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Effects of stretching velocity on passive resistance developed
by the knee musculo-articular complex: contributions of frictional
and viscoelastic behaviours

A. Nordez Æ P. Casari Æ C. Cornu

Abstract It is commonly accepted that the passive mus-

culo-articular complex (MAC) displays a viscoelastic

behavior. However, the viscosity of the MAC is still not

well understood when considering the relationship between

the passive resistance offered by the MAC and the

stretching velocity. Therefore, in order to obtain a better

knowledge of the mechanical behavior of the passive MAC,

nine subjects performed passive knee extension/flexion

cycles with the hip angle set at 60� on a Biodex� dyna-

mometer at 5�, 30�, 60�, 90� and 120� s-1 in a randomized

order to 80% of their maximal range of motion. Results

show significant (P \ 0.001) increases with the stretching

velocity for the passive torque (between +17.6 and +20.8%

depending on the considered knee angle), the potential

elastic energy stored during the loading (E: +22.7%), and

the dissipation coefficient (DC: +22.8%). These results

suggest that the role of viscosity in the MAC’s mechanical

behavior is limited. A linear model was well-fitted on tor-

que-velocity (0.93 \ R2 \ 0.98), E-velocity (R2 = 0.93)

and DC-velocity (R2 = 0.99) relationships. The linear

relationship between DC and velocity indicates that the DC

does not tend towards zero for the slowest velocities and

that the dissipative properties of the MAC could be modeled

by combining linear viscosity and friction. The present

study would allow the implementation of a rheological

model to simulate the behavior of the passive MAC.

Keywords Passive torque � Dissipative properties �
Viscosity � Friction � Elasticity

Introduction

In human biomechanics, the passive mechanical properties

of a musculo-articular complex (MAC), including struc-

tures spanning the joint (Riemann et al. 2001), can be

determined by using the relationship between the articular

angle and the passive torque developed by the MAC in

resistance to motion (Gajdosik 2001; Gajdosik et al. 2004,

2005; Magnusson 1998; Magnusson et al. 1995, 1996a,

1998, 2000a, b; McNair et al. 2001, 2002; McNair and

Portero 2005; Nordez et al. 2006, 2008b). These mechan-

ical properties have been frequently discussed in literature,

for instance, to study changes in flexibility induced by

ageing (Gajdosik et al. 2004, 2005), spasticity and trauma

(Bressel et al. 2004; Bressel and McNair 2001; Rabita et al.

2005), or acute (Magnusson et al. 1995, 1996a, 2000b;

McNair et al. 2001, 2002; Nordez et al. 2006, 2008b) and

chronic (Gajdosik et al. 2004; Magnusson et al. 1996b;

Reid and McNair 2004) stretching protocols.

Considering the torque relaxation during a static

stretching protocol (Gajdosik et al. 2004; Magnusson

1996a, 1998, 2000a; McNair et al. 2001) and the dissipa-

tion of energy during a loading/unloading cycle

(Magnusson et al. 1995, 1998; Nordez et al. 2008b), results

of many studies have indicated that the MAC displays a

viscoelastic behavior. A viscoelastic material displays both

relaxation during static stretching and dissipation during a
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loading/unloading cycle. Nevertheless, some other

mechanical behaviors can theoretically partially explain

these phenomena such as plasticity and friction. Since

plasticity involves irreversible alterations, it can be pro-

posed that both the isolated muscle-tendon unit (Taylor

et al. 1990) and the in vivo musculo-articular complex

(Esteki and Mansour 1996; Gajdosik 2001; Magnusson

et al. 1998; McNair et al. 2002; Nordez et al. 2008b) do not

exhibit plastic behavior when muscles are stretched in

physiological conditions. However, the dissipation of

energy during a loading/unloading cycle could also par-

tially be due to friction (Esteki and Mansour 1996).

Figure 1 shows the effects of elasticity, viscosity and

friction on the relationships between angular velocity and

the potential elastic energy stored during the loading (E,

i.e., the area under the loading torque-angle curve), and

between angular velocity and the dissipation coefficient

(DC) calculated as the energy dissipated (i.e., hysteresis

area) normalized by E (Mandel 1969; Persoz 1960). The

mechanical behaviour of the MAC could be considered in a

number of ways. (1) A purely elastic behavior means that E

does not depend on velocity and that there is no energy

dissipation. (2) A viscoelastic behavior with a linear vis-

cosity implies that both E and DC increase linearly with

velocity, without any dissipation for very low velocities.

(3) A viscoelastic behavior with a non linear viscosity

would be similar to (2) but with non linear increases in E

and DC with velocity. (4) A viscoelastic behavior (linear

viscosity) with friction would imply linear relationships

between E, DC and the velocity with y-intercepts higher

than zero. Consequently, the study of changes in E and DC

with stretching velocity should provide fundamental

information about the mechanical behavior of the studied

structures.

As stated above, the viscoelasticity of the MAC would

imply that the passive torque (or E) is increased with

stretching velocity (Fig. 1). However, the effect of

stretching velocity on the passive torque has been little

studied. In fact, only one study concerning the knee joint

has shown that stiffness during passive extension (i.e., the

slope of the torque-angle curve) was not different when

considering two stretching velocities (5� and 20� s-1)

(Magnusson et al. 1998). On the contrary, two studies have

shown that both passive torque (McNair et al. 2002; Singer

et al. 2003) and stiffness (McNair et al. 2002) were

increased by about 12 and 16%, respectively between 5�
and 25� s-1 during passive ankle dorsi-flexion for middle-

aged men and women. Moreover, another study has shown

an increase in passive torque during the dorsi-flexion of

about 17.5% between 5� and 120� s-1 for young women

(Gajdosik et al. 2005). Nevertheless, sparse data are

available regarding the relationship between passive torque

and stretching velocity, in a given range of velocities. To

our knowledge, only two studies have established this

relationship in order to assess the effect of velocity on the

passive resistive torque developed by spastic plantar flexors

(Lamontagne et al. 1997; Rabita et al. 2005). For unknown

reasons, these two studies performed on similar popula-

tions (i.e., spastic and healthy middle-aged men and

women) provided quite different results. For healthy sub-

jects, Lamontagne et al. (1997) have shown that the passive

torque increases linearly with velocity (r = 0.92) of about

700% between 10� and 180� s-1. On the other hand, the

increase reported by Rabita et al. (2005) was not significant

for velocities lower than 161� s-1 and a relative increase of

about 16% was found between 10� and 211� s-1. It must be

noticed that, in these two studies, torque measurements

were performed for ankle angles below 0� in dorsi-flexion

(0�: foot perpendicular to the leg) so that data were

obtained for joint positions which would place tissues

under limited strain (McNair et al. 2002). It may be then

hypothesized that changes in passive torque with stretching

velocity might have been angle dependent. Therefore, the

torque-velocity-angle relationship should be characterized

to assess the potential angle dependence relative to the

effects of stretching velocity.

BA

Angularvelocity

E

Angularvelocity

D
C

Fig. 1 Different mechanical behavior to model the dissipation of the

musculo-articular complex during a loading/unloading cycle.

a Potential elastic energy stored during the loading (E) and,

b dissipation coefficient (DC) as function of the angular velocity.

Gray dotted line purely elastic behavior, black dotted line viscoelastic

behavior (linear viscosity), black line viscoelastic behavior (non

linear viscosity), gray line viscoelastic behavior (linear viscosity) and

friction
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As it is shown on Fig. 1, the full characterization of

passive MAC mechanical behavior requires the determi-

nation of the velocity dependence of the energy dissipated

by the MAC during a loading/unloading cycle. To our

knowledge, only one study has determined such a rela-

tionship for the metacarpophalangeal joint. Esteki and

Mansour (Esteki and Mansour 1996) have shown that the

hysteresis is velocity independent at high stretching

velocities (50�–75� s-1) indicating that the dissipation of

the potential elastic energy is frictional when studies are

conducted in this range of velocities, while the dissipation

of energy is linearly related to the velocity at a low angular

velocity range (3�–50� s-1) (Esteki and Mansour 1996).

Therefore, while the mechanical behavior of the passive

MAC is classically assumed to be viscoelastic in the lit-

erature (Gajdosik et al. 2005; Magnusson 1998, 2000a;

McNair et al. 2001, 2002), the possible contribution of

friction in this behavior has to be determined.

The objective of the present study was to assess the

effect of stretching velocity on passive torque, E and DC

for the knee joint. Results of this study would provide a

fundamental understanding of the mechanical properties of

the passive MAC and particularly concerning the possible

contributions of both viscoelastic and friction behaviors.

Materials and methods

Subjects

Ten healthy males (25.4 ± 3.0 years, height: 182.4 ±

7.5 cm, weight: 76.6 ± 8.1 kg) volunteered to participate

in this study and signed an informed consent form. This

study was conducted according to the Helsinki Statement

(1964). Subjects practiced recreational sports, but did not

participate in any strength or flexibility training at the time

of the study. No subject had sustained a recent injury that

may have affected the findings.

Measurement techniques

The experimental set-up has been previously described

(Nordez et al. 2006, 2008b) and has been adapted from

previous studies (Magnusson et al. 1996a, 1998; Reid and

McNair 2004). Briefly, the Biodex system 3 research� is-

okinetic dynamometer (Biodex medical, Shirley, N.Y.,

USA) was used to measure torque produced in resistance to

passive stretch (T), knee joint angle (h) and knee joint

angular velocity (x). Subjects were seated and the thigh

was fastened using velcro straps to a thigh pad elevating it

from horizontal. The trunk-thigh angle was adjusted to 60�,

and the input axis of the dynamometer was aligned with the

approximate axis of rotation of the knee joint. All subjects

were unable to reach full knee extension in this position.

All procedures began with the lower leg perpendicular to

the thigh. This position was used to determine our refer-

ence knee angle expressed as 0�.

Surface electromyographic signals (sEMG) of hamstring

muscles were also recorded synchronously with the torque

and angle data to ensure that no undesirable activation

occurred during the stretching protocol. Bipolar electrodes

(Delsys DE 02.3, Delsys Inc, Boston, USA) were placed on

semitendinosus and biceps femoris muscles with a 10 mm

inter-electrode distance according to the recommendations

of the Surface Electromyography for the Non-Invasive

Assessment of Muscles project (SENIAM) (Hermens et al.

2000). In order to normalize the sEMG data recorded

during the passive stretching trials, sEMG data were also

collected during three maximal isometric knee flexions

performed with the leg perpendicular to the thigh. T, h, x
and sEMG signals were sampled at 1,000 Hz with an

Analog/Digital converter (Bagnoli 16, Delsys Inc, Boston,

USA). All of the collected data were stored in a computer

hard drive for further analysis; sEMG signals were also

visualized in real time by the researcher and the subject.

Experimental protocol

The experimental protocol is described in Fig. 2. The

maximal range of motion (ROM) was first determined

(Nordez et al. 2006). The lower leg was passively extended

(x = 5� s-1), and the subjects used a stop switch when

they perceived the maximum tolerable hamstring muscle

stretch. This point was operationally defined as the maxi-

mal passive knee extension. The leg was then immediately

returned to the starting position. The best score of three

trials was considered as the maximal ROM. Subjects then

performed a familiarization with the stretching protocol at

the different tested velocities. Using the sEMG feedback,

the subjects visualized sEMG activity of the muscles, and

they were asked to stay as relaxed as possible. A 10 min

rest period was then respected between the familiarization

and the measurements. Five passive loading/unloading

cycles were performed at 5�, 30�, 60�, 90� and 120� s-1 in

a randomized order until 80% of the maximal ROM (Ga-

jdosik et al. 2005). Since a pilot experiment has shown that

a 5 min rest was sufficient to counteract the effects of five

cyclic stretching repetitions, 5 min rests were observed

between each series at a given angular velocity. To check

that no changes in the passive mechanical properties

occurred during the protocol, the subjects then performed

five cycles at the same angular velocity as the first tested

velocity. Finally, for sEMG normalization purpose, the

subjects performed three maximal isometric knee flexions

with the leg perpendicular to the shank and a one min rest

in between each.
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Data analysis

The first cycle was analyzed for all of the velocities. Data

were processed and calculated using a standardized soft-

ware with Matlab (The Mathworks, Natick, USA).

Mechanical signals (T, h and x) were filtered using a

Butterworth second order low-pass-dual filter (10 Hz).

Recorded torque was then corrected from the limb mass

and inertia. For that purpose, the torque due to the limb

mass was estimated in the starting position (i.e., trunk-thigh

angle: 60�, leg-thigh angle: 90�, the leg 30� above hori-

zontal) at the end of the protocol. In this position, it was

assumed that there is negligible hamstring and quadriceps

tension. Based on this limb mass estimation, the passive

torque was corrected using the cosine function of the angle

between the thigh and horizontal plane (Aagaard et al.

1995). The inertia of the Biodex level arm was determined

during cycles performed at different velocities during an

experiment with no subject on the dynamometer. The

moment of inertia of the leg-foot was determined using

regression equations (McFaull and Lamontagne 1998)

provided by Zatsiorski (1998).

A typical torque-angle relationship corrected from

gravity and inertia is shown in Fig. 3. This figure also

shows acceleration and deceleration phases. At high

velocities, a deceleration artifact is present, and a previous

study (Nordez et al. 2008a) has shown, using the same

methodology as in the present study, that the deceleration

phase was lower than 9� at 120� s-1 (Fig. 3). Therefore,

the initial and final 9� were excluded from the range of

motion used for all data analyses in order to avoid taking

the deceleration artifact into account. Then, for each preset

velocity, the passive torque was determined every 2� within

the considered joint amplitude in order to obtain the three

dimensional relationship between passive torque, angle and

the preset velocity. The average of the recorded angular

velocity during the loading was also calculated as a func-

tion of the preset velocity. For all velocities, the energy

stored during loading (E, i.e., the area under the loading

curve), the energy restituted (ER, i.e., the area under the

unloading curve) and the energy dissipated by the musculo-

articular complex (ED, i.e., the hysteresis area) were cal-

culated. ED was divided by E to calculate the dissipation

coefficient [DC, Eq. (1), (Nordez et al. 2008b)].

DC ¼ ED=E ¼ ðE � ERÞ=E ð1Þ

The inertia of the leg was estimated using predictive

equations (Zatsiorski 1998). Since the acceleration phase is
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Fig. 2 Experimental protocol. The maximal range of motion (ROM)

was first determined. Subjects realized then a familiarization with the

stretching protocol. A 10 min rest period was then performed before

starting the actual measurements. Five passive loading/unloading

cycles were performed at 5�, 30�, 60�, 90� and 120� s-1 in a

randomized order until 80% of the maximal ROM. Then, subjects

performed 5 cycles at the same angular velocity than the first tested

velocity. A 5 min rest period was respected between each tested

stretching velocity. Finally, subjects performed three maximal

isometric knee flexions in order to normalize surface electromyo-

graphic signals
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Right left arrow range of motion used for all data analyses to avoid

taking into account deceleration artifacts
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taken into account for the calculation of E and DC (Fig. 3),

the estimation of the inertia might have significantly

influenced the findings. Therefore, a sensitivity analysis

was conducted and we calculated E and DC values for an

inertia overestimated and under estimated of approximately

20%. The 20% calculated is higher than the difference

classically reported in the literature between personalized

inertia measurement using imaging, and inertia estimated

using predictive equations, e.g., (Dumas et al. 2005).

sEMG data were processed according to the procedure

described by Gajdosik et al. (Gajdosik et al. 2005). The

root mean square of sEMG signals (sEMG RMS), calcu-

lated during stretching, was deduced from the sEMG RMS

calculated during a 2-s window while the subject was

totally relaxed. sEMG RMS values were then normalized

with the maximal level reached during the maximal iso-

metric contractions. If sEMG RMS for a subject was

greater than 1% of the maximum voluntary contraction

during stretching trials, then the subject’s data were dis-

carded (McNair et al. 2001, 2002).

Statistical analysis

After checking the distribution of data (Kolmogorov–

Smirnov test), parametric statistical tests were performed.

In order to check that the MAC’s mechanical properties

were not altered during the protocol, E and DC calculated

for the first and the last series (same velocity for a subject)

were compared using a paired t-test. The effect of velocity

on the passive torque for three knee angles (28�, 40� and

52�; these three knee angles were within the isokinetic

phase during the loading for all tested velocities), E and

DC were determined using five ANOVAs with repeated

measures on velocity. Newman–Keuls post-hoc analyses

were performed when appropriate. The critical level of

significance in the present study was set at P \ 0.05.

Results

Table 1 shows averaged velocities as function of the preset

velocities on the ROM considered for the data analysis.

Thus, at the maximal preset velocity used in the present

study (120� s-1), the mean measured velocity was about

106.6� s-1. These averaged velocities were used to estab-

lish the relationships between E, DC and the velocity.

Two subjects were excluded from the study because

their sEMG RMS levels during the passive stretching

protocol were higher than 1% of the maximal level reached

during isometric contractions. No significant difference

was found between the first and the last series of cycles

performed at the same angular velocity for E (P = 0.326;

9.08 ± 2.62 J vs. 9.37 ± 2.58 J) and DC (P = 0.214;

0.57 ± 0.07 vs. 0.53 ± 0.09).

At a preset velocity of 120� s-1, the mean normalized

differences between E, E estimated with inertia overesti-

mated at 20%, and with inertia underestimated at 20% were

-1.2 ± 0.4% and +1.5 ± 0.4%, respectively. For DC,

those differences were -3.8 ± 1.6% and 3.4 ± 1.2%,

respectively.

The mean torque-angle-velocity is depicted in Fig. 4a. A

significant main effect of velocity (P \ 0.001) was found

for the passive torque at the three considered angles indi-

cating that the passive torque is increased with stretching

velocity (Fig. 4b). Increases in passive torque between 5�
and 120� s-1 were +17.6 ± 7.1% (28� knee angle),

+17.8 ± 6.3% (40� knee angle) and +20.8 ± 3.1% (52�
knee angle). For these three knee angles, a linear rela-

tionship was observed for the mean torque-velocity

relationship (0.93 \ R2 \ 0.98, P \ 0.01).

E and DC were also increased (P \ 0.001) with the

stretching velocity (+22.7 ± 5.5% and +22.8 ± 14.2%

between 5� and 120� s-1 for E and DC, respectively).

Linear relationships were observed for the averaged E-

velocity (Fig. 5a) and DC-velocity (Fig. 5b) relationships

(R2 = 0.93, P \ 0.01 and R2 = 0.99, P \ 0.001,

respectively).

Discussion

The present study shows that the passive torque developed

in resistance to the stretch, E and the DC, are increased

with stretching velocity. Since it has been shown that

repeated cyclic stretching induce changes in MAC

mechanical properties (Magnusson et al. 1998; McNair

et al. 2001, 2002; Nordez et al. 2008b), it could be argued

that some cyclic stretching effects would interfere with the

effects of stretching velocity. Our results show that there

were no significant changes between the first and the last

series of cycles. Consequently, in accordance with our pilot

experiment, it can be considered that the 5 min rest period

Table 1 Averaged angular velocity in the range of motion of interest for data analysis (see text) as function of the preset velocity

Preset angular velocity (� s-1) 5 30 60 90 120

Averaged measured angular velocity (� s-1) 5.0 ± 0.0 29.4 ± 0.1 59.0 ± 0.1 85.0 ± 0.7 106.6 ± 1.1

Velocity is presented as the mean (± standard deviation) for all the subjects
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between each series was sufficient to counteract the chan-

ges induced by the five loading/unloading cycles. In

addition, E and DC were changed very little when the

inertia was overestimated and underestimated by 20%. It

could be then concluded that inertia estimation using pre-

dictive equations, and acceleration phase had negligible

influence on our results.

Increases in passive torque with stretching velocity

(between +17.6 and +20.8%) and E (+22.7%) reported in

the present study are in the same range as those reported by

Gajdosik et al. (Gajdosik et al. 2005) during passive dorsi-

flexion in healthy young women (passive torque: +17.5%;

E: +13%). Our results are also in agreement with those of

Lamontagne et al. (1997), showing that during passive

dorsi-flexion for healthy middle aged subjects, the increase

in passive torque with the velocity could be modeled using

a linear relationship. However, in this latter study, the slope

of the passive torque-velocity relationship was generally

higher (an increase of about 700% between 10� and

180� s-1 at 0� of ankle angle during a passive dorsi-flex-

ion) than in our present study (between +17.6% and

+20.8% depending on the considered knee angle). The

discrepancies between these results remain unexplained

since the mean torque-angle-velocity relationship (Fig. 3a)

did not show that the increase in passive torque with the

angular velocity was angle dependent.

The increases in passive torque and E with velocity

confirm that the MAC displays a viscoelastic behavior

(McNair et al. 2002). However, increases in passive torque,

E and DC, are only approximately 20%, while the

stretching angular velocity was multiplied by more than 20.

These results suggest that the passive torque has relatively

little velocity dependence, and that viscosity does not play

a major role in the passive mechanical behavior of the

MAC.

In order to investigate the relative contribution of vis-

cosity in the energy dissipation of the MAC, we determined

the DC-velocity relationship (Fig. 1). The data in Fig. 5b

provide the evidence that a dissipation of energy is still

found even for slow stretching velocities. Indeed, the linear

model, which is well-fitted to the experimental relationship

(R2 = 0.99), predicts an averaged DC of 0.438 for an

angular velocity of zero. This result is similar to the DC

value reported by two previous studies (Magnusson et al.

1998; Nordez et al. 2008b), which have determined a DC

of about 0.45 at 5� s-1 using a similar methodology on
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similar subjects as in the present study. These results

emphasize that the dissipation of energy cannot be modeled

only by a linear viscosity (Fig. 1) (Mandel 1969; Persoz

1960).

Therefore, two different ways can be used to model

passive MAC energy dissipation. Some authors have pro-

posed to use a non-linear function (power model) on the

DC-velocity relationship to model the dissipation-angular

velocity relationship as shown in Fig. 1, illustrated by Eq.

(2) (Amankwah et al. 2004; Esteki and Mansour 1996).

DC ¼ xn ð2Þ

Where x is the angular velocity and n is a constant value.

This model was used for our experimental results

(Fig. 6), but the result was that it did not give as good a fit

as the linear model (R2 = 0.91 vs. R2 = 0.99), and it

predicts a DC of 0 for very slow velocities. Moreover,

Esteki and Mansour (1996) have considered that a power

value (n) of 0 would indicate that the dissipation solely

originates from a frictional behavior, and a power value of

1 would be an indication of a linear viscous dissipation.

Since we find a very low power value (0.085), the power

model confirms that knee MAC behavior has little velocity

dependence, indicating that the role of viscosity is limited,

and that a significant frictional behavior has to be taken

into account. Therefore, in order to model the dissipation of

the MAC, a linear fit was preferentially used, indicating

that the mechanical behavior of the passive MAC could be

modeled by combining both a frictional and a linear vis-

cosity behavior (Fig. 1) (Mandel 1969; Persoz 1960). Thus,

the dissipation due to the friction is velocity independent

(y-intercept of the DC-velocity relationship) and the dis-

sipation modeled by the viscosity is velocity dependent

(slope of the DC-velocity relationship).

Although our results indicate that a significant friction is

present in MAC mechanical behavior, the relative contri-

butions of the different structures to this friction remain

unknown and cannot be determined from the present study.

Some friction could be due to the joint. Nevertheless, it has

been shown that lubrication leads to a very low joint fric-

tion coefficient (Fung 1983). However, muscle and

ligament tensions are increased during stretching, leading

to an increase in articular pressure and then possibly in

joint friction. In addition, during joint motion the relative

displacements of the different tissues may also partially

explain the friction behavior of the MAC.

It is well known that the stretch reflex is increased with

the stretch velocity. For instance, Hufschmidt and Mauritz

(1985) only noticed stretch reflex events for movement

velocities above 80� s-1. However, Gajdosik et al. (2005)

have shown that it is possible to perform stretching without

any measurable sEMG activities considering the range of 5�
and 120� s-1 of stretching velocities. Therefore, in our

study, the same angular velocity range was considered.

While no significant muscle activity was observed in our

study, whatever the considered stretching velocity, it could

be argued that a very slight muscle activity (less than 1% of

the maximal levels reached during maximal contractions),

lower than the acceptable threshold commonly reported in

literature (Gajdosik et al. 2005; McNair et al. 2001, 2002;

McNair and Portero 2005; Nordez et al. 2008b), might have

slightly influenced our results (Gajdosik 2001). Neverthe-

less, in this case, it would have led to a slight overestimation

of the passive torque at high velocities, and then, to a slight

overestimation of the relative contribution of viscosity in

respect to friction. Therefore, it would not have influenced

the main finding of the present study indicating that the

behavior of the MAC is little dependence on velocity, and it

would have induced a slight overestimation of the relative

contribution of viscosity with respect to friction.

Conclusion

The results of the present study show that passive torque,

E and DC are significantly increased with the stretching

velocity and confirm the viscoelastic behavior of the

passive MAC classically accepted and reported in the

literature. However, magnitudes of increase in these

parameters are only about 20% when the stretching

velocity is multiplied by more than 20 indicating that the

contribution of viscosity in passive MAC’s mechanical

behavior is limited. In addition, since our original results

show a linear increase in DC with the velocity, the

mechanical behavior can be modeled by a viscoelasticity

(with linear viscosity) combined with some friction.

Future studies should be developed to determine the rel-

ative changes in viscosity and friction induced by acute

(e.g., cyclic and static stretching protocols) or chronic

solicitations (e.g., ageing). The present study provides
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Fig. 6 Dissipation coefficient (DC) as function of the averaged

angular velocity. Black line linear fit used in the present study, gray
line power fit used in the study of Esteki and Mansour
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important information for the modeling of the mechanical

behavior of the MAC, and could be a first step in the

implementation of a rheological model to simulate the

behavior of the passive MAC.
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