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ABSTRACT 

The objective of this study was to examine the contribution of intrinsic ankle stiffness to leg-

spring stiffness in high level athletes using various musculotendinous solicitations. Eight 

aerobic gymnasts (G), 10 long-distance runners (R) and 7 controls (C) were evaluated using 

quick-release or sinusoidal perturbation tests in order to quantify their respective plantarflexor 

musculotendinous (SIMT), ankle musculoarticular active (SIMA) and passive (KP) stiffness. Leg-

spring stiffness (Kleg) was measured during vertical hopping. Runners and gymnasts presented 

significantly higher SIMT values (P<0.01) than controls: 60.4 (±14.1) rad-1.kg2/3 for G, 72.7 

(±23.8) rad-1.kg2/3 for R and 38.8 (±6.5) for C. In addition, normalized Kleg were not 

significantly different between G, R and C. It appeared that intrinsic ankle stiffness had no 

influence on leg-spring stiffness. The adaptation of SIMT seems to concern specifically the 

active part of the series elastic component in runners. The results suggested that the number of 

stretch-shortening cycles during daily practice sessions, rather than their intensity, act as the 

determinant for this component. 

 

 

Keywords: Musculotendinous elasticity ; Spring-mass model; Hopping; Elite sportsmen 
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INTRODUCTION 

 

The human body can be modeled using a simple spring-mass system during running or 

hopping tasks [11, 35]. This model consists of a body mass supported by a linear spring which 

represents one or both legs according to the alternative or simultaneous characteristics of the 

stretch-shortening cycle (SSC) exercise. Leg-spring stiffness, is defined as the ratio of 

maximal ground reaction force to maximal leg compression at the mid-point of the contact 

phase [11]. Regulation of this stiffness has been shown to depend on neuromuscular factors [3, 

25] and intrinsic mechanical properties of musculotendinous (MT) structures [4, 21]. 

Intrinsic elastic properties are usually evaluated under pseudo-isolated conditions and at 

distinct anatomical levels. Musculoarticular (MA) stiffness corresponds to the combined 

elastic properties of tendon, muscle, ligament and articular structures of the whole joint. MA 

stiffness is most often evaluated by subjecting the joint to sinusoidal perturbations. More 

specifically, the MT unit represents both active (muscle fibers) and passive (tendon) fractions 

of the series elastic component in the modified Hill muscle model [18, 40]. MT stiffness is 

usually assessed by the quick-release method which consists of a sudden and fast release of the 

isometrically contracted muscles. The plasticity of these structures has been widely 

documented in humans, either directly after hyperactivity [7, 13, 16, 28], hypoactivity [9, 32] 

or in the disease state [8, 24]. In contrast to the numerous studies which focused exclusively 

on tendon structures [2, 26, 27, 39], very few investigations have been carried out to determine 

the effects of intensive sport activity on MT and MA elastic properties in high level 

sportsmen. In our previous study [38], higher MT stiffness in elite long and triple jumpers 

compared with occasional sportsmen was observed.  

Recent investigations have shown that leg-spring stiffness differs between athletes in 

different sport categories [20, 31, 38]. On the basis of EMG analyses, Hobara et al. [19] 

concluded that the difference in leg-spring stiffness between endurance- and power-trained 
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athletes may be largely attributed to differences in intrinsic stiffness of the muscle tendon 

complex, rather than to altered neural activity. These conclusions are however inconsistent 

with recent investigations that failed to observe any significant relationships between leg-

spring stiffness during hopping and tendon [29], MT [38] or MA [34, 38] stiffness. 

Therefore, the aim of the present study was to characterize, in high level athletes 

belonging to sports categories requiring different MT mechanical solicitations, the 

relationships between ankle MT and MA stiffness and the overall MS stiffness.  
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METHODS 

Populations 

Twenty-seven subjects participated in this study. Their characteristics are presented in 

Table 1. Based on their sport category, they were divided into three groups: aerobic gymnasts 

(G; n=8), long-distance runners (R; n=10) and controls (C; moderate physical activity; n=7). 

Subjects in the G and R groups were recruited from among highly-trained sportsmen (7-9 

sessions per week) belonging to the French National Institute of Sport and Physical Education. 

All of these athletes had competed at national or international level during the year. Control 

subjects were matched for age, height and body mass. Written informed consent was obtained 

from each of the subjects, and the study was conducted in accordance with the Declaration of 

Helsinki. The study protocol was approved by the local ethics committee prior to initiation and 

was performed in accordance with the ethical standards of the IJSM [18]. 

 

Experimental Protocol 

Ergometric tests 

The protocol used in this study was nearly identical to that described previously [38].  

Briefly, the subject was laid prone on an adjustable table with both knees and ankle joints bent 

at 90°. Trunk and thigh were physically restrained by straps. The subject was positioned so 

that the actuator rotation axis was placed at the level of the mean bi-malleolar axis. The 

plantarflexion maximal voluntary contraction (MVC) was first determined under isometric 

conditions. Three trials were carried out and the best performance was taken as the MVC of 

that day. Secondly, quick-release (QR) and a sinusoidal perturbation (SP) tests were imposed 

in random order. QR consisted of a sudden release of the actuator while the subject performed 

an isometric plantar flexion at the neutral ankle position. Three measurements were collected 

at each imposed submaximal isometric torque (25, 50 and 75% of MVC). SP consisted of a 3° 

peak-to-peak harmonic angular displacement imposed on the ankle joint while the subject 
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maintained a submaximal plantarflexion torque (25, 50 and 75% of MVC). Each sinusoidal 

perturbation was performed for 4 s at random imposed frequencies ranging from 4 to 16 Hz. 

Sinusoidal perturbations with no participation of subject (i.e. 0% of MVC) were also carried 

out. 

 

Hopping tests 

Subjects performed two-legged vertical hopping. They were asked to hop as high as 

possible while minimizing the ground contact time in order to maximize the ankle influence 

on leg stiffness [12]. Subject's data were included in subsequent analyses only if they 

presented spring-mass behavior during hopping, as evidenced by the linear force-displacement 

relationships (see below, data processing section). Two out of nine control subjects were 

ultimately discarded from the population. After a familiarization with the procedure, two trials 

of five jumps were required after a brief period of stability (3-5 s) on the platform. For control 

purposes, the subjects were instructed to keep their hands on their hips during the jumps.  

 

Materials 

Ergometric tests 

The ankle ergometer consisted of two main units: i) a power unit which contained the 

actuator,  power supply, position and torque transducers, and their associated electronics, and 

ii) a driving unit composed of a PC-type computer equipped with a specific 12-bit A/D 

converter and a timer board. Angular displacement was measured with an optical digital 

sensor and angular velocity was captured from a resolver bound to the rotor. A tachometer was 

used to measure velocities greater than 15.7 rad.s-1. Torque was obtained using a strain-gauge 

torque transducer. Specific menu-driven software controlled all procedures and digitally 

recorded the mechanical variables for subsequent analysis. An oscilloscope provided the 

subject with visual feedback in time with the procedure’s progress. 
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Hopping tests 

During the hopping test, the vertical component of the ground reaction force was 

measured by a force platform signal (Kistler, type 9281A11) sent to an acquisition card 

(ATMIO16; National Instrument, sampling rate =1000Hz) driven by commercially-available 

software (Daqware, National Instrument). Data was analyzed with Origin 6.1 (OriginLab 

Corporation, Northampton, USA). 

 

Data Processing 

A typical example of the recorded signals is presented in Figure 1. For each QR trial, the 

parameters collected were: i) isometric torque before release (Tiso); ii) changes in angular 

position (∆θ) and changes in angular acceleration (∆θ'', as a derivative of the angular velocity 

signal θ') – these two parameters were characterized within the first 20 ms at the beginning of 

the quick release movement when the series elastic component was expected to recoil; iii) 

inertia (I) as calculated by considering the transition between the static phase and the dynamic 

phase – at this point, acceleration was maximal (θ''max) and static torque equaled dynamic 

torque (Tiso = I ⋅ θ''max). The angular MT stiffness (KMT) was calculated according to the 

formula: 

KMT = I ⋅ ∆θ'' / ∆θ 

KMT was related to the corresponding isometric torque (Tiso) initially exerted by the 

subject. The slope of the linear stiffness-torque relationship was defined as a stiffness index of 

the MT stiffness (SIMT). This methodology was previously shown to be reproducible [32]. 

 

The sinusoidal perturbation tests were used to construct Bode diagrams from i) the ratio 

between averaged θ changes and modulated torque (Tmod) changes (i.e. gain curve) and ii) the 

phase shift between θ and Tmod signals (phase curve); both parameters were plotted against the 
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imposed frequencies. A typical example of the resultant Bode diagrams is presented in Figure 

2. A Fast Fourier transform algorithm was used to remove the non-linearities of the torque 

signal shown at the different angular displacement driving frequencies [23]. The gain diagram 

displayed the expected characteristic features. Namely, there was an increase at low 

frequencies, a resonant volley at intermediate frequencies and a decrease in gain with a slope 

of -40dB/decade at high frequencies. These frequency-dependent changes in gain and phase 

shifting reflected the classical features of a mixed mechanical contribution from elasticity (K), 

viscosity (B) and inertia (I) of the MA system [23]. Using identification techniques, a second 

order model was adjusted to the Bode diagrams as expressed by the formula: 

T(t) =  I ⋅ [d2θ(t) / dt2]  +  B ⋅ [dθ(t) / dt]  +  K ⋅ [θ(t)] 

where T represented the external torque (N⋅m), and θ represented the angular position 

(rad). 

Thus, for each level of torque, the MA stiffness, KMA (N⋅m⋅rad-1) could be determined. 

These values were then related to the maintained torque. The slope of the linear KMA / T 

relationship was defined as a stiffness index of the SIMA. In addition, KMA measurements 

obtained under passive conditions (designated as KP) were analyzed independently. 

SIMT, SIMA and KP were measured in pseudo-isolated conditions. Unlike the leg-spring 

stiffness obtained in hopping conditions, these parameters are referred as "intrinsic" stiffness 

as i) the load of the neuromuscular system is supposed to be constant within each contraction 

level and ii) this level was taken into account in the calculation. 

 

 A spring-mass model was used to calculate the stiffness of the leg-spring (Kleg) during 

the ground contact phase of hopping in place (Fig. 3). The combined stiffness of the two legs 

was calculated during the second-to-fourth ground contact phase from the ratio of the peak 

ground reaction force (Fpeak) to the maximal displacement of the leg spring (∆L) using the 

formula: 
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Kleg = Fpeak / ∆L 

∆L was equal to the negative vertical displacement of the center of mass (COM) during 

the ground contact phase and was calculated by double integration of the vertical acceleration 

with respect to time. This model was then applied after calculating the individual force-

displacement relationships (Fig. 4) and verifying that the body behaved effectively like a 

simple spring-mass system. The maximal positive vertical displacement (i.e. the maximal 

jump height, Hmax), the maximal velocity and the maximal power were also analyzed (Fig. 3). 

For each parameter, the values obtained from both trials were averaged. 

 

All parameters are expressed with respect to body mass by using allometric parameters 

listed in Table 2 [5, 22]. The following equation was used to obtain the normalized parameter: 

Pn = P/BMap 

where P represented the respective parameter, BM represented the Body Mass and ap the 

allometric parameter. 

 

Statistical analysis 

For each measured or calculated parameter, a one way ANOVA was used to compare 

the populations. When a significant main effect for groups was observed, the post-hoc Sheffé 

test was applied to determine statistical significance. Furthermore, effect sizes (ES) were 

calculated using the Cohen's d coefficient [6]. ES of 0.8 or greater, around 0.5 and 0.2 or less 

were considered as large, moderate or small, respectively. Correlations between the different 

parameters were investigated using Pearson product-moment correlation. Values have been 

presented as mean (±SD). Statistical significance was reached when P<0.05. 
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RESULTS 

 

Mean normalized MVC values obtained during isometric plantarflexion were 

significantly higher (P<0.05; ES=0.72) for the G group (1.58±0.32 N⋅m⋅kg-1) than for C (1.34 

±0.23 N⋅m⋅kg-1). The runners (1.42 ±0.26 N⋅m⋅kg-1) were not significantly different from other 

groups. 

Figure 5 presents the mean values of normalized intrinsic stiffness for each group. 

Considering the quick-release results, mean coefficients of determination R2 of the linear KMT-

Tiso relationships were 0.85 (±0.11) for G, 0.80 (±0.13) for R and 0.88 (±0.11) for C. Runners 

presented significantly higher SIMT values (72.7 ± 23.8 rad-1⋅kg2/3) than the control group (38.8 

± 6.5 rad-1⋅kg2/3,  P<0.001, ES=0.92). Gymnasts SIMT values (60.4 ± 14.1 rad-1⋅kg2/) were also 

higher than the control group but in a lower extent (P<0.01, ES=0.92) [Fig. 5A]. 

Regarding the sinusoidal perturbation tests, the mean coefficients of determination R2 of 

the linear KMA-T relationships were 0.93 (±0.11) for G, 0.94 (±0.13) for R and 0.92 (±0.11) for 

C. Mean SIMA values normalized to the body size were 72.2 (±7.4) rad-1⋅kg2/3 for the aerobic 

gymnasts, 73.6 (±17.6) rad-1⋅kg2/3 for the runners and 70.7 (±13.3) rad-1⋅kg2/3 for the control 

subjects (Figure 5B). The differences were not significant (P>0.05). 

The normalized passive MA stiffness values (KP) is presented in Figure 5C. Mean values 

were calculated as 11.6 (±1.8), 12.1(±2.3) and 9.9 (±2.8) Nm⋅rad-1⋅kg-1/3 for G, R and C, 

respectively. The ANOVA revealed a significant effect of training background (P<0.05). Post-

hoc tests showed that while this parameter was greater in runners as compared to controls 

(P<0.05; ES=0.73), gymnasts did not differ from either group. KP was found to be inversely 

correlated (P<0.05) with SIMT for R (R²=0.92; P<0.0001) and, to a lower extent for G 

(R²=0.41; P<0.05). Correlations were not significant neither for C (R²=0.34; P>0.05) nor for 

the whole population (R²=0.02; P>0.05). 

 



Article publié dans : International journal of sports medicine, 2011, vol. 32, n° 7, pp. 552-558 
 

 10 

Hopping frequency, contact and aerial times are presented in Table 3. Among these 

parameters, only the aerial time reached statistical significance, with post-hoc tests showing 

higher values in G compared to R (P=0.03; ES=0.80). This result in hopping performance 

attests that high level aerobic gymnasts presented intermediate lower limb explosive capacity 

compared to runners (Table 3) and long or triple jumpers [37]. A tendency to reach higher 

hopping frequencies was observed in runners (non significant; P=0.07). This trend appeared to 

be linked to shorter aerial times rather than shorter contact times (P=0.71). 

 

Table 3 shows the lack of differences between groups observed for Fpeak (P=0.36) and 

∆L parameters (P=0.36). Likewise, while greater mean values were observed for the high level 

sportsmen, Kleg did not reach statistical significance either (P=0.59; Table 3).  

While identical tendencies were observed in maximal height, power and velocity, the 

ANOVA revealed that only the maximal height was significantly dependent on the training 

status (P<0.05; Table 3). 

 

To further understand the effect of intrinsic stiffness on whole leg-spring stiffness, 

relationships between Kleg and MT or MA stiffness were analyzed. Results are summarized in 

Table 4. None of the tested groups exhibited significant correlations between Kleg and intrinsic 

stiffness parameters. Moreover, when the results were analyzed for the whole population (G, R 

and C groups together), no significant relationships was observed (Table 4). 
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DISCUSSION 

 

In the present study, high level runners and aerobic gymnasts presented higher MT 

stiffness than controls. This result corroborates findings from previous investigations in which 

long-term training was associated with changes in the mechanical properties of MT complex 

[37]. Interestingly, the runner group exhibited the highest SIMT values. As mentioned above, 

the MT stiffness represents both active and passive parts of the series elastic component. 

Previous studies have shown that the mechanical load induced as a cyclic strain can influence 

the regulation of connective tissue biosynthesis and lead to modification of the mechanical 

properties of collagen fascicles [43, 44]. Thus, it is likely that the cyclic strain imposed on the 

Achilles tendon by habitual SSC training during running could alter its elastic properties. This 

assumption is supported by the findings of Kubo et al. [27]. Using ultrasound images, the 

authors showed that long distance runners experienced higher tendon stiffness than sedentary 

subjects. Nevertheless, these findings have been discussed more recently by Arampatzis et al. 

[2] and Rosager et al. [39]. In runner populations, these authors have found that the Achilles 

tendon has been shown to differ from controls in morphological aspects (hypertrophy) but not 

elastic properties (stiffness) [2, 39]. With the methodology used in the present study, it was not 

possible to determine specifically whether the Achilles tendon was stiffer in runners than 

controls or not. However, the great differences in MT stiffness found between runners and 

controls, when considered together with the previously published tendon studies, suggest that 

an adaptation process was located in the active part of the series elastic component. Indeed, 

numerous studies have described the plastic nature of muscle fibers elastic properties [1, 13, 

41]. These investigations have demonstrated that type I fibers exhibit a higher stiffness than 

type II fibers. Although the plantarflexor fiber typology was not experimentally characterized 

in the present study, it is likely that long distance runners present the highest amount of type I 

fibers [17]. Consequently, the higher SIMT values observed in our runner group could mainly 
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be related to active cross-bridges adaptation. Such a differential adaptation between both 

fractions of the series elastic component was recently reported after a plyometric training by 

Fouré et al. [14]. However, these authors observed a decrease in the active part stiffness and 

an increase in the passive part. The reverse adaptations observed in their study and in the 

present one show that both fractions adapted differently to endurance and plyometric trainings, 

confirming the study of Grosset et al. [16]. Furthermore, they highlight the fact that, the 

gymnasts, who realized these types of relatively high intensity plyometric exercises in their 

daily practice, exhibited a lower increase in MT stiffness than the runners. 

Recent results of ultrasound measurements have suggested that a threshold exists for the 

mechanical load intensity necessary for the adaptations of the tendon mechanical properties 

[2]. The authors measured higher tendon stiffness in sprinters compared to runners who did 

not differ from controls. They concluded that the stimulus exerted at the Achilles tendon 

during endurance running was not sufficient to provide any further adaptational effects on the 

tendon mechanical properties as compared to the stimulus provided by normal daily activities. 

The results of the study do not support this type of adaptation when the global MT structures 

are implied. When MT stiffness values obtained for high level sportsmen were compared to 

those obtained in similar conditions for long and triple jumpers [38], it appeared that the 

greater MT adaptation to training occurred in the runners; the changes in gymnasts and 

jumpers were quite similar. Overall, these data indirectly imply that the training adaptation of 

the whole series elastic component differs from the specific tendon changes and that factors 

other than the mechanical load intensity are likely to explain these differences. The number of 

stretch-shortening cycles, rather than their intensity, appears to exert the most influence on the 

adaptation of the active part of the MT mechanical properties, in agreement with recent 

findings [16].  

By using sinusoidal perturbations, the present study reported that ankle MA stiffness 

was not affected by training status. These results are not in line with the previous investigation 
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reported by Cornu et al. [7] which showed that short-term plyometric training led to a decrease 

in SIMA values. These authors have interpreted this result in terms of fiber type transition 

(toward type II fibers phenomenon) as a result of training. Nevertheless, the reasons 

underlying these discrepancies between the elastic MA adaptations as a result of short- and 

long-term training are unclear. It is possible that i) the aerobic gymnasts regularly use 

intensive plyometric exercises consisting of various hops in the vertical plane and this may 

lead to the same type of MA changes as those resulting from short term plyometric training; ii) 

the runners likely present a higher type I fiber proportion than controls and they could be 

expected to present higher SIMA mean values. This result is difficult to interpret, especially 

because SIMA values are assumed to reflect the combined effect of changes in SIMT and the 

passive MA stiffness KP. In previous studies, adaptations of the mechanical properties were 

observed as a result of hypoactivity (long-term spaceflight [32]) or ageing [37]. In both cases, 

SIMT and KP were altered by the same amount, but in opposite direction. It was hypothesized 

that the modifications in passive ankle joint structures resulted from an adaptation to 

alterations in MT elastic properties in order to minimize the changes in the global MA system. 

This result is partly supported here by the correlations observed between these intrinsic 

parameters. It is noteworthy that significant negative correlations were observed between both 

parameters for the runners and, to a lesser extent, for the gymnasts. However, in the present 

study, runners presented higher values in both SIMT and KP compared to controls while SIMA 

did not differ significantly between populations. Thus, the discrepancies between our study 

and the previous one indicate that regular hyper-solicitations of MA structures may be 

adaptations which are different from hypo-solicitation or short-term hyper-solicitations. We 

are unaware of any physiological data to support this hypothesis and further investigations are 

required to define the mechanisms underlying such MA adaptations in persons highly engaged 

in daily practice sessions. 
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The parameter KP reflects the combined effects of passive elastic structures, including 

skin, tendon, ligament, articular surfaces and the giant protein titin. The increased diameter 

and packing density of collagen fibrils [36], together with the changes in collagen crimp 

structure [42], are likely to influence the stiffness of tendons and ligaments as a result of 

training. Moreover, titin has been shown to be involved in running economy in middle 

distance runners [30] and it may, therefore, participate in the higher passive MA observed in 

gymnasts and runners. 

 

Considering the hopping exercise, the G group presented intermediate lower limb 

explosive capacity compared to elite long/triple jumpers and runners, which can be explain by 

the nature of their daily activities. The values were in agreement with those reported 

previously. For example, Di Cagno et al. [10] tested gymnasts in hopping conditions close to 

those of the present study. The comparison between their results and ours was consistent 

considering that their population was composed of well-trained but non-elite gymnasts. 

Indeed, the mean hopping height (0.36 m) was slightly lower than in the present study (0.39m) 

although the mean contact time was higher than those observed here (201 vs 270 ms). The fact 

that the control group did not show significant differences in hopping height could be 

attributed to the fact that these subjects were not strictly sedentary but engaged in occasional 

sport activities. 

The other purpose of the present study was to characterize the influence of training 

background on the relationships between intrinsic ankle stiffness and the overall leg-spring 

stiffness. Contrary to the significant influence of the training status on the intrinsic stiffness 

(Fig. 5), we failed to observe any inter-group differences concerning the hopping leg-spring 

stiffness (Table 3). Moreover, we found no significant correlation between intrinsic (SIMT or 

SIMA) and Kleg stiffness for any of the three groups, either individually or for the whole 

population (Table 4). These results confirm the recent studies that failed to observe any 
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significant relationship between hopping stiffness and tendon [29], MT [38] or MA [34, 38] 

stiffness. Kubo et al. [29] showed that the Achilles tendon stiffness does influence neither the 

global leg-spring stiffness nor the ankle joint stiffness during hopping. They concluded that 

the stiffness measured in hopping conditions was more related to muscle (active cross-bridge) 

than to tendon properties. Our results, which take into account both parts of the series elastic 

component (active and passive), suggest that other factors mainly contribute to the leg-spring 

stiffness. Some such factors have already been reported, including adequate coordination and 

modulation of activation amplitude, efficient timing sequence of muscle pre-activation and 

amplitude of stretch reflex activities. 

 

In conclusion, the study presented herein on the leg-spring stiffness in runners and 

gymnasts suggests that adaptations of the intrinsic stiffness are principally associated with 

runners and mainly involve the active fraction of the series elastic component. The adaptation 

of this active fraction seems mainly determined by the number of stretch stretch-shortening 

cycles during the daily practice sessions rather than their intensity. Moreover, the lack of 

significant influence of intrinsic mechanical properties on the whole leg-spring stiffness 

confirms the importance of other factors as neuromuscular factors. Further works are needed 

to specify the relative contributions of neuromuscular and mechanical properties in the 

hopping spring-leg behaviour. 
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LEGENDS 

 

Fig. 1: Raw mechanical data from the quick-release experiment. Torque (dark gray 

curve), angular displacement (light gray curve) and angular velocity (black curve) are shown. 

Angular acceleration was calculated by the derivation of the spline-filtered angular velocity 

(not shown). The start of the quick-release movement is indicated. 

 

Fig. 2: Typical example of a Bode Diagram including Gain – frequency () and Phase – 

frequency (●) relationships from sinusoidal oscillation at 50 % of maximal voluntary 

contraction. A second order model has been adjusted to the experimentally achieved data, to 

facilitate the calculation of MA stiffness. 

 

Fig. 3: Representative data from a single subject performing a hop. Bottom trace: The 

vertical ground reaction force (Force, N) allowed for the calculation of the temporal 

parameters (contact time, aerial time and frequency). The vertical velocity of the center of 

mass (COM) was determined by integration over the time of the acceleration, which was 

calculated from the ground reaction force signal. Vertical power was calculated as the product 

of force and COM velocity. 

 

Fig. 4: Force-displacement relationships recorded during the second-to-fourth ground 

contact phases for a runner (thin line) and an aerobic gymnast (thick line) representative of 

their respective groups. The displacement (m) corresponds to the variation of the center of 

mass position (0 is equal to the vertical COM position when the subject was standing upright 

prior to the test). 
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Fig. 5 : Mean values (±SD) of the stiffness index of the musculotendinous system (SIMT, 

in rad-1⋅kg2/3), stiffness index of the musculoarticular system (SIMA, in rad-1⋅kg2/3), passive 

musculoarticular stiffness (KP, in Nm⋅rad-1⋅kg-1/3) as measured during the ergometric tests for 

the Aerobic Gymnasts (G), the Runners (R) and the controls (C). *, **, *** denote significant 

differences at P<0.05, P<0.01 or P<0.001, respectively. NS: non-significant. 



Article publié dans : International journal of sports medicine, 2011, vol. 32, n° 7, pp. 552-558 
 

 18 

REFERENCES 

 

1- Almeida-Silveira MI, Perot C, Pousson M, Goubel F. Effects of stretch-shortening 

cycle training on mechanical properties and fibre type transition in the rat soleus 

muscle. Pflugers Arch 1994; 427: 289-294 

2- Arampatzis A, Karamanidis K, Morey-Klapsing G, De Monte G, Stafilidis S. 

Mechanical properties of the triceps surae tendon and aponeurosis in relation to 

intensity of sport activity. J Biomech 2007; 40: 1946-1952 

3- Avela J, Komi PV. Reduced stretch reflex sensitivity and muscle stiffness after long-

lasting stretch-shortening cycle exercise in humans. Eur J Appl Physiol 1998; 78: 403-

410 

4- Bobbert MF. Dependence of human squat jump performance on the series elastic 

compliance of the triceps surae: a simulation study. J Exp Biol 2001; 204 : 533-542 

5- Bojsen-Moller J, Magnusson SP, Rasmussen LR, Kjaer M, Aagaard P. Muscle 

performance during maximal isometric and dynamic contractions is influenced by the 

stiffness of the tendinous structures. J Appl Physiol 2005; 99: 986-994 

6- Cohen J. A power primer. Psychological Bulletin 1992; 112: 155-159 

7- Cornu C, Almeida Silveira MI, and Goubel F. Influence of plyometric training on the 

mechanical impedance of the human ankle joint. Eur J Appl Physiol 1997; 76: 282-288 

8- Cornu C, Goubel F, Fardeau M. Muscle and joint elastic properties during elbow 

flexion in Duchenne muscular dystrophy. J Physiol 2001; 533: 605-616 

9- De Boer MD, Maganaris CN, Seynnes OR, Rennie MJ, Narici MV. Time course of 

muscular, neural and tendinous adaptations to 23 day unilateral lower-limb suspension 

in young men. J Physiol 2007; 583: 1079-1091 



Article publié dans : International journal of sports medicine, 2011, vol. 32, n° 7, pp. 552-558 
 

 19 

10- Di Cagno A, Baldari C, Battaglia C, Monteiro MD, Pappalardo A, Piazza M, Guidetti 

L. Factors influencing performance of competitive and amateur rhythmic gymnastics--

gender differences. J Sci Med Sport 2009; 2: 411-416 

11- Farley CT, Blickhan R, Saito J, Taylor CR. Hopping frequency in humans: a test of 

how springs set stride frequency in bouncing gaits. J Appl Physiol 1991; 71: 2127-2132 

12- Farley CT, Morgenroth DC. Leg stiffness primarily depends on ankle stiffness during 

human hopping. J Biomech 1999; 32: 267-273 

13- Fouré A, Nordez A, Cornu C. Plyometric training effects on Achilles tendon stiffness 

and dissipative properties. J Appl Physiol 2010; 109: 849-54 

14- Fouré A, Nordez A, McNair P, Cornu C. Effects of plyometric training on both active 

and passive parts of the plantarflexors series elastic component stiffness of muscle-

tendon complex. Eur J Appl Physiol. 2010; in press, doi:10.1007/s00421-010-1667-4 

15- Goubel F, Marini JF. Fibre type transition and stiffness modification of soleus muscle 

of trained rats. Pflugers Arch 1987; 410: 321-325. 

16- Grosset JF, Piscione J, Lambertz D, Pérot C. Paired changes in electromechanical delay 

and musculo-tendinous stiffness after endurance or plyometric training. Eur J Appl 

Physiol 2009; 105: 131-139 

17- Harber M, Trappe S. Single muscle fiber contractile properties of young competitive 

distance runners. J Appl Physiol 2008; 105: 629-636 

18- Harriss DJ, Atkinson G. Ethical Standards in Sport and Exercise Science Research. Int J 

Sports Med 2009; 30: 701-702 

19- Hill AV. The heat of shortening and the dynamic constants of muscle. Proceeding of the 

Royal Society B 1938; 126: 136-195 

20- Hobara H, Kimura K, Omuro K, Gomi K, Muraoka T, Iso S, Kanosue K. Determinants 

of difference in leg stiffness between endurance- and power-trained athletes. J Biomech 

2008; 41: 506-514 



Article publié dans : International journal of sports medicine, 2011, vol. 32, n° 7, pp. 552-558 
 

 20 

21- Hof AL, Van Zandwijk JP, Bobbert MF. Mechanics of human triceps surae muscle in 

walking, running and jumping. Acta Physiol Scand 2002; 174: 17-30 

22- Jaric S. Role of body size in the relation between muscle strength and movement 

performance. Exerc Sport Sci Rev 2003; 31: 8-12 

23- Kearney RE, Hunter IW. System identification of human joint dynamics. Crit Rev 

Biomed Eng 1990; 18: 55-87 

24- Kjaer M. Role of extracellular matrix in adaptation of tendon and skeletal muscle to 

mechanical loading. Physiol Rev 2004; 84: 649-698 

25- Komi PV. Stretch-shortening cycle: a powerful model to study normal and fatigued 

muscle. J Biomech 2000; 33: 1197-1206 

26- Kubo K, Kanehisa H, Kawakami Y, Fukunaga T. Elasticity of tendon structures of the 

lower limbs in sprinters. Acta Physiol Scand 2000; 168: 327-335 

27- Kubo K, Kanehisa H, Kawakami Y, Fukunaga T. Elastic properties of muscle-tendon 

complex in long-distance runners. Eur J Appl Physiol 2000; 81: 181-187 

28- Kubo K, Kanehisa H, Fukunaga T. Effects of resistance and stretching training 

programs on the viscoelastic properties of human tendon structures in vivo. J Physiol 

2002; 1: 219-226 

29- Kubo K, Morimoto M, Komuro T, Tsunoda N, Kanehisa H, Fukunaga T.  Influences of 

tendon stiffness, joint stiffness, and electromyographic activity on jump performances 

using single joint. Eur J Appl Physiol 2007; 99: 235-243 

30- Kyrolainen H, Kivela R, Koskinen S, McBride J, Andersen JL, Takala T, Sipila S, 

Komi PV. Interrelationships between muscle structure, muscle strength, and running 

economy. Med Sci Sports Exerc 2003; 35: 45-49 

31- Laffaye G, Bardy BG, Durey A. Leg stiffness and expertise in men jumping. Med Sci 

Sports Exerc 2005; 37: 536-543 



Article publié dans : International journal of sports medicine, 2011, vol. 32, n° 7, pp. 552-558 
 

 21 

32- Lambertz D, Perot C, Kaspranski R, Goubel F. Effects of long-term spaceflight on 

mechanical properties of muscles in humans. J Appl Physiol 2001; 90: 179-188 

33- Lambertz D, Paiva MG, Marinho SM, Aragão RS, Barros KM, Manhães-de-Castro R, 

Khider N, Canon F. A reproducibility study on musculotendinous stiffness 

quantification, using a new transportable ankle ergometer device. J Biomech 2008; 41: 

3270-3273 

34- McLachlan KA, Murphy AJ, Watsford ML, Rees S. The interday reliability of leg and 

ankle musculotendinous Stiffness Measures. J Appl Biomech 2006; 22: 296-304 

35- McMahon TA, Cheng GC. The mechanics of running: how does stiffness couple with 

speed? J Biomech 1990; 23(Suppl.1): 65-78 

36- Michna H, Hartmann G. Adaptation of tendon collagen to exercise. Int Orthop 1989; 

13: 161-5 

37- Ochala J, Lambertz D, Pousson M, Goubel F, and Van Hoecke J. Changes in 

mechanical properties of human plantar flexor muscles in ageing. Exp Gerontol 2004; 

39: 349-358 

38- Rabita G, Couturier A, Lambertz D. Influence of training background on the 

relationships between plantarflexor intrinsic stiffness and overall musculoskeletal 

stiffness during hopping. Eur J Appl Physiol 2008; 103: 163-171 

39- Rosager S, Aagaard P, Dyhre-Poulsen P, Neergaard K, Kjaer M, Magnusson SP. Load-

displacement properties of the human triceps surae aponeurosis and tendon in runners 

and non-runners. Scand J Med Sci Sports 2002; 12: 90-98 

40- Shorten MR. Muscle elasticity and human performance. Med Sport Sciences 1987; 25: 

1-18 

41- Toursel T, Stevens L, Mounier Y.  Evolution of contractile and elastic properties of rat 

soleus muscle fibres under unloading conditions. Exp Physiol 1999; 84: 93-107 



Article publié dans : International journal of sports medicine, 2011, vol. 32, n° 7, pp. 552-558 
 

 22 

42- Wood TO, Cooke PH, Goodship AE. The effect of exercise and anabolic steroids on the 

mechanical properties and crimp morphology of the rat tendon. Am J Sports Med 1988; 

16: 153-158 

43- Yamamoto E, Tokura S, Hayashi K. Effects of cyclic stress on the mechanical 

properties of cultured collagen fascicles from the rabbit patellar tendon. J Biomech Eng 

2003; 125: 893-901 

44- Yamamoto E, Kogawa D, Tokura S, Hayashi K. Effects of the frequency and duration 

of cyclic stress on the mechanical properties of cultured collagen fascicles from the 

rabbit patellar tendon. J Biomech Eng 2005; 127: 1168-1175 

  



Article publié dans : International journal of sports medicine, 2011, vol. 32, n° 7, pp. 552-558 
 

 23 

Tables 

Table 1 
 
  Table 1: Subjects characteristics [mean (±SD)] 

 height (m) mass (kg) age (years) 
Aerobic gymnasts (G; n=8) 1.77 (±0.06) 69.3 (±2.5) 27.5 (±1.5) 

Runners (R; n=10) 1.76 (±0.04) 63.2 (±2.7) 30.0 (±6.0) 
Controls (C; n=7) 1.77 (±0.03) 66.9 (±5.3) 29.3 (±3.9) 

 

Table 2 
Table 2: Correction to body size 

Variable Unit Allometric 
 parameter 

Ankle-ergometer parameters 
MVC N⋅m 1 
intrinsic stiffness N⋅m⋅rad-1 1/3 

Hopping parameters 
hopping force N 2/3 
hopping stiffness kN⋅m-1 1/3 
hopping power W 2/3 
hopping velocity m.s-1 0 
hopping height m 0 

Allometric parameters were used to express the present data 
relative to body mass; The following equation was used to 
obtain the normalized parameter : Pn = P/BMap, where P is the 
respective parameter, BM is Body Mass and ap the allometric 
parameter. 
 

Table 3 
 
Table 3 : Comparison of temporal, kinetics and kinematics parameters between groups 

Hopping parameters Gymnasts Runners Controls 
Hopping frequency (Hz) 1.45 (0.10) 1.57 (0.13) 1.45 (0.10) 
Contact time  (s) 0.201 (0.037) 0.202 (0.017) 0.213 (0.035) 

Aerial time 0.49 (0.03) R 0.44 (0.05) G 0.48 (0.04) 
Peak reaction force (N.m.kg-2/3) 275 (51) 244 (27) 252 (44) 
COM displacement (m) 0.18 (0.04) 0.17 (0.02) 0.19 (0.03) 
Kleg (kN.m.kg-1/3) 6.64 (2.25) 5.99 (0.99) 5.70 (1.79) 
Maximal height (m) 0.39 (0.04) R 0.34 (0.06) G 0.37 (0.03) 
Maximal power (W.kg-1/3) 340 (51) 283 (41) 305 (58) 
Maximal velocity (m/s) 2.53 (0.17) 2.29 (0.21) 2.46 (0.19) 
Velocity at maximal Power (m/s) 1.92 (0.1) 1.75 (0.2) 1.87 (0.1) 
Force at maximal Power (N.m.kg-2/3) 178 (24) 145 (52) 162 (25) 

R, G : significant difference at P<0.05 with the runners or the gymnasts, respectively 
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Table 4 
 
 
Table 4 : Correlations between kleg and intrinsic stiffness for gymnasts (G), runners (R) controls (C) and for the 
whole population (G+C+R) 

  G    R    C   G+R+C 
 R R² P  R R² P  R R² P  R R² P 

kleg-SIMT 0.53 0.29 0.30  0.30 0.09 0.49  0.31 0.09 0.51  0.25 0.06 0.28 
kleg-SIMA 0.01 <0.01 0.98  -0.33 0.11 0.40  -0.68 0.47 0.09  -0.29 0.08 0.19 
 
 
 
Figures 
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