m) 1.81 (0.10)* 1.64 (0.12)*
Average contact time at start (ms) 178 (18)* 206 (22)*
Average contact time at 40 m (ms) 106 (11)* 141 (17)*
Average flight time at start (ms) 77 (27)* 39 (19)*
Average flight time at 40 m (ms) 133 (16) 129 (20)
Average step frequency (Hz) 4.14 (0.30) 4.13 (0.25)

* indicating group differences at p <.05.
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V. DISCUSSION

This study aimed to evaluate the effects of plyometric, ballistic, and mixed warm-ups on
sprint biomechanics and performance compared to a traditional warm-up. The results showed
no significant improvements in sprint performance or changes in biomechanical variables
following any of the warm-up interventions. These findings contradict the initial hypothesis of

the study.

5.1 Performance

This study found no superior improvement in 10-m, 20-m, 30-m, and 40-m sprint times
following plyometric, ballistic, or mixed exercise warm-ups compared to a traditional warm-
up, contradicting previous findings (Turner et al., 2015; Iacono et al., 2016; Creekmur et al.,

2017). The conflicting results may be attributed to differences in design and statistical issues.

Creekmur et al. (2017) used a crossover design in collegiate-aged male sprinters to test
whether adding two sets of eight plate jumps to a standard sprint warm-up improved 20 m and
40 m sprint times compared to a control warm-up. They found small-to-medium improvements
in sprint time (1.12% at 20 m; 1.25% at 40 m; d = 0.40 - 0.46). However, the control warm-up
lacked any sham activity equivalent in volume or intensity to the plate-jump protocol, so the
small performance gains they reported may simply reflect the addition of movement rather than
a true plyometric effect. Moreover, the control condition included an eight-minute rest before
sprint testing, meaning any differences could stem from a cooldown in the control trial rather

than potentiation in the plyometric condition.
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Iacono et al. (2016) investigated the acute effects of vertical versus horizontal single-leg
drop-jump protocols on neuromuscular performance in eighteen elite handball players using a
randomized crossover design. After a standardized warm-up and baseline testing, participants
performed three sets of five vertical or horizontal single-leg drop-jumps, followed by 8 min
passive recovery, then repeated countermovement jump, 25 m shuttle sprint (12.5 m sprint
with 180" change of direction), and agility tests. They found both protocols enhanced only tasks
matching their force-orientation (vertical vs. horizontal). Specifically, the vertical single-leg
drop-jumps protocol led to significant improvements in vertical performance metrics, such as
jump height, while the horizontal single-leg drop-jumps protocol resulted in greater
enhancements in change of direction performance. Notably, the results showed improvements
in the 25-meter sprint and agility but no improvement in the 10-meter linear sprint, indicating
that the gains were driven by agility rather than linear sprint performance. Moreover,
participants’  baseline tests after standard warm-up served as the “control” , but no sham
intervention matched vertical and horizontal single-leg drop-jumps in volume or intensity. Thus,
observed improvements may partly reflect the addition of any dynamic stimulus rather than a

true PAPE effect.

Turner et al. (2015) used a randomized-crossover design in twenty-three
plyometric-trained males to compare a walking control with body-mass bounding and weighted
bounding as conditioning activities, assessing 10 m and 20 m sprint velocities at baseline and
15s, 2, 4-, 8-, 12-, and 16-min post-conditioning. They reported an initial impairment in 20 m
velocity at ~15s for weight bounding (—1.4 +2.5%; p=.04), however, both bounding
conditions led to significant improvements by 4 minutes post-conditioning activity: bodyweight
bounding increased sprint velocity by +2.2+3.1% (p=.01), and weighted bounding by
+1.8+3.3% (p=.001) compare to control. At 8 minutes, weighted bounding resulted in even

greater velocity (+2.9 +3.6%) compared to the control (p =.002) and (+2.3 = 3.6% compared
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to bodyweight bounding conditions (p =.001), indicating a more pronounced PAPE effect with
the addition of load. The study used multiple time points, allowing mapping of both early
fatigue and potentiation phases, and a randomized crossover design minimized between-subject
variability by having each participant experience all conditions. However, the control warm-up
comprised only walking, offering no sham activity matched for volume or intensity to
plyometric or weight plyometric protocols. Furthermore, during standard warm-up, a 10-minute
plyometric activity was already included for all trials. So observed gains may partly reflect any
added dynamic stimulus rather than a true plyometric potentiation. Also, with no a priori power
analysis reported, raising concerns about both reproducibility and generalizability to other

populations.

Although Turner et al. (2015), Iacono et al. (2016), and Creekmur et al. (2017) report acute
improvements following plyometric or drop-jump warm-ups, each study’s methodological and
reporting limitations, including unmatched control conditions, small homogeneous samples
without a priori power analyses, and incomplete outcome reporting, undermine their ability to

fully explain PAPE effects on sprint performance.

The current study aligns with previous research suggesting that sprint performance is a
highly stable skill for sprinters, as it depends on running velocity and is not easily influenced
by warm-up, regardless of the conditioning activity and parameters (intensity, sets, repetitions)
applied (Loturco et al., 2024). The acute effect examined in Loturco et al.’s (2024) study refers
to PAPE, which theoretically contributes to a 1-5% improvement in performance (Blazevich
& Babault, 2019; Fischer & Paternoster, 2024). However, previous research has indicated that
performance variations among competitive sprinters are typically minimal (Loturco et al., 2024),
and for high-level or elite sprinters, this variation is even smaller, often less than 2% (Loturco
et al., 2023; Haugen et al., 2018). These studies concluded that PAPE is unlikely to induce a

meaningful effect in sprinting.
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Interestingly, the PAPE effect was not observed in physically active individuals (general
group), despite their sufficient strength levels (1RM squat: 142.0 + 24.6 kg; body mass: 75.3 £
8.9 kg). Strength has been suggested as a key factor influencing PAPE (Wilson et al., 2013;
Maloney et al., 2014; Gotas et al., 2016; Blazevich & Babault, 2019), yet its presence alone did
not elicit a performance enhancement in the current study. A potential reason could be the
participants' physical activity background. Only eight individuals had experience in ball sports
or other sprint-related activities, while the rest lacked specific sprint training. This suggests that
familiarity with explosive movements and sprint mechanics may be crucial for eliciting the
PAPE effect. Previous research also indicates that neuromuscular efficiency and movement
specificity influence PAPE responsiveness (Seitz & Haff, 2016; Blazevich & Babault, 2019).
Thus, despite having sufficient strength levels, the general group’s lack of sprint-specific
adaptations may have limited their ability to benefit from potentiation. Athletes whose sports
require intermittent sprinting, such as ball-sport players, may derive more pronounced
potentiation effects. This could be due to their frequent engagement in sprinting and change-
of-direction movements, which may make their neuromuscular system more responsive to
PAPE. In fact, in this study, five of the eight participants with sprint-related backgrounds
showed a trend of improved performance after the mixed warm-up regimen compared to the
traditional warm-up (Figure 4-4). While this result was not statistically significant, it suggests
that PAPE may be more relevant for athletes who incorporate sprinting as part of their overall
performance rather than for highly trained sprinters, whose sprint mechanics are already highly

refined.

On the other hand, the differences in intensity between plyometric, ballistic, and resistance
exercises may also affect the results. For instance, Krémar et al. (2021) reported that a
resistance-based PAPE protocol—back squats combined with elastic bands—significantly

improved 3-, 5-, and 10-m sprint times in fourteen female athletes, nine of whom were ball-sport
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players with an average back squat 1RM of 1.96 = 0.14 times of body mass. Liu et al. (2024)
found in their meta-analysis that resistance-based conditioning activities elicited significantly
greater PAPE effects in both jumping and sprinting tasks than plyometric or combined
resistance-plyometric protocols. In contrast, plyometric and mixed protocols had a negligible
impact on sprint performance. Resistance-based protocols typically employ higher loading
intensities—Iloads closer to maximal—that are strongly correlated with PAPE magnitude,
whereas plyometric and ballistic exercises often use lower intensities focused on speed and
power output, resulting in insufficient intensity to elicit a significant potentiation response. In
the current study, 10% of participants’ 1RM squat was selected as the intensity for plyometric,
ballistic, and mixed regimes, yet the intensity may be insufficient to stimulate PAPE. The
intensity is higher than previous study (Simperingham et al., 2015; Creekmur et al., 2017; Gil
et al., 2019; Gil et al., 2020; Pereira et al., 2024). However, since intensity for jump-based
interventions in both practice and research typically is diverse (e.g., height, single-leg, etc.), the
optimal load range for eliciting PAPE via plyometric or ballistic exercises remains to be

established.

Finally, although PAPE can enhance both jump and sprint performance, the effects are
generally larger and more consistent in strength and vertical-jump tasks than in sprinting
(Dobbs et al., 2019; Krzysztofik et al., 2021 Kasicki et al., 2024; Liu et al., 2024). Therefore,
whether PAPE can contribute to sprint performance needs more well-designed research to
investigate it (i.e., enough intensity for plyometric or ballistic exercises or a well-designed

control trial).
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5.2 Kinetics

Sprint performance strongly correlates with running velocity and power output (Slawinski
etal., 2015; Samozino et al., 2015). The current study found no improvement in maximal power
output following any warm-up intervention. Maximal horizontal force reflects the ability to
generate forward propulsion at low velocities, which is crucial for sprint starts (Morin &
Samozino, 2016). However, the results showed no improvements after the warm-up
interventions. The kinetic results suggest that the conditioning activities used in plyometric,
ballistic, and mixed warm-ups had only a minimal effect on enhancing the neuromuscular
system. This finding does not support the hypothesis of neuromuscular activation through
PAPE (Cuenca-Fernandez et al., 2017; Blazevich & Babault, 2019). On the other hand, sprinters
demonstrated significantly higher power output than physically active individuals (Table 5-1).
However, there was no statistically significant difference in maximal horizontal force. The
superior sprint performance across all distances in the sprinter group was likely driven by their
higher power output. The lack of a significant difference in maximal horizontal force between
the two groups may be attributed to differences in body mass, as the physically active group

had a significantly higher body mass than the sprinter group (Table 4-1).

5.3 Kinematic
There were no significant differences in any kinematic variables between the two groups
after all warm-up interventions. This contrasts with previous studies that reported effects of
warm-ups on various kinematic variables, such as stride length (Gil et al., 2019), contact time,

and step frequency during the acceleration phase in a 40-m sprint (Simperingham et al., 2015).



Gil et al. (2019) investigated whether adding ballistic exercises to a standard warm-up
acutely enhances 100 m sprint performance compared to a typical warm-up and no warm-up.
They found that both warm-up and warm-up plus ballistic exercise produced ~7.5% faster
100 m times than no warm-up, but ballistic exercise did not significantly outperform warm-up
trials alone. (p = 1.00, ES = 0.01). Notably, ballistic exercise increased stride length in the 0-50
m of the sprint compared to warm-up, although this kinematic change was small (0.07 m longer
than warm-up) and did not contribute to sprint performance. Based on their study, at least ten
variables were compared (kinematic, spatiotemporal, heart rate, RPE), with only a significant
difference in stride length compared to warm-up. It is reasonable to assume that they made a
Type I error. In the current study, a one-way ANOVA performed on the sprinting group
revealed a significant difference in step length with the plyometric warm-up (0.08 meters longer)
as well. However, post-hoc Bonferroni comparisons found no significant differences. The small
magnitude of the difference observed in the current study and Gil et al. (2019) was unlikely to
have a meaningful impact on sprint performance as well.

In Simperingham et al. (2015), the study was a single-subject design, which may limit the
generalizability of their findings. Differences in rest periods between protocols could confound
the interpretation of PAPE effects as well. Additionally, the lack of a control group in their
study makes it difficult to determine whether the reported improvements were due to the
specific warm-up protocol or other external factors.

While the step length at the start and at 40 m did not differ between groups, sprinters
exhibited longer average steps but not in step frequency across the entire sprint distance than
the general group. Since sprint speed is equal to step frequency times step length, a longer
average step length contributed to the sprinters’ higher velocity and eventually caused superior
performance than the general group (Table 4-3). The sprinter group demonstrated significantly
shorter contact times both at the start and at 40 m, compared to the general group. Additionally,

they exhibited longer flight time at the start, although no significant difference was observed at
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40 m. The absence of a significant difference between groups in flight time at 40 m may reflect
the transition from the acceleration phase to maximal velocity sprinting, during which athletes
adopt a more cyclical and rhythmical movement pattern. During this phase, sprint mechanics
shift from force-oriented propulsion to velocity-oriented strategies, emphasizing the
optimization of step frequency and the generation of greater resultant forces (Weyand et al.,
2000; Morin et al., 2012). Weyand et al. (2000) demonstrated that achieving top speed relies
on the ability to produce higher ground reaction forces. Similarly, Morin et al. (2012)
highlighted that greater horizontal ground reaction forces and higher step frequency, facilitated
by shorter contact times, are critical determinants of both acceleration and overall 100-meter
sprint performance. These findings align with the data observed in the sprinter group in the
present study. Therefore, the similar flight times at 40 m between groups may result from
biomechanical constraints at maximal velocity, where technical differences become less
pronounced compared to the initial acceleration phase.

The current study ensured equal warm-up duration across all protocols, consisting of a 5-
minute cardiovascular phase and a sport-specific phase, with the only difference being the
intervention exercise in the middle. The same intensity between plyometric, ballistic, and mixed
protocols as well. A counterbalanced design was implemented and randomized assigned to two
groups to minimize effects such as order effect, fatigue effect, and carryover effect while
reducing individual differences since each participant serves as their own control. Therefore,
whether the acute sprint performance effects observed in previous studies are truly stimulated
remains questionable. However, previous studies have typically employed passive rest periods
of 7 - 10 minutes to mitigate fatigue before assessing PAPE effects (Iacono et al., 2016;
Creekmur et al., 2017; Gil et al., 2019; Pereira et al., 2022), whereas fewer studies have
investigated shorter rest intervals of less than 6 minutes (Turner et al., 2015; Gil et al., 2020).
This difference in protocol may partly explain the absence of a clear PAPE effect in the current

study. Although fatigue levels were presumed to be low, given that participants only performed
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two sprints at 50 - 90% of their perceived maximal effort with a total of 6 minutes of rest, it is
still possible that the recovery time was insufficient to allow potentiation to manifest fully.
Although none of the three warm-up interventions led to superior improvements in performance
compared to traditional dynamic stretching, they did not impair performance either. These
results indicate that the PAPE protocols used here did not enhance sprint performance. However,
when embedded within a RAMP-based warm-up, which begins with a raise phase to elevate
core and muscle temperature, blood flow, and neural activation, post-activation activities may
help prevent injury by improving muscle elasticity and reducing stretch-induced damage

(Racinais et al., 2017).
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VI. CONCLUSION

To summarize, plyometric, ballistic, and mixed warm-up protocols produce negligible
effects in sprint performance. Future research should design a rigorous methodology,
incorporate enough sample size based on prior power analysis, and contain detailed protocols
for plyometric and ballistic warm-up. Including systematically varying conditioning-activity
intensity to define the minimal effective intensity and the ceiling above which fatigue outweighs
potentiation; Standardizing treatment and control regimes, such as equal duration and
volume between experimental and control trials to eliminate recovery vs. potentiation
confounds. Prior work often used shorter control protocols, which may exaggerate apparent
PAPE effects by allowing extra rest in the control condition. Incorporating mechanistic
Measurements (e.g., electromyographic) can help detect more details about neuromuscular
activation. Finally, employing rigorous controls such as active control that mimics metabolic
load without inducing potentiation (e.g., low-intensity running or cycling), ensuring any
performance gains derive from PAPE rather than any dynamic stimulus. By addressing these
methodological gaps, researchers can determine whether appropriately dosed plyometric or
ballistic interventions elicit genuine PAPE effects in sprinting or whether such approaches

should be set aside for enhancing sprint performance.
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