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Background: The mechanisms behind changes in mechanical parameters following stretching are not
understood clearly. This study assessed the effects of joint angular velocity on the immediate changes
in passive musculo-articular properties induced by cyclic stretching allowing an appreciation of viscosity
and friction, and their contribution to changes in torque that occur.
Methods: Ten healthy subjects performed five passive knee extension/flexion cycles on a Biodex dyna-
mometer at five preset angular velocities (5–120 deg/s). The passive torque and knee angle were mea-
sured, and the potential elastic energy stored during the loading and the dissipation coefficient were
calculated.
Findings: As the stretching velocity increased, so did stored elastic energy and the dissipation coefficient.
The slope of the linear relationship between the dissipation coefficient and the angular velocity was
unchanged across repetitions indicating that viscosity was unlikely to be affected. A difference in the
y-intercept across repetitions 1 and 5 was indicative of a change in processes associated with solid fric-
tion. Electromyographical responses to stretching were low across all joint angular velocities.
Interpretation: Torque changes during cyclic motion may primarily involve solid friction which is more
indicative of rearrangement/slipping of collagen fibers rather than the redistribution of fluid and its con-
stituents within the muscle. The findings also suggest that it is better to stretch slowly initially to reduce
the amount of energy absorption required by tissues, but thereafter higher stretching speeds can be
undertaken.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In humans, the passive mechanical properties of a musculo-
articular complex (MAC), including structures spanning the joint
(Riemann et al., 2001), can be determined using passive loading
and unloading torque-angle responses (Gajdosik, 2001, 2004,
2005b; Magnusson, 1998; Magnusson et al., 1996, 1998; McNair
et al., 2001, 2002; Nordez et al., 2006, 2008c). With such data many
studies have shown that the passive torque and stiffness are al-
tered immediately after cyclic (Magnusson et al., 1998; McNair
et al., 2001, 2002; Nordez et al., 2008c) and static stretching proto-
cols (Magnusson et al., 1996, 1998; McNair et al., 2001, 2002;
Morse et al., 2008; Nordez et al., 2006, 2008c). While these passive
stretching exercises are commonly performed in sports and reha-
bilitation, the mechanisms suggested for such changes are not well
ll rights reserved.
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understood and the immediate effects of stretching on the biome-
chanical properties of a MAC, such as the dissipative properties, re-
mains a topic of continued interest to researchers.

The dissipative properties of a passive MAC can be evaluated by
calculating a dissipation coefficient (DC) from the normalized area
of the hysteresis occurring during a loading/unloading cycle (Man-
del, 1969; Nordez et al., 2008c; Persoz, 1960). It has been shown
that the dissipative properties of the MAC are not modified after
6 � 30s of static stretching, while they decreased significantly dur-
ing cyclic stretching (Nordez et al., 2008c). These results suggest
that the effects of stretching are qualitatively different after cyclic
and static stretching and the mechanisms operating could be
different.

In respect to dissipative properties, three mechanisms might
explain changes in passive torque during cyclic stretching. Firstly,
muscle fibers are known to exhibit a short range elastic component
due to titin (Rassier et al., 2005) and/or a small proportion of at-
tached cross-bridges (Proske and Morgan, 1999; Whitehead
et al., 2001). However, a recent study has shown that ten short
range and rapid stretches had no significant influence on the
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passive torque at the ankle joint (Morse et al., 2008). This result
suggested that the short range elastic component is unlikely to
be the mechanism leading to changes in passive mechanical prop-
erties during cyclic stretching. A second mechanism to be consid-
ered is that suggested by McNair et al. (2001, 2002) that changes
in the structural arrangement of muscle could possibly occur dur-
ing motion and induce muscle thixotropy. Thixotropy refers to a
property of some materials showing a time-dependent change in
fluid friction (i.e. viscosity). According to McNair et al. (2001,
2002), the more mobile constituents such as the polysaccharides
and water might be redistributed during cyclic stretching. Finally
Kubo et al. (2001) have shown that a static stretching protocol in-
duces a decrease in tendon stiffness and that the hysteresis area of
the tendon stress–strain relationship is decreased. Based upon the
work of Stromberg and Wiederielm (1969), these authors proposed
that collagen fibers could be rearranged/slip during stretching.

An in vivo technique for studying the contributions of tissues
and fluids in the dissipative properties of the MAC has recently
been developed (Nordez et al., 2008a). It involves the examination
of passive torque-angle measures recorded at different joint angu-
lar velocities using an isokinetic dynamometer. From these mea-
sures, the dissipative properties of the MAC can be assessed
across cycles of motion (Nordez et al., 2008c). Specifically, a linear
model is fitted between the DC across stretching angular velocities.
Nordez et al. (2008a) established that the relationship between
these variables is high with an R2 of 0.99. The linear relationship
between the DC and velocity allows an appreciation of solid fric-
tion and fluid friction (i.e. viscosity) in the system. The slope of
the relationship is indicative of the viscous parameter while the
intercept provides an appreciation of solid friction. The current
work advances that of Nordez et al. (2008a) by examining the con-
tribution of these parameters during cyclic stretching, the goal
being to utilize this technique to determine and explain the effect
of stretching velocity and cycle on the dissipative properties of the
knee MAC. It was thought that such a project could contribute to a
better understanding of the mechanisms related to the immediate
effects of cyclic stretching.
2. Methods

2.1. Subjects

Ten healthy males (25.4 (SD 3.0) yr, height: 182.4 (SD 7.5) cm,
weight: 76.6 (SD 8.1) kg) volunteered to participate in this study
and signed an informed consent form. These subjects participated
in our previous study that established the techniques presented
below. This study was conducted according to the Helsinki State-
ment (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.

2.2. Measurement techniques

The experimental set-up has been previously described (Nordez
et al., 2006, 2008c) and has been adapted from previous studies
(Magnusson et al., 1996, 1998; Reid and McNair, 2004). Briefly,
the Biodex system 3 research� isokinetic dynamometer (Biodex
medical, Shirley, NY, 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 in-
put 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 reference knee angle expressed as 0�.

The maximal range of motion (RoM) was determined first (Nor-
dez et al., 2006). The lower leg was passively extended (x = 5 deg/
s), and the subjects used a stop switch when they perceived the
maximum tolerable hamstring muscle stretch. This point was
operationally defined as the maximal passive knee extension. The
leg was then immediately returned to the starting position. The
greatest angle change of three trials was considered as the maxi-
mal RoM. Subjects then performed a familiarization with the
stretching protocol at the different tested velocities. Our previous
study has shown that a five minute rest was sufficient to counter-
act the effects of five cyclic stretching repetitions (Nordez et al.,
2008c). In the current study, a ten minute rest period was provided
between the familiarization and the measurements. Thereafter,
five passive loading/unloading cycles to 80% of the maximal RoM
were performed at 5, 30, 60, 90 and 120 deg/s in a randomized or-
der (Gajdosik et al., 2005a). Five minute rests were observed be-
tween each series at a given angular velocity. The foot was at
rest in an equilibrium position during testing, and subjects were
watched during the motion of the dynamometer. No movement
of the foot was observed in any subjects.

Surface electromyographic signals (sEMG) of hamstring mus-
cles were also recorded synchronously with the torque and angle
data to ensure that no undesirable activation occurred during the
stretching protocol. Using sEMG feedback, the subjects and the
experimenter were able to visualize any activity in their muscles,
and subjects were asked to stay as relaxed as possible. Bipolar elec-
trodes (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 sur-
face electromyography for the Non-Invasive Assessment of Mus-
cles 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 isomet-
ric knee flexions performed with the leg perpendicular to the thigh.
T, h, x and sEMG signals were sampled at 1000 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.

2.3. Data analyses

The first and the fifth cycles were analyzed for all the velocities.
Data were processed and calculated within Matlab� (The Math-
works, Natick, USA). Mechanical signals (T, h and x) were filtered
using a Butterworth second order low pass dual filter (10 Hz). Re-
corded torque was then corrected for the limb mass and inertia. For
that purpose, the torque due to the limb mass was recorded in the
starting position (i.e. trunk–thigh angle: 60�, leg–thigh angle: 90�,
the leg 30� above horizontal) at the end of the protocol. In this po-
sition, it was assumed that there is negligible hamstring and quad-
riceps tension. Based on this limb mass estimation, the passive
torque was corrected using the cosine function of the angle be-
tween the thigh and horizontal plane (Aagaard et al., 1995). The
inertia of the Biodex level arm was determined during cycles per-
formed at different velocities during an experiment with no sub-
ject on the dynamometer. The moment of inertia of the leg-foot
was determined using regression equations (McFaull and Lamonta-
gne, 1998) provided by Zatsiorski (1998). Using a sensitivity anal-
ysis, our previous results have shown that inertia estimation using
predictive equations, and acceleration phase had negligible influ-
ence on our results (Nordez et al., 2008a).

At high velocities, a deceleration artefact was present, and a
previous study (Nordez et al., 2008b) has shown, using the same
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Fig. 1. Potential elastic energy stored during the loading (E) as a function of the
angular velocity for the first (�) and the fifth (h) cycles.

Table 1
Slopes and y-intercepts of relationships between the potential elastic energy stored
(E), the dissipation coefficient (DC) across stretching velocities for the first (1st) and
the fifth (5th) cycles.

Subject E DC

a (10�2 Js /deg) b (J) a (10�3 s/deg) b (a.u.)

1st 5th 1st 5th 1st 5th 1st 5th

1 2.71 2.28 8.55 6.95 0.76 0.63 0.47 0.41
2 0.99 0.59 4.36 3.42 0.38 0.30 0.64 0.58
3 3.47 1.48 6.92 6.31 0.24 0.16 0.31 0.30
4 1.31 0.77 7.70 6.83 1.12 1.24 0.35 0.29
5 1.88 1.62 9.98 8.44 1.27 1.34 0.44 0.39
6 1.76 1.40 10.52 9.26 1.02 1.08 0.32 0.25
7 1.96 2.02 8.21 7.06 0.43 0.52 0.50 0.44

Mean 2.01 1.45 8.03 6.90 0.75 0.75 0.43 0.38
SD 0.84 0.61 2.05 1.85 0.40 0.47 0.12 0.11
P 0.0327 0.0001 0.4223 0.0001

Level of significance: P < 0.05.

A. Nordez et al. / Clinical Biomechanics 24 (2009) 77–81 79
methodology as in the present study, that the deceleration phase is
less than 9� at 120 deg/s. Therefore, the initial and final 9� were ex-
cluded from the range of motion used for all data analyses in order
to avoid taking the deceleration artifact into account. Thereafter,
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. For all velocities, the energy stored during
loading (E, i.e. the area under the loading curve), the energy resti-
tuted (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 calculated. ED was divided by E to calculate the dissipa-
tion coefficient (DC, Eq. (1) (Nordez et al., 2008c).

DC ¼ ED=E ¼ ðE� ERÞ=E ð1Þ

Relationships between E, DC and the angular velocity were
modeled using linear fits for each subject (Nordez et al., 2008a)
in order to assess the y-intercept and the slope of these
relationships.

sEMG data were processed according to the procedure de-
scribed by Gajdosik et al. (2005a). The root mean square of sEMG
signals (sEMG RMS) was calculated from the sEMG recorded while
the subject’s knee joint was being moved through its range of mo-
tion. sEMG RMS values were normalized to the maximal level re-
corded during the maximal isometric contractions. If sEMG RMS
for a subject was greater than 1% of the maximum voluntary con-
traction during the stretching trials, then the subject’s data were
discarded (McNair et al., 2001, 2002).

2.4. Statistical analysis

After checking the normality of data distribution (Kolmogorov–
Smirnov test), parametric statistical tests were performed using
Statistica� software. E and DC calculated for the first and the fifth
cycles (with all tested velocities pooled) were compared using a
paired T-test. Changes in slopes and y-intercepts of linear relation-
ships between E, DC and angular velocity between the first and the
fifth cycle were also analyzed using the paired T-test. Two 2 � 2 re-
peated measures (cycle � velocity) analysis of variances (ANOVAs)
were performed to determine changes in E and DC between the
first and the fifth cycle and between stretching at 5 deg/s and
120 deg/s. Newman–Keuls post-hoc analyses were performed
when appropriate. The critical level of significance in the present
study was set at P < 0.05.
3. Results

Three subjects were excluded from the study because their
sEMG RMS levels during the passive stretching protocol were high-
er than 1% of the maximal level reached during isometric contrac-
tions. For the 1st cycle, mean sEMG RMS were 0.06% (SD 0.03%),
0.11% (SD 0.06%), 0.24% (SD 0.14%), 0.30% (SD 0.20%) and 0.46%
(SD 0.21%) of the maximal level reached during maximal isometric
contractions at 5, 30, 60, 90 and 120 deg/s, respectively. For the 5th
cycle, mean sEMG RMS were 0.05% (SD 0.03%), 0.08% (SD 0.05%),
0.33% (SD 0.24%), 0.25% (SD 0.15%) and 0.44% (SD 0.22%) at 5, 30,
60, 90 and 120 deg/s, respectively.

Between the first and the fifth cycle, E decreased significantly
(P = 0.000) by 16.3% (SD 4.9%). Magnitudes of the decrease in E
after five cycles were similar at all angular velocities (Fig. 1,
�15.7% (SD 5.0%), �16.1% (SD 2.9%), �16.3% (SD 4.4%), �16.6%
(SD 5.5%), �20.4% (SD 5.4%) for angular velocities of 5, 30, 60, 90
and 120 deg/s, respectively). Significant main effects were found
for cycle (P = 0.000) and velocity (P = 0.000) were found. In addi-
tion a significant interaction (P = 0.033), indicating that E de-
creased slightly but significantly more at 120 deg/s (�20.4% (SD
5.4%)) in comparison to 5 deg/s (�15.7% (SD 5.0%)). After five cycles
of motion, the slope (cycle 1: 0.020 J s/deg (SD 0.008); cycle 5:
0.015 J s/deg (SD 0.006); P = 0.032) and the y-intercept (cycle 1:
8.03 J (SD 2.05); cycle 5: 6.90 J (SD 1.85); P = 0.000) of the relation-
ship between E and the angular velocity decreased significantly
(Table 1).

Between the first and the fifth cycle, the DC decreased signifi-
cantly (P = 0.000). Magnitudes of the decrease in DC after five cy-
cles were similar at all angular velocities (Fig. 2, �12.1% (SD
5.4%), �14.1% (SD 3.4%), �11.7% (SD 3.5%), �12.0% (SD 4.5%),
�12.3% (SD 2.4%) for stretching angular velocities of 5, 30, 60, 90
and 120 deg/s respectively). Significant main effects were found
for cycle (P = 0.000) and velocity (P = 0.007). The interaction be-
tween cycle � velocity was not significant (P = 0.243). After five cy-
cles of motion, the slope of the relationship between the DC and
the angular velocity (cycle 1: 0.00075 s/deg (SD 0.00040); cycle
5: 0.00075 s/deg (SD 0.00047); P = 0.422) was not significantly
different while the y-intercept decreased significantly (cycle 1:
0.432 (SD 0.117); cycle 5: 0.379 (SD 0.112); P = 0.000) (Table 1).

4. Discussion

In order to attain a better understanding of the mechanisms
responsible for the immediate effects of cyclic stretching, this
study assessed the influence of joint angular velocity on changes
in passive mechanical properties induced by cyclic stretching. A
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previous study examining E and DC and the effects of stretching
considered a single joint angular velocity only (Nordez et al.,
2008c). Building upon this work, our results show that E and DC in-
creased with increases in the stretching velocity. The examination
of the slope and intercept of the relationship between the DC and
joint angular velocity also allowed an appreciation of whether vis-
cous damping and solid friction were notable mechanisms operat-
ing during passive cyclic stretching.

The findings showed that the slope of the relationship between
DC and the stretching velocity was not changed, while the y-inter-
cept decreased significantly. Since the slope of the relationship be-
tween DC and the stretching velocity is related to fluid friction (i.e.
viscosity) while the y-intercept is related to solid friction (Nordez
et al., 2008a), the observed changes are occurring primarily due
to a decrease in solid friction. Thus McNair et al’s (2001, 2002) pro-
posal that decreases in viscosity occur mainly as a result of motion
of polysaccharides and water in the tissues is unlikely to be so, at
least for cyclic stretching activities. A mechanism involving solid
friction is more likely, indicating that tissue changes contribute
more to the decrease in passive torque during cyclic stretching.
Considering the literature, a reorganization of muscle-tendon tis-
sues could occur in two locations. Muscle fibers are known to ex-
hibit a short range elastic component due to titin (Rassier et al.,
2005) and/or a small proportion of attached cross-bridges (Proske
and Morgan, 1999; Whitehead et al., 2001). However, as stated in
the introduction, recent findings by (Morse et al., 2008) would sug-
gest this last mechanism is less likely to be operating. Thus the
findings of the current study are better explained by the suggestion
that there is a rearrangement/slipping of collagen fibers (Kubo
et al., 2001; Stromberg and Wiederielm, 1969).

While previous work has not assessed E nor DC across cycles of
motion, McNair et al. (2002) have shown that related parameters
(passive torque and stiffness) decreased more at 25 deg/s (torque:
�21%, stiffness: �31% for 120s of cyclic stretching) compared to
5 deg/s (torque: �13%, stiffness: �20% for 120s of cyclic stretch-
ing). In contrast, in the present study changes in E were not signif-
icantly different over the angular velocities that were similar to
those of McNair et al (i.e. �15.7% at 5� deg/s compared to �16.1%
at 30 deg/s). However, McNair et al. tested both angular velocities
over a 2 min period and hence the number of motion cycles com-
pleted was quite different across their two angular velocities. The
large changes observed by McNair et al. show how influential re-
peated cycles of motion are in inducing decreases in torque and
stiffness.

EMG responses are thought to provide a protective mechanism
to stop a muscle and/or joint from being damaged. Traditionally,
authors (e.g. DeVries, 1962) have advocated the use of slow
stretches to minimize EMG responses and thus maximize the
amount of stretch that can be applied to a joint’s soft tissues. In
the current study, the number of subjects who had EMG responses
to the stretches was low, indicating that passive lengthening of tis-
sues can be undertaken effectively in most individuals at joint
angular velocities observed during gait activities. This finding
was in agreement with previous works who noted minimal EMG
activity in subjects up to a joint angular velocity of 120 deg/s
(Gajdosik et al., 2005a; Kim et al., 2005). Similarly, (Lamontagne
et al., 1997) noted minimal EMG responses in muscles at joint
angular velocities up to 180 deg/s, though these authors stretched
the ankle joint in a range of motion that was not near maximum,
and hence was less likely to generate the higher forces and strain
in the soft tissues that would initiate reflex responses.

Although EMG responses may be low, our results also indicate
that caution is needed in undertaking dynamic stretches. The find-
ing that E increased at higher joint angular velocities has relevance
to injury of the tissues. Despite a lack of empirical evidence, for
many years, it has been thought that ballistic stretches undertaken
quickly might lead to injury. Our findings illustrate the concept
that at higher speeds of stretch, a great amount of energy absorp-
tion capacity is required. If the muscle being stretched does not
have that capacity then it will be damaged. Thus, our findings sup-
port the suggestion that cyclic stretching activities whether in
preparation for vigorous sport or in rehabilitation scenarios where
tissues are recovering from injury should be undertaken at slower
speeds, at least initially, to decrease the amount of energy that
must be absorbed. Related to these thoughts Fig. 3 shows the en-
ergy stored over cycles of motion, and indicates that within the
first 2–3 cycles E is reduced substantially, thus placing tissues at
a lesser risk of injury. Therefore, these cycles are those that are best
undertaken at a slow speed. Thereafter the speed of motion could
be increased with less likelihood of injury.

5. Summary and conclusions

This study has provided new information related to the effect of
stretching soft tissues dynamically. The findings provide evidence
that fluid friction (i.e. the viscosity) is less likely to be playing a ma-
jor role in torque changes observed during a cyclic stretching pro-
tocol. Therefore the motion of fluid constituents within the tissues
is likely to be low during such motion. The significant decrease in
solid friction indicates that tissues of the muscle-tendon unit are
more likely to be involved and that the rearrangement/slipping
of collagen fibers could be proposed to explain the observed
changes. The low EMG responses to stretch provides support for
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the use of dynamic stretches at higher joint angular velocities,
though a slower speed is recommended when performing the ini-
tial stretches to limit the amount of energy to be absorbed by the
tissues.
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