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Aim. Forearm extension and radio-ulnar pronation are two common components of the final
movement during each badminton smash stroke. By coordinating the forearm to produce both ex-
tension and pronation at the same time, racket head velocity can be increased. Thus, this study
examined maximal velocity and racket deflection during both movements in regard with skill
level. Materials and methods. Twenty-two players (8 experts and 14 novices) participated in
this study. Wrist, handle and racket head velocity were recorded using high speed cameras
(Vicon V8i at a frequency of 250 Hz). Results. The racket head velocity with radio-ulnar prona-
tion was 16 % higher than with forearm extension. This higher velocity resulted from an 8 %
higher acceleration and a 70 % higher maximal angular velocity of the end points of the forearm
segments during radio-ulnar pronation. In each movement, experts’ maximal velocity was higher
than that of novices (p < .001).The maximal velocity of the racket for novices was obtained with
elbow extension (20.9 £4.8 m/s), with a gain of 47 %, whereas for experts, it was obtained
with radio-ulnar pronation (33.9 + 5.8 m/s), with a gain of 53 %. Conclusion. The difference be-
tween the best velocities in both samples is 39 %, obtained respectively by radio-ulnar pronation
for experts and an elbow extension for novices. Forearm extension and radio-ulnar pronation

acceleration on the handle led to an increase in racket head velocity.
Keywords: kinematics, performance, equipment, movement.

Introduction. Overhead movements are
used to throw projectiles (e.g. balls, javelins) over
distance. Such throwing motions of the upper ex-
tremity, where the arm is in abduction, have been
analysed in different sports such as handball, vol-
leyball, water polo, and baseball [1]. The differ-
ent overhead techniques used to launch or strike
an object are quite similar in their temporal struc-
ture and in the kinematics, as shown by a recent
study that compared the tennis serve, volleyball
pike and handball throw [33]. In the game of bad-
minton, elite players are able to launch the projec-
tile at high velocity. The fastest shot measured
was executed by a Malaysian doubles’ player
Tan Boon Heong with the speed of 493 km-h™'
(Yonex, 2013).

To understand how such high velocity is
possible, several studies have investigated power
strokes, i.e. the clear and the smash [22, 23, 29,
30]. Optimal coordination is brought about by

transferring a great force from the lower limb
[24, 27] to the upper limb [2]. To produce the
maximum velocity at the shuttlecock, players add
velocity through a sequential proximo-distal joint
action [29]. This proximo-distal sequence has
also been identified during the tennis serve, vol-
ley ball spike and handball throws [33]. Specifi-
cally, for anover head stroke, players quickly
stretch their forearm during the eccentric phase of
the movement (lateral rotation of the shoulder
and radio-ulnar supination), followed by a rapid
concentric action(medial rotation the shoulder
and radio-ulnar pronation) [23, 32]. The inverse
sequence is performed for the backhand stroke
(stretch by pronation and stroke by supination).
Radio-ulnar pronation contributes to 5 % of
the final shuttlecock velocity during a badminton
smash [8, 31]. Elites produce a higher projectile
velocity than novices during a smash [29]. Bio-
mechanical analysis has revealed that elite players
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gain a major proportion of their power by pronating
the forearm [7].

Badminton rackets are composed of a rigid
handle and a flexible shaft. The proximal-distal
sequence contributes by increasing racket velo-
city to produce a powerful stroke, that allows the
maximization of momentum transfer at impact,
including racket velocity [17]. Compared with
other racket sports, badminton rackets are rela-
tively flexible [18]. The total velocity of the racket
is composed of the swing velocity input by the
player’s arm movement and an elastic component
made up of the racket deflection. Consequently,
racket stiffness plays an important role in in-
creasing head velocity [22]. Indeed, the latter is
subjected to significant dynamic effect [15].
Furthermore, the mechanism of the racket de-
flection influences the terminal velocity of the
racket head and the terminal velocity of the shutt-
lecock [25].

Aim. The purpose of the current study was
to compare the effect of radio-ulnar pronation of
the overarm and the extension of the forearm
on terminal racket velocity regarding the level
of skill involved.

It is expected that: i) maximal velocity will
be higher with radio-ulnar pronation because of
the longer acceleration path of the racket that oc-
curs with movement, ii) elite players take greater
advantage of radio-ulnar pronation rather than
extension

Materials and Methods. Twenty-two par-
ticipants realised in this study. They were sepa-
rated into two groups: the expert group, which
was composed of eight experienced men (age
23 + 3 years; body mass 76.3 = 8.3 kg; height
179 + 8.3 mm; amount of training undergone
16.1 £ 4 years), and the novice group, which
was composed of 14 male participants (age 24 +
+ 3.5 years; body mass 65.1 + 11.5 kg; height
170 = 9.0 mm). All participants were healthy and
in good physical condition and reported no inju-
ries at the time of the study. They were fully in-
formed about the protocol before participating in
this study. Informed consent was obtained from
all participants prior to testing, in accordance
with the approval of the local ethics committee
and current ethical standards in sports and exer-
cise research.

The racket used during the test was identical
for all participants (Carlton x 90; 86 g; 675 mm).
Two conditions (radio-ulnar supination and fore-
arm extension) were included during each ses-
sion. Each condition was repeated 10 times

within a counter-balance order (with 1 min rest),
after a general warm-up of 15 minutes.

During the extension condition, participants
were instructed to fix the shoulder and the elbow
in a 90° flexion angle in the sagittal plane in
a standing position (Fig. 1a). They then extended
the forearm in the sagittal plane to give the racket
head as high a velocity as possible without
the need to move the entire body.

During the radio-ulnar pronation condition,
participants were instructed to fix the shoulder
and the elbow in a 90° flexion angle in the sagit-
tal plan in a standing position (Fig. 1b). They
then rotated the radio-ulnar pronation to give
the racket head as high a velocity as possible
without the need to move the entire body, as
shown in Fig. 1. Shoulder and elbow velocity
must be less than 0.5 m/s to validate a trial.
In total, 97 % of correct results were used for
further analysis.

The experimental setup consisted of a nine-
camera Vicon V8i motion capture system set at
a frequency of 250 Hz (Vicon Peak, Oxford, UK).
For kinematic analysis, six reflective markers of
14 mm in diameter were affixed to specific ana-
tomical landmarks (Plug-In Gait Marker Set,
Vicon Peak) for each participant. The markers
were fixed to the dominant side, as follows:
(a) angulus acromialis; (b) medial and lateral
humeral epicondyles; (c) radial and ulnar styloid
processes; and (d) 2™ metacarpal heads, as rec-
ommended by the International Society of Bio-
mechanics [34]. Six reflective markers were af-
fixed to the racket (Fig. 2), as proposed by Kwan
et al. [14] in their model: (e) racket handle, bot-
tom and top of the handle; (f) racket shaft, top of
the shaft; and (g) racket head, left, right and top
of the head. To calculate the joint positions, a 3D
model (Plug-In Gait Marker Set, Vicon Peak)
was used by David et al. [5]. The reflective
markers placed on the racket weighed 1.2-2.4 g
each, increasing total mass by 12.4 g (14 %).

The accuracy of 3D calibration was 0.2 mm.
Only the arm of the racket was analysed. The global
x-axis was defined in the anteroposterior, the z-axis
vertically and the y-axis laterally, whereas the xy-
plane was identical to the court. The orientation
of the humerus, radius, ulna and hand segments
was determined by the longitudinal z-axis, the
mediolateral y-axis, and the perpendicular ante-
roposterior x-axis, as described in detail by Wu
et al. [34]. The joint elbow flexion angle deter-
mined the longitudinal axes of the proximal and
distal segments. All calculations were performed

100

Human. Sport. Medicine
2020, vol. 20, no. 2, pp- 99-107



®domcydgha M., Xespe XK., llagpgpatie I'.

Jlyyennokmeeasi npoHayusi u pazaubaHue npeodnneybs:

4ymo ny4vdue Ons1 docmuiKeHUs1 MakcuMasibHoU CKopocmu...

Fig. 1. An example of a forearm stroke with: (a) an elbow extension;
and (b) a radio-ulnar pronation
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Fig. 2. lllustration of racket anatomy and marker placement for motion capture

using MATLAB R13a software (The Math Works
Inc, Natick, MA, USA).

All statistical analyses were performed using
Statistica 10 software (StatSoft Inc., Tulsa, OK).
Mean and standard deviations of the variables
were calculated for descriptive statistics. Groups
of variables were used for statistical analysis:
(a) maximal velocity in m/s (wrist, handle, shaft
and head); (b) maximal acceleration in m/s®
(wrist, handle, shaft and head); (c) maximal an-
gular velocity in °/s (shoulder, elbow and wrist);
(d) maximal angle swept in ° (shoulder, elbow,
wrist, handle and head) and (e) maximal angle
swept in mm (racket deflection). To determine
the effect of arm movement and skill level we
used a two-way repeated measures analysis of

variance (ANOVA) with the arm movement (ex-
tension vs pronation) as a within subject’s factor
and the skill level as a between subject’s factor.
Where the ANOVA was significant, a Fischer
post hoc test and power (1-f) were performed.
For all statistical analyses, significance was set
at p < .05 and effect size (/]?) was defined as
small for []* > .01; medium /? > .09; and large
for I]> > .25 [4].

Results. Experts produced significantly
higher maximal velocity than novices, whatever
the type of movement (p < .001). In novices,
the maximal head velocity was higher with fore-
arm extension than with radio-ulnar pronation
(p < .001), whereas it was higher with pronation
for experts (p < .001) than for novices. The maxi-
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Fig. 3. Maximal linear velocity and acceleration (mean * standard error)
of the wrist, handle, shaft and head in forearm extension and radio-ulnar pronation
and associated significant differences

mal acceleration of the shaft and the head were
significantly higher in experts compared with
novices (p < .05), whereas there were no signifi-
cant differences for the wrist and the handle be-
tween the two groups (Fig. 3).

The characteristic time for the experts was
significantly shorter than that for the novices
(p < .01), whereas there was no significant dif-
ference in the wrist during radio-ulnar pronation
between the two groups. During extension, there
were significant differences in the elbow maxi-
mal angular velocity (Fig. 4b) between novices
and experts (+39 %) (p < .05). During radio-ulnar
pronation, the elbow angular velocity of the ex-
perts was significantly larger than that of the nov-
ices, as was the experts’ extension movement
(+48 %) (p <.001).

There were no significant differences in
the swept elbow maximal angle during forearm
extension between novices and experts (Fig. 4c¢).
In contrast, during a radio-ulnar pronation,
the experts’ swept elbow angle was significantly
larger than that of the novices, as was the ex-
perts’ extension movement (+55 %) (p < .05).

Discussion. The kinematics of two different
types of overarm movement (radio-ulnar prona-
tion and elbow extension) in novice and expert
badminton players were investigated in this study.
The racket head velocity in our study (33 m/s) was
lower than the values found in earlier research by
Kwan et al. [18] where it ranged from 37.5 to
52 m/s. This could be explained by the movement
used in our study, which is part of the global
movement performed in other studies. This re-
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Fig. 4. Characteristic time (a) (M * SD) of wrist, handle, shaft and head in forearm extension
and radio-ulnar pronation. Maximal angular velocity (b), swept angle (c) of the elbow in forearm extension
and radio-ulnar pronation

vealed a contribution of radio-ulnar pronation to
the launch velocity of about 57 %. The velocity
recorded in our study is in line with this value.
Indeed, in a study by Gowitzke and Waddell [9]
33 m/s represented 53 % of the values. This con-
firms the work of Tang et al. [28] who reported
that the pronation of the forearm was the most
important motion during the badminton smash.
The first goal of this study was to compare
two kinds of movement in terms of racket termi-
nal velocity. The racket head velocity with radio-
ulnar pronation was 16 % higher than with fore-
arm extension. This higher velocity resulted from
an 8 % higher acceleration and a 70 % higher
maximal angular velocity of the end points of the
forearm segments during radio-ulnar pronation.
The elbow angular velocity found in the present
study (912.3 + 334.3°/s) is close to those found
in several studies of extension movement in
a badminton jump smash [11, 29] respectively
728.17 £ 8.77 and 1035°/s. With radio-ulnar pro-
nation, the angular velocity reaches 2430°s,
more than +61 %. The angle swept during prona-

tion is 25 % higher than with forearm extension,
increasing the total time movement and conse-
quently the time to accelerate the racket. These
explained why the radio-ulnar pronation pro-
duced higher racket velocity.

The second goal of this study was to com-
pare the effect of skill level, with reference to the
movement. The maximal velocity of the racket
for novices was obtained with elbow extension
(20.9 £ 4.8 m/s), with a gain of 47 %, whereas for
experts, it was obtained with radio-ulnar pro-
nation (33.9 + 5.8 m/s), with a gain of 53 %.
The difference between the best velocities in both
samples is 39 %, obtained respectively by radio-
ulnar pronation for experts and an elbow exten-
sion for novices. Thus, radio-ulnar pronation
seems to be specifically related to level [21].
Indeed, the literature on the kinematics of bad-
minton has revealed that experts are more effi-
cient when using proximo-to-distal sequence with
radio-ulnar pronation [26].

To obtain the maximum velocity, a proximo-
to-distal sequence [25] (elbow to wrist) was used
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to achieve high velocity [19]. However; Marshall
and Elliott [20] commented that the traditional
concept of proximo-to-distal sequencing is not
enough to describe the complexity of racket
shots. Indeed, a second mechanism that under-
pins performance is the stretch-shortening cycle.
Increasing supination of the forearm just before
its rapid pronation constitutes one such cycle.
Thus, when a muscle and tendon complex is first
pre-loaded and then stretched immediately after-
wards a greater force is generated at the start of
the forward movement (up to 150-200 % of iso-
metric force) [3, 13, 19]. Indeed, before begin-
ning the forward movement of the racket head,
elite players first use a hyper-supination asso-
ciated with the internal rotation of the shoulder,
followed by a rapid concentric action of prona-
tion without delay. This is contrary to the move-
ment performed by novices [32].

Moreover, this backward hyper-supination
allows the expert to increase the swept angle and
then the period over which the racket is acce-
lerated. Indeed, according to our study, the angle
swept by experts with pronation was greater than
that of the novices (+25 %). In expert players,
the gain of the swept angle during radio-ulnar
pronation increased the maximal acceleration by
16 % compared with forearm extension.

As mentioned earlier, in this study, maximal
velocity of the racket was obtained during forearm
extension in novices. This can be explained by
the fact that the extension movement of the forearm
is a natural motion and people have the ability to
master it [10, 12]. People use their arms to en-
gage in a wide variety of motor tasks preferen-
tially by using an extension of the forearm; for
instance by gripping, grasping, or by catching.
A badminton stroke has no specific motor pat-
tern; the natural everyday movement mostly in-
fluences motor performance [16]. The maximal
swept angle is similar for both novices (86.4 +
+ 18.1°) and experts (85.8 = 10.1°). This is due to
an anatomic limitation during forearm extension,
the end stop of the olecranon in the humerus ole-
cranon fossa. Whatever the condition, the move-
ment time of novices is significantly higher than
that of experts. This suggests that movement
made by novices required more time to reach
maximal velocity. Consequently, the maximal
angular velocity values obtained whatever the
conditions are higher for experts than for novices
(1285.6 = 167.5°/s and 791.3 + 171.8°/s during
extension; 2036.9 + 392.1°/s and 1067.3 + 174.5°/s
during pronation). Experts achieved maximal

acceleration earlier than novices (+31 % exten-
sion; +54 % pronation) during each condition.
This suggests that experts are probably able to
recruit the motor unit more quickly or achieve
a higher firing rate [6]. The higher maximal angle
swept during radio-ulnar pronation was compa-
rable with the swept angle during extension for
novices and experts (+10 % and 39 %, respec-
tively) needed to increase maximal angular velo-
city (+25 % and +37 %, respectively).

Conclusion. The finding that is of most in-
terest was that forearm rotation movement (radio-
ulnar pronation) increases head racket velocity
more than forearm extension movement. It is well
known that skill levels have an influence on
stroke technique movement. In our study, experts
produced higher head velocity regardless of
which type of movement was involved. However,
novices produced higher maximal velocity on
the head racket during forearm extension; con-
versely, radio-ulnar pronation was higher for ex-
perts. Another finding was that racket deflection
contributed to an increase in racket head velocity
whatever the skill level and movement.

Future studies could include EMG mea-
surements, which can provide extra information
for the enhancement of stroke performance.
Racket velocity measurement is also necessary
to understand the link between the kinematics
of the stroke, racket behaviour and projectile
velocity.
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NYYENOKTEBAA NMPOHALUA U PASTMBAHUE NPEANNEYbA:
YTO NYHWE AnAa AOCTUXEHUA MAKCUMAJIbBHOU CKOPOCTH

PAKETKW B BAOAMUHTOHE?

M. ®omcygpa™ %, XK. XKeepe® *, I. Napcpaiie® *°

"3anadHbili kamonuyeckutll yHuUgepcumem, 2. AHxe, ®paHyus,
23anadHbili kamosnuyeckull yHusepcumem — FOxHasi BpemaHb, kommyHa AppadoH, ®paHyus,
*YHueepcumem [Mapux-tOz, YHusepcumem [Mapux-Cakne, kommyHa Opce, ®paHyus,

4yHueepcumem OprieaH, 2. OpneaH, ®paHyus,

*tOxHO-Ypansckuli 20cydapcmeeHHsbill yHugsepcumem, 2. YenabuHck, Poccust

Heanb. Pasrubanue npenmieubss U MpOHALMS JIyYEJIOKTEBOIO CycTaBa — JiBa CTaHIAPTHBIX
9JIEMEHTa 3aKJIIOYUTEIBHOTO JBIKCHUS TPH KaKAOM yaape B OagMHHTOHE. 3a cdeT paboThl
MIpeAIUIedbs BO BpeMsl pasrHOaHus U MPOHALMHA MOXKHO YBEJIMYUTH CKOPOCTH TOJIOBKH PaKEeTKH.
Takum 00pazoMm, Lesb TaHHOTO HMCCIIEIOBAHUA — U3YUUTh MAaKCHMAIbHYIO CKOPOCTh U OTKJIOHE-
HHUE PaKeTKH IIPH BBINOJHEHUH JTaHHBIX JBW)KEHHH B 3aBHCHMOCTH OT ypOBHS MTpoka. Mare-
pHaIbl M MeToAbl. B nccnenoBanny npuHUMaNy ydacTue ABauaTh ABa urpoka (8 mpodeccuo-
HAJIBHBIX UTPOKOB U 14 HOBHYKOB). CKOPOCTPH 3aISICThsI, PYKOSTKHA M TOJIOBKH PAKETKU PETHCTPHU-
poBajach C MOMOIIBIO BRICOKOCKOPOCTHBIX kKamep (Vicon V8i ¢ wacroroit 250 I'm). Pe3yabrarThl.
CKOpPOCTH TOJIOBKH PaKeTKH C JIy4eIOKTeBOH MpoHaIuen Obuia Ha 16 % BBIIE, 4eM IpH pasru-
OaHum npexariedss. bosee BbIcOKas CKOpOCTh Oblla BbI3BaHA Ha 8 % 0oJjiee BHICOKMM YCKOPEHHUEM
u Ha 70 % Oonee BBICOKOM MaKCHMAaJIbHOW YTJIOBOW CKOPOCTBIO KOHEUHBIX TOYEK CErMEHTOB
Nnpeamnjieybss BO BpEMsL J'Iy'-IeJ'lOKTeBOﬁ IIpoHalKrH. B KaXXI0M JABMXCHUN MaKCUMaJIbHasA CKOPOCTh
podeCCHOHANBHBIX UTPOKOB ObuIa BhIIIE, YeM y HOBHUKOB (p < 0,001). MakcumanbsHas cko-
POCTb paKkeTKH Il HOBUYKOB OblIa MoJrydeHa npH pasrudanuu jgokts (20,9 + 4,8 m/c) u npoze-
MoHcTpupoBana npupoct 47 %. IIpodeccroHasbHBIE UTPOKM IOKA3IM MAaKCUMAJIbHYIO CKO-
pocTh ¢ yBennueHneM Ha 53 % Bo Bpems dydenokTeBor npoHanuu (33,9 + 5,8 m/c). 3akinoue-
Hue. PazHNIa MEXIy JyqIIMMHU CKOPOCTAMH B 00enx rpymmax cocraBisieT 39 %, NonydeHHBIX,
COOTBETCTBEHHO, BO BPEMs JIy4EIOKTEBOH NMPOHAINH y TPOPECCHOHATBHBIX UTPOKOB U pa3ruda-
HUSI TIpeIIeybst Y HOBUYKOB. [lon meficTBueM pasruOaHus MpeAIIedbs U JIy4eIOKTeBON IPOHa-
UM Ha PYKOSATKY PAKETKH yBEIWIHBACTCS CKOPOCTh FOJIOBKH PAKETKH.

Knroueswte cnosa: kunemamuxa, npousgooumenbHocms, 000py008aHue, 08U CeHue.
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