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Age and gender development of stretch shortening cycle

INTRODUCTION
As they grow, children and adolescents become increasingly efficient 
in their movements [1]. They develop more efficient and more adapt-
ed neuromuscular coordination from birth [2, 3], through childhood 
and to adolescence [4, 5, 6, 7]. More specifically, the stretch short-
ening cycle (SSC) is a key factor in explaining efficiency in human 
movement and locomotion [8], such as jumping or sprinting. Its role 
and efficiency in force production has been studied extensively [8, 
9, 10, 11, 12, 13, 14]. The SSC is characterized by a successive 
and rapid combination of eccentric and concentric muscle contrac-
tions [15] of the lower limbs with no delay between them. The exten-
sor contracts forcefully and rapidly [9] in response to the muscle 
lengthening. This is the muscle’s concentric contraction, which is a 
voluntary shortening (controlled by the central nervous system [CNS] 
via α motor neurons) [16, 17]. The increase in force due to the SSC 
is explained by the storage and restitution of elastic energy in the 
series’ elastic component [9, 18, 19, 20] and is also controlled by 
both supra-spinal feed-forward, which drives muscle spindles, and 
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short latency stretch reflexes contributing to the smooth generation 
of tension in the muscle by regulating muscle stiffness [9, 19]. 

The SSC’s efficiency can be assessed by analysing a hopping in 
place task using biomechanical models. The most useful one is “the 
spring-mass model”. This macroscopic model assimilates the lower 
limb to a massless vertical linear spring supporting a bowl contain-
ing the whole body mass [21, 22]. The spring-mass model calculates 
an index of leg stiffness (kleg) [21, 22] in order to quantify the amount 
of force as a function of centre-of-mass displacement. It has been 
reported that kleg was significantly correlated (r = 0.78) with a high 
rate of force development during jumping tasks [23] and to maximal 
velocity during a 100-m sprint [12, 24]. Another way of assessing 
SSC efficiency is to calculate the reactive strength index (RSI), which 
corresponds to the ratio of jumping height (H) to contact time [25, 
26, 27]. RSI and leg stiffness are two different ways to describe the 
ability of an athlete to change quickly (without delay) from eccentric 
to concentric muscular contractions during dynamic jumping activ-
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ity [26]. This kind of task requires a stretch shortening cycle to be 
highly efficient [18]. Further, a few studies have investigated the 
effects of age on kleg and RSI by comparing men to adolescents or 
children. Wang et al. [28] reported that 18-year-old boys were 2.1 
times stiffer than 6 year-old boys [28]. Furthermore, kleg increased 
with age in a sample of 7-10 year-old children [29]. Adolescents 
(16-18 years) reveal higher values of kleg than pre-adolescents (11-
13 years), although this difference disappears when kleg is normalized 
to body mass [30]. Further, these authors found that at the age of 
12 years, pre-adolescents coordinate their lower limbs appropri-
ately in order to behave like a spring mass. With regards to RSI, it 
has been reported that both 12- and 15-year-old subjects produced 
significantly greater RSI than 9-year-old subjects during maximal 
hopping by using supra-spinal feed forward input and short latency 
stretch reflexes to regulate high levels of kleg and RSI [31]. 

The study of the evolution of kleg and RSI with regard to age and 
gender could be very useful for the understanding of the SSC effi-
ciency during pre-adolescence and adolescence. This understanding 
would provide recommendations for optimal drop height in plyomet-
ric exercises or for monitoring SSC training progress [27]. Moreover, 
while the gender effect is known to strongly affect these variables [32], 
it has never been investigated in children and adolescents. As stiff-
ness is a function of force and centre of mass lowering, since force 
is itself is related to muscle mass [33,34], it is expected that the 
age-related increase in muscular mass impacts on kleg values will 
differ strongly between boys and girls during puberty. 

Therefore, this study aimed to investigate the effects of age and 
gender (and their interaction) on a stretch shortening cycle occurring 
during a hopping task by comparing 295 youngsters (boys and girls) 
between the ages of 11 and 20 years. 

MATERIALS AND METHODS  
Participants. 147 girls and 148 boys aged 11 to 20 years took part 
in this study (Table 1). They were divided into five age groups (G1, 
G2, G3, G4 and G5 respectively) as follows: 11-12, 13-14, 15-16, 
17-18 and 19-20 years. The inclusion criteria were: to be enrolled 

in French middle school or secondary school with no experience in 
sport activity, or training fewer than three times per week. None of 
our participants had any expertise in physical activities involving 
jumping. The participants and the underage children’s legal guardians 
(<18 years) gave their written consent to the testing protocols after 
having been informed of the aims and risks of the study. The ex-
periment was approved by the University’s ethics committee and 
was conducted according to ethical principles [35]. 

Procedures
A standardized 15-minute warm-up consisting of running at low 
speed, self-myofascial release, total body dynamic stretches and a 
supervised 5-minute familiarization with the jumping task were 
performed. During familiarization, multiple trials were performed 
in order to familiarize the participants with this kind of hopping 
task. The experiment consisted of three trials of “five hops in place” 
on a hard, flat surface to avoid differences in surface stiffness [36]. 
The participants were asked to hop in place five times as high as 
possible while reducing ground contact time. The instructions 
given were: “When the acoustic signal sounds, hop in place five 
times, with minimal knee flexion and a maximal jumping height. 
After the last jump, return to a vertical standing posture and wait 
for the final acoustic signal.” Data recording began only if the bounc-
ing technique was acquired. The best performance based on the 
value of leg stiffness was kept for further analysis. In order to ensure 
spring mass behaviour while hopping, the linearity of the force to 
displacement ratio was verified for each hopping test trial by mea-
suring the slope with a regression coefficient, as shown in Figure 
1. All of the participants were tested by the same experimenter 
during the first half of the day (between 10 and 12 a.m.) in order 
to avoid the effect of circadian fluctuations on jump height [37] as 
much as possible. The participants were also asked to refrain from 
drinking water during the four hours prior to test. In particular, the 
experimenter asked the participants to hold their hands on their 
waist while jumping in order to avoid arm swing interference [38]. 
Rest was set at 30 seconds between sets. 

Age groups (years)

Gender 11-12 13-14 15-16 17-18 19-20

Number Girls 30 30 29 28 30

Boys 31 29 28 29 31

Height (m) Girls 1.58 ± 0.08 bde 1.64 ± 0.05 1.60 ±0.05(*) de 1.65 ± 0.04(*) 1.67 ± 0.07 (*)

Boys 1.55 ± 0.10 bcde 1.61 ± 0.07 cde 1.69 ± 0.05 de 1.76 ± 0.08 e 1.81 ± 0.08

Body Mass (kg) Girls 44.60 ± 5.9 (*)bcde 55.03 ± 7.9(*) d 56.30 ± 8.2(*) d 65.45 ± 10(*) e 56.69 ± 8.81 (*)

Boys 47.89 ± 11 bcde 52.52 ± 14.6 cde 61.37 ± 11.1 de 68.01 ± 11.83 e 76.86 ± 11.54

%Fat Girls 20.48 ± 1.3(*) d 19.20 ± 4.2 (*) cd 20.50 ± 3.8(*) de 25.03 ±7.8(*) e 21.22 ± 5.92 (*)

Boys 15.49 ± 7.1 bd 11.68 ± 5.13 c 17.40 ± 4.84 d 12.23 ± 3.03 14.23 ± 3.60

TABLE 1. Anthropometric characteristics of participants according to age groups and gender.

Note: values are means ± SD, (a) to (e) represent significant differences between age groups going from 11-12 to 19-20 years: a for 11-12, b for 
13-14, c for 15-16, d for 17-18, e for 19-20,  (*) Significant differences between boys and girls of each group age (p < 0.05)
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Devices 
The participants were equipped with an accelerometric system 
(Myotest, Myotest S.A., Switzerland) (length × width × depth:  
9.5 × 5 × 1 cm; mass: 60 g; sampling frequency: 500 Hz), which 
was used according to the protocol described by Choukou et al. [39]. 
The device was attached to a belt and affixed vertically to the mid-
dle of the lower back. This device had previously been deemed 
valid for assessing vertical jump height and leg stiffness [39, 40, 
41]. Body mass (BM), and percentage of fat (%FAT) were measured 

by bioelectric impedance scales with 0.1% accuracy (Weinberger 
model DJ-156; Weinberger GmbH & Co, Germany) while an anthro-
pometer with 0.1 cm accuracy measured body height (h). 

Calculation of variables
Mechanical leg stiffness kleg corresponds to the ratio of maximal 
ground reaction force (F) to the centre of mass displacement (∆CoM) 
during grounding, as proposed by Dalleau et al. [12] (Equation 1).

CoMleg Fk ∆=  (kN·m-1) (1)

FIG. 1. Typical shape of spring-mass behaviour during the hopping in place test for females (left hand) and males (right hand).
Centre of mass displacement [m] Centre of mass displacement [m]
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Absolute kleg (kN·m-1) was normalized by removing the effect of in-
dividual weight. For this purpose, the value of Force [N] was divided 
by the subject’s weight exponent 2/3 [42, 43, 44]. Jump height (H) 
was calculated according to the flight time method [39]. The reactive 
strength index (RSI) corresponds to the ratio of jumping height to 
ground contact time (CT). The contact time corresponds to the time 
that elapses from the moment of maximal velocity to the moment of 
minimal velocity after touch-down [39]. The first hop served as a 
countermovement jump (impetus) and was consequently excluded 
from the analysis. Finally, six jumps were performed and only five 
were analysed.

Statistical analyses
Age and gender differences for all parameters studied were analysed 
using a two-way analysis of variance (ANOVA) with Fishers’ LSD 
post-hoc test showing age- and gender-related differences when 
significance was found. Statistical tests were processed via STATIS-
TICA software (version 7, StatSoft Inc, Tulsa, OK, USA). The crite-
rion for statistical significance was set at p< 0.05 and effect size 
(η²) was defined as small (η²>0.01), medium (η²>0.09) or large 
(η²>0.25) [45]. 

RESULTS 
Anthropometry . Significant main effects on height, body mass (BM) 
and percentage of fat (%FAT) were found for gender and age, as well 
as a significant age × gender interaction (p < 0.05). The results 
showed that body height increased significantly with age in boys 
while it only increased between 11-12 years, 13-14 years, 15-16 
years and 17-18 years in girls. Gender differences were observed 
beginning at the age of 15-16 years, with an obvious difference in 
19-20 year olds. In addition, BM increased significantly in all age 
groups in both genders except between 13-14 and 15-16 year old 
girls. %FAT increased significantly at 15-16 and 17-18 years old in 
girls while it decreased at 11-12 to 13-14 years old and increased 
at 15-16 years in boys. 

Leg stiffness
kleg behaviour is averaged for all groups in Figure 1, revealing a linear 
force/centre of mass displacement slope (ranging from r²=0.73 at 
11-12 years for girls to r²=0.89 at 17-18 years for girls). A signifi-
cant main effect for absolute kleg was found for age [F(4,289)=20.95, 
p< 0.0001, η²=0.23], a trend for gender [F(1,289)=2.30, p= 
0.12; η²=0.08], with higher values in boys (32.7 ± 13.4 kN·m-1) 
than in girls (30.8 ± 10.3 kN·m-1), and an age × gender interaction 
[F(4,285)=3.56, p< 0.01, η²=0.05]. Absolute leg stiffness progres-
sively increased in boys from 24.7 ± 10.6 kN·m-1 at 11-12 years 
to 44.1 ± 14 kN·m-1 at 19-20 years (Figure 2), while two significant 
peaks were observed for girls’ absolute leg stiffness at the age of 
15-16 years (34 ± 5 kN·m-1) and 19-20 years (39.4 ± 11.1 kN·m-

1), with the highest value in the oldest girls. A significant gender 
difference was observed only in the 17-18 years age group, with 

higher values in boys compared to girls at that age (+24.8%). When 
normalized (Figure 2), leg stiffness shows a similar effect, with a 
gender difference only at G4, with higher values in boys (2.08 ± 
0.57 kN·m-1·kg-0.66) compared to girls (1.61 ± 0.51 kN·m-1·kg-0.66). 

Reactive strength index
A significant main effect on RSI was found for gender [F(1,289)=15.00, 
p< 0.001, η²=0.05], age [F(4,289)=26.84, p< 0.0001, η²=0.26], 
and an age × gender interaction [F(4,285)=5.12, p< 0.05, 
η²=0.06]. RSI increased between 13-14 and 15-16 (+33.7%), 
decreased at 17-18 (-27.4%), and increased at 19-20 (+32.2%) 
in girls, while it increased significantly only between 13-14 and 15-
16 (+ 58.1%) and between 17-18 and 19-20 (+20%) in boys. 
Gender differences for RSI were observed only from the age of 17 
years, with lower values in girls compared to boys (Figure 3). 

Contact time
There was a significant main effect on contact time for age 
[F(4.289)=5.8, p< 0.05, η²=0.08] and an age × gender interac-
tion [F(4,285)=2.66, p< 0.05, η²=0.05]. However, gender differ-
ences for CT were not significant. Age did not affect CT in boys, while 
contact time showed slight fluctuations (Figure 3). 

Jump height (H)
Significant main effects on jump height were reported for gender 
[F(1,289)=40.55, p< 0.0001, η²=0.14] and age [F(4,289)=30.68, 

FIG. 2. Variation of absolute and body-mass-independent leg 
stiffness according to age and gender.

Absolute stiffness (kN · m-1)

Relative stiffness (kN · m-1 · kg-0.66)
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p< 0.0001, η²=0.28], and there was a significant age × gender 
interaction [F(4,285)=8.91, p< 0.001, η²=0.07]. H increased 
significantly between 13-14 and 15-16 by 66.3%, and between 
17-18 and 19-20 by 13.2% in boys. It also increased significantly 
by 44.6% between 13-14 and 15-16, while it decreased by 16% 
at 17-18 in girls. Gender differences for hopping height were observed 
at the age of 17-18 years, with higher values in boys (Figure 3). 

DISCUSSION 
Leg stiffness. One of the major findings of the present study is that 
the spring-mass model is applicable to all the groups in this study 
with high r² levels (Figure 1). This is revealed by the linearity of the 
force/centre of mass slope. The correlation between this curve and 
the theoretical straight line due to the spring mass constant is about 
r²= 0.73 at the age of 12 and increases to r²=0.89 at 17-18 years, 
which is not far from a perfect mechanical spring-mass model (r²=1). 
This shows that the participants in the younger group tested in this 

study were able to perform complex inter-muscular coordination of 
the lower limb, like a spring does. This type of behaviour was previ-
ously observed at the age of 12 years [30]. Consequently, neural 
control seems efficient early in childhood, but our study did not iden-
tify the key moment for this control. The findings of Wang et al. [28] 
revealed that six year-old children are not able to fully extend the 
lower extremities during the push-off phase of the jump [28], show-
ing inefficient motor control during this complex jumping task. Con-
sequently, the switch likely occurs between the ages of 6 and 11 
years. When focusing on the evolution of leg stiffness, it seems that 
the main increase occurs after 14 years, especially when we remove 
the body mass effect. This is similar to previous results. Indeed, dur-
ing running, Schepens et al. [46] found that relative stiffness remains 
constant after the age of 12 years. More precisely, the present study 
shows that the value of leg stiffness increases about 1.62-fold between 
G1 and G5. This increase is similar to that found by Wang et al. [28], 
who reported that 18-year-old boys were 2.1 times stiffer than 6-year-
old boys. According to these authors, this was due primarily to the 
contribution of knee stiffness, which was 11.3 times greater in adults, 
whereas ankle and hip stiffness was 3.2 and 3.4 times higher, re-
spectively. Furthermore, musculotendinous stiffness increased with 
age between 7 and 10 years [29], due to the maturation of elastic 
tissues, and notably due to a higher degree of tibialis anterior coacti-
vation, which reduces neuromuscular efficiency, found in the young-
est children. Adolescents (16-18 years) show higher values of kleg 
than pre-adolescents (11-13 years). Furthermore, these authors found 
that at the age of 12 years, pre-adolescents coordinate their lower 
limbs appropriately in order to behave like a spring mass [30]. An-
other study showed greater values of leg stiffness with age in sub-
maximal hopping tasks, when comparing 9-, 12-and 15-year-old 
children. A surface electromyogram reveals greater background mus-
cle activity and short-latency stretch reflex activity in the soleus and 
vastus lateralis, suggesting that as children mature, they become more 
reliant on supra-spinal feed forward input and short latency stretch 
reflexes to regulate greater levels of leg stiffness and RSI when hop-
ping. The age of 15-16 years is a threshold of maturity for lower limb 
behaviour in untrained adolescents, probably due to morphological 
transformations due to testosterone in males [47], allowing a signifi-
cant increase in reactive strength which could be explained by neu-
romuscular maturation in the capacities of motor unit synchronization. 
This process has been reported to increase the capacity of maximal 
contraction [29, 47-48-49-50]. 

However, when removing the mass effect, the increase found in 
our study is reduced to just 1.15 times, showing that a large part of 
leg stiffness is produced to compensate for heavier mass during 
growth. Similar results have been observed previously when studying 
the effect of age [30]. 

Reactive strength index and contact time
The RSI increases from 1.39 m·s-1 for boys vs 1.07 m·s-1 for girls at 
11-12 years to 2.22 m·s-1 for boys vs. 1.67 m·s-1 for girls at 19-20 

FIG. 3. Variation of reactive strength index, contact time and 
jumping height according to age and gender.
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years, revealing significantly higher values in boys in the 17-18 and 
19-20 year-old groups (+42 % and +27.2 %, respectively). This is 
consistent with a previous study [31] that found greater RSI during 
the maximal hopping task in 12- and 15-year-olds (1.15 m·s-1 and 
1.22 m·s-1 respectively) than in 9-year-olds (0.74 m·s-1). The values 
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(+34.4%) than girls with higher RSI (+27.2%) at the beginning of 
adulthood (at 19-20 years). 

Jump height
The boys’ jumping performance was characterized by a sharp increase 
in height after 15-16 years, whereas the girls’ jump height increased 
until 15-16 years, then decreased at 17-18 years. This suggests 
that 15-16 years is a threshold where jump height increases for both 
genders and also a threshold of gender differentiation, since differ-
ences between boys and girls were observed only after 15-16 years, 
+22% at 17-18 and +31.8% at 19-20. The decrease in the height 
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in body mass at the age of 15-16 years for girls and a decrease at 
the age of 18 years. Our results are quite similar but with a two-year 
forward shift. 

CONCLUSIONS 
This study revealed spring-mass behaviour in all groups (r²=.73-.89), 
meaning that by 12 years, children are able to perform complex 
inter-muscular coordination of the lower limb, revealing efficient neu-
ral control early during childhood. The unexpected result of this study 
was a threshold of evolution of leg stiffness at the age of 15-16 years, 
with higher values compared to younger ages. Additionally, two trends 
of evolution were observed for each gender, with constant leg stiffness 
in boys between mid-adolescence and adulthood and fluctuations in 
girls’ stiffness. Based on the results of this large cross-sectional study, 
the reactive strength index is a determinant of the state of maturity 
that provides a threshold of maturity at 15-16 years old and gender 
differentiation thereafter. That suggests that coaches should propose 
a similar SSC task such as plyometric exercises for both genders 
until the age of 15. Plyometric training is a generic term describing 
quick, powerful movement, using a pre-stretch, or counter-movement 
that involves the SSC. This includes fast SSC movement, such as 
bounding, repeated hurdle hops and slow SSC movement such as 
the vertical jump and box jump. A high level of RSI requires from 
athletes the ability to develop maximal forces in minimal time. More 
practically, our study suggests that the same plyometric exercises 
can be proposed to both boys and girls until 15, but they should 
differ after this age. Indeed, as proposed by previous papers [31, 
53], the RSI level could be used to choose for example the height of 
a box for drop jumping to avoid too long contact time (>250 ms). 
Indeed, a too great box height for girls would be too stressful for the 
muscle-tendon complex.
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