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The primary aim of this study was to implement a rheological model of the mechanical behavior of the
passive musculo-articular complex (MAC). The second objective was to adapt this model to simulate
changes in the passive MAC's mechanical properties induced by passive stretching protocols commonly
performed in sport and rehabilitation programs. Nine healthy subjects performed passive ankle dorsi-
flexion and plantar-flexion cycles at different velocities (from 0.035 to 2.09rads™!) on an isokinetic
dynamometer. This procedure enabled the articular angle to be controlled and the passive torque
developed by the MAC in resistance to stretch to be measured. Our rheological model, dependent on
nine parameters, was composed of two non-linear (exponential) springs for both plantar- and dorsi-
flexion, a linear viscoelastic component and a solid friction component. The model was implemented
with the Simulink software package, and the nine parameters were identified, for each subject, by
minimizing the square-difference between experimental torque-angle relationships and modeled
curves. This model is in good agreement with experiment, whatever the considered stretching velocity.
Finally, the model was adapted to incorporate static stretching (4 x 2.5 min) and cyclic stretching (five
loading/unloading cycles) protocols. Our results indicate that the model could be used to simulate the

effects of stretching protocols by adjusting a single (different) parameter for each protocol.

1. Introduction

Passive mechanical properties of a musculo-articular complex
(MAC) have been studied experimentally in the last few years in
order to characterize acute and chronic changes in range of
motion (RoM) (see for review Gajdosik, 2001; Goubel and Lensel-
Corbeil, 2003; Magnusson, 1998; McNair and Portero, 2005). In
addition, few studies have modeled some passive mechanical
properties of a MAC (Amankwah et al., 2004; Esteki and Mansour,
1996; Riener and Edrich, 1999; Silder et al., 2007). These models
have illustrated that passive structures contribute significantly to
joint torque during complex movements such as walking
(Amankwah et al., 2006; Mansour and Audu, 1986; Whittington
et al., 2007). However, these studies take only the elasticity of the
MAC into account and, thus ignore the dissipative properties of
the MAC, and the velocity dependence of the MAC’s response due
to its viscosity. Two studies, for example, have shown that energy
dissipation via a passive MAC results in about 45% of the energy
being stored during loading (Magnusson et al., 1998; Nordez et al.,

* Corresponding author. Tel.: +33 2518372 38; fax: +33251837210.
E-mail address: antoine.nordez@univ-nantes.fr (A. Nordez).

2008d). These studies suggest that the dissipative properties of
the MAC should be considered when modeling the passive
mechanical properties of the MAC.

Indeed, very few studies have modeled both the velocity
dependence and the dissipative properties of the passive MAC.
Amankwah et al. (2004) have implemented a rheological model
that includes velocity dependence of the MAC during loading but
which neglects dissipative properties. Similarly, earlier Esteki and
Mansour (1996) have described a model in which viscoelastic
properties of the metacarpophalangeal joint are treated with
quasi-linear viscoelastic theory (Fung, 1983). The power function
used to model the relationship between the stretching velocity
and the energy dissipation in this case does not agree with recent
experimental results for knee joints indicating the existence of a
linear (rather than a non-linear) relationship (Nordez et al.,
2008Db).

In these two last studies (Amankwah et al., 2004; Esteki and
Mansour, 1996), the MAC was exercised before the modeling in
order to consider the possibility of preconditioning. However, for
the MAC in vivo, the preconditioning could be assimilated to a
stretching protocol commonly performed in sports or rehabilita-
tion. Indeed, many studies have shown an acute decrease in
passive torque and stiffness after cyclic (Magnusson et al., 1998;



McNair et al, 2001, 2002; Nordez et al., 2008d) and static
(Magnusson et al., 1998, 1996; McNair et al., 2001; Nordez et al.,
2006) stretching protocols. But to our knowledge, these changes
have never been taken into account in a mechanical model of the
MAC.

Therefore, the first aim of the present study was to implement
and validate a rheological model of the passive ankle MAC's
mechanical behavior. Secondly, based on previous experimental
observations, the model was adapted to take the acute effects of
static and cyclic stretching protocols into account and, hence, to
simulate their effects.

2. Materials and methods

2.1. Subjects

Nine healthy males (25.6+2.7 years, height: 182.0+83cm, weight:
75.14+5.7kg) volunteered to participate in this study and signed an informed
consent form. This study was conducted according to the Helsinki Statement
(1964).

2.2. Measurement techniques

The Biodex system 3 research®™ (Biodex medical, Shirley, NY, USA) isokinetic
dynamometer was used in passive mode to perform passive stretching protocols in
dorsi-flexion (DF) and plantar-flexion (PF). The dynamometer also measured the
ankle angle (0), the joint angular velocity (w) and the passive torque (T) produced
by the ankle joint in resistance to passive motion in reliable and valid ways
(Nordez et al., 2008a). Subjects were required to lie on the dynamometer and
extend their right leg fully (Nordez et al., 2008c). The input axis of the
dynamometer was aligned with the presumed axis of rotation in the right ankle
(Orad: foot perpendicular to the leg, positive angles in DF).

To ensure that no undesirable activation occurred during the stretching
protocol, bipolar surface electromyographic (SEMG) signals were recorded from
surface electrodes (Delsys DE 02.3, Delsys Inc., Boston, USA, 10 mm inter-electrode
distance) and placed on the gastrocnemius lateralis, gastrocnemius medialis and
soleus and tibialis anterior muscles in accordance with SENIAM recommendations
(Hermens et al., 2000). sEMG signals were visualized in real time by the
experimenter and the subject. T, 0, @ and sEMG signals were sampled at
1000Hz with an analogic/digital converter (Bagnoli 16, Delsys Inc, Boston, USA)
and stored in a computer hard disk for further analysis.

2.3. Experimental protocol (Fig. 1)

The maximal range of motion (RoM) was first determined in DF (Nordez et al.,
2006). The foot was passively dorsi-flexed (0.17rads™!) until the maximum
tolerable plantar-flexor muscles stretch was reached. This point was operationally
defined as the maximal passive DF angle. 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. Subjects were asked to
stay as relaxed as possible and they could visualize their SEMG activity using the
SEMG feedback. A 10 min rest period was observed between the familiarization
and the measurements.

Pre- and post-tests, performed before and after a static stretching protocol
(4 x 2min holds at 50%, 60%, 70% and 80% of the maximal RoM in DF), were
identical and composed of

significant changes occur after the fifth cycle (McNair et al., 2001; Nordez et
al., 2008d).

(ii) Five passive loading/unloading cycles performed with the dynamometer
preset at 0.035, 0.53, 1.04, 1.57 and 2.09rad s~! in a randomized order (same
order for pre- and post-tests) on the same RoM as in (i) (Gajdosik et al., 2005).

Finally, for the SEMG normalization purpose, subjects performed three maximal
isometric PF and DF with a 1-min rest period in between. sEMG data was
processed according to a previously described procedure (Gajdosik et al., 2005;
Nordez et al., 2008b). The sEMG signals were filtered (6-400Hz, zero-phase
fourth-order Butterworth filter). Root mean squares of the SEMG signals (SEMG
RMS) were calculated during stretching and normalized with the maximal level
reached during maximal isometric contractions. If the SEMG RMS for a subject was
greater than 1% of the maximum voluntary contraction during stretching trials,
then the subject’s data were discarded (McNair et al., 2001, 2002). SEMG RMS
values were lower than 1% for all the subjects.

2.4. Data processing

All data was processed using a standardized Matlab®™ script (The Mathworks,
Natick, USA). T, 0 and o signals were filtered using a zero-phase low-pass (10 Hz),
fourth-order Butterworth filter and T further corrected for gravity inertia effects.
The mass and the inertia of the Biodex level arm were determined during cycles
performed at different velocities during an experiment with no subject on the
dynamometer (Nordez et al., 2008b). The mass and the inertia of each subjects’
foot was determined using regression equations (McFaull and Lamontagne, 1998)
provided by Zatsiorski (1998). Using a sensitivity analysis, a previous study
demonstrated that inertia estimations predictive equations have negligible
influence on passive mechanical properties (Nordez et al., 2008b). The passive
torque and angular velocity were determined in increments of 0.007 rad for the 10
cycles of pre- and post-tests.

2.5. Modeling

The rheological model used in the present study is composed of four
components placed in parallel (Fig. 2): (1) elasticity in PF, (2) elasticity in DF, (3)
linear visco-elasticity and (4) solid friction.

The Sten-Knudsen model (Sten-Knudsen, 1953) is known to describe
torque-angle relationships accurately and with minimal parameters (Nordez
et al., 2006). Therefore, this exponential function was used to model the non-linear
elasticity in PF (1) and DF (2)

T1(0) = {
0 —%(ew“r‘“—]) if 0<0,
2(0) =
0 if 0> 0,

where T; and T, are the passive torques due to tension in the structures on the
plantar and dorsal aspects of the ankle, respectively; E; o; and 0; are the
experimental constants; 0 and 0, are the ankle angles at which structures on
the plantar and dorsal aspects of the ankle are the slack.

A previous study has revealed a linear relationship between the energy
dissipation and the angular velocity (Nordez et al., 2008b), indicating that the
dissipative properties of the passive MAC could be modeled using linear viscosity
(3) and solid friction (4)
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Fig. 1. The experimental protocol. RoM: maximal range of motion, PF: ankle plantar-flexion, DF: ankle dorsi-flexion.
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-1 ifx<0
T, =fsign(0), signx)={ 1 ifx>0 (4)
0 ifx=0

where T; and T, are the passive torques due to linear viscosity and friction, and K, 1
and f are experimental constants.

The modeled torque is the sum of Ty, T, T3 and Ty. If the stretching velocity is
considered as constant, the equations of the rheological model can be solved
analytically (Amankwah et al., 2004; Anderson et al., 2002; Wolff et al., 2006).
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@
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f

Fig. 2. The rheological model used to simulate the mechanical behavior of the
passive musculo-articular complex. It is composed of four components: two non-
linear springs in parallel (1) and (2) (designed to simulate elasticity in dorsi- and
plantar—flexion), a linear visco-elasticity factor (3) (in order to simulate velocity-
dependent energy dissipation) and, finally, a solid friction factor (4) (which
simulates velocity-independent energy dissipation).

However, due to the complexity of analytical solutions, the loading history was not
taken into account in these previous studies. In addition, a recent study has shown
that, because of acceleration capacities of the Biodex system, the angular velocity
is not constant for high preset velocities (Nordez et al., 2008a). Therefore,
equations of the rheological model were solved numerically using Simulink® (The
Mathworks, Natick, USA) and the ODE45 solver in which 0 was considered the
initial condition for Ts. This approach enabled us to use experimental angle and
velocity patterns as inputs for the model. The nine parameters of the model were
determined by minimizing the squared error between experimental and modeled
data with a non-linear least-squares method (Levenberg-Marquardt algorithm,
Simulink Parameter Estimation Toolbox). The parameter calculation was per-
formed using the five cycles performed at five different velocities during the pre-
test. The parameters were determined using two successive optimizations to fit
torque-angle curves (Fig. 3). The six parameters concerning the elasticity in PF (1)
and DF (2) were determined using a first optimization to fit torque-angle curves
averaged for the loading and unloading, with T5; and T, set to 0. The three
remaining parameters concerning the dissipative properties ((3) and (4)) were
determined using a second optimization to fit the hysteresis and the velocity
dependency with constant values for E;, o; and 0;.

2.6. Effects of cyclic stretching

The effects of cyclic stretching were determined using the five cycles
performed at 0.17rads™' during the pre-test. Previous work has shown that,
during cyclic stretching, the passive torque decreases significantly during
loading and only marginally during unloading (Nordez et al., 2008d). Furthermore,
a significant decrease in the normalized area of the hysteresis was shown
(Magnusson et al.,, 1998; Nordez et al., 2008d), and these changes did not
depend on the stretching velocity (Nordez et al., 2009). Therefore, the effects
of cyclic stretching were modeled in this research by an additional solid
friction (f;) factor introduced during the loading phase between the first and fifth
cycle

0 ifx<0

1 ifx>0 (5)

Ts = f1(cycle)g0), gx) = {
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Fig. 3. A description of the process used to calculate parameter values of the model. The actual-angle and velocity patterns are obtained at five different velocities and used
as model input data. The torque-angle curves for loading and unload at the five velocities (an example for one velocity is shown in (A)) are fitted. A first optimization (i.e.
minimization of the squared difference between model and experimental results) is used to determine the six parameters that relate to elasticity in dorsi- and
plantar-flexion (an example of one velocity is shown in (B)). A second optimization is used to determine the three energy-dissipating parameters (i.e. the linear visco-
elasticity and the friction) so that hysteresis and velocity dependency can be established (an example of a velocity is shown in (C)).



Table 1

Parameter (E;, oq, 04, E2, 02, 02, K, 1, f) values of the model (Fig. 2) obtained for the nine subjects.

Subjects E; (Nmrad™?) oy (rad™?) 0, (rad) E; (Nmrad™!) oy (rad™) 0, (rad) K (Nmrad™!) n (Nmsrad™') f(Nm) RMSE (N m)
1 3.78 4.42 —0.258 0.460 2.94 0.648 5.24 0.748 1.95 1.28
2 9.37 3.57 -0.127 0.322 3.40 0.547 5.31 0.718 1.63 1.20
3 9.08 443 -0.185 0.230 491 0.468 6.71 0.745 2.20 1.42
4 6.16 3.97 -0.237 0.517 3.73 0.365 2.74 0.774 1.16 0.80
5 8.80 4.31 -0.169 0.422 3.62 0.527 5.57 0.976 1.83 1.29
6 9.42 4.24 —0.055 0.368 3.48 0.668 2.71 0.983 2.38 1.53
7 9.72 4.29 —-0.158 0.506 435 0.419 5.22 1.022 211 1.30
8 3.63 4.07 -0.309 0.733 2.93 0.200 3.94 1.109 118 1.34
9 5.61 4.36 —0.266 0.459 3.40 0.506 7.42 1.590 1.63 1.89
Mean 7.29 418 —-0.196 0.446 3.64 0.483 4.98 0.963 1.79 1.34
SD 2.50 0.28 0.079 0.141 0.64 0.144 1.61 0.276 043 0.29

RMSE: root-mean-square error between experimental and modeled torque-angle relationships.

SD: standard deviation.

f1 was set to zero during the five cycles at different velocities (after cyclic
stretching), and parameter values of the model were set to the values obtained
during the modeling step previously described. f; was calculated using a least-
squares numerical minimization of model and experimental data (the Leven-
berg-Marquardt algorithm).

2.7. Effects of static stretching

It has previously been shown that, following static stretching, passive torque is
significantly decreased during the loading and the unloading (Nordez et al.,
2008d). Furthermore, other studies have shown that no significant changes in the
normalized area of the hysteresis exist (Nordez et al., 2008d). Indeed, further
observations have indicated that changes in passive torque can be modeled by a
“shift to the right” of the passive torque-angle relationship (Nordez, McNair,
Casari, Cornu, unpublished observations). Therefore, during the 5th cycle
performed during the post-test, we set parameter values to the values obtained
during the modeling step previously described, except for 0;, which was estimated
using a numerical, least-squares minimization of modeled and experimental data
(the Levenberg-Marquardt algorithm).

2.8. Comparison between experimental and modeled data

The root mean square error (RMSE) was used to compare modeled and
experimental torque-angle relationships. Thereafter, the energy stored during
loading (E, i.e. the area under load curve) and the energy dissipated by the
musculo-articular complex (ED, ie. the hysteresis area) were calculated for
modeled and experimental data. ED was divided by E to calculate the dissipation
coefficient (DC, Nordez et al., 2008d).

After checking the distribution of data (Kolmogorov-Smirnov test), parametric
statistical tests were performed using Statistica™ software to analyze the effects of
cyclic and static stretching on experimental and modeled results. Four repeated
measures analyses of variance (ANOVAs) were used to determine changes in E and
DC during the five cycles. An LSD post-hoc analysis was used when appropriate.
Four paired T-tests were used to assess changes in E and DC between the 5th cycle
of pre- and post-tests. The critical level of significance was set at P<0.05.

3. Results
3.1. Modeling

The parameters obtained for each subject are shown in Table 1.
Modeled torque-angle curves were in accordance with experi-
mental results (Fig. 4A and B), and the RMSE between experi-
mental and modeled data was 1.34+0.29Nm. The energy
dissipation was slightly overestimated by our model at the
beginning of the RoM, while it was slightly underestimated at
the end. However, experimental relationships between E, DC and
the stretching velocity were still fitted well by our model (Fig. 4C
and D).

3.2. Effects of cyclic stretching

Between the 1st and the 5th cycle f; was decreased by
2.03+0.52Nm and the corresponding modeled changes in
passive torque-angle curves (Fig. 5B) were similar to experiment
(Fig. 5A). The passive torque decreased by a nearly constant value
during the loading, but remained relatively unchanged during
unloading. In addition, significant decreases in E (Fig. 5C) and DC
(Fig. 5D) were found to agree favorably with experiment with the
main changes being observed between the first and the second
cycle.

3.3. Effects of static stretching

The shift in angle between pre- and post-test was
0.042 +0.007rad. Changes in passive torque-angle curves after
static stretching were similar for experimental (Fig. 6A) and
model (Fig. 6B) data. The passive torque was decreased during the
loading and the unloading, with the main changes at the end of
the RoM. E was significantly (P<0.001) decreased by 13.7+4.0%
and 15.7+6.7% for experimental and modeled data, respectively
(Fig. 6C). In addition, the DC was not significantly (P>0.05)
different between experimental and model data (Fig. 6D).

4. Discussion

The model used to simulate the mechanical behavior of the
passive MAC is composed of four analogical items that exist in
parallel: two elastic PF and DF components, a linear viscoelastic
component and one solid friction component. The model predicts
responses in accordance with experimental results (Fig. 4) and,
RMS error values reflect this (approximately 1.3Nm, range:
0.80-1.89 Nm). This RMSE is similar to the error reported by a
previous study (range: 0.2-2.3 N m) (Amankwah et al., 2004) but,
in this study, lower passive torque values were obtained in this
last study indicating higher percentage error. One other study has
modeled both elastic and dissipative properties of a passive MAC
(Esteki and Mansour, 1996) but RMS errors are not provided in this
paper. The work presented here is an improvement on these
previous publications (Amankwah et al, 2004; Esteki and
Mansour, 1996), because angle patterns performed during loading
and unloading are implicitly included in the model. The Sten-
Knudsen function (Goubel and Lensel-Corbeil, 2003; Sten-Knudsen,
1953) fits torque-angle relationships well and requires only
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minimal parameters (Nordez et al, 2006). The exponential
function possesses an index, «, which represents the gradient of
the stiffness-torque function (Nordez et al., 2006). This stiffness
index may help to characterize passive stiffness in subject over the
whole RoM, using only one parameter.

Our model suffers from some drawbacks. Firstly, our results are
only valid in the experimental range of motion (0.70rad in PF to

80% of the maximal RoM in DF) and range of stretching velocity
(0.035-2.09rads~!). Thus, when the static stretching protocol
(Fig. 3) was simulated using our model, the relaxation was
underestimated. This underestimation can probably be explained
by the superposition of a slow and a fast viscosity as mentioned
elsewhere (Esteki and Mansour, 1996; Sauren and Rousseau, 1983;
Speich et al., 2006). We have characterized fast viscosity in this
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study but further work is needed to assess the slow viscosity
using relaxation experiments. Secondly, the model slightly
overestimates the dissipation at the beginning of the RoM, while
it slightly underestimates the dissipation at the end of the RoM
(Fig. 4A and B). Therefore, our model might be improved by
including a dissipative factor that increases in response to tissue-
stretching (Weiss et al., 1986). Because the existence of joint angle
dependency increases the number of required parameters; we
decided to keep the number of parameters at nine in order to
maintain a robust model (Hoang et al., 2005). Improvements will
be directed at assessing the joint angle dependency of dissipative
properties using more specific experiments (such as sinusoidal
perturbations).

Many studies have shown that passive stretching induces an
acute decrease in passive torque. Using previous results regarding
the effects of cyclic and static stretching (Magnusson et al., 1998;
Nordez et al., 2006, 2008d, 2009), our model takes these
observations into account and produces good agreement with
experiment (Figs. 5 and 6). We conclude that our model can be
used to simulate the effects of passive stretching on the passive
mechanical properties of the MAC with a satisfactory accuracy.
The functional implications of such changes during complex tasks
such as walking, running or jumping are not yet well known, and
our model could be used to simulate the effects of cyclic and static
stretching during these tasks. The main advantage of our model is
that elasticity, viscosity and friction are treated separately with
passive torque measurements. These model improvements may
permit the effects of passive stretching to be understood in a
variety of activities (for example, improving sporting perfor-
mance).

The present study shows that a model that combines two non-
linear elasticities, a linear viscosity and a solid friction enabled us
to simulate the mechanical behavior of the passive MAC with a
satisfactory accuracy. In addition, based on previous studies, this
model was adapted to take into account the effects of cyclic and

static stretching. The main advantage of our model is to separate
the contributions of elasticity, viscosity and friction in passive
torque measurements. Therefore, this model could be used to
simulate these contributions in different populations or during
complex movements.
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