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ABSTRACT

In table tennis forehand topspin strokes, players must regulate output according to rally demands; however,
how joint kinematics change over time with subjective effort remains unclear. This study examined phase-
dependent changes in pelvic, trunk, and upper-limb joint angles and racket orientation when subjective effort
was manipulated in a graded manner. Ten skilled male players performed strokes at 60%, 70%, 80%, 90%,
and 100% effort, recorded with motion capture. One-way repeated-measures ANOVA tested effects of effort
on peak racket-tip speed, inter-event durations, and joint/racket angles at impact; Statistical Parametric
Mapping (SPM) evaluated time-series waveforms. Peak racket-tip speed increased stepwise with effort
(significant main effect), whereas inter-event durations showed no significant differences. SPM showed
frequent effort-dependent differences in shoulder horizontal flexion/extension and pelvic axial rotation,
primarily around impact. At impact, significant main effects were observed mainly in the pelvis, trunk, and
proximal upper-limb joints, but not in the forearm, wrist, or racket orientation. During follow-through, effort-
related differences emerged in thorax lateral flexion, shoulder internal/external rotation, and racket tilt angle.
These findings suggest that increased output with higher effort is achieved mainly through proximal kinematic
adjustments and late-phase changes while maintaining distal mechanics and racket configuration at impact.
Keywords: Performance analysis, Motor control, Motion analysis, Output modulation, Time-series analysis,
Racket sports.
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INTRODUCTION

Table tennis requires players to execute accurate strokes in rapid succession, with extremely short reaction
times. Therefore, severe temporal constraints constitute a fundamental feature of performance. During rallies,
limiting an opponent’s available reaction time confers a tactical advantage; thus, increasing the ball speed is
a fundamental approach (Lees, 2003). However, topspin strokes must also be executed under the spatial
constraint of clearing the net, and kinematic analyses have shown that they simultaneously produce a high
racket speed and spin rate (Bafkosz and Winiarski, 2017). The forehand topspin stroke is frequently used
as a primary offensive technique (Seemiller and Holowchak, 1997) and generates a high mechanical output
through coordinated whole-body movement that sequentially links the trunk, upper limb, and racket.
Simultaneously, ball outcomes are influenced by the racket-face orientation atimpact (lino and Kojima, 2009).
Accordingly, the forehand topspin stroke constitutes a motor task that requires simultaneous power
modulation and precision control, making it well suited for investigation from both kinematic and motor-control
perspectives.

The kinematic characteristics of the table tennis forehand topspin stroke have been reported, including joint
motions and racket movement patterns during the stroke (lino and Kojima, 2009; lino and Kojima, 2011;
Kidokoro et al., 2019; Bankosz and Winiarski, 2025). In high-speed actions, such as striking, throwing, and
swinging, velocity generation is typically explained by a proximal-to-distal sequence, in which motion is
transferred in a linked manner from proximal to distal segments (Putnam, 1993). Similarly, in table tennis, the
rotational motion of the lower trunk has been shown to play an important role in racket-speed development
during the forehand topspin stroke. Comparisons across skill levels further indicate that more advanced
players exhibit a greater contribution of lower trunk rotation and distinct kinematic features during the racket-
acceleration phase (lino and Kojima, 2009). Using inverse-dynamics approaches, previous studies have also
identified the contributions of shoulder internal rotation torque and mechanical energy transfer from the trunk
to the upper arm to racket-speed generation (lino and Kojima, 2011). Moreover, investigations of trunk—
upper-limb coordination and muscle activity during table tennis strokes suggest that trunk motion contributes
to force production across the stroke (Kondri¢ et al., 2006; Tsai et al., 2010; Le Mansec et al., 2018).

In competitive table tennis, strokes are not always executed with maximal effort. Instead, players regulate
ball speed and spin according to the rally context and tactical intent. This context-dependent output regulation
directly supports the consistency of performance and tactical versatility. From a motor control perspective,
research has suggested that subjective effort (that is, the effort perceived during movement) may contribute
to movement generation, along with externally observable kinematic adjustments. Subjective effort is linked
to the central motor command and has been shown to change in parallel with variations in force output and
regulation of movement intensity (de Morree et al., 2012). In skilled performance, such variations may
manifest as shifts in the movement patterns and coordination (Hashimoto et al., 2021). Consistent with these
findings, increases in subjective effort in table tennis coincide with increased ball speed and spin (Sato et al.,
2025). Taken together, clarifying how stroke movements are adjusted as subjective effort changes can
improve the grasp of output regulation in table tennis and inform approaches to skill acquisition and coaching.

Proximal-to-distal sequencing is widely recognized as a fundamental mechanism for generating end-point
velocity in striking and throwing movements (Putnam, 1993; Elliott et al., 1995; Hirashima et al., 2002). In
table tennis, three-dimensional kinematic and kinetic analyses have shown that trunk rotation and upper limb
motions contribute to racket-speed generation (lino and Kojima, 2008; lino et al., 2009; lino and Kojima,
2011). Despite this body of work, most studies have focused on maximal-effort conditions, skill-level
differences, or comparisons across stroke conditions, and investigations addressing output regulation in

448 | 2026 | ISSUE 3 | VOLUME 5 ©2026 ARD Asociacion Espafiola



Sato, et al. / Effort modulation & table tennis stroke kinematics Scientific Journal of Sport and Performance

relation to subjective effort are scarce. Studies focusing on subjective effort in table tennis have reported
increases in ball speed and spin as the effort increases (Sato et al., 2025). However, it is unclear how stroke
movements are modified by changing subjective effort, particularly which joints and movement phases exhibit
effort-dependent differences when joint kinematics and racket angle are examined as time series.

Accordingly, this study aimed to characterize how three-dimensional joint angles of the pelvis, trunk, and
upper-limb joints, together with racket orientation, vary across phases of the table tennis forehand topspin
stroke when subjective effort is manipulated at graded levels. We further examined how output regulation
accompanying changes in subjective effort is achieved during the stroke by identifying the joints and phases
that exhibit effort-dependent differences, with particular attention to changes in stroke duration and
adjustment in joint motion. By delineating the correspondence between subjective effort and kinematic
alterations, this study seeks to advance the understanding of output regulation in table tennis strokes and
provide insights relevant to skill acquisition and coaching.

MATERIAL AND METHODS

Participants

Ten male table tennis players participated in this study. All participants were right-handed. The mean age,
height, and body mass of the participants were 20.6 £ 1.4 years, 168.7 £ 6.3 cm, and 60.7 + 6.8 kg,
respectively. This study was approved by the Ethics Committee of Niigata University (approval number: 2023-
2036). Prior to participation, all participants were informed of the purpose and procedures of the experiment,
and written informed consent was obtained.

Experimental task

After completing a sufficient self-directed warm-up, the participants performed the experimental trials. The
task consisted of forehand topspin strokes, during which the participants were instructed to return balls
delivered to the forehand side to the cross-court area (diagonally) of the opponent’s court. Participants were
instructed as follows: “Assuming that a maximal-effort stroke corresponds to 100%, please perform forehand
topspin strokes to the cross-court area at X% effort.” The subjective effort was set at five levels: 60%, 70%,
80%, 90%, and 100%. The order of the effort conditions was fixed at 80%, 60%, 90%, 70%, and 100%. This
order was selected to avoid potential anchoring effects associated with the 100% effort condition and reduce
reference bias arising from consecutive trials at adjacent effort levels (Sato et al., 2025). For each effort
condition, five trials that participants judged to match the instructed effort level were included in the analysis.
Ball delivery was performed by a single experienced table tennis player who held a Japan Table Tennis
Association—certified coaching qualification and was left-handed. The participants used their own rackets,
which they routinely employed during training and competition. All rackets were offensive-type rackets
equipped with high-tension inverted rubber on both sides (sponge thickness: extra thick). The mean racket
mass was 185.7 £4.6 g.

Measurements

Body and racket motions were recorded using a motion capture system comprising five infrared cameras
(ProReflex MCU240, Qualisys, Sweden) operating at a sampling frequency of 240 Hz. The cameras were
arranged around the participant to ensure full coverage of the movement while avoiding interference with the
swing motion. To record the instant of ball-racket impact, a digital camera (EX-ZR70; CASIO, Japan) was
positioned laterally to the participant and operated at 240 frames per second. To capture upper-body and
racket kinematics, spherical retroreflective markers (20 mm in diameter; hereafter referred to as markers)
were attached to the anatomical landmarks and racket (Figure 1). Markers were placed on the following
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anatomical landmarks: right acromion (AC_R), left acromion (AC_L), suprasternal notch (SN), xiphoid
process (PX), seventh cervical spinous process (C7), eighth thoracic spinous process (T8), midpoint between
the left and right posterior superior iliac spines (PSIS_M), right anterior superior iliac spine (ASIS_R), left
anterior superior iliac spine (ASIS_L), right lateral epicondyle of the humerus (EL), right medial epicondyle of
the humerus (EM), right radial styloid process (RS), right ulnar styloid process (US), and dorsal aspect of the
distal end of the right third metacarpal (MC3). Three markers were attached to the racket: tip (RT), upper
region (RU), and lower region (RL). Hereafter, anatomical landmarks and racket markers are referred to using
the abbreviations defined earlier. Due to experimental constraints, markers were not placed on the
participants’ lower limbs. Therefore, all analyses in this study were limited to the upper-body and racket
kinematics.

O Anterior markers

@) Posterior markers

Figure 1. Marker placement on the body and racket.

Data analysis

A global coordinate system (£6=06-XaYcZs) was defined with its origin in the near right corner of the table
on the participant’s side (from the participant’s perspective). The positive Zs-axis was defined as the vertical
upward direction, the positive Xc-axis as the ball flight direction (forward from the participant’s perspective),
and the positive Ye-axis as the direction obtained from the cross product of the Ze- and Xc-axes (leftward
from the participant's perspective), forming a right-handed coordinate system. The recorded coordinate data
were smoothed separately for each axis using a fourth-order, zero-lag (bidirectional) Butterworth low-pass
digital filter. The optimal cutoff frequency was determined by residual analysis and ranged from 6-19 Hz. The
racket motion during the stroke was calculated from the coordinates of the racket-tip marker, and the stroke
interval was defined based on this motion. The instant of ball-racket impact was set to 0 s, and the analysis
window was defined from -0.6 to +0.3 s. Within this interval, three key events were identified: T1, defined as
the instant when the x-coordinate of the racket tip reached its minimum value (maximum backswing); T2,
defined as the instant of ball contact determined using high-speed video footage (impact); and T3, defined
as the instant after impact when the racket-tip velocity first reached a local minimum (end of follow-through).
The racket-tip velocity was computed as the time derivative of the filtered racket-tip position. To standardize
the temporal scale of the stroke, the intervals between T1-T2 and T2-T3 were time-normalized separately
for each trial, such that the impact event (T2) was aligned at the same normalized time point across trials.
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Time normalization was performed by resampling the data such that T1, T2, and T3 corresponded to 0%,
34%, and 100% of the normalized time scale, respectively. On average, across all trials, T2 occurred at
approximately 34% of the stroke cycle. In the present study, continuous motion from T1 to T3 was treated as
a single stroke (Figure 2).

T ::0% T2 l 34% TS:: 100%
Figure 2. Definition of the stroke interval and key events.

To compute segment kinematics, local coordinate systems for the pelvis, thorax, upper arm, forearm, and
hand (Zp, 21, 2u, 2F, and Zn) were defined from the smoothed three-dimensional marker coordinates, with
reference to the recommendations of the International Society of Biomechanics (Wu et al., 2002; Wu et al.,
2005). The pelvis coordinate system (Zr=Op—XpYrZp) was defined with the origin Or as the midpoint of the
line segment connecting the midpoint between ASIS_R and ASIS_L and PSIS_M; the Zp-axis as the unit
vector from ASIS_L to ASIS_R (rightward); the Xp-axis as the unit vector lying in the plane formed by ASIS_R,
ASIS_L, and PSIS_M, orthogonal to both the Zp-axis and the vector from the ASIS midpoint to PSIS_M, with
the positive direction anterior; and the Yp-axis as the cross product of the Ze- and Xp-axes (Yp = ZpxXp),
directed superiorly. The thorax coordinate system (21=0r—X1Y1Z1) was defined with the origin Ot at the SN;
the Yr-axis as the superiorly directed unit vector from the midpoint between PX and T8 to the midpoint
between SN and C7; the Zr-axis as the cross product of the Yr-axis and the unit vector from SN to C7,
directed rightward; and the Xr-axis as the cross product of the Y- and Zr-axes (Xt = YtxZr), directed
anteriorly. The upper arm coordinate system (Xu=Ou-XuYuZu) was defined with the origin Ou at the
glenohumeral joint centre (GH), where GH was estimated by translating from AC_R in a direction
perpendicular to the line connecting AC_R and AC_L by 1.87% of body height inferiorly and 0.645% of body
height anteriorly (Ehara et al., 1998); the Yu-axis as the unit vector from the elbow joint centre (EC; midpoint
between EM and EL) to GH (proximal direction); the Xu-axis as the cross product of the Yu-axis and the
vector from EL to EM, directed anteriorly; and the Zu-axis as the cross product of the Xu- and Yu-axes (Zu =
XuxYu), directed laterally for the right upper arm. The forearm coordinate system (Zr=Or—XrYrZr) was
defined with the origin Or at EC; the Yr-axis as the unit vector from the wrist joint centre (WC; midpoint
between RS and US) to EC (proximal direction defined as positive); the Ze-axis as the cross product of the
vector from RS to US and the Ye-axis, directed radially; and the Xr-axis as the cross product of the Y- and
Zr-axes (Xr = YrxZr), directed anteriorly (palmar direction). The hand coordinate system (ZH=On-XuYHZH)
was defined with the origin On at WC; the Yn-axis as the unit vector from MC3 to WC (proximal direction
toward the forearm); the Zn-axis as the cross product of the forearm Zr-axis and the Yr-axis, directed radially
(lateral); and the Xu-axis as the cross product of the Yu- and Zn-axes (X1 = YnxZn), directed anteriorly (palmar
direction).

Pelvic angles were computed as the relative motion of the pelvis coordinate system (2p) with respect to the
global coordinate system (2c) using a Z-X-Y” Cardan rotation sequence. Rotation about the Z-axis
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represented pelvic anterior/posterior tilt [extension (+)/flexion (-)], rotation about the X'-axis represented
pelvic lateral tilt [left lateral flexion (-)/right lateral flexion (+)], and rotation about the Y”-axis represented
pelvic axial rotation [left rotation (+)/right rotation (-)]. Thorax angles were computed as the relative motion
of the thorax coordinate system (Zr) with respect to the pelvis coordinate system (Zr) using the same Z-X-
Y” Cardan sequence. Rotation about the Z-axis represented thorax flexion/extension [extension (+)/flexion
()], rotation about the X’-axis represented thorax lateral flexion [left (=)/right (+)], and rotation about the Y-
axis represented thorax axial rotation [left (+)/right (-)]. Shoulder joint angles were computed as the relative
motion of the upper arm coordinate system (Zu) with respect to the thorax coordinate system (Zt) usinga Y-
X-Y” Cardan sequence. Rotation about the Y-axis represented shoulder horizontal flexion (+)/horizontal
extension (-), rotation about the X’-axis represented shoulder adduction (+)/abduction (=), and rotation about
the Y"-axis represented shoulder internal rotation (+)/external rotation (-). The elbow joint angles were
computed as the relative motion of the forearm coordinate system (2r) with respect to the upper arm
coordinate system (Zu) using a Z-X-Y” Cardan sequence. Rotation about the Z-axis represented elbow
flexion (+)/extension (-). Rotation about the X’-axis represented the carrying angle (valgus/varus) and was
not analysed in this study. Rotation about the Y”-axis represented forearm pronation (+)/supination (-). Wrist
joint angles were computed as the relative motion of the hand coordinate system (Zn) with respect to the
forearm coordinate system (Zr) using a Z-X'-Y” Cardan sequence. Rotation about the Z-axis represented
wrist palmar flexion (+)/dorsiflexion (), and rotation about the X'-axis represented wrist radial deviation
(-)/ulnar deviation (+). Rotation about the Y”-axis was always zero due to constraints of the analysis model
and was therefore not analysed. Racket orientation was computed by defining the racket plane using the
three racket markers (RT, RU, and RL) and evaluating the direction of the plane normal vector with respect
to the global coordinate system. The racket centre was defined as the midpoint between RU and RL. The
normal vector was obtained as the cross product of the vector from RU to RL and the vector from the racket
centre to RT. Racket orientation was expressed using two components: the horizontal and tilt angles. The
horizontal angle was defined as the angle between the projection of the normal vector onto the horizontal
plane and the forward axis (Xc), which represents the left-right orientation of the racket face. The tilt angle
was defined as the elevation angle of the normal vector relative to the horizontal plane, representing the
upward—-downward inclination of the racket face. Racket-tip speed was computed by time-differentiating the
three-dimensional coordinates of the racket-tip marker (RT).

Statistical analysis

For the statistical analyses, mean values were calculated for each participant and each effort condition by
averaging the analysed trials (five trials per condition). All tests were two-tailed, and the significance level
was set at a = .05. To examine the effects of effort condition on the peak racket-tip speed, the durations
between events (T1-T2, T2-T3, and T1-T3), and the joint angles and racket orientation at impact, a one-
way repeated-measures analysis of variance (RM-ANOVA) was performed with effort (five levels) as a within-
subject factor. When the assumption of sphericity was violated, the Geisser—Greenhouse correction was
applied. When a significant main effect was detected, post hoc pairwise comparisons were conducted using
Holm’s adjustment for multiple comparisons. To identify the time intervals during which the time-series
profiles of joint angles and racket orientation differed across effort conditions, Statistical Parametric Mapping
(SPM) was applied using a one-way repeated-measures SPM ANOVA (SPM{F}). For the SPM analyses,
each participant's waveform for each effort condition was obtained by averaging the five trials for that
condition. Critical thresholds were computed based on random field theory (RFT) to account for the
smoothness of the time-series data (a = .05), and contiguous supra-threshold regions of the SPM{F}
trajectory were extracted as significant intervals. For kinematic variables showing a significant main effect in
the one-way repeated-measures SPM ANOVA, post hoc comparisons were performed for all pairwise
combinations between conditions (10 pairs) using paired SPM t-tests, with Holm’s procedure applied to
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control for multiple comparisons. All statistical analyses were performed using GraphPad Prism 10, and SPM
analyses were conducted in Python using the spm1d library.

RESULTS

Peak racket-tip speed increased stepwise with increasing subjective effort conditions (Table 1). The main
effect of effort was significant, and post hoc comparisons revealed significant differences between all pairs
of effort conditions (all p <.001). In contrast, no main effect of effort was observed for the inter-event durations
(T1-T2, T2-T3, and T1-T3) (T1-T2: p = .059; T2-T3: p = .149; T1-T3: p = .060).
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Figure 3. Mean joint-angle waveforms across subjective effort conditions (time-normalized with T1 = 0%, T2
= 34%, and T3 = 100%) and heatmaps indicating significant post hoc SPM results.
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Table 1. Peak racket-tip speed and inter-event durations.

60% 70% 80% 90% 100% Top: 1 - way repeated-measures ANOVA
Mean + SD Bottom: Compact letter display
" p<.001, F (1.97,17.72) = 114.3, np? = 0.927
Peak racket-tip speed [m/s] 12.72 £ 0.90 13.69+0.78 14.30 £ 0.84 14.83 £ 0.69 15.75+0.69 80:A, 70:B, 80:C, 90:D, 100:E
B ] ] ] ] ] p =059, F (2.59, 23.32) = 2.98, np* = 0.249
T1-T2[s] 0.11£0.02 0.11£0.02 0.11 £0.02 0.11 £0.02 0.10 £0.02 B0:A. 70:A, 80:A, 90:A, 100:A
=149, F (1.57, 14.16) = 2.25, np? = 0.200
T2-T3 [s] 0.21£0.02 0.21£0.02 0.20 £0.03 0.20+£0.03 0.19+0.04 80:A, 70:A, 80:A, 90:A, 100:A
p =.060, F(1.66, 14.92) =3.61, np? = 0.286
T1-T3 [s] 0.32+0.03 0.32+0.03 0.31+0.03 0.31+0.03 0.30+0.03 B0:A. 70:A, 80:A, 90-A. 100:A
Table 2. Joint angles at impact.
Joint angle [°] 60% 70% 80% 90% 100% Top: 1 - way repeated-measures ANOVA
9 Mean + SD Bottom: Compact letter display
Extension (+) B R R R i p=.818, F (1.54, 13.85) = 0.14, np*> = 0.015
Flexion (- 32+57 2,7+6.2 29+6.6 3,0+£6.3 26+7.0 60:A. 70:A, 80:A, 90-A. 100:A
. Left lateral bending (-) p=.002, F (1.96, 17.67) = 9.35, np*> = 0.510
Pelvis Right lateral bending (+) 09£26 02432 05+30 15230 29+28 60-A, 70:AB, 80:AB, 90:B. 1008
Left rotation (+) ) ) ) ) p <.001, F (2.99, 26.96) = 46.51, np? = 0.838
Right rotation (-) 15.2£109 88+78 652114 36+104 31292 60:A, 70:B, 80:8C, 90:C, 100D
Extension (+) ] ] ] ] ] p<.001, F (1.71, 15.42) = 19.46, np? = 0.684
Flexion (-) 18,1 +12.7 16,5+ 12.8 15,0+£13.7 132+£12.7 109+12.7 60:A. 70:AB, 80:BC, 90:CD. 100:D
Left lateral bending (-) p =522, F (2.33,20.99) = 0.71, np?= 0.073
Thorax Right lateral bending (+) 13630 14,132 13328 13735 13343 60:A, T0:A, 80:A, 90:A, 100:A
Left rotation (+) p <.001, F (2.50, 22.51) = 24.92, np2 = 0.735
Right rotation (-) 844 A21252 129242 155244 18645 60:A, 70:A, 80:AB, 90:8C, 100: C
Horizontal flexion (+) p <.001, F (2.44, 22.00) = 43.99, np? = 0.830
Horizontal extension (-) Sref22 254£106 219148 172+148 1114159 60:A, 70:B, 80:B, 90:C, 100D
Adduction (+) ) ) ) ) ) p=.021,F (2.00, 18.01) = 4.79, np? = 0.347
Shoulder Abduction (-) 354104 38,5+£10.3 39,7+125 39,9+9.0 41,9+ 10.3 60-A. 70:B. 80-B, 90:AB. 100:AB
Internal rotation (+) p=.017, F (2.46, 22.10) = 4.53, np> = 0.335
External rotation () 6254145 6224145 5964150 5934160  -SBA+167 60:A, 70:A, 80:A, 90:A, 100:A
Flexion (+) p=.001, F (1.92, 17.30) = 10.63, np? = 0.541
Elbow Extension (-) 91,3+10.7 86,1+94 85,2+10.8 83,5+10.6 80,3£9.0 60:A, 70B, 80:B, 90:B, 100:B
Pronation (+) p =218, F (1.82, 16.40) = 1.68, np = 0.157
Forearm Supination () 149,0+£125 1485+ 12.6 146,7 £12.7 1471 +£13.5 146,2 £ 13.2 60:A 70-A. 80:A, 90:A 100:A
Palmar flexion (+) p =406, F (1.61, 14.47) = 0.90, np? = 0.091
Wit Dorsifiexion (-) 12,7+11.6 132+11.2 13,3+£9.9 15,0+ 10.9 146+£9.8 60:A, 70:A, 80:A, 90:A, 100:A
Radial deviation (-) p =747, F (2.43, 21.90) = 0.35, np? = 0.038
Ulnar deviation (+) 37361 376£58 373£58 37.5£61 375458 B0:A, 70:A, 80:A, 90:A, 100:A
. Leftward rotation (+) ) ) ) ) i p =549, F (1.41,12.71) = 0.51, np =0.054
Racket Horizontal Rightward rotation () 141+6.8 16,4 +10.9 17,0 £13.9 15,3 +£12.2 11,0 £ 18.5 60:A. 70:A, 80:A, 90-A, 100:A
. Upward (+) p=.280, F (149, 13.36) = 1.37, np? = 0.132
Tilt Downward (-) 346+3.2 352+49 335+1.8 36,0+4.6 34,620 B0:A. 70:A, 80:A, 90:A, 100:A
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Figure 3 shows the mean time-normalized waveforms of the joint angles for each subjective effort condition
(T1=0%, T2 =34%, T3 = 100%), together with a heatmap summarizing the condition pairs and time intervals
that exhibited significant differences in the post hoc analyses (p < .05). In the heatmap, the colour indicates
the mean difference within significant intervals (A - B), with red denoting A > B and blue denoting A < B;
darker colours indicate larger differences within the corresponding intervals. Post hoc comparisons revealed
that the largest number of significant condition pairs occurred for shoulder horizontal flexion/extension and
pelvic axial rotation. For shoulder horizontal flexion/extension, significant differences were observed for nine
pairs, excluding the comparison between 70% and 80%, and these differences were primarily distributed
around the impact phase. For pelvic axial rotation, significant differences were observed in eight pairs, with
differences broadly distributed from pre-impact to T3. Multiple significant condition pairs were also observed
for thorax flexion/extension and shoulder internal/external rotation; differences in thorax flexion/extension
were concentrated around the impact, whereas differences in shoulder internal/external rotation were mainly
observed after impact. In contrast, several variables showed significant differences for only a limited number
of pairs. Pelvic lateral flexion differed significantly between 60% and 90-100% efforts. For elbow
flexion/extension, significant differences were observed between 60% and the other conditions (70-100%).
Thorax lateral flexion showed differences after impact, whereas thorax axial rotation differed primarily from
pre-impact to around the time of impact. For the racket tilt angle, significant differences were observed after
impact between 100% and the other conditions (60-90%).

At impact, significant main effects of subjective effort were observed for pelvic lateral flexion and axial
rotation, thorax flexion/extension and axial rotation, shoulder horizontal flexion/extension and
abduction/adduction, and elbow flexion/extension (Table 2). Post hoc comparisons showed that pelvic lateral
flexion increased toward right lateral flexion with increasing effort; the 60% condition was smaller than the
high-effort conditions (90-100%) (p = .002). Pelvic axial rotation increased toward left rotation with increasing
effort; the 60% condition was smaller than the other conditions (70-100%) (all p < .001). Thorax
flexion/extension shifted toward a less flexed posture with increasing effort; the 60% condition was smaller
than the moderate-to-high effort conditions (80-100%) (all p < .001). Thorax axial rotation shifted toward right
rotation with increasing effort; the low-to-moderate effort conditions (60-70%) were greater than the high-
effort conditions (90-100%) (all p < .001). Both shoulder horizontal flexion/extension and elbow
flexion/extension decreased with increasing effort, and the low-effort conditions were greater than the high-
effort conditions (p <.001 and p = .001, respectively). For shoulder abduction/adduction, the 60% condition
was greater than the 70-80% conditions (p = .021). Although a significant main effect of effort was observed
for shoulder internal/external rotation, no significant between-condition differences were detected in post hoc
comparisons at impact. No significant effects of effort were found for the remaining angles (pelvic
flexion/extension, thorax lateral flexion, forearm pronation/supination, wrist angles, or racket orientation).

DISCUSSION

This study aimed to determine how the three-dimensional joint angles of the pelvis, trunk, and upper limb
joints, as well as racket orientation, change when subjective effort is manipulated at graded levels during the
table tennis forehand topspin stroke. The peak racket-tip speed increased stepwise as the subjective effort
increased. The inter-event timing within the stroke did not vary with effort. Time-series analyses showed that
the effort-related differences were not uniform across the upper body. These differences were most
pronounced in pelvic axial rotation and shoulder horizontal flexion/extension. At impact, effort-dependent
differences were evident mainly in the pelvis, trunk, and proximal upper limb joints. No significant differences
were observed in the forearm, wrist, or racket orientation. Together, these results indicate that a higher racket

VOLUME 5| ISSUE 32026 | 455



Sato, et al. / Effort modulation & table tennis stroke kinematics Scientific Journal of Sport and Performance

speed with increasing effort is achieved without changes in stroke timing. This increase was primarily
expressed through kinematic adjustments in the thorax and proximal upper limb.

The racket-tip speed increased across the effort conditions in this study. The inter-event timing during the
stroke remained unchanged. Subjective effort indexes the perceived level of effort required during movement.
Subjective effort has been linked to the central motor command (de Morree et al., 2012). Thus, the effort-
related increase in output may have been achieved by increasing the kinematic magnitudes within the same
temporal window. Proximal segment motion is known to influence distal end-point velocity generation
(Putnam, 1993). Effort-dependent differences were most pronounced in pelvic axial rotation and shoulder
horizontal flexion/extension. This pattern suggests that effort regulation was implemented without altering the
temporal structure of the movement. This also suggests the modulation of the proximal segment motion
magnitude while preserving the overall movement pattern. In the forehand topspin, higher-level players
showed greater contributions of lower trunk rotation and distinct racket acceleration properties. These
findings indicate that trunk motion contributes to racket speed generation (lino and Kojima, 2009). The
present results are consistent with this view. Speed regulation has been observed to cause changes in
proximal segment kinematics. Lumbar and pelvic kinematics can change over time across stroke direction
conditions (He et al., 2023). This evidence is consistent with pelvic axial rotation serving as an adjustable
component in response to situational demands. In contrast, studies focusing on stroke duration differences
report that fast and slow strokes differ in the stroke time itself. They also reported concomitant changes in
joint kinematics and ball effects (Tian and Xiao, 2024). Here, the racket-tip speed increased stepwise despite
no differences in inter-event timing. This finding indicates output regulation without modifying the temporal
structure. This also indicates that regulation was expressed mainly as proximal-segment kinematic
adjustments. The SPM results further localized effort-dependent differences around the impact. Pelvic axial
rotation and shoulder horizontal flexion/extension also changed stepwise with increasing impact effort. This
pattern suggests the modulation of proximal motion with effort. This particularly implicates the acceleration
phase into the impact.

Time-series analyses also showed that effort-related adjustments were not restricted to the velocity
generation phase around the impact. The SPM results in Figure 3 identified significant between-condition
differences, mainly after impact (after T2) during follow-through. These effects were observed in thorax lateral
flexion, shoulder internal/external rotation, and racket tilt angle. Significant intervals tended to occur in
comparisons that included the 100% condition. This post-impact clustering suggests a downstream
consequence of greater output with increased effort. The post-impact swing likely increased. Therefore, the
follow-through movement pattern may have shifted. Accordingly, the follow-through differences are better
attributed to post-contact dynamics than to the kinematics at impact itself. This may reflect greater residual
momentum after ball contact. They may also reflect differences in the convergence of movement after impact.
Follow-through has been reported to indirectly reflect overall stroke stability. It has also been reported to
facilitate @ smooth transition to subsequent actions (Lees, 2003; Kondri¢ et al., 2006). Thus, the effort-
dependent differences observed during follow-through can be interpreted as movement elaboration resulting
from a greater output under high-effort conditions. These can also be interpreted as differences in the
kinematic characteristics during the latter part of the stroke.

Effort-dependent adjustments in the present study emerged mainly in the trunk and proximal upper limbs.
They also appeared during the follow-through. In contrast, no significant differences were detected in
forearm, wrist, or racket orientation at impact. This pattern may reflect the task constraints specific to table
tennis strokes. Large changes in distal joint kinematics or racket orientation at impact are likely to impair the
accuracy of the stroke. Thus, even when the effort varies, players may preserve the impact configuration.
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Speed regulation can then be implemented through adjustments at other joints. Prior kinematic work on the
forehand topspin has shown that the contribution of lower trunk rotation varies across performance levels
and stroke conditions. Differences have also been shown in the characteristics of the racket acceleration
phase (lino and Kojima, 2009). In addition, shoulder internal rotation torque and mechanical energy transfer
from the trunk to the upper arm contribute to racket-speed generation (lino and Kojima, 2011). Skilled players
in high-speed interceptive tasks can also maintain stable outcomes through the use of online information and
compensatory adjustments (Bootsma and van Wieringen, 1990; Bootsma et al., 2010). The present
combination of preserved distal/racket configuration at impact and proximal kinematic change is consistent
with the control framework. Together, the effort-related modulation of speed generation via proximal segment
motion and the follow-through changes in thorax lateral flexion, shoulder internal/external rotation, and racket
tilt angle may act in a complementary manner. These effects may reflect a regulation strategy that varies
racket speed while maintaining the distal mechanics and racket configuration at impact.

This study had several limitations. We did not directly quantify lower limb motion or muscle activity. Thus, the
effort-related increase in output cannot be linked to specific activation patterns or mechanical loads. The
order of the effort conditions was fixed. Therefore, the order effects may have contributed to the observed
effort effects. Our analyses were limited to upper-body and racket kinematics. Accordingly, we cannot infer
the contribution of whole-body kinetic chain mechanisms, including lower limb actions and ground reaction
forces. Despite these constraints, the data suggest a characteristic regulation pattern. Distal mechanics and
racket orientation at impact showed no significant differences across effort levels. Speed regulation instead
appeared to concentrate in proximal-segment motion and the latter phase of the stroke. These findings refine
understanding of movement regulation strategies in table tennis strokes. They also carry practical
implications for coaching. Proximal-segment motion emerges as a key target when training graded regulation
of racket speed. Subjective effort offers a simple way to scale output without specialized equipment. It may
support practice tasks that vary speed while preserving impact technique. One example is a drill that
increases subjective effort from 60% to 100% while maintaining the same stroke mechanics and target
placement. Such a drill could promote speed regulation through trunk rotation and shoulder-related motion.
It could also limit excessive changes in distal mechanics and racket orientation.

CONCLUSIONS

This study quantified time-series changes in pelvis, thorax, and upper-limb joint angles, as well as racket
orientation, during the table tennis forehand topspin stroke across graded levels of subjective effort. Peak
racket-tip speed increased stepwise with effort. It differed significantly across all effort conditions. In contrast,
inter-event durations (T1-T2, T2-T3, and T1-T3) showed no significant differences. Time-series analyses
showed that effort-related differences were not uniform across the upper body. They were most pronounced
in shoulder horizontal flexion/extension and pelvic axial rotation. These differences clustered mainly around
the impact phase. At impact, effort-dependent differences emerged primarily in the pelvis, thorax, and
proximal upper-limb joints angles. No significant differences were detected in the forearm, wrist, or racket
orientation. During follow-through, effort-related differences appeared in thorax lateral flexion, shoulder
internal/external rotation, and racket tilt angle. This pattern suggests distinct movement elaboration under
high-effort conditions. Overall, skilled players may increase output with higher effort without altering the
temporal structure of the stroke. This may be achieved mainly through kinematic adjustments in the thorax
and proximal upper limb. It may also be achieved through changes in movement characteristics during the
latter phase of the stroke. Distal mechanics and racket configuration at impact may remain relatively stable.
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