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The role of increased post-impact ball speed
on plantar pressure during topspin and slice
longline forehand groundstrokes in female
tennis players
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Abstract

Objective Performing groundstrokes is a fundamental skill for tennis players. However, little is known about changes
in plantar pressure when post-impact ball speed is increased during topspin and slice groundstrokes. The objective of
the present study was to examine how elite (International Tennis Number < 2) female tennis players (N=15, mean age:
22.7+7.8 years) change their plantar pressure in the dominant (equals the stroke arm) and non-dominant foot when

executing topspin and slice longline forehand groundstrokes in order to increase post-impact ball speed (i.e., 80 km/h,
90 km/h, 100 km/h, v

Results The repeated measures analysis of variance revealed a significant ball speed x foot dominance interaction.
Post-hoc analyses showed larger mean forces during topspin compared to slice groundstrokes for the dominant
foot (p<.026, d>0.34) but lower values for the non-dominant foot (p <.050, d>0.28). Further, with increasing post-
impact ball speed, increases in mean forces in both feet during topspin could be observed but only in the dominant
foot during slice groundstrokes. Varying mean forces depending on the stroke type and foot dominance imply that

max)'

Biomechanics

specific physical exercises related to these two factors are necessary to optimise plantar pressure distribution.
Keywords Racket sport, Stroke type, Lower extremity, Pressure-detecting insoles, Plantar loading, Force,

Introduction

Tactics in modern tennis were substantially changed
by the adoption of topspin groundstrokes [1, 2]. In the
past, flat groundstrokes with the forehand and backhand
were used almost exclusively to increase the chance for
a clean contact point. In contrast, groundstrokes with
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varying degrees of spin are applied in modern tennis.
Here primarily topspin, but also slice (backspin) strokes
are used [3]. Due to the added spin, the flight and impact
characteristics of the ball change [4]. More precisely, the
topspin groundstroke allows higher ball speeds, which
reduces the probability of faults (i.e., net or out) [5]. The
slice groundstroke on the other hand is primarily used
in drop or approach shots [1, 4], where the altered flight
trajectory results in a high and slow bounce of the ball.
The main kinematic difference between topspin and slice
groundstrokes was found in the direction of the racket-
head path. While the topspin groundstroke involves
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a forward-upward racket trajectory, the slice stroke
requires a forward-downward motion [1, 2, 4]. These
movement discrepancies result in different post-impact
ball speeds despite the same racket head speed [1].
Notwithstanding the knowledge that has been gained
from the previously mentioned kinematic studies [1,
2], kinetic analyses of topspin and slice groundstroke
at increasing post-impact ball speeds are still lacking.
Therefore, the aim of this study was to investigate the
role of increased post-impact ball speed on plantar pres-
sure during topspin and slice longline forehand ground-
strokes. Based on previous studies [6, 7] discussing the
influence of post-impact ball speed, we hypothesised that
an increase in post-impact ball speed will result in plan-
tar pressure changes in the dominant foot (i.e., increase)
versus non-dominant foot (i.e., decrease), irrespective
of stroke type. Derived from a kinematic study [1], we
further assumed that pressure values will be higher dur-
ing topspin compared to slice longline groundstrokes,
regardless of post-impact ball speed level. The particular
relevance of this study is to derive specific recommenda-
tions for exercises to obtain optimal plantar pressure dis-
tribution depending on the specific stroke type [8].

Methods

Participants

Power analysis (G*Power, v3.1.9.7) showed that for a
repeated measures analysis of variance (ANOVA) a mini-
mum of 13 players would be required to detect significant
differences (assuming 1-8=80%, a=0.05 Cohen’s f/=0.25).
Twelve right-handed and three left-handed elite female
tennis players (mean age [range]: 22.7+7.8 [14—41) years;
height: 171.6+6.7 [161-183] cm; mass: 65.61£7.3 kg
[52-74]; training experience: 16.3+7.2 [7-32] years; ten-
nis training volume: 10.3%+5.1 [1-17] hours/week; ath-
letic training volume: 4.5+3.4 [5-10] hours/week) were
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recruited from local tennis clubs in the Rhine-Ruhr
region (Germany). Only female players with an Interna-
tional Tennis Number (ITN)<2 that were free from mus-
culoskeletal, neurological, or orthopaedic disorder within
the preceding three months were eligible for this study.

Testing procedures

The study was performed on an indoor hardcourt in May
2023 using a single-group repeated-measures design
(Fig. 1). Upon entering the court, the players received
information about the testing procedure and viewed a
demonstration of both stroke types. Thereafter, they per-
formed a warm-up of ten minutes during which they got
accustomed to the pressure-detecting insoles. The warm-
up included speed, agility, and stretching exercises as well
as the practice of groundstrokes with their own racket for
each stroke type with increased post-impact ball speed.
Subsequently, the players were asked to perform data-
acquisition groundstrokes per stroke type with increased
post-impact ball speed (i.e., 80 km/h, 90 km/h, 100 km/h,
Vmay) until ten strokes per style and speed level reached
a predefined target zone (i.e., 2.05 m x 5.49 m). For each
player, new balls were projected from a ball machine
(Slinger Bag, Slinger, Windsor Mill, MD, USA) at 40 km/h
(feed: 15 balls/min). The order of the two stroke types
was randomised between players. Players rested 60 and
120 s between speed levels and stroke types respectively.
Post-impact ball speed was assessed using a “Stalker Pro”
radar gun (Applied Concepts Inc., Richardson, TX, USA)
that was positioned behind the players and the achieved
speed was communicated verbally after each stroke.

Assessment and analysis of plantar pressure data

Plantar pressure distribution (sampling frequency:
200 Hz) was collected using flexible instrumented insoles
(GP MobilData WiFi, GeBioM mbH, Miinster, Germany).

v

Conditions and assessments

= 10 topspin longline
groundstrokes

= 10 slice longline ‘
groundstrokes

Warm-up

Information
= Familiarisation with the insoles

= Description of testing procedure
slice groundstrokes with increased post-

and specific exercises (i.e., topspin and
impact ball speeds)

= Demonstration of both stroke types
= General (i.e., speed, agility, stretching)

= Plantar pressure using flexible instrumented insoles ;
= Feed through ball machine (40 km/h, 15 balls/min) |
= Return into predefined zone (2.05 m x 5.49 m) |
Post-impact ball speed levels (80, 90, 100 km/h, and v,,,.,) |
assessed by using a radar gun !
= 60 s and 120 s rest between speed levels and stroke types, :
respectively J

randomised order . 1
between players

Fig. 1 Schematic diagram of the applied testing procedure
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Data were recorded for the dominant (equals stroke arm)
and non-dominant foot separately and sent to a laptop
wirelessly. Validity as well as reliability of the pressure-
detecting insoles for static (standing) and dynamic (walk-
ing, running, jumping) movements has been shown in
previous research [9]. Each player wore insoles in accor-
dance with her shoe size. Data analysis was performed
with MATLAB software version R2022b (The Math-
Works Inc., Natick, MA, USA) and included the calcu-
lation of the following normalised parameters: maximal
force (N/kg), mean force (N/kg), and force-time integral
(Ns/kg).

Statistical analysis

Prior to the conduction of parametric analyses, normal
distribution (Shapiro—Wilk Test) and variance homoge-
neity (Mauchly Test) were checked and confirmed. Data
were analysed with a 4 (ball speed: 80 km/h, 90 km/h,
100 km/h, v,,,) X 2 (stroke type: topspin, slice) x 2 (foot
dominance: dominant, non-dominant) repeated mea-
sures ANOVA using JASP version 0.16.4.0 (Amsterdam,
The Netherlands). If a significant interaction occurred,
Bonferroni-adjusted post-hoc analyses were performed.
Further and to analyse groups of related dependent vari-
ables that represent different measurements of the same
attribute, General Linear Model (GLM) contrasts (type:
simple to test for differences among the levels of a factor)
were calculated to investigate changes in plantar pres-
sure parameters with increased post-impact ball speed,
where 80 km/h served as reference category. Descrip-
tive data are reported as group means*standard devia-
tions. Normality (Shapiro—Wilk Test) and homogeneity
of variance/sphericity (Mauchly Test) were checked and
met prior to the application of inference statistics. Par-
tial eta-squared (17p2) was calculated and reported as
small (0.02<7,7<0.12), medium (0.13<7,><0.25), or
large (qp220.26) for the ANOVA and Cohen’s d was
determined and interpreted as trivial (0<d4<0.19),
small (0.20<d<0.49), moderate (0.50<d<0.79), or large
(d=0.80) for the post-hoc analyses. The significance level
was set a priori at p<.05 for all analyses.

Results

Descriptive (mean values and standard deviations)
and inference (repeated measures ANOVA) statis-
tics are shown in Fig. 2A-F; Table 1, respectively.
The maximum post-impact ball speeds amounted to
137.1£9.3 km/h (range: 120-160 km/h) for the topspin
and 116.1£9.6 km/h (range: 108—143 km/h) for the slice
longline forehand groundstrokes.

Maximal force
Neither main nor interaction effects were detected for
any outcome measure.
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Mean force

There were significant main effects of ball speed (p=.002,
;7p2=0.29) and foot dominance (p<.001, 17p2=0.68). Fur-
ther, the ball speed X foot dominance (p=.001, 17p2=0.31)
interactions reached the level of significance. Post-hoc
tests revealed significantly larger values during top-
spin compared to slice groundstroke for the domi-
nant (90 km/h: p=.016, d=0.34; v,,.: p=.026, d=0.36)
but lower values for the non-dominant foot (80 km/h:
p=.046, d=0.31; 90 km/h: p=.050, d=0.28; v,,,,: p=.009,
d=0.58). For the topspin, GLM contrasts revealed sig-
nificant increases in mean force for the dominant foot
from 80 km/h to 90 km/h (p=.009, 17p2=O.40), 100 km/h
(p=.038, 7,°=0.27), and v, (p=.002, 7,°=0.50) and
for the non-dominant foot from 80 km/h to 90 km/h
(p=.045, 17p2=O.26). For the slice, GLM contrasts showed
significant increases in mean force for the dominant foot
from 80 km/h to 90 km/h (p=.045, 17p2=0.26) but not for

the non-dominant foot.

Force-time integral

There were significant main effects of ball speed (p=.028,
;7p2=0.19) and stroke type (p<.001, 17p2=0.71) but no sig-
nificant interaction effects.

Discussion

Partly in line with our first hypothesis stating that an
increase in post-impact ball speed will result in plantar
pressure changes in the dominant foot (i.e., increase)
versus non-dominant foot (i.e., decrease) regardless of
stroke type, we exclusively detected significant increases
in mean forces in the dominant (topspin and slice) and
non-dominant (topspin) foot. This finding contradicts
those from our previous study [7], where we detected
an increase in force values for the dominant foot but a
decrease for the non-dominant foot when post-impact
ball speed increased from 100 km/h to maximum while
performing the longline topspin forehand (players were
free to decide the stance style). One possible reason
could be that in the present study stroke style (forehand),
stroke direction (longline), and stance style (square) were
identical for both stroke types. Additionally, in both
stroke types, force generation from the legs occurs by
means of weight shifting in the forward direction [4, 10],
which most likely explains the increase in force in both
the dominant and non-dominant leg.

Again, partly in accordance with our second hypothesis
stating larger values during topspin compared to slice
longline groundstrokes regardless of post-impact ball
speed level, we observed significantly larger mean forces
for the dominant foot but significantly lower values for
the non-dominant foot. To our knowledge, this is the first
study that applied kinetic analyses for the comparison
of topspin and slice groundstrokes. Consequently, the
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Fig. 2 Plantar pressure values (mean and standard deviation) per post-impact ball speed level for the topspin (white circles) versus slice (black circles)

longline forehand groundstrokes by foot dominance (i.e,, dominant vs. non-dominant)

Table 1 Inference statistics for the main and interaction effects

Outcome Main effect: BS Main effect: ST Main effect: FD Interaction ef- Interaction ef- Interaction ef- Interaction
fect BS x ST fect BS x FD fect ST x FD effect BS x

ST x FD
Maximal force [N/kg] 0.060 (0.16) 0.377 (0.06) 0.721(0.01) 0.211(0.10) 0.873(0.02) 0.942 (0.01) 0.503 (0.05)
Mean force [N/kg] 0.002 (0.29) 0.676 (0.01) <0.001 (0.68) 0.284 (0.09) 0.001 (0.31) 0.061 (0.23) 0.064 (0.16)
Force-time integral [Ns/kg] 0.028 (0.19) 0.335(0.07) <0.001 (0.71) 0.081(0.15) 0.245 (0.09) 0.274 (0.09) 0.311(0.08)

Values are expressed as p-value (npz-value). BS=ball speed; FD=foot dominance; ST=stroke type



Lambrich and Muehlbauer BMC Research Notes (2023) 16:330

results can only be interpreted in the light of studies that
used other biomechanical analyses. A previous publica-
tion [1] applied high-speed cinematographic technique
and found different racket trajectories between topspin
and slice groundstrokes, which in turn require different
leg drive. Specifically, during topspin stroke the racket
head performs the forward swing at about hip height. To
follow the racket movement, a forceful push-off from the
dominant foot together with a forward-upward move-
ment of the body is required [11]. Contrary, during slice
stroke the outward movement is backward-upward,
which means that the push-off from the dominant foot
is lower [11]. Due to the subsequent forward-downward
movement and the hitting point being close to the body
[1], this results in a powerful push-off from the non-
dominant leg [11].

From a practical perspective, the varying mean forces
with respect to stroke type and foot dominance imply
that specific physical exercises should be applied to
obtain an optimal plantar pressure distribution for both
factors. For example, bilateral exercises (i.e., leg press,
dumbbell lunge, and squats) mainly involving the glutes
and quadriceps should be performed to achieve increases
in strength for the dominant and non-dominant foot.
Additionally, unilateral exercises (i.e., single leg jumps,
hops, and landings) predominately including the glutes,
quadriceps, hamstrings, and calves should be applied in
players that frequently use topspin strokes to improve
strength in the dominant foot and to enhance the stabilis-
ing function of the non-dominant foot [12].

Conclusion

We examined how plantar pressure data change when
longline forehand topspin and slice groundstrokes were
performed with increased post-impact ball speeds
(i.e., 80 km/h, 90 km/h, 100 km/h, v, ,,). Mean forces
increased in the dominant (topspin and slice) and non-
dominant (topspin) foot when post-impact ball speed
was increased. Comparing topspin and slice ground-
strokes revealed larger mean forces for the dominant foot
but significantly lower values for the non-dominant foot.
This indicates that specific physical exercises related to
stroke type (topspin vs. slice) and foot (dominant vs. non-
dominant) seem to be necessary to optimally distribute
plantar pressure in tennis.

Limitations

Firstly, we investigated only female tennis players, which
limits the transfer of findings to male players. Secondly,
players with a ITN<2 were studied. Thus, the results
cannot be generalised to players with a lower skill level.
Thirdly, the assessment was restricted to kinetic parame-
ters, which does not allow statements about other biome-
chanical measures (e.g., kinematics of muscle activity).
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Lastly, the pressure-detecting insoles can only record the
vertical force component and the horizontal component
is not considered.

Abbreviations

ANOVA  Analysis of variance

BS ball speed

FD foot dominance

ITN International Tennis Number
ST stroke type
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