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Section II — Exercise Physiology and Sports Medicine

Integrating Footwork in Table Tennis Multi-Ball Practice
Increases Physiological and Neuromuscular Demands
without Affecting Energy Cost and Plantar Pressure

by
Jianfeng Deng 1, Zhenyu Wang !, Minyue Yin !, Yuxi Li !, Xinxin Wang 1,
Shengji Deng !, Yigi Tian 2, Yan Wang 2, Olivier Girard 3, Yongming Li 145*

This study assessed the physiological and neuromuscular consequences of using different footwork techniques
during table tennis forehand loop multi-ball training. Ten male table tennis players executed forehand loops with no step,
a chasse step, a side step, and a cross step at three different frequencies (12, 24 and 36 balls-min™" for the cross step, and
24, 36 and 48 balls-min* for the others) on separated days. Cardiorespiratory variables along with total and per-stroke
energy cost were determined. Plantar pressure data were collected using instrumented insoles. Countermovement jump
tests were performed before and immediately after each stage. The heart rate, oxygen uptake, and total energy cost
significantly increased with frequency for all footwork techniques (all p < 0.05). However, the energy cost per stroke
decreased at higher frequencies (p < 0.05), as did the peak plantar pressure across the whole foot and specific foot regions
(p < 0.05). Countermovement jump height decreased at moderate and high frequencies (p < 0.05), except for no step and
the chasse step. In conclusion, integrating footwork into forehand loop multi-ball training increases physiological and
neuromuscular demands in table tennis players. The reduced energy cost at higher frequencies likely reflects a reduction
in movement amplitude, a strategy to cope with shorter time windows, which in turn leads to lower force production from
the lower limbs. Coaches should adapt training interventions focusing on improving the power and strength of lower
limbs to offset the reduction of force caused by the shortened time window at high frequency.
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Introduction displacement, speed, and spin, which aims to
improve stroke accuracy (Katsikadelis et al., 2014),
dynamic posture control (Gu et al., 2019), and the
formation and fixation of technical movements
(Cao et al, 2020). Despite its popularity, the
physiological and neuromuscular characteristics of

table tennis training are not well described
plays a vital role in rallies (Zagatto et al., 2016). (Zagatto et al., 2018)

During matches, players execute nearly 400
footwork movements combined with different
strokes, especially the forehand loop (Fuchs et al.,
2018). Multi-ball training is a common practice
involving  variations in frequency, ball

Table tennis is a racket sport characterized by
intermittent movements, including short rallies
and relatively long rest intervals (Pradas et al.,
2021; Zagatto et al., 2010). It primarily relies on the
aerobic system, while the anaerobic alactic system

A previous study has investigated the
energetic cost per stoke (Es) during forehand loop
practice, revealing a reduction in Es, decreasing
from ~10 to 6 Jkg'stroke?! with increasing
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frequency from 35 to 85 balls'min (Li et al., 2020).
However, that study focused specifically on
forehand loop practice, excluding essential
footwork techniques such as a chasse step, a side
step, and a cross step commonly employed in
matches (Yu and Huang, 2025). Given the crucial
role of feet in transferring energy from lower to
upper limbs (Reid et al., 2008; Seeley et al., 2011),
mastering footwork is vital for achieving an
optimal hitting position and enhancing hitting
performance. Therefore, delving into the
physiological characteristics of table tennis multi-
ball drills can assist coaches in crafting more
effective training designs.

In table tennis training and matches, players
execute repetitions of fast starts and stops, which
impose significant constraints on the lower limbs
(Lees, 2003). Gathering data on the location and
magnitude of foot pressures could advance our
understanding of shoe-surface interaction and
contribute to preventing overtraining injuries
(Girard et al, 2007). Despite previous studies
comparing plantar pressure distribution during
different lower limb movements (Lam et al., 2019),
these results, based on fixed frequency and a
limited number of repetitions, i.e., 4 strokes (He et
al,, 2021), and 5 strokes (Lam et al., 2019), might not
accurately represent real situations. In multi-ball
training drills, a player could hit as many as 200
balls (Sperlich et al., 2011). Therefore, concurrently
investigating lower limb movements during multi-
ball training holds significance.

High-level table tennis requires players to
repeatedly  accelerate, decelerate, maintain
balance, and execute effective strokes (Pradas et al.,
2021). These demanding movements can lead to
neuromuscular fatigue (NMF) which may impair
performance (Girard and Millet, 2009). Given the
high work-rest ratio (W:R ratio) in a table tennis
match, NMF was detected only at the end of the
first game and remained unchanged thereafter (Le
Mansec et al., 2017). Contrastingly, training drill
execution typically involves a relatively higher
W:R ratio compared to actual competition
(Katsikadelis et al., 2014), potentially subjecting
players to increased neuromuscular demand. To
date, no research has delved into NMF during table
tennis training.

The aim of this study was to explore the
physiological and neuromuscular responses to
different footwork techniques during table tennis
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forehand loop multi-ball training across low,
moderate, and high ball serving frequencies. Given
its longer step length and more complex
movement pattern, the cross step was expected to
impose  the  highest physiological and
neuromuscular demands, followed by the side step
and the chasse step, relative to a control condition
involving no stepping movement.

Methods

Participants

Ten collegiate male table tennis players
(age: 20.8 + 1.8 years, body height: 179.3 + 4.6 cm,
body mass: 70.65 + 7.62 kg, maximal oxygen
uptake: 46.9 = 7.6 ml'kgmin) volunteered to
participate in this study. All participants were
classified as ‘Tier 3: Highly Trained/National
Level’ (McKay et al., 2022), boasting an average of
11.6 + 3.1 years of table tennis training experience,
and engaging in ~10 h of weekly training. All
participants were classified as right-hand
dominant based on the hand used to hold the
racket (Peters and Murphy, 1992). Participants
were instructed to maintain their usual diet and
avoid strenuous exercise, alcohol, and caffeine for
24 h before testing, as well as ensure adequate
sleep to control for fatigue and nutritional status.
During practice, all athletes used their own shake-
hand grip racket with inverted rubbers on the
forehand side. Participants were informed about
the test procedures and potential risks before the
research, and informed written consent was
obtained. This study was conducted following the
principles of the Declaration of Helsinki, and
approved by the Shanghai University of Sport,
Shanghai, China (approval code: 102772022RT101;
approval date: 24 October 2023).

Design

This study employed a randomized crossover
design, with footwork testing sequences generated
using a randomization program. Participants
underwent a familiarization session, followed by
four randomized footwork tests on separated days
with a washout period of at least 48 h. Upon
arriving at the laboratory, all players performed a
warm-up including stretching and jogging (5 min)
and ball return practice (5 min), followed by a 5-
min recovery period. After the short rest, a three-
stage protocol was adapted. Each stage lasted for 3
min, with a 6-min interval between stages to
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simulate the real competition (Le Mansec et al.,
2017). For the no-step (NS), chasse step (CS), and
side step (SS) conditions, the ball serving
machine’s frequency (V-989H, TaiDe, Shenzhen,
China) was set to 24 ballsmin™ (low frequency,
LF), 36 balls'min' (moderate frequency, MF), and
48 balls'min™ (high frequency, HF). For the cross
step (CRS) condition, frequencies were set to 12, 24,
and 36 balls-min-! due to the larger step length and
rapid lateral displacement. These settings were
determined both theoretically, considering that
players required at least 1.4 s to perform one
footwork (lino, 2018), and practically, based on the
highest volume they could perform. Players were
instructed to hit the ball diagonally to a target zone
(30 x 30 cm) (Cao et al, 2020). Participants
completed countermovement jumps (CM]) after
rest and each stage, and ratings of perceived
exertion (RPEs) were collected using the 6-20 Borg
scale (Williams, 2017). Blood samples, amounting
10 pL of capillary blood from the earlobe, were
obtained before the test, at the 1st, the 34, and the
5th min after both LF and MF conditions, and also
at the 1st, the 34, the 5%, and the 7t min after the HF
condition. All balls used in this study were
certified by the China Table Tennis Federation
(plastic ball: 40 mm/white/three stars, DHS,
China).

Measures
Physiological and Stroke Performance Measurements

A heart rate monitor (Polar Accurex Plus,
Polar Electro Inc., Kempele, Finland) continuously
recorded the heart rate. Blood samples were
subsequently analyzed using a blood lactate
analyzer (Biosen C_line, EKF Diagnostic,
Magdeburg, Germany) to determine peak blood
lactate  concentration (BLCpeak). Respiratory
variables were collected breath-by-breath using a
portable spirometry system (MetaMax3BR2,
Cortex, Germany). Continuous data acquisition
occurred during the whole protocol and an
additional six min after the HF condition. Standard
calibration,  following the  manufacturer’s
recommendations, was performed for each testing
day. Three components for each stage were used to
calculate the energy cost of exercise, as detailed in
a previous study (Li et al, 2020). The only
difference was the use of the fast component of the
VO: off-kinetics after each stage to more precisely
calculate the anaerobic alactic energy contribution,

considering the 6-min rest was sufficient. Total
energy (Ew, kJ) was computed as the sum of energy
from the aerobic, anaerobic alactic, and anaerobic
lactic energy systems. To determine the Es
(J-)kg-stroke™), the Eiwt of one stage was divided by
the corresponding stroke frequency in the same
stage and the body mass of the player.
Performance was measured by counting the
number of balls that did not hit the target zone (i.e.,
out of the table, off the net, missed the zone).

Foot Pressure Measurements and Data Processing

Instrumented insoles (Pedar mobile system,
Novel GmbH, Munich, Germany) were inserted
between the midsole of participants’ own sports
shoes and the plantar surfaces of their dominant
foot, determined based on their racket-holding
hand. A telemetric data logger was attached to a
belt worn around the player’s waist, transmitting
data to a computer for analysis at a sampling
frequency of 100 Hz. The instrumented insoles
were calibrated up to 700 kPa according to the
manufacturer's standard procedure and a
calibration device (Novel GmbH, Munich,
Germany) to ensure measurement accuracy and
prevent overloading during sport-specific
movements. Foot pressure data were captured
during the initial two steps of the second minute of
every stage, with the subsequent two middle steps
extracted for further analysis defined as the
vertical ground reaction force first exceeded and
reduced to 10 N (Lam et al., 2019). The second
minute of each stage was selected for analysis to
minimize variability from frequency adjustments
during the first minute and avoid potential fatigue
effects emerging in the third minute. Two clearly
identifiable mid-stage steps were selected to
ensure data completeness and consistency.
Relative peak plantar pressure was calculated by
dividing the recorded values by the player’s body
mass (Kpa-kg™).

Neuromuscular Measurement

Players performed three countermovement
jumps (CM]Js) with a 10-s rest interval between
each jump. The CM] procedure involved starting
from a standing position, squatting down, and
then extending the knees in one continuous
movement, with hands kept on the hips to
minimize the contribution of the upper limbs. CMJ
tests were recorded by an iPhone 13 ( Apple, Inc,
USA) in slow-motion mode (1080 p, 240 fps) and
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analyzed using My Jump App, which has shown
good reliability (CV = 3.8-7.6%) for the CM] test
(Gallardo-Fuentes et al., 2016). Jump height was
averaged from the three trials for subsequent
analysis (Claudino et al., 2017).

Statistical Analysis

All statistical analyses were performed using
the SPSS version 26.0 (SPSS, Inc., Chicago, IL,
USA.) and presented as mean + SD. Normality,
homoscedasticity, and sphericity were initially
checked. A two-way ANOVA with repeated
measures (frequency x footwork) was performed
to identify significant main effects and interactions
for each of the tested variables. When significant
effects were detected, post hoc multiple
comparisons were conducted using Bonferroni
correction to control for the increased risk of type I
errors due to multiple testing. Effect size was
calculated using partial eta squared (n3) for the
ANOVA and interpreted as small (0.1 < nj <0.06),
moderate (0.06 < 1% < 0.14), or large (n3 = 0.14). The
magnitude of the difference was assessed by
Hedge’s g for dependent samples, with changes
considered small (0.20 < Hedge’s g < 0.50), moderate
(0.50 < Hedge’s g < 0.80), or large (Hedge’s g = 0.80)
(Cohen, 2013). Statistical significance was
considered at p < 0.05.

Results
Physiological and Stroke Performance Outcomes

As illustrated in Table 1, there were significant
main effects for frequency, footwork and
interactions (except for VO: and errors) in all
physiological outcomes. Regarding the footwork
effect, the HR, VO, Etwta, and Es of the CS, SS and
CRS conditions were significantly higher
compared to the NS condition at all three
frequencies (all p < 0.05). The same trend was
observed in the RPE and BLApek at MF and HF, but
not at LF, where only the RPE in the CS condition
was higher than for the NS (p <0.001, g = 1.68) and
CRS (p = 0.01, g = 1.14) conditions. BLApeak did not
differ between footwork conditions at LF. No
difference in errors was observed at LF under any
of the footwork conditions, but the CRS condition
resulted in more errors than other conditions at MF
and HF.

Regarding the frequency effect, the RPE and
the HR of each footwork condition increased with
frequency, except that the HR of the NS condition
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at MF was not different from HF, and BLApeax at LF
did not differ from baseline under SS and CRS
conditions. The BLApea of the NS condition did not
change at any frequency. The Es for all footwork
conditions peaked at LF and then drastically
declined with increasing frequency. VO: for NS
and CS conditions was not different among the
three frequencies, while SS (p = 0.04, g =1.14; p =
0.02, g=0.53) and CRS (p <0.001, g =1.29; p <0.001,
g=0.62) conditions led to higher VO: at HF and MF
compared to LF. Ewt increased with frequency and
showed differences at HF and MF, which were
higher than at LF for all footwork conditions.
Errors were higher at HF than at MF and LF under
all footwork conditions.

Relative Peak Plantar Pressure

All numerical and statistical results for the
relative peak pressure of the whole foot are shown
in Figure 1. There were no significant interactions
for peak plantar pressure of the whole foot (p >
0.05, 1, =0.21). The main effect of frequency was
significant (p < 0.01, n; = 0.71), and a decreasing
trend was evident in the whole foot. Notably,
plantar pressure for the NS (p = 0.02, g = 1.29), CS
(p=0.05, g=1.16), SS (p =0.04, g =1.12) and CRS (p
< 0.001, g = 1.06) conditions was higher at LF than
at HF. Additionally, whole foot peak pressure
under the CRS condition at MF was also greater
than at HF (p <0.001, g = 0.93). Moreover, footwork
effect of relative peak pressure was significant (p <
0.001, 13 =0.82). the CRS condition exerted higher
peak pressure compared to the NS, CS, and SS
conditions at all frequencies.

Neuromuscular Fatigue

Two-way ANOVA revealed a significant
effect of frequency on jump height (p = 0.001, n3 =
0.39), but no footwork effect (p = 0.55, ;= 0.55) or
frequency x footwork interaction (p = 0.25, n; =
0.09). Jump height under the SS condition at HF
was lower than at Pre (p = 0.02, g =0.35), LF (p =
0.003, g = 0.62), and MF (p = 0.02, g = 0.35).
Furthermore, jump height under the SS condition
at MF was also lower than at LF (p =0.02, g =0.28).
Jump height under the CRS condition at Pre and LF
was significantly higher than at MF (p = 0.03, g =
0.45; p <0.001, g =0.58) and HF (p =0.01, g=0.76; p
= 0.002, g = 0.86). These results are presented in
Figure 2.
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Discussion However, Es and peak plantar pressure
consistently decreased at high frequency,

The purpose of this study was to examine the
physiological and neuromuscular responses to
different footwork techniques during table tennis
forehand loop multi-ball training across low,
moderate, and high ball serving frequencies. The
main finding was that incorporating footwork into
table multi-ball practice significantly
increased physiological and neuromuscular
demands, therefore validating our hypothesis.

tennis

irrespective of the footwork condition, partially
contradicting our hypothesis. Overall, the
integration of the footwork into table tennis multi-
ball forehand practice increased physiological
demand but without affecting energy cost and
plantar pressure.

Table 1. Physiological and performance variables of table multi-ball training
with different frequency and footwork.

Outcomes Footwork Pre LF MEF HF
RPE NS 8+1 9+1" 10+ 1 12+ 11
Cs 9+1 12+1°8 13+ 118 17 + 1148
SS 8+1 10+1'8 13+ 118 15 + 18!
CRS 7+1 10 = 1! 14 + 118 16 + 1148
NS 1.19+0.31 1.63 +0.54 2.10 £0.97 291+1.8
BLapeak Cs 1.38 £0.29 3.28+241" 5.32 + 3.59 1§ 7.45 + 4,068
(mmol-L1) SS 1.37+0.36 3.26+142 5.51 +2.83"1§ 7.46 + 31518
CRS 1.02+0.16 1.96 +0.91 5.87 +2.441§ 8.17 + 21118
NS 18.35+5.39 21.80 +7.64 21.80 + 8.42
VO2 Cs 34.80 + 6.868 38.10 + 6.678 39.50 + 8.688
(ml.kg'-min) SS 39.50 + 6.678 39.50 + 9.74ts 43.00 + 6.8718
CRS 28.74 +7.818 34.83 £ 10.6718 41.85 + 11.3218
NS 78.55 +24.50 87.65 +25.63 94.02 +26.13
Etor Cs 157.00 +£31.138  182.16 + 19.8118 190.97 + 32.31t18
(Kj) SS 182.13 +32.308  181.89 +30.388 207.83 + 24.5811§
CRS 204.58 £33.718  140.09 + 26.50 1§ 197.63 + 46.1118
NS 15.26 +5.03 11.22 +3.37¢ 9.12 +2.67¢
Es CS 31.94 + 6.798 23.94 + 3.2518 19.44 + 4,00t
(J.)kg'-Stroke™) SS 35.77 + 6.69% 23.79 + 3.621§ 20.52 + 3.07t18
CRS 27.94 + 5.8151 21.38 + 6.9618 19.94 + 4.651%
NS 3.4+092 5.30 +£1.38 7.40+1.73"
Errors CS 54+1.36 8.90+1.76 11.20 +2.04
(Balls) SS 8.8+1.39 7.80+1.51 11.1 £ 1.62¢
CRS 7.8 +1.858 13.7 £+ 1.70'8"'1 16.4 +1.93's!1
NS 116 + 16 128 + 3t 132 + 16t
HR CS 158 + 198 174 + 15t 183 + 1018
(bpm) SS 161 +208 174 + 16t 183 + 811§
CRS 153 + 248 180 + 1218 192 + 91§

HR: heart rate; BLapeak: peak blood lactate; VOa: oxygen uptake; Evw: total energy cost; Es: energy cost per stroke; RPE:
rating of perceived exertion; Pre: pre-test measures; LF: low frequency; MF: moderate frequency; HF: high frequency;
NS: No Step; CS: Chasse Step; SS: Side Step; CRS: Cross Step.*, T and § denote significant difference compared to Pre,
LF and MF, respectively (p <0.05); §, | |and { denote significant difference compared to NS, CS and SS,

respectively (p < 0.05)
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Figure 1. Relative peak plantar pressure of the whole foot and the heat
map of one representative player.
Note: The top panels represent relative peak plantar pressure data for the no-step (A), chasse step (B), side step
(C), and cross step (D) conditions for three frequencies. The bottom panels represent RPP data for the low
frequency (E), middle frequency (F), and high frequency (G) for four footwork conditions
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Figure 2. Countermovement jump height measured before (Pre) and immediately after Low,
moderate and high frequency workouts (LF, MF and HF, respectively).

Pre: pretest measures; LF: low frequency; MF: moderate frequency; HF: high frequency;
*1p <0.05; *: p <0.01; **: p<0.001
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Including footwork into multi-ball drills
significantly increased physiological metrics (e.g.,
HR, blood lactate, and VO:) compared to the
without movement condition (NS). The rather
modest differences among CS, SS, and CRS
conditions may be due to the limited space on a
standard table tennis court, constraining
movement and resulting in comparable
physiological responses across different footwork
techniques. However, Esexhibited a decrease for all
footwork techniques at high frequency. Giles and
Reid (2021) found that a high ball speed (4.04.3
m-s™) resulted in more flexed hip and ankle joints,
which restricted the contribution of the lower body
to stroke production and racquet speed at impact
compared to the low ball speed (1.4-2.0 m-s™) in
eighteen professional tennis players. Similarly,
Choi et al. (2026) found that tennis players reduced
stroke angular displacement when responding to
faster incoming balls. Moreover, lino and Kojima
(2016) observed that the maximum pelvis axial
rotational velocity and the upper trunk axial
rotational velocity tended to be larger for low ball
frequency (35 balls'min?) compared to high
frequency (75 balls'min?) in ten table tennis
players. In the present study, relative peak
pressure of the whole foot and specific regions
decreased at high frequency compared to low
frequency. As frequency increased, players likely
reduced the movement amplitude to compensate
for the shorter time window (lino and Kojima,
2016), reducing the available range and time for
force production and consequently decreasing Es.
This reduction in force at high frequencies may
hinder player’s ability to maintain optimal stroke
technique during training (Deghaies et al., 2026).

Among all footwork techniques, the CRS
produced the highest relative peak pressure across
the whole foot and specific areas. Likewise, He et
al. (2022) reported that the CRS induced
significantly greater peak forces in the rectus
femoris (+36%), gastrocnemius (+28%), and soleus
(+25%) during the stance phase. This could be
explained by the relatively large motion of the
CRS. Previous research has indicated that maximal
horizontal (+38%) and vertical (+11%) ground
reaction forces, along with the maximal knee
flexion angle (+20%) and maximum ankle
inversion velocity (+148%) were significantly
greater than for the chasse step (Lam et al., 2019).
The excessive vertical and/or horizontal forces

exerted during the CRS may impose significant
joint torques or shear stress on the ligaments and
other soft tissues of the lower limbs, potentially
leading to higher plantar and neuromuscular
constraints (Rajabi et al., 2012). However, Lam et
al. (2019) reported no significant differences in the
pressure-time integral, which reflects both the
pressure magnitude and duration, among the SS,
the CRS, and one-step footwork (p = 0.02), for the
whole foot or specific regions. This may be due to
increased stance time during one-step footwork to
compensate for its lower biomechanical demands
and maintain sufficient cumulative load despite
reduced instantaneous plantar pressure (Lam et
al., 2019). Therefore, caution should be exercised
when interpreting the current findings, as only
peak pressure was analyzed due to technical
limitations.

Our results indicate that increasing frequency
induced NMF, as evidenced by reduced CMJ jump
height at MF and HF only under SS and CRS
conditions, while NS and CS conditions did not
show any significant change. Importantly, the
degree of NMF was not influenced by the footwork
condition. In table tennis daily training and
matches, players engage in repetitions of fast starts
and stops, alternating between brief periods of
maximal or near maximal intensity and longer
periods of lower intensity (Lees, 2003). No
previous study has investigated NMF in daily
training, which precludes the comparison of our
results with existing literature. The occurrence of
NMF only under SS and CRS conditions could be
explained by the larger biomechanical demand
associated with the execution of these two
footwork techniques. Similarly, one recent research
demonstrated that shorter-distance lateral shuffle
movements (2.5 m) induced greater physiological
and neuromuscular fatigue, likely due to the
higher frequency of changes of direction (Lyu et al.,
2025). In the present study, SS and CRS may have
similarly required more frequent and demanding
lateral displacement, rapid braking, and re-
acceleration, thereby increasing lower-limb
neuromuscular loading and leading to greater
NME. Overall, when conducting multi-ball drills
with the SS or the CRS, shorter duration of practice
and longer rest time might be recommended.

Another observation was the significant
increase in the number of errors with the rising
frequency, which was particularly evident when
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performing the CRS, where the number of errors
was noticeably higher compared to the other
conditions. This increase in the number of errors
may be attributed to the combination of a
shortened time window for movement execution
and a greater movement volume at higher
frequencies, both of which likely contributed to the
accumulation of fatigue. Previous studies have
indicated that in badminton, shuttlecock speed and
precision, in terms of the number of faults and
accuracy, were negatively affected by lower limb
fatigue (Le Mansec et al, 2020). Similarly, the
tennis players’ error rate and ball velocity
deteriorated =~ with  fatigue = development
(Vergauwen et al.,, 1998). However, ball speed,
spin, arc, placement, and power are key indicators
of table tennis performance (Yu and Huang, 2025).
Le Mansec et al. (2018) investigated the effects of
quadriceps fatigue on French regional and national
table tennis players’ performance, finding no
impact on accuracy, ball speed, and total scores,
but an increase in the number of committed errors.
Similarly, Zagatto et al. (2014) found that
increasing frequency did not affect ball speed (p =
0.32), with mean speeds ranging from 51.6 + 1.8
km-h to 58.7 + 4.8 km-h™! across stages. These
unchanged performance outcomes may be because
all existing protocols, including the present study,
use anticipated conditions. In contrast, actual play
requires reacting to opponents’ returns under
unanticipated conditions (Zhu et al, 2022).
Therefore, future research should investigate
performance indicators under unanticipated
training conditions to Dbetter reflect real
competitive settings.

The present study has several limitations to be
acknowledged. Firstly, the sample size was
relatively small (n = 10), slightly below the
recommended 14 from our power analysis.
However, all participants were male athletes from
the China Table Tennis Academy, known for high

training and selection standards. Due to COVID-19
restrictions, only male athletes were available,
consistency  but  limits
generalizability, particularly as female athletes
may differ in physical profiles (Pradas et al., 2022)
and movement strategies (Giles and Reid, 2021).

which ensured

Future studies should include larger, sex-diverse
samples to validate and extend these findings.
Secondly, we utilized a mobile application to
quantify NMF during training, but recent studies
suggest that time-based metrics (e.g., reactive
strength index modified, time to peak power, and
time to take-off) may better detect subtle changes
after intense exercise (Bishop et al., 2023). Using a
force plate to capture these time-based metrics
could provide deeper insights (Bishop et al., 2023).
Finally, the high volume of footwork (36-144 balls)
in a single session required a high-speed camera to
identify the start and the end of each footwork
technique. Future studies might benefit from
advanced equipment, such as marker-less 3D
systems combined with artificial intelligence
algorithms (Moran et al., 2021), for more accurate
joint kinetic and kinematic measurement.

In conclusion, adding footwork to table
tennis multi ball drills significantly increased the
physiological, neuromuscular, and biomechanical
responses in highly trained/national level male
table tennis players. However, the energy cost per
stroke decreased at high frequency, irrespective of
the footwork. This reduction may be associated
with the force generated by lower limbs, as
indicated by reduced peak pressure at moderate
and high frequencies. Future research endeavors
should delve into the kinematics and kinetics of the
trunk and upper limbs to gain a more
comprehensive understanding of whole-body
movement during higher frequency ball strokes.
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