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The aim of this study was to determine how elite volleyball players employed the arm swing (AS) to enhance
their jump performance. The study assessed how the AS influenced the duration and magnitude of the vertical ground
reaction force (VGRF) during the main phases (preparatory, braking and accelerating) of the countermovement vertical
jump (CMVY]), the starting position of the body at the beginning of the accelerating phase and the moment when the AS
began contributing to increasing the jump height. Eighteen elite volleyball players performed three CMV]s with and
without an AS. Kinetics and kinematics data were collected using two Kistler force plates and the C-motion system. The
time and force variables were evaluated based on the VGRF, and the position of the body and the trajectory of the arm
movement were determined using kinematic analysis. The AS improved the CMV] by increasing the jump height by
38% relative to jumping without an AS. The AS significantly shortened the braking phase and prolonged the
accelerating phase, however, it did not influence the preparatory phase or the overall jump duration. The AS also
significantly increased the average force during the accelerating phase as well as the accelerating impulse. The AS
upward began at 76% into the overall jump duration. The AS did not influence the body position at the beginning of
the accelerating phase. These findings can be used to improve performance of the CMV] with the AS and in teaching
beginning volleyball players proper jumping technique.
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Introduction

Volleyball players perform vertical jumps swing whereby the arms are initially swung
frequently during practices and games in various backward and then moved forward with the
defensive and offensive maneuvers (Kenny and elbows fully extended during the CMV] (Neves et
Gregory, 2006; Papageorgiou and Spitzley, 2003). al, 2011). In volleyball the CMV] is a key
These can be performed as countermovement movement of the jump serve, jump set, block
vertical jumps (CMVJs) with or without an jump and spike jump (Sheppard et al., 2008).
approach step (Ziv and Lidor, 2010) and with How the CMV] is performed is
different arm positions (Neves et al, 2011). influenced by the combined effects of eccentric
Volleyball players typically utilize a full arm and concentric muscle contractions in the
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involved joints (ankle, knee and hip), called the
stretch-shortening cycle, as well as by whether or
not the arms are swung in the takeoff phase
(Bosco and Komi, 1979; De Villarreal et al., 2009;
Lees et al, 2004a). Numerous studies have
demonstrated that appropriate arm movements
can increase both the takeoff velocity and the
height of the jump (Feltner et al., 2004; Harman et
al.,, 1990; Lees et al., 2004a, 2004b). The arm swing
(AS) during the CMV] can reportedly increase the
velocity of the takeoff by at least 6% relative to
without an AS (Harman et al., 1990; Lees et al.,
2004a; Luhtanen and Komi, 1978; Shetty and
Etnyre, 1989) and increase the jump height (JH) by
15% or more (Feltner et al., 1999; Harman et al.,
1990; Lees et al., 2004a, 2004b).

Many studies have investigated how the
AS influences the magnitude of the vertical
ground reaction force (VGRF) (Dapena, 1988;
Feltner et al., 2004; Lees and Barton, 1996). During
vertical jumping, the arms, in terms of the vertical
movement of their center of gravity (COG), first
move downward toward the ground, thereby
reducing the pressure on the ground, which is a
negative effect, and then move upward in the
takeoff direction, which increases the pressure on
the ground and so is a positive effect (Lees and
Barton, 1996). The positive influences of the AS on
the VGRF curve have been demonstrated in all
three of the involved joints (ankle, knee and hip)
during the final phase of takeoff (Lees et al., 1996,
2004a). A jump is optimally performed with an AS
when the arms are moved in the same direction as
the jumping movement itself (Hara et al., 2008).

Our literature review has confirmed the
positive effect of the AS on CMV] performance in
various population groups. Yet, we did not find
studies investigating the effect of the AS on the
three phases of the CMV] (Figure 1) or the
moment when the AS starts contributing to the
jump height. We also did not find any studies
assessing the influence of the AS on the body
position at the beginning of the accelerating phase
of the takeoff. The main aims of the present study
were to determine the effect of the AS on the
phases of the CMV], the moment when the AS
began to positively influence the jump
performance and whether the AS influenced the
body position in the beginning of the accelerating
phase. We hypothesized that the AS in elite
volleyball players had a positive effect during the
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accelerating phase of the takeoff and did not
influence the body position at the beginning of
this phase. We assumed that the variability of the
moment when AS began to contribute to the jump
height would be very low.

Material and Methods

Participants

Eighteen elite male volleyball players who
were members of the champion team in the top
league of the Czech Republic in 2013 (mean + SD:
age =27.9 + 7.1 years, body height =1.92 + 0.09 m,
body mass = 88.50 + 9.46 kg, BMI = 23.92 +
2.26 kg/m?) participated in this study. The players
were center blockers, receiver hitters and
universal players with 6.1 + 4.2 years of
experience playing in that league. It could be
assumed that these athletes would utilize the AS
during the CMV] in a highly effective manner and
that they would perform jumps both with and
without an AS at a high level. At the time of
testing, the subjects reported no injury that would
have prevented their participation in physical
activity for more than 2 weeks during the
previous 6 months (Dai et al., 2010). The Human
Motion Diagnostic Centre Ethics Committee at the
Faculty of Education, University of Ostrava
approved all procedures used in this study. All
the participants signed an informed consent form
prior to the commencement of the study.
Procedures

The experiment was conducted in a
biomechanics laboratory within 1 day. After
obtaining the approval of each subject to
participate in the experiment and making
anthropometric measurements, reflective markers
for kinematic analysis were applied at appropriate
positions on the body. The participants performed
their usual warm-up routine, which consisted of a
5 min jog on a treadmill at a velocity of 2.4-3.2
m/s, followed by 5 min of static and dynamic
stretching of the lower limbs. After the warm up
and prior to testing, two variants of the CMV],
with and without an AS, were demonstrated to
the participants. Each jump began in a standing
position motionless. The AS was performed in a
manner identical to how the volleyball players
usually executed the CMV], with the arms first
moving in an extension direction at the shoulder
joint followed by movement in the direction of
flexion. The participants performed three CMV]s

http://www.johk.pl




by Frantisek Vaverka et al.

with the arms fixed at the hips (i.e., without an
AS) and three jumps with an AS. The participants
were instructed to jump naturally and as high as
they could, performing all jumps with maximal
effort (Walsh et al., 2004). The negative effects of
fatigue were prevented by allowing sufficient rest
(a minimum of 30 s) between consecutive jumps.
Data collection and analysis

Twenty-six retroreflective markers (19
mm in diameter) were attached to the lower body,
pelvis, trunk and arms of each participant in
positions consistent with a modified version of
recommendations from the C-motion company
(Rockville, MD, USA). Eight cameras were used
(240 Hz) to monitor the positions of the
retroreflective markers, with the obtained position
data processed using Visual 3D software (C-
motion). All lower-limb segments were modeled
as collections of right circular cones, while the
pelvis and trunk were modeled as cylinders
(Hanavan, 1964). The local coordinate systems
were defined during a calibration trial with the
subject standing upright. The coordinate data
were lowpass filtered using a fourth-order
Butterworth filter with a cutoff frequency of 12
Hz. The velocity of the COG was derived from
Visual 3D software (C-motion; Figure 1). The data
from two force plates (model 9286AA, Kistler,
Winterthur, Switzerland, 1200 Hz) measuring the
VGREFs for the right and left lower limbs, and
from cameras monitoring the positions of the
retroreflective markers were collected
simultaneously. All force-plate data were lowpass
filtered using a fourth-order Butterworth filter
with a cutoff frequency of 50 Hz. The final VGRF
was calculated as a sum of the VGRF values
measured for the right and left lower limbs.

The key moments separating particular
phases of the jump were defined based on the
function of the VGRF versus time. The velocity-
versus-time function was evaluated kinematically.
The three phases (preparatory, braking and
accelerating) of the CMV] are illustrated in Figure
1. This approach to jump analysis is based on the
so-called center-of-mass concept (Bosco and
Komi, 1979; Briigemann, 1994). The values of the
time and force variables during the defined jump
phases were determined using the kinetic analysis
of the VGRF curve (Visual 3D software, C-
motion). All of the measured variables, including
the preparatory, braking and accelerating phases
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of the jump takeoff (defined as time periods tP, tB
and tA, respectively), the average force during
braking (FBA) and accelerating (FBA) phases, the
braking (IB) and accelerating (IA) impulses, as
well as the body position in the crucial phases of
the CMV] are displayed and defined in Figure 1.

The body position and AS were defined in
the sagittal plane. The ankle angle (AA, shank—
foot), knee angle (AK, thigh—shank) and hip angle
(AH, trunk-thigh) were numerically evaluated
when the body COG was at its lowest position
(i.e., at the end of tB and the beginning of tA;
Figure 2). The moment at which AS began to
move the arm COG vertically upward was
determined from the trajectory of the arm COG in
the vertical direction relative to the ground
(Figure 2).

The velocity of the body COG at the end
of the accelerating phase of the jump (time t3 in
Figure 1) was determined using kinematic
analysis, and the JH was computed using the
formula JH = v2/2g, where v is the velocity of the
body COG and g is the acceleration due to gravity
(9.81 ms2). The JH was assessed for three jumps
with an AS and three jumps without an AS, and
the reliability of the measured JH values was
calculated for both measured jumping variants,
yielding intraclass correlation coefficients of r =
0.973 for jumps with an AS and r = 0.989 for jumps
without an AS. The jumps with the greatest JH
were used in the subsequent kinematic and
kinetic analyses, and the data from these attempts
were used in the final statistical analysis.
Statistical analysis

Statistical analyses were performed using
Statistica (version 10, Statsoft, Tulsa, OK, USA).
The presence of data normality was verified using
the Kolmogorov-Smirnov test. The differences in
variables between jumps with and without an AS
were analyzed using paired t-tests. The reliability
was assessed based on the intraclass correlation
coefficient. Statistical significance was considered
to be present when p < 0.05.

Results

The mean JH was 0.143 m (37.7%) greater
for the CMV] with an AS than for the CMV]
without an AS (Table 1).

IA and IB differed significantly between
jumps with and without an AS (p <0.01). IB was
significantly greater without an AS than with an
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AS, while IA was significantly greater with an AS
than without an AS. Average force FBA did not
differ significantly between jumps with and
without an AS while average force FAA was
significantly greater for jumps with an AS than for
jumps without an AS (Table 1).

There were some differences in the
duration of the takeoff phases of the CMV]
between jumps with and without an AS (Table 2).
The total duration of the takeoff phases and the
duration of tP did not differ significantly between
jumps with and without an AS. In contrast, the
duration of tB was significantly longer for jumps
without an AS than for jumps with an AS, with
the opposite trend of longer duration of tA for
jumps with an AS than for jumps without an AS.

Arm swing and vertical jumping in volleyball players

The time duration of the jump phases was
calculated as a percentage of tT (total time of the
takeoff phase; tT = 100%) (Table 2). The
percentage duration of tP did not differ
significantly between jumps with and without an
AS. The percentage duration of tB was
considerably greater for jumps without an AS
than for jumps with an AS. The opposite trend
was found for the percentage duration of tA, with
this being greater for jumps with an AS than
without an AS (Table 2). The arm COG started
moving vertically upward during the final takeoff
phase (i.e., tA) at 75.95% of the overall jump
duration (Table 2). The effect of the AS on the
temporal and force variables of the three phases of
the CMV] takeoff is depicted in Figure 3.

Figure 1

Body position and the kinetic and kinematic variables in selected takeoff phases
of the CMV]. F — vertical component of the ground reaction force,
V —wvelocity of the body center of gravity, tP — duration of the preparatory phase,
tB — duration of the braking phase, tA — duration of the accelerating phase,
tT — total duration of the takeoff phase ( ET =tP+1tB +tA),

IB — impulse in the braking phase (1B= .[F(t)' d(ty) -G - tB),
t1
3
IA- impulse in the accelerating phase (1A = IF(t) d)— G - tA),
12

FBA- average force in the braking phase (FBA = 1B / tB + G, where G=m - g);
FAA — average force in the accelerating phase (FAA=1A/tA +G)

Journal of Human Kinetics - volume 53/2016

http://www.johk.pl




by Frantisek Vaverka et al.

180

hip angle

160F

1401

120

Angle (deg.)

-y
(=]
(=]

Distance from the ground (m)

80+

60 : : : : - ; R 0.8
0 10 20 30 40 50 60 70 80 90 100

Time of the CMVJ takeoff phase (%)

Figure 2
Time courses of the ankle, knee and hip angles and the center
of gravity (COG) of the arms in the vertical direction relative to the ground during
the CMV] in a representative individual. Arms COG — the pathway of the centre
of gravity of upper extremities in the vertical direction to the ground;
LPCG — the lowest position of the centre of gravity of the body;
ASU — the beginning of the arm swing upwards.
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Table 1

Force variables associated with the two variants of the countermovement vertical jump (CMV])

No arm swing Arm swing t 14
Variable
Mean + SD CV% Mean + SD CV%
JH Jump height (m) 0.379 £ 0.057 15 0.522 +0.088 17 13.99  0.001**
IB Impulse in the braking 90.88 £22.13 24 79.58 £20.90 26 3.80  0.001**
phase (Ns)
IA Impulse in the 241.54 + 37.67 16 283.17 + 46.66 16 14.05  0.001**
accelerating phase
(Ns)
FBA Average force in the 1353.35 + 247.36 18 1408 £217.19 17 153  0.14
braking phase (N)
FAA Average force in the 1831.85+ 344.14 19 1882.12 + 306.43 16 2.05 0.05*

accelerating phase (N)

CV% — coefficient of variation, t — result of a paired t-test. * p < 0.05,** p < 0.01
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Table 2
Time variables associated with the two variants of the CMV]

No arm swing Arm swing t p
Variable
Mean + SD CV% Mean + SD CV%
tP Time of the preparatory 0.392 +0.105 27 0.420 +0.151 36 0.97 0.34
phase (s)
tB Time of the breaking phase 0.214 +0.092 43 0.157 £ 0.054 34 3.50  0.002**
(s)
tA Time of the accelerating 0.261 + 0.050 19 0.286 + 0.048 17 394  0.001**
phase (s)
tT Total time of the CMV]: tT 0.867 +0.165 19 0.863 +0.198 23 0.14 0.88
=tP +tB +tA (s)

tP% Time of the preparatory 45.52 +8.85 19 47.78 + 8.54 18 1.10 0.29

phase in % of tT (%)
tB% Time of the braking phase 24.07 +6.30 26 18.20+4.18 23 419  0.001**

in % of tT (%)

tA% Time of the accelerating 30.41 +4.45 15 34.02 +5.59 16 310  0.006™*

phase in % of tT (%)
tPB% Time of the preparatory 69.59 +4.45 6 65.98 +5.92 8 310  0.007**

and braking phase in % of
tT (%)
tSU% Time of the beginning of - - 75.92 +3.40 4 - -
the arm swing upwards in
% of tT (%)

CV% — coefficient of variation, t — result of paired t-test. ** p < 0.01

Table 3
Ankle, knee and hip angles at the beginning of the accelerating phase of the CMV]

Variable No arm swing Arm swing t-test r
Mean + SD CV% Mean +SD CV% ¢t [4

Ankle angle (deg.) 78.96 + 6.43 8 78.43 7.06 9 0.84 041  0.93*

Knee angle (deg.)  71.92+9.74 21 72.05 +18.09 25 0.07 094  0.90**

Hip angle (deg.) 76.15+9.74 13 78.76 £ 10.03 13 157 013  0.75*

CV% — coefficient of variation, ¢ — result of a paired t-test,
r = Pearson correlation coefficient. ** p <0.01

Journal of Human Kinetics - volume 53/2016 http://www.johk.pl
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Figure 3
Graphical representation of normalized duration of the preparatory,
braking and accelerating phases as well as FBA, FAA
and the AS upwards for the CMV] with and without
an AS. tP —duration of the preparatory phase, tB — duration of the braking phase,
tA — duration of the accelerating phase, FBA — the average force in the braking phase;
FAA — the average force in the accelerating phase;
ASU — the beginning of the arm swing upwards.

The
variables, as quantified by the coefficient of
variation (CV), fluctuated between 15% and 27%
for most of the force variables (Table 1). The
variability was larger for IB (CV = 24-27%) than
for IA (CV = 14-16%) during both types of the
jump. The variability of FBA and FAA was very
similar (CV =16-19%). The lowest value of the CV
in FAA was almost identical for both jump
variants (CV = 11% and 10% for jumps with and
without an AS, respectively). The CV values for
fluctuated approximately
within the same range as for the force variables,
with the values only being larger during tP and tB
(CV = 27-43%) (Table 2). We found that the
variability was smallest when the AS began in an
upward direction (CV = 4%).

The angles characterizing

homogeneity of the measured

the time variables

the body

© Editorial Committee of Journal of Human Kinetics

position at the beginning of the accelerating phase
(AA, AK and AH) did not differ significantly
between jumps with and without an AS (Table 3).
The strong correlations between the AA and AK
values for jumps with and without an AS (r =0.93
and r = 0.90) indicate that the positions of the
lower limbs were essentially identical in the two
jump variants. We found a weaker correlation (r =
0.75) between the two variants of the jump for
AH.

Discussion

Jump height was 38% higher with an AS than
without, which indicated that using the arms was
highly effective at enhancing the jumping
performance in elite volleyball players. Several
previous studies (Feltner et al., 1999; Harman et
al., 1990; Lees et al.,, 2004a; Shetty and Etnyre,
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1989) found that the AS increased the CMV]
height from between 15 and 24%, whereas in the
present study the increase was 38%. This
difference could have been due to the inclusion of
top volleyball players in this study adopting a
natural AS technique for the CMV] in volleyball
and particularly given the large difference
between the observed groups that comprised
children (Gerodimos et al.,, 2008; Harrison and
Moroney, 2007), physically active adults and
athletes (Harman et al., 1990; Lees et al., 2004a).
The evident importance of the AS to CMV]
outcomes was also confirmed by the analysis of
the body position at the beginning of the
accelerating phase. The hypothesis of the AS not
influencing the body position at the beginning of
the accelerating phase of the jump was also
confirmed (Table 3). The position of the lower
limbs was almost identical in both variants of the
CMV], as also corroborated by the strong
correlation between them (r = 0.90-0.93, and 0.75,
Table 3).

There are several possible explanations
for a strong contribution of the AS to the JH in
elite volleyball players: (a) a great deal of
experience in jumping vertically, (b) specific
training in proper jumping techniques, and (c)
using a highly stable AS method when executing
a CMV]. It follows that the execution of the AS by
volleyball players presents a very effective model
of arm utilization in the takeoff phase.

The main goal of this study was to
determine how the AS influenced the timing and
magnitude of the VGRF during the CMV]. In the
literature, the CMV] takeoff phase is usually
further divided into two phases: when the body
moves downward (a descent phase) and upward
(an ascent phase) (Lees et al., 2004a). Similarly,
McGinnis ~ (2013)  describes two  phases:
preparatory and propulsive. Dividing the takeoff
phase into three subphases is of practical
significance: it is based on a jumping individual’s
subjective perception of the movement related to
the type of muscle contraction of dominant
muscle groups during the takeoff, i.e., ankle, knee
and hip muscles (Vaverka, 2000; Vaverka et al,,
2013). The takeoff phase comprises the
preparatory phase (when the body COG
accelerates due to the gravitational force toward
the ground and muscle force is not being utilized),
the braking phase (when the velocity of the COG
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slows down to a stop, corresponding to eccentric
muscle contraction) and the accelerating phase
(when the COG accelerates in the direction of the
takeoff, corresponding to concentric muscle
contraction). JH is determined by the accelerating
phase in which muscles benefit from the eccentric
muscle contraction in the braking phase that
significantly =~ enhances  concentric =~ muscle
contraction during the accelerating phase (i.e., the
stretch-shortening cycle; Bosco and Komi, 1979).
This results in a greater impulse that in turn leads
to a greater JH. This concept is a simplification of
a takeoff phase as the dominant muscle groups for
the ankle, knee and hip joints engage at different
time points during the takeoff (Lees et al., 2004a).
However, these three phases are easily
differentiated using the subjective perception of
muscle force exertion (when the subject is
decelerating and accelerating), and they are
therefore well suited for didactic corrections of
jump execution.

Our study showed the effect of the AS on
the timing and magnitude of the VGRF only in the
braking and accelerating phases of the CMV]. The
AS downward to the ground decreases the
pressure on the surface, which shortens the
braking phase, as opposed to the accelerating
phase when the AS upward increases the pressure
on the ground and the tA duration. The AS
significantly decreases the IB and increases the IA,
what crucially affects JH. The differences between
the jumps performed with and without an AS
were small both for FBA and FAA, and were
statistically significant only for FBA (Table 1). The
AS has a positive effect on CMV] performance
when the arms move upward (Lees and Barton,
1996; Lees et al,, 1996, 2004a) or generally in the
jump direction (Hara et al.,, 2008). The key factor
for a positive contribution of the AS to JH was
prolonged duration of the tA, which led to longer
duration of force acting in the direction of the
jump and therefore, to a higher value of IA. We
found that in elite volleyball players, the AS
upward began at about 76% into the total
duration of the jump, shortly after the accelerating
phase began (which is at the 66% time point;
Figure 2, Table 2). The information about
beginning the AS upward at the beginning of the
accelerating phase of the jump can be used as a
key instruction for ensuring the correct timing of
arm movements during the CMV].

http://www.johk.pl
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The present study has several limitations.
First, the players can achieve a higher height of
the jump during a volleyball match due to the
three steps approach before the CMV]. Second,
the absence of the three steps approach can
influence the breaking and acceleration phases of
the CMV] measured in the laboratory. Third, the
players executed the CMV] with and without an
AS with their feet in a parallel position. However,
the feet are usually not in a parallel position
during the take-off in a match. Therefore, future
studies should focus on the influence of the feet
position on CMV] performance with an AS, the
influence of the steps approach before the CMV]
and also on the influence of augmented feedback
on optimal execution of the AS during the CMV]
in young volleyball players.

Conclusion

A positive influence of the AS on
the performance of the CMV] has been
unambiguously demonstrated by an increase in
JH of 38% relative to jumping without an AS. The
AS does not affect the duration of the preparatory
phase or the total jump duration, but it
significantly shortens the braking phase and
prolongs the accelerating phase. The main effect
of the AS on jump performance lies in the
significant increase in the impulse during the
accelerating phase, which depends on the
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