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medialis in two previous studies. Moreover, this contribu-
tion of muscle fascicles shortening velocity was constant 
whatever the velocity condition, even at the highest reach-
able velocity. Thus, the vastus lateralis fascicles shortening 
velocity increases linearly with the knee joint velocity until 
high velocities and its behaviour strongly accorded with the 
classical Hill’s force–velocity relationship.

Keywords Force–velocity relationship · Ultrafast 
ultrasound · Fascicles–tendon interactions · High velocity · 
Knee extension

Abbreviations
ANOVA  Analysis of variance
L0  Optimal length

Introduction

Mechanical interactions between muscle fascicles and ten-
dinous tissues (i.e., tendon and aponeurosis) contribute to 
efficient movements (Ettema et al. 1990). These interac-
tions have been well described in animal (Astley and Rob-
erts 2012; Biewener and Baudinette 1995; Wilson et al. 
2003) and human locomotion (e.g., walking and running; 
Cronin and Lichtwark 2013; Cronin et al. 2013; Fukunaga 
et al. 2001; Ishikawa et al. 2007; Lichtwark et al. 2007). 
During exercises involving stretch–shortening cycles, these 
interactions have been demonstrated to enhance the work 
produced by the muscle–tendon unit (Ishikawa and Komi 
2004; Kawakami et al. 2002; Finni et al. 2001), to improve 
the efficiency (Lichtwark and Barclay 2010) and to reduce 
muscle fibre elongation during the eccentric phase, thereby 
limiting the risk of strain induced injury (Guilhem et al. 
2016; Konow et al. 2012).

Abstract 
Purpose Muscle fascicles–tendon interactions are the main 
determinant in production of high joint velocity. Currently, 
no study has investigated the muscle fascicles behaviour of 
knee extensor muscles until the highest reachable veloc-
ity (e.g., unloaded knee extension). We aimed to track the 
changes in vastus lateralis fascicles length during knee 
extensions to quantify muscle fascicles and tendinous tis-
sues contributions to muscle–tendon unit shortening and to 
determine maximal muscle fascicles shortening velocity.
Methods Fifteen participants performed isokinetic and 
isoinertial knee extensions, and ultrafast ultrasound imag-
ing was used to observe the vastus lateralis fascicles from 
low to very high joint velocity.
Results The muscle fascicles shortening velocity increased 
linearly with the increase in knee joint velocity up to the 
maximal joint velocity (mean R2 = 0.93 ± 0.08). Muscle fas-
cicles contribution to muscle–tendon unit shortening velocity 
was almost constant regardless of the condition (83 ± 23%). 
Using Hill’s equation, the maximal velocity of knee joint 
and muscle fascicles was determined at 1000 ± 489°s−1 and 
5.1 ± 2.0 L0 s

−1 (47.4 ± 18.7 cm s−1), respectively.
Conclusions Contribution of muscle fascicles to the mus-
cle–tendon unit shortening velocity was much higher for the 
vastus lateralis in this study compared to the gastrocnemius 
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Muscle fascicles–tendon interactions are also involved 
in concentric contractions of the knee extensors (De Brito 
Fontana et al. 2014; Finni et al. 2003; Ichinose et al. 2000) 
and plantar flexors (Chino et al. 2008; Hauraix et al. 2013, 
2015; Randhawa et al. 2013). For instance, during a maxi-
mal plantar flexion, the initial ankle dorsiflexion position 
induces stretching of the muscle–tendon unit and hence of 
the tendinous tissues before the contraction (Hauraix et al. 
2013). Subsequently, when the contraction starts and after a 
possible additional slight lengthening of tendinous tissues 
induced by shortening of muscle fascicles, the elastic ten-
dinous tissues are, in turn, shortened, contributing signifi-
cantly to the shortening velocity of the muscle–tendon unit 
(up to 46%). Interestingly, during these maximal concentric 
contractions, the respective contributions of muscle fasci-
cles and tendinous tissues to muscle–tendon unit shorten-
ing velocity did not change with the movement velocity 
from slow plantar flexions (30° s−1) up to maximal joint 
velocity (Hauraix et al. 2013, 2015).

To our knowledge, among the previous studies, only one 
investigated muscle fascicles–tendon interactions during 
knee extensions performed with a large range of velocities 
(i.e., up to 500° s−1, De Brito Fontana et al. 2014). Con-
trary to the results obtained for plantar flexions, according 
to these authors, the muscle fascicle shortening velocity 
plateaued for joint velocities above 240° s−1, suggesting 
an increase in the tendinous tissues contribution with the 
increase in knee extension velocity (up to 90% at 500° s−1). 
The discrepancy with the results obtained by Hauraix et al. 
(2013, 2015) on plantar flexor muscles could reflect dif-
ferent muscle fascicles–tendon interactions, according to 
the joint tested (ankle vs. knee), which may be associated 
with different mechanical tendon properties. In addition, De 
Brito Fontana et al. (2014) measured the mean muscle fas-
cicle shortening velocity during the entire motion, including 
acceleration as well as isokinetic and deceleration phases, 
while Hauraix et al. (2013, 2015) continuously tracked mus-
cle fascicle during the movement to appraise the “instanta-
neous” muscle fascicle shortening velocity. Considering that 
(1) the respective contributions of muscle fascicles and ten-
dinous tissues are highly dependent on the range of motion 
considered during the movement (Hauraix et al. 2013), and 
the fact that (2) ultrasound data were sampled at very low 
frequencies (42–49 Hz, which is not recommended in the 
study of fast movements, Cronin and Lichtwark 2013), the 
chosen methodological approach may strongly influence the 
subsequent results and potentially explain the observed dif-
ferences. Finally, the range of joint velocities investigated 
in the study of De Brito Fontana et al. (2014) (i.e., up to 
500° s−1) remained very far from the maximal velocity that 
the joint is able to reach during a single-joint concentric 

contraction (between 700 and 1500° s−1; Forrester et al. 
2011; Tihanyi et al. 1982; Thorstensson et al. 1977). Then, 
the reported stagnation of the muscle fascicle shortening 
velocity remains surprising, because that would mean that 
these very fast knee extensions from 400° s−1 up to this 
maximal joint velocity would be almost exclusively pro-
duced by the involvement of tendinous tissues. As stated, it 
would interfere with the interpretation of the torque–angular 
velocity relationship and, more specifically, the link classi-
cally made between the maximal angular velocity (deter-
mined from the Hill’s modelling relationship) and the maxi-
mal shortening velocity of muscle fibres. Consequently, it 
would be interesting to explore the muscle fascicle behav-
iour during the highest knee joint velocities achieved by 
humans (e.g., during a kick) to investigate whether, in the 
same way as for as the plantar flexors, a classical Hill’s 
force–velocity relationship would also be obtained at the 
fascicle level for the knee extensors.

The current study was designed to investigate muscle 
fascicles behaviour during maximal knee extensions per-
formed at a large range of joint velocities (i.e., force–veloc-
ity test): from low (100° s−1) to the maximal achievable 
velocity. To this end, an ultrafast ultrasound with high sam-
pling frequency (i.e., until 2000 Hz) was used to track the 
instantaneous muscle fascicle length changes during very 
fast unloaded movements. The purpose was to quantify 
muscle fascicle and tendinous tissues contributions to mus-
cle–tendon unit shortening at each velocity and to describe 
the nature of the relationship between muscle fascicle 
shortening velocity and joint velocity. Additional aim was 
to establish the torque–velocity relationship and the force–
velocity relationship of vastus lateralis fascicles and hence 
to determine the knee extensor maximal shortening veloc-
ity in vivo, providing the first data for future comparative 
studies.

Materials and methods

Participants

Fifteen healthy men (22.8 ± 3.2 years, 179.0 ± 5.5 cm, 
75.4 ± 6.2 kg) volunteered to participate in this study. All 
participants were engaged in physical activity, ranging from 
recreational to high-level competition (i.e., sprint running, 
basketball, soccer, gymnastics, rowing, handball, power 
lifting, dance, and tennis). Subjects were fully informed 
about the nature and aim of the protocol, before signing 
a written informed consent form indicating their willing-
ness to participate in the study. This study conformed to the 
Declaration of Helsinki.
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Mechanical measurements

Knee extensions were performed on an isokinetic 
dynamometer (Con-Trex, CMV AG, Dübendorf, Switzer-
land). Joint angle, velocity, and torque were digitized using 
a 12-bit analogue to digital converter (PowerLab 16/35, AD 
Instruments, Australia) at 1000 Hz. The participants were 
seated with the hip joint flexed at 80° (0° correspond to the 

hip fully extended; Fig. 1a). Their shoulders and hips were 
secured by adjustable lap belts and held in position. The 
input axis of the dynamometer was carefully adjusted to the 
knee’s axis of rotation.

High-velocity knee extensions were performed on an 
adapted bench (Fig. 1a). The contractions were stopped 
by a damping system to assist the end of the movement 
and to limit a potential inhibition of agonist muscles. A 

A
C

B

Fig. 1  Individual example of data processing and obtained results. 
Participants performed two trials at four isokinetic velocities and two 
isoinertial conditions (a). The joint velocity, muscle fascicle shorten-
ing velocity, and muscle force were averaged over an 80°–50° range 
of motion (b, grey-coloured area). For each participant, the muscle 

fascicle shortening–joint velocity relationship and force–velocity 
relationship of muscle fascicle were fitted using linear and hyperbolic 
(Hill) model, respectively (c). Yellow and gray points corresponded to 
isokinetic and isoinertial conditions, respectively
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three-camera motion analysis system (Vicon Motion Sys-
tem Ltd., Oxford, UK) recorded the three-dimensional 
coordinates of reflective markers located on the following 
body landmarks of the left leg: lateral malleolus, tibia head, 
lateral femoral epicondyle, and the largest protuberance of 
the greater trochanter (Fig. 1). The sampling frequency was 
set to 250 Hz.

Ultrasound measurements

An ultrafast ultrasound device was used to observe the 
fascicles of vastus lateralis muscle during knee extensions 
(Aixplorer, Supersonic Imagine, Aix en Provence, France). 
The probe (5–12 MHz, 55 mm) was placed on the skin sur-
face over the muscle belly at 39% of the distance between 
the greater trochanter and the lateral femoral epicondyle 
(Blazevich et al. 2006). The orientation of the probe fol-
lowed the recommendations of Benard et al. (2009) to 
obtain the longest muscle fascicles possible. A custom-
made equipment was used to securely maintain the probe 
on the left leg. According to pilot studies, ultrasound sam-
pling frequency was set between 500 and 2000 Hz, depend-
ing on the movement velocity, to allow an accurate mus-
cle fascicle tracking with a good temporal resolution (see 
below). Ultrasound measurements were synchronized with 
mechanical data and kinematic data using an external trig-
ger of the ultrasound scanner sampling using a 16-bit A/D 
converter (PowerLab 16/35, AD Instruments, Australia).

Protocol

After a standardized warm-up, subjects performed two tri-
als of maximal knee extension at four isokinetic veloci-
ties (100, 200, 300, and 450° s−1) in a randomized order, 
with 2 min rest between each trial (Fig. 1a). The starting 
angle position of knee joint was set at 110°, and the par-
ticipants performed knee extension until 10° (i.e., where 
0° corresponds to the full extension). After each exten-
sion, the knee was passively placed in starting position. 
The previous studies showed higher maximal joint veloc-
ity during unloaded plantar flexions performed with pre-
activation (1325° s−1, Farcy et al. 2014) compared to 
without pre-activation (701° s−1, Hauraix et al. 2015). 
However, the maximal fascicle shortening velocity was 
much higher without pre-activation (23.2 cm s−1 compared 
to 34.7 cm s−1). These findings highlighted the importance 
of pre-activation on muscle–tendon interactions. Since the 
aim was to reach the highest fascicle shortening veloci-
ties as possible in a concentric mode, and hence limit the 
contribution of elastic properties, subjects were asked to be 
fully relaxed before the contraction (i.e., without pre-acti-
vation). After a brief countdown, the participant performed 
a maximal knee extension throughout the range of motion. 

In our experience, the automatic tracking was much more 
accurate when the difference between successive images 
is small and hence when the temporal resolution (or frame 
rate) increases. Because the ultrafast ultrasound scan-
ner used in this study did not permit to record more than 
1000 frames per acquisition, the sampling frequency was 
set to cover the entire motion with an appropriate temporal 
resolution to track the muscle fascicle easily (see below). 
Thus, ultrasound sampling frequency was set at 500 Hz for 
100° s−1 and 1000 Hz for the other isokinetic conditions, 
and 2000 Hz for isoinertial conditions. Subsequently, par-
ticipants performed a series of maximal isoinertial knee 
extensions on the adapted bench. The body position and the 
range of motion were the same as in isokinetic conditions. 
Two conditions were tested (two trials per condition), with 
and without an additional load applied using a 3 kg-sand-
bag fixed on the subjects’ ankle. An ultrasound acquisition 
was performed at each trial (2000 Hz). The motion analy-
sis system was used to calculate the knee joint angle during 
isoinertial knee extensions.

Data processing

Data processing was performed using custom-written 
MATLAB scripts (The MathWorks, Natick, MA). The joint 
angle, velocity, and torque were low-pass filtered (20 Hz) 
using a zero-phase second-order Butterworth filter for 
isokinetic conditions. The external torque produced during 
isokinetic knee extension was corrected using acceleration 
to remove the inertia effects of leg and dynamometer equip-
ment. After that, the weight of leg and dynamometer equip-
ment was taken into consideration to obtain the external 
torque at the knee joint. The reflective markers’ positions 
obtained during isoinertial conditions were filtered using a 
second-order low-pass Butterworth filter with a cut-off fre-
quency of 16 Hz (Bobbert et al. 1986). In this condition, 
knee joint angle was calculated in the sagittal plan from 
markers’ positions and joint velocity was obtained by finite 
differences. The external torque was calculated from the 
joint acceleration, the moments of inertia, and the weights 
of the leg, the foot, and the potential additional load. The 
external torque due to inertia effects was equal to the knee 
joint acceleration multiplied by the sum of all moments of 
inertia in the system (i.e., foot, leg, and additional load). 
The moment of inertia of foot and leg was calculated with 
respect to the rotation axis of the knee using parallel axis 
theorem proposed by de Leva (1996). The inertia of the 
additional load was calculated as the load of the sandbag 
(3 kg) multiplied by the squared radius of gyration, which 
corresponds to the distance between the rotation axis of 
knee and the centre of sandbag.

The individual lengths of the muscle–tendon unit and 
moment arm were obtained using anthropometric model 
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and the knee joint angle (Visser et al. 1990). B-mode 
images were created from ultrasonic raw data using a 
conventional beam formation (i.e., applying a time delay 
operation to compensate for travel time differences). The 
displacements of muscle fascicle, deep, and superficial 
aponeurosis were measured using the automatic tracking 
method proposed by Cronin et al. (2011). Vastus lateralis 
fascicles were not always fully visible on B-Mode images. 
Therefore, the muscle fascicle length was extrapolated 
using trigonometry method assuming linear muscle fas-
cicles and aponeurosis (Finni et al. 2003; Hauraix et al. 
2013). Pennation angle was calculated as the angle formed 
between deep aponeurosis and muscle fascicle. Muscle 
fascicle length and pennation angle were low-pass filtered 
by a zero-phase second-order Butterworth filter with an 
adapted cut-off frequency according to the ultrasound sam-
pling frequency (cut-off frequency of 15, 20, and 40 Hz, 
for 500, 1000, and 2000 Hz of sampling frequency, respec-
tively). Horizontal projection of muscle fascicle length was 
calculated as the muscle fascicle length multiplied by the 
cosine of pennation angle. The tendinous tissues length was 
calculated as the muscle–tendon unit length minus the hori-
zontal projection of muscle fascicle length (Fukunaga et al. 
2001). The shortening velocities of muscle–tendon unit, 
muscle fascicle, and tendinous tissues were obtained by a 
time derivative of the changes in their respective length. 
To estimate the muscle fascicles contribution to the mus-
cle–tendon unit shortening velocity, the horizontal muscle 
fascicle shortening velocity was divided by the shortening 
velocity of muscle–tendon unit. The muscle fascicle short-
ening velocity was also expressed in relative value and then 
reported in optimal length per second (L0 s

−1), considering 
a mean optimal length estimated to 9.3 cm according to 
Austin et al. (2010).

Knee extensors force was calculated as the external 
torque divided by the specific angle moment arm (Ichinose 
et al. 2000). Vastus lateralis force was estimated as the 
knee extensors force multiplied by the relative volume of 
vastus lateralis to the global volume of the knee extensor 
muscles (34%, Akima et al. 1995). Considering that mus-
cle fascicles are arranged in parallel, the force produced by 
all muscle fascicles was calculated as the vastus lateralis 
force divided by the cosine of the pennation angle (Fuku-
naga et al. 1996). The analysis focused on the 80°–50° 
range of motion for all conditions (Fig. 1b). Joint velocity, 
torque, muscle–tendon unit shortening velocity, muscle fas-
cicle shortening velocity, and muscle fascicles force were 
averaged over this range of motion and used to build joint 
velocity–muscle fascicle shortening velocity relationship, 
the torque–velocity relationship, and the force–velocity 
relationship of muscle fascicle (Fig. 1c). The model for the 
Eq. 1 was fitted using the linearization method proposed by 
Hill (1938),

where F and V correspond to the force (or torque) and 
velocity of muscle fascicle (or knee joint), respectively, 
and a, b, and c are constants. The intercept of V-axis cor-
responds to the maximal velocity.

Statistical analysis

The normality of distribution was checked using Shapiro–
Wilk’s test. Since all data were normally distributed, the sta-
tistical changes in muscle fascicle shortening velocity and 
the relative contributions to muscle–tendon unit shortening 
according to the six velocity conditions (i.e., four isokinetic 
conditions and two isoinertial conditions) were evaluated 
using a one-way ANOVA. When the sphericity assumption 
was violated (Mauchly test), a Geisser–Greenhouse cor-
rection was used. A Newman–Keuls post hoc analysis was 
conducted when appropriate. A linear fit was performed to 
examine the relation between the muscle fascicle shortening 
velocity and the joint velocity for each participant. The cor-
responding coefficient of determination was used to evalu-
ate the linearity of this relationship. Hill’s hyperbolic model 
was fitted to the torque–velocity relationship, and muscle 
fascicle force–velocity relationship. The fitting of the model 
was measured by the coefficient of determination (R2). The 
student’s paired t test and the Bravais–Pearson correlation 
coefficient (r) were used to evaluate the difference and rela-
tionship between the muscle fascicle shortening velocity 
measured during isoinertial without an additional load and 
the maximal velocity extrapolated. The data are presented 
as mean ± SD. The level of significance was set as p < 0.05.

Results

The patterns of instantaneous joint velocity, muscle–tendon 
unit shortening velocity, muscle fascicle shortening veloc-
ity, horizontal muscle fascicle shortening velocity, and ten-
dinous tissues shortening velocity are presented in Fig. 2 
for all tested conditions. As expected, isoinertial conditions 
elicited the highest joint velocity (Fig. 2a). In these con-
ditions, the muscle fascicle shortening velocity (Fig. 2c) 
increased during knee extension up to a joint angle of 45° 
and then dropped towards the end of the movement. The 
behaviour of tendinous tissues was divided into two phases 
for all tested conditions. During the first part of the move-
ment, tendinous tissues were stretched until approximately 
75°–80° of knee joint angle. Subsequently, tendinous tis-
sues shortened up to the end of the movement.

The mean shortening velocity of muscle fascicles 
reached 34.6 ± 12.4 cm s−1 for the isoinertial condi-
tion without an additional load, while mean joint velocity 

(1)(F + a)(V + b) = c,
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reached 750 ± 82° s−1 on average (mean values were cal-
culated from 80° to 50°). All mean values and statistical 
changes are presented in Table 1.

We observed that muscle fascicles contribution to the 
shortening velocity of muscle–tendon unit decreases as 
knee joint velocity increased (velocity effect p = 0.051). 
However, the muscle fascicles contributions between veloc-
ity conditions were similar (ranging from 78.3 to 84.9%, 
Fig. 3), except for the slowest condition (i.e., 30° s−1, 96.9%, 

Table 1). A significant main effect of condition (p < 0.001) 
indicated a significant increase in muscle fascicle velocity of 
vastus lateralis, while knee joint velocity increased (Fig. 3). 
Whatever the condition tested, the muscle fascicle shorten-
ing velocity and the knee joint velocity were significantly 
higher than those observed at the slower and closest velocity 
condition (Table 1). Individual relationships between muscle 
fascicle velocity and joint velocity were well fitted by the 
linear model (Fig. 4, mean R2 0.93 ± 0.08, range 0.68–0.99). 

Fig. 2  Joint velocity (a), 
muscle–tendon unit shortening 
velocity (b), muscle fascicle 
shortening velocity (c), horizon-
tal muscle fascicle shortening 
velocity (d), and tendinous 
tissues shortening velocity (e) 
patterns measured during maxi-
mal knee extensions at various 
isokinetic pre-set velocities 
and isoinertial knee extension 
with and without an additional 
load. Patterns were averaged 
across participants. The range of 
motion used for further analysis 
is represented by the black 
frame (80°–50°). Error bars 
were omitted for clarity

Table 1  Knee joint velocity (VK), muscle fascicle shortening veloc-
ity (VF), and the muscle fascicles contribution to muscle-tendon unit 
shortening velocity (CF) for each velocity condition and the maximal 

shortening velocity extrapolated from the Hill’s modelling force–
velocity relationship (VMax)

Data are the mean (SD)

Significantly different with the slower velocity condition (***p < 0.001, **p < 0.01)

Significantly correlated with the isoinertial no-load condition (†p < 0.05)

100° s−1 200° s−1 300° s−1 450° s−1 Isoinertial load Isoinertial no load VMax

VK, ° s−1 100 (0) 200 (0)*** 297 (1)*** 432 (1)*** 610 (81)*** 750 (82)*** 1000 (489)

VF, cm s−1 5.6 (0.9) 9.7 (1.6)*** 14.2 (2.7)*** 19.8 (4.7)*** 28.1 (12.2)*** 34.5 (12.4)*** 47.4 (18.7)***†

CF, % 96.9 (20.8) 84.9 (18.4)** 82.2 (17.1) 78.3 (20.2) 80.6 (32.0) 80.8 (26.3)
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For each participant, individual torque-velocity and 
muscle fascicle force–velocity relationships were well fit-
ted by the hyperbolic model proposed by Hill (Fig. 5, mean 
R2 0.95 ± 0.05 and mean R2 0.91 ± 0.08, respectively). 
The maximal joint velocity extrapolated by Hill’s equation 
reached 1000 ± 489° s−1 on average and ranged from 665 
to 2426° s−1. The maximal muscle fascicle shortening veloc-
ity was 47.4 ± 18.7 cm s−1 or 5.1 ± 2.0 L0 s

−1 on average. 
These values were significantly higher compared to muscle 
fascicle shortening velocity assessed during isoinertial condi-
tions (34.6 ± 12.0 cm s−1; p < 0.0001). The maximal muscle 
fascicle shortening velocity and the muscle fascicle shorten-
ing velocity measured during isoinertial condition without an 
additional load were positively correlated (r = 0.63, p = 0.02).

Discussion

This study showed that the muscle fascicles shortening veloc-
ity continuously increases as a function of the increase in 
knee joint velocity. In addition, a linear model captured well 
the relationship between both variables. The respective con-
tributions of muscle fascicles and tendinous tissues to the 
muscle–tendon unit shortening velocity were almost constant, 
regardless of the condition tested. Using Hill’s equation, 
maximal knee joint velocity and muscle fascicles shortening 
velocity of vastus lateralis muscle were estimated on average 
at 1000 ± 489° s−1 and 5.1 ± 2.0 L0 s

−1, respectively.

Muscle fascicles and tendinous tissues behaviours 
during concentric knee extension

This study is the first to track the instantaneous length 
changes in vastus lateralis muscle–tendon unit, muscle fas-
cicle, and tendinous tissues during knee extensions up to 

Fig. 3  Mean ± SD horizontal muscle fascicle velocity and mus-
cle–tendon unit velocity are presented for each condition (four isoki-
netic conditions: 1; two isoinertial conditions: 2). Mean relative 
contributions of muscle fascicles to muscle–tendon unit velocity are 
expressed as percentages

Fig. 4  Muscle fascicle velocity–joint velocity relationship for all tri-
als. Muscle fascicle velocity and joint velocity in each condition were 
normalized to maximal values obtained during isoinertial condition 
without an additional load. Gray lines (individual models) and black 
line (mean trend curve n = 15) are shown for clarity purposes

Fig. 5  Torque–velocity (a) and muscle fascicles force–velocity rela-
tionships (b) based on mean values of all subjects over the analysed 
range of motion (80°–50°). Each individual force–velocity curve was 

fitted by the hyperbolic equation proposed by Hill (1938). The mean 
of individual R2 and maximal velocity are shown and correspond to 
the values obtained from all subjects (n = 15)
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the highest reachable velocity. As previously reported in the 
literature on various muscles, the muscle fascicle behaviour 
(length changes and shortening velocity) differed from the 
behaviour of muscle–tendon unit during concentric con-
traction (De Brito Fontana et al. 2014; Hauraix et al. 2013, 
2015; Ichinose et al. 2000; Randhawa et al. 2013). Indeed, 
the shortening velocity of muscle fascicle was always lower 
compared to the muscle–tendon unit shortening veloc-
ity, and the shape of both curves over the range of motion 
clearly differed (Fig. 2b, c). This phenomenon is classically 
explained by the interactions between muscle fascicles 
and tendinous tissues (Ichinose et al. 2000). Moreover, the 
starting knee angle (110°) induced an initial pre-stretching 
of tendinous tissues, as previously observed during plantar 
flexion (Hauraix et al. 2015). Interestingly, as depicted in 
Fig. 2e, tendinous tissues were additionally significantly 
stretched in the first 25° of the range of motion, regardless 
of the velocity condition tested, which may be considered 
as a storage of elastic energy. Subsequently, despite the 
“concentric” modality of exercise, an elastic energy was 
released, resulting in a shortening of tendinous tissues 
throughout the lasting range of motion. As reflected by the 
tendinous tissues shortening velocity patterns (Fig. 2e), the 
storage of elastic energy was more important under isoin-
ertial loading, allowing for high elastic energy restitution. 
Thus, the muscle–tendon unit can reach high shortening 
velocities thanks to these specific muscle fascicles–tendon 
interactions (Hauraix et al. 2015).

Relationship between muscle fascicles shortening 
velocity and joint velocity

Our results showed that the muscle fascicles shortening veloc-
ity increased linearly with the increase in knee joint velocity 
(Figs. 3, 4, R2 = 0.93). In other words, the contribution of 
muscle fascicles to muscle–tendon unit shortening velocity 
was almost constant up to the highest knee joint velocities that 
the subjects were able to reach (Fig. 3). Only one study on the 
muscle fascicles behaviour at high joint velocity (500° s−1) 
highlighted that the muscle fascicles shortening velocity 
reaches a plateau at joint velocities above 240° s−1 (De Brito 
Fontana et al. 2014). Our results are inconsistent with this 
study, and methodological considerations could explain this 
discrepancy. De Brito Fontana et al. (2014) measured an aver-
age shortening velocity of muscle fascicles during three differ-
ent phases of isokinetic movements (acceleration, isokinetic, 
and deceleration phases). Due to the inertia of the ergometer 
and the time required to achieve the pre-set velocity, the rela-
tive time of isokinetic phase declines with the increase of pre-
set isokinetic velocity (95–20% for 45 and 500° s−1, respec-
tively, De Brito Fontana et al. 2014; Osternig 1986). However, 
the instantaneous tracking of muscle fascicle performed in this 
study clearly shows that the mean and maximal instantaneous 

shortening velocities of muscle fascicle continue to increase 
according to the velocity condition (Fig. 2c). Moreover, the 
sampling frequency offered by the ultrafast ultrasound scan-
ner (ranged between 500 and 2000 Hz) is higher compared 
to those offered by standard ultrasound scanners used in the 
aforementioned study (42–49 Hz). Since the instantaneous 
variations in muscle fascicle length are important, it seems 
essential to sample them at high frame rates. For example, at 
a joint isokinetic velocity of 240° s−1 with a 40° of range of 
analysis, a standard ultrasound device records approximately 
8–9 frames (for sampling frequency at 50 Hz), while an ultra-
fast ultrasound records 167 frames (for sampling frequency 
at 1000 Hz). Specifically, it has been demonstrated that a low 
sampling frequency limits the accuracy with which the mus-
cle fascicle length changes can be observed during dynamic 
contractions above 200° s−1 (Cronin and Lichtwark 2013). 
Currently, ultrafast ultrasound is the only device that allows 
studying the behaviour of the different components of mus-
cle–tendon unit during high-velocity contractions.

The constant contribution of muscle fascicles to mus-
cle–tendon unit shortening is in agreement with the one 
observed for the gastrocnemius medialis muscle of ankle 
joint (Hauraix et al. 2015). However, we observed that 
the muscle fascicles average contribution to muscle–ten-
don unit shortening is lower during plantar flexion than 
during knee extension (60 ± 14 and 83 ± 23%, respec-
tively). Although the main purpose of the study of Kubo 
et al. (2014) was not directly related to the topic of the cur-
rent work, the authors observed a large difference of ten-
don properties between knee extensors and plantar flexors 
muscles. This result highlights the different contribution of 
patellar and Achilles tendinous tissues to muscle–tendon 
unit shortening in relation with their respective mechani-
cal properties. More precisely, the higher stiffness of vastus 
lateralis tendinous tissues could explain that the muscle fas-
cicles have to produce superior relative shortening velocity 
for the vastus lateralis muscle compared to the gastrocne-
mius medialis muscle. Moreover, considering the ratio 
between the rest length of tendinous tissues and the rest 
length of muscle–tendon unit, we observed a significant 
difference between vastus lateralis (75.6%) and gastrocne-
mius medialis (86.5%, Hauraix et al. 2015). This ratio can 
also partly explain the larger participations of vastus later-
alis fascicles to the muscle–tendon unit shortening velocity. 
Consequently, it is not surprising to observe a larger mus-
cle fascicles contribution to muscle–tendon unit shortening 
velocity for the knee extension than for plantar flexion.

Estimation of maximal knee joint velocity and muscle 
fascicles shortening velocity of vastus lateralis

Few studies have attempted to estimate the maximal knee 
joint extension velocity using an extrapolation method 
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permitted by the use of Hill’s equation (Forrester et al. 
2011; Tihanyi et al. 1982). By combining measurements 
under isokinetic and isoinertial resistances, these authors 
have reported individual data of maximal knee joint veloc-
ity, ranging from 680 to 1610° s−1. Our results of extrapo-
lated maximal joint velocities are in accordance with these 
previous studies (1000 ± 489° s−1 on average, ranged 
between 665 and 2426° s−1) and highlight the importance 
of performing trials using low isoinertial resistances to esti-
mate a maximal velocity.

The highest velocity measured during our protocol (i.e., 
isoinertial condition without additional load) was signifi-
cantly lower compared to the maximal extrapolated veloc-
ity (750 ± 82° s−1, i.e., approximately 75% of the maximal 
extrapolated velocity). This finding can easily be explained 
by the effect of the weight of the participant’s leg. Indeed, 
the mean torque produced during an isoinertial condition 
without additional load, which was due to both inertial and 
gravity effects, reached about 12% of the maximal vol-
untary contraction (averaged on analysis range 80–50°). 
Accordingly, the muscle fascicle shortening velocity meas-
ured during isoinertial condition without additional load 
was also significantly lower compared to the extrapolated 
value (p < 0.0001; 34.6 ± 12.0 and 47.4 ± 18.7 cm s−1, 
respectively). The significant correlation between the esti-
mated maximal shortening velocity and the shortening 
velocity obtained during the isoinertial condition was rela-
tively poor (r = 0.63, p = 0.02). Overall, this result demon-
strates that contrary to the gastrocnemius medialis muscle 
of the ankle joint (Hauraix et al. 2015), it is not appropri-
ate to use only one isoinertial contraction performed with-
out additional load to determine a representative maximal 
joint or muscle fascicle velocity (at least with this protocol, 
which does not offset the effects of inertia and weight of 
the leg).

To the best of our knowledge, no study has previously 
accounted for the muscle fascicles shortening velocity 
during this type of very fast isoinertial knee extensions. 
Maximal muscle fascicles shortening velocity reached 
47.4 ± 18.7 cm s−1 on average. Note that this value is 
higher compared to the maximal muscle fascicles short-
ening velocity of gastrocnemius medialis muscle during 
isoinertial plantar flexion (30.8 ± 5.8 cm s−1, Hauraix 
et al. 2015). However, when normalized to the optimal fibre 
length (i.e., in L0 s

−1, with L0 = 9.3 cm, Austin et al. 2010), 
both maximal shortening velocities were similar (5.1 ± 2.2 
and 6.2 ± 1.2 L0 s−1 for VL and GM, respectively). The 
maximal shortening velocity of fascicle depends on the 
length of fascicle (here cancelled out by the normalization; 
Wickiewicz et al. 1984) and the proportion of fast-twitch 
fibres (Barany 1967). Thus, considering the almost similar 
proportion of fast-twitch fibres in both muscles (Johnson 
et al. 1973), our results are consistent.

Methodological considerations

Although the musculoskeletal model used in this study is 
commonly used in literature (De Monte et al. 2006; Ishi-
kawa and Komi 2004; Finni et al. 2001) to dissociate the 
behaviour of muscles fascicle and tendinous tissues, it has 
some limitations. The shortening velocity of knee exten-
sor muscles was restricted to the shortening velocity of 
vastus lateralis muscle, considered as a surrogate of the 
knee extensor muscles. Although the muscular properties 
of vastus lateralis muscle are similar to vastus medialis 
and intermedius muscles, rectus femoris possesses specific 
properties (e.g., high proportion of fast-twitch fibres, mus-
cular geometry). These characteristics indicate that rectus 
femoris muscle may play a substantial role in the achieve-
ment of high knee joint velocity. However, due to the com-
plexity of the muscular geometry of rectus femoris, muscle 
fascicle tracking during dynamic contractions of this mus-
cle represents a technical challenge (Blazevich et al. 2006; 
Massey et al. 2015). Regardless of this, we are confident 
that the vastus lateralis shortening velocity is the most rep-
resentative of all knee extensors muscles behaviour. The 
estimation of the force produced by an individual mus-
cle can be calculated in isometric condition using PCSA 
measurements and muscle moment arm (Baxter and Piazza 
2014; Fukunaga et al. 1996). Thus, we considered in this 
work that the vastus lateralis was responsible for ~34% of 
the total joint torque during knee extension (Akima et al. 
1995). However, these approaches have necessarily some 
limitations for dynamic contractions. Indeed, individual 
muscle force–velocity relationship should fairly influence 
these contributions. Therefore, future studies should try to 
estimate the individual muscle force–velocity relationships 
to better understand the respective involvements of individ-
ual muscles during fast motions. Moreover, the estimation 
of the tendinous tissues changes in length which could be 
considered as an additional limitation of this model, as dis-
cussed in our previous studies (Hauraix et al. 2013, 2015).

In addition, the field of view of the probe used in this 
study (i.e., 55 mm) was relatively small compared to the 
size of large muscles, such as the human vastus later-
alis (Cronin and Lichtwark 2013). This required using an 
extrapolation of the visible part of the fascicle to estimate 
the whole length according to aponeuroses (Arampatzis 
et al. 2006; Blazevich et al. 2006). However, Finni et al. 
(2003) showed a relatively small error measurement, rang-
ing between 2 and 7% of the vastus lateralis. Panoramic 
mode offered by ultrasound scanners allow to observe 
the entire muscle fascicle length (Noorkoiv et al. 2010). 
However, the use of this method is limited to the meas-
urement performed at rest and during isometric contrac-
tions. An alternative method requires placing two ultra-
sound probes in series to observe the entire muscle fascicle 
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length (Herbert et al. 2015). Further studies should appraise 
the error of measurement associated with muscle fascicle 
extrapolation using two probes placed in series to explore 
dynamic contractions.

Conclusion

This study contributes to extend our knowledge on muscle 
fascicles–tendon interactions during maximal concentric 
contractions. Muscle fascicles contribution to muscle–ten-
don unit shortening velocity of the vastus lateralis was 
constant up to the maximal knee extension velocity that 
subjects were able to achieve. Thus, the relation between 
muscle fascicle velocity and joint velocity was strongly fit-
ted by a linear model. However, the contribution of mus-
cle fascicles to the muscle–tendon shortening velocity was 
largely higher for the vastus lateralis (i.e., 83% on aver-
age) compared to the gastrocnemius medialis (Hauraix 
et al. 2015). The specific mechanical properties of vastus 
lateralis tendinous tissues could at least partly explain this 
greater participation of muscle fascicles. As a whole, our 
results demonstrated that the behaviour of muscle fasci-
cle in vivo during maximal knee extension contractions 
strongly accorded with the classical Hill’s modelling force–
velocity relationship and then allowed to confidently deter-
mine the maximal muscle shortening velocity. Based on 
the maximal shortening velocities reported in the present 
study, further studies should investigate the muscle fasci-
cle behaviour during complex movements (e.g., jumping or 
running) to evaluate the link between velocity property of 
muscle fascicles and multi-joint performance.
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