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INTRODUCTION
Maximum muscular power production during short-term exercise
is essential for the successful performance of many motor tasks. As
children grow older they improve their ability to generate muscular
power as a result of both growth and maturation (Larsson et al.,
1979; Martin et al., 2000). As power is a function of force and
velocity, and force is well related to muscle mass (Fukunaga et al.,
2001; Ikai and Fukunaga, 1968; Knuttgen, 1978), the age-related
increase in muscle mass (muscle cross sectional area in particular)
is a significant contributor to the age-related increase in force and
power production (Kanehisa et al., 1994; Neu et al., 2002).

However, it has been consistently reported that changes in
muscle mass do not fully account for changes in muscular power
production (De Ste Croix et al., 2001; De Ste Croix et al., 2003).
Several authors compared the peak power produced during vertical
jumping in pre-adolescent children with that of adults (Davies and
Young, 1984; Ferretti et al., 1994). These studies demonstrated that
the large observed difference in peak power between age groups
could not be solely explained by differences in muscle mass.

Previous research suggests that maximum power production in
jumping is related to lower limb stiffness in adults (Arampatzis et
al., 2001). Stiffness is an important parameter because we take
advantage of the storage and release of elastic energy in the
musculotendinous unit to improve muscle power and jump height
(Bobbert, 2001). However, evidence from the literature is
inconclusive. When performing a counter-movement jump, those
with a stiffer musculotendinous system might benefit from a faster

elastic recoil during the upward, concentric, phase of the jump
(Arampatzis et al., 2001), as well as a more efficient transfer of
force to the skeleton (Wilson et al., 2003). However, elastic energy
storage is likely to be greater in those with more compliant
muscle–tendon units, which seems important for jump success
(Bobbert, 2001). Rabita et al. speculated that in skilled humans, the
neuromuscular system adopts strategies to find the optimal balance
between these conflicting requirements (Rabita et al., 2008).

In a developmental context then, the question arises as to whether
the relationship between maximum power production and lower limb
stiffness changes as a function of age. It has been reported that the
stiffness of the musculotendinous unit increases with age during
childhood (Lambertz et al., 2003). Moreover, Wang et al. (Wang
et al., 2004) speculated that lower limb stiffness may be a contributor
to developmental changes in jumping performance; however, they
did not specifically quantify this relationship.

The first aim of the present investigation was to determine to
which extent lower limb stiffness would contribute to maximum
power production in pre-adults during a lower limb multi-joint task.
First, in order to seek support for the notion that age-related
differences in peak power production during maximum vertical
jumping cannot solely be explained by differences in body mass,
we hypothesised age-related differences in peak power production
even when body mass is accounted for (aim 1A). Second, we tested
the hypothesis that the relationship between lower limb stiffness
and the peak power measured during a maximum vertical counter-
movement jump would be age-dependent (aim 1B).
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SUMMARY
Maximum power production during multi-joint tasks increases as children grow older. Previous research suggests that in adults,
maximum power production in jumping is related to lower limb stiffness. In a developmental context, the question arises as to
whether the relationship between maximum power production and lower limb stiffness is age-dependent. The purpose of this
study was to investigate the relationship between lower limb stiffness and peak power production in adolescents (AD) and pre-
adolescents (PA). With institutional approval, two groups of pre-adults (pre-adolescents: 11–13 years of age, N43; adolescents:
16–18 years of age, N30) performed 30 two-legged hops at their preferred frequency and three maximum counter-movement
jumps. AD produced significantly greater peak power during the counter-movement jump than PA (t71–5.28, P<0.001) even when
body mass was accounted for. Lower limb stiffness was significantly correlated with peak power production during the counter-
movement jump in AD (R0.62, P<0.001) but not in PA (R0.26, P0.10). When normalised to body mass, the relationship between
lower limb stiffness and peak power also differed between the two age groups (R0.30, P0.11 for AD and R0.02, P0.88 for PA).
In addition, we found that during hopping, both PA and AD behaved like a simple spring-mass system. Our findings highlight the
importance of lower limb stiffness in the context of muscular power production during multi-joint tasks. They let us speculate that
during adolescence, children acquire the ability to take greater advantage of elastic energy storage in the musculotendinous
system when performing maximum counter-movement jumps.
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During jumping and hopping tasks, the human body can be
modelled as a simple spring-mass system (Farley et al., 1991). The
relationship between changes in vertical ground reaction force and
vertical centre of mass (COM) displacement determines the stiffness
of this system. If the relationship is linear then the body is regarded
as behaving like a simple spring-mass system. Skilled humans
behave like a simple spring-mass system when hopping at their
preferred frequency (Farley et al., 1991; Granata et al., 2002).
However, it is not intuitive to hypothesise that children would
necessarily behave this way when performing hopping tasks because
children demonstrate a reduced ability to control complex
movements (Jensen et al., 1994). Therefore, the second aim of the
present investigation was to test the assumption that pre-adults would
behave like a simple spring-mass system during vertical hopping
(aim 2).

Lower limb stiffness has been shown to scale relatively linearly
with body mass (Farley et al., 1991; Granata et al., 2002). Granata
et al. found that gender differences in whole body stiffness, as
measured during a repeated hopping task, could largely be explained
by differences in body mass (Granata et al., 2002). In a
developmental context it is intuitive to hypothesise that, due to their
smaller body size, younger children would demonstrate lower levels
of body stiffness than their older peers. However, it has not been
established whether their stiffness to body mass ratio differs from
adults or whether younger children are able to appropriately modify
their musculotendinous stiffness during jumping tasks in order to
account for their smaller body mass. If the latter were the case, we
would expect similar levels of lower limb stiffness between age
groups if normalised by body mass. Therefore, the third aim of the
present investigation was to test the hypothesis that lower limb
stiffness would be similar in pre-adolescents and adolescents, when
normalised by body mass (aim 3).

METHODS
Participants

Seventy-three volunteers participated in this study. Participants were
divided into two groups: pre-adolescents (‘PA’, 11–13 years of age,
N43) and adolescents (‘AD’ 16–18 years of age, N30) (Table1).
All procedures complied with the Declaration of Helsinki and were
approved by the Institutional Ethics Committee. The procedures
were explained in detail to all participants, and they were made aware
of their right to withdraw from the study at any time without penalty.
All participants provided written informed consent and written assent
was given by the parent or guardian.

Procedure
Participants were instructed to perform 30 two-legged hops without
shoes on a force platform (Kistler Instruments, Winterthur,
Switzerland). They were instructed to hop at their preferred
frequency and to complete the hops in place with their hands on

their iliac crests. After completion of the hopping task, the
participants performed three maximal vertical counter-movement
jumps. The instructions for each participant were standardised. They
included a detailed verbal explanation, a demonstration by the
experimenter and two to three practice trials by the participant.
During the verbal instructions, the importance of jumping as high
as possible was emphasised. All jumps were initiated from an upright
posture with the participants’ hands remaining on their iliac crests.
Force data were sampled at 1000Hz.

Vertical COM velocity was obtained by numerically integrating
the vertical acceleration, which was calculated by dividing the
vertical ground reaction force by the participant’s body mass. The
initial condition for COM velocity was set to zero. Vertical COM
displacement was derived by numerically integrating the vertical
COM velocity. The initial condition for COM displacement was set
to zero. Total vertical jump height was derived as the maximum
vertical COM displacement relative to the COM displacement before
the initiation of the counter-movement. For further analysis only
the highest counter-movement jump was analysed.

Absolute and relative peak power production (aim 1A)
Power during the counter-movement jump was calculated as the
product of vertical COM velocity and vertical force. To test the
hypothesis that peak power production differs between age groups
even when body mass is accounted for, independent t-tests were
employed. Relative peak power was expressed as the ratio of peak
power and body mass (Schepens et al., 1998) as well as the ratio
of peak power and body mass to the exponent of 0.66 (Folland et
al., 2008).

Stiffness and peak power production (aim 1B)
Lower limb stiffness was calculated using two separate methods
(hopping stiffness and jumping stiffness). We derived hopping
stiffness from the force data during the hopping task according to
following equation (Farley et al., 1991), where k is the lower limb
stiffness, Mb is the participant’s body mass and w is the resonant
frequency:

k Mb w2 .

Vertical COM displacement during the counter-movement jump was
obtained by double integration of the vertical COM acceleration.
Initial conditions for COM velocity and displacement were set to
zero. For the ground contact phase of each hop, the Pearson’s
correlation coefficient was computed between vertical force and
vertical COM displacement. Stiffness values were averaged across
10 hops. These 10 hops were chosen according to two criteria, as
described by Granata et al. (Granata et al., 2002): first, the stiffness
value had to be within 5% of the mean across the 30 hops and second,
the correlation between vertical force and vertical COM
displacement had to be greater than 0.8.
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Table 1. Descriptive characteristics of participants

Pre-adolescents (PA) Adolescents (AD)

N 43 30
Age (yrs) 12.3±0.6 16.8±0.8
Height (m) 1.53±0.09 1.73±0.09
Body mass (kg) 48.3±11.5 65.08±13.5
Maximum vertical jumping power (W) 931±305 1504±611
Total vertical jump height (m) 0.39±0.09 0.45±0.08
Maximum vertical force during counter-movement (BW) 1.28±0.30 1.50±0.35
Resonant frequency (rads–1) 0.64±0.09 0.66±0.07
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To derive lower limb stiffness during the counter-movement
jump (jumping stiffness), we divided the vertical ground reaction
force at the lowest point of the COM during the ground contact
phase by the lowest vertical position of the COM (derived from
numerical double integration as described above) (Wang et al.,
2004).

To eliminate the potentially confounding relationship between
body mass and peak power production, both hopping stiffness
and jumping stiffness were normalised to body mass (Schepens
et al., 1998) and body mass to the exponent of 0.66 (Folland et
al., 2008). The Pearson’s correlation coefficient was computed
between lower limb stiffness (both absolute and normalised) and
peak power during the counter-movement jump within each of
the age groups.

Spring-mass system (aim 2)
To determine whether pre-adults behaved like a simple spring-mass
system during hopping, the Pearson’s correlation coefficients were
computed between vertical force and vertical COM displacement
during the ground contact phase of each hop. For each participant,
this correlation coefficient was averaged across the 30 hops. The
correlation coefficients were then averaged within each age group.
Independent t-tests were performed to determine any differences
between the two age groups.

Lower limb stiffness adjustment (aim 3)
To determine if pre-adults adjusted their lower limb stiffness
appropriately to account for their lower mean body mass,
independent t-tests were performed on the absolute and relative
(normalised by body mass) lower limb stiffness values. Alpha level
was set at 0.05 for all statistical tests.

RESULTS
Absolute and relative peak power production (aim 1A)

Absolute peak power was greater in AD (16–18 years old) when
compared with PA (11–13 years old) (t71–5.28, P<0.001, Fig.1A).
More interestingly, even when normalised to body mass (Fig.1B)
or body mass to the power of 0.66 (Fig.1C), peak power was
significantly greater in AD than in PA (t71–3.33, P0.001 and
t71–4.43, P<0.001, respectively).

Lower limb stiffness and peak power production (aim 1B)
In AD, hopping stiffness was positively correlated with peak power
(R0.70, P<0.001) whereas it was not correlated for PA (R0.07,
P0.66). When normalised to body mass, hopping stiffness and peak
power were positively correlated (R0.37, P0.046) in AD and
negatively correlated in PA (R–0.36, P0.018) (Fig.2).

In AD, jumping stiffness and peak power were positively
correlated (R0.62, P<0.001) whereas this relationship was
non-significant in PA (R0.26, P0.10). The correlation
coefficient between normalised jumping stiffness was greater
in AD than in PA but the relationship was non-significant in
both groups (R0.30, P0.11 for AD and R0.02, P0.88 for
PA) (Fig.3).

Spring-mass system (aim 2)
Both PA and AD behaved like a simple mass-spring system, as the
change in vertical force during hopping was highly correlated with
the COM displacement (R0.95±0.04 for PA and R0.97±0.01 for
AD). In spite of these strong correlations the correlation coefficient
was significantly smaller for PA compared with AD (t71–2.06,
P0.04). Figs4A,B show representative traces illustrating the

relationship between the vertical COM displacement and the vertical
ground reaction force for a pre-adolescent and an adolescent,
respectively.

Hopping stiffness adjustment (Aim 3)
Hopping stiffness was greater in AD than PA (t71–4.72, P<0.001).
However, when normalised to body mass, there were no differences
in stiffness between the age groups (t71–0.89, P0.374) (Fig.5).

DISCUSSION
The first aim of this study was to determine to which extent lower
limb stiffness would contribute to maximum power production in
pre-adults during lower limb multi-joint tasks. In conformity with
our hypothesis, our results demonstrate that AD produce greater
peak power than PA, even when body mass is accounted for. Our
results are robust across two different methods of normalising peak
power. Thus, they confirm previous findings (Davies and Young,
1984; De Ste Croix et al., 2003; Ferretti et al., 1994; Martin et al.,
2000) that age-related differences in peak power production during
lower limb multi-joint tasks cannot solely be explained by
differences in body size.

This finding raises the question of potential contributors to age-
related differences in peak power production other than muscle mass.
Accordingly, we asked whether age-related differences in lower limb
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Fig.1. Age group differences in absolute peak power (A), peak power
normalised to body mass (B) and peak power normalised to body mass to
the exponent of 0.66. PA: pre-adolescents; AD: adolescents. Absolute and
relative peak powers were greater in AD compared with PA. The asterisks
indicate statistical significance.
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stiffness could be a potential contributor to age-related differences
in peak power production. In AD we found a positive relationship
between lower limb stiffness (hopping and jumping stiffness) and
peak power measured during a maximal counter-movement jump.

Thus, those AD who demonstrated greater leg stiffness
produced greater peak power. In PA, lower limb stiffness and
peak power were unrelated. Because stiffness and body mass are
well related (Farley et al., 1991; Granata et al., 2002) the
possibility exists that this relationship reflects an influence of body
mass on jumping performance. After normalising to body mass,
the relationships were changed somewhat. Both normalised
hopping and jumping stiffness were positively related to peak
power production in AD but this relationship was weaker. These
results suggest that leg stiffness (independent of body mass) may
enhance power production during vertical jumping in AD. In PA,
there was no relationship between normalised jumping stiffness
and peak power whilst the relationship between normalised
hopping stiffness and peak power was negative. These findings
suggest that in PA, the ability to produce mechanical power during
vertical jumping is not related to the mechanical stiffness of the

system. Together these findings let us speculate that AD are able
to take advantage of using elastic energy stored in the
muscle–tendon complex to enhance power production during
vertical jumping, and that this ability is acquired during the period
between 12 and 16 years of age.

We have used a two-legged repeated hopping task to measure lower
limb stiffness. This method allows the estimation of the total
muscle–tendon stiffness of the lower limb without the need to test
each muscle–tendon unit individually. It is based on the assumption
that humans choose to operate at or near their natural, most efficient
frequency (Ferretti et al., 1994). However, there is a requirement to
meet the assumption that the hopping is performed with a pattern
consistent with a simple spring-mass system. Adults have been shown
to clearly behave like a simple spring-mass system, as vertical COM
displacement and vertical ground reaction forces are highly correlated
(Farley et al., 1991; Granata et al., 2002). Given that this has not
previously been examined in a developmental context, our second
aim was to test whether pre-adults would perform the hopping test
with a pattern consistent with a simple spring-mass system. Given
that we found very high correlations between vertical ground reaction
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forces and COM displacements in both AD and PA (R>0.95), we
conclude that, already at the age of 12 years, PA coordinate their
limbs appropriately in order to behave like a simple spring-mass
system during hopping. This result is somewhat surprising as children
tend to show a lack of control during vertical jumping (Jensen et al.,
1994). Nonetheless, our results validate the assumption that a linear
relationship exists between vertical ground reaction forces and COM
displacement, and thus the appropriateness of the derivation of lower
limb stiffness in PA using the methods described by Farley et al.
(Farley et al., 1991) and Granata et al. (Granata et al., 2002). They
let us speculate that PA utilise the elastic properties of their musculo-
skeletal system during hopping (although possibly not during
maximum vertical jumping) as appropriately as AD. This speculation
is substantiated by the fact that lower limb stiffness measured during
hopping was not different between AD and PA when normalised by
body mass (aim 3). Thus, our results extend those from Schepens et
al. who found that during running, mass-specific stiffness stays
relatively constant beyond 12 years of age (Schepens et al., 1998).
Our results also extend those by Granata et al. who demonstrated that
gender differences in lower limb stiffness during hopping could largely
be explained by differences in body mass (Granata et al., 2002).

Our findings are an important step toward fully understanding the
determinants of the development of maximum power production
during childhood. The literature is consistent in demonstrating that
age-related changes in peak power production during maximum lower
limb motor tasks cannot be fully explained by differences in body
size (Davies and Young, 1984; De Ste Croix et al., 2003; De Ste
Croix et al., 2001; Ferretti et al., 1994). It has been speculated that
age-related differences in neural drive could partially explain these
results (Ferretti et al., 1994). Expanding on this speculation, we
propose that changes in the mechanical stiffness of the system could
be a contributor to age-related changes in peak power production.

Lower limb stiffness is influenced by the passive elastic structures
of the musculo-skeletal system (passive stiffness) (Farley et al.,

1991) and the ability to actively stiffen the joints of the lower limb
through antagonistic co-activation (Hortobagyi and DeVita, 2000).
Accordingly, there could be two explanations for the observed
differences. First, a greater compliance in passive elastic structures
in the younger participants (Asai and Aoki, 1996; Lambertz et al.,
2003) could potentially contribute to the weak relationship between
limb stiffness and peak power in PA. Alternatively, a lesser ability
to actively stiffen their joints through antagonistic co-activation
(Hortobagyi and DeVita, 2000) might have resulted in a lesser ability
of intersegmental control (Jensen et al., 1994). The fact that both
passive (Bobbert, 2001) and active (Arampatzis et al., 2001)
stiffness components affect jumping performance, lets us speculate
that PA are limited in their ability to actively stiffen their joints in
order to enhance maximum power production. This challenge
might be amplified by the greater compliance of the passive elastic
structures in these participants (Lambertz et al., 2003). A limitation
to this speculation is the fact that our analysis of correlations between
lower limb stiffness and peak power during the counter-movement
jump does not allow us to make conclusive inferences about the
causality between these two variables. Furthermore, in the present
study we did not distinguish between the stiffness of the passive
elastic structures and active stiffness caused by co-activation of
antagonistic muscles. Future research should therefore focus on
distinguishing between the effects of passive and active components
of muscle–tendon stiffness on muscular power production.

In summary, results from the present investigation demonstrate
the importance of the role of the development of the musculo-
skeletal system being a partial contributor to age-related changes
in muscular force and power production (Brown and Jensen, 2003;
Brown and Jensen, 2006; Korff and Jensen, 2008). By highlighting
the role of lower limb stiffness they further our understanding
about potential contributors to developmental changes in
maximum muscular power production during multi-joint lower
limb motor tasks.
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