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AMuscle Model Incorporating Fiber
Architecture Features for the Estimation
of Joint Stiffness During Dynamic
Movement

Christopher P. Cop, Alfred C. Schouten, Bart F. J. M. Koopman,
and M. Sartori

Abstract Quantifying human joint stiffness in vivo during movement remains
challenging.Well established stiffness estimationmethods include system identifica-
tion and the notion of quasi-stiffness, with experimental and conceptual limitations,
respectively. Joint stiffness computation via biomechanical models is an emerging
solution to overcome such limitations. However, thesemodelsmake assumptions that
hamper their generalization across muscle architectures. Here we present a stiffness
formulation that considers themuscle’s pennation angle, and its comparison to a sim-
pler formulation that does not. Model-based stiffness estimates are evaluated against
joint-perturbation-based system identification.Results onmuscleswith different pen-
nation angle show that our formulation seamlessly adjusts the muscle-tendon units’
stiffness depending on their architecture. At the joint level, our new model improved
the stiffness estimations. Our study’s relevance is the creation and validation of a
modeling formulation that does not require joint perturbation. This will enable better
estimations and understanding of stiffness properties and human movement.

1 Introduction

JOINT stiffness is a biomechanical property that dictates how human limbs interact
with the environment. The mechanisms the neuromuscular system uses to modulate
it and to provide stability in response to perturbations are not understood yet. Hence,
over the last decades there has been a growing interest to quantify human in vivo
joint stiffness.
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Joint stiffness has been mostly studied via system identification (Sys. Id.) tech-
niques or using a surrogate concept, i.e. quasi-stiffness. Despite their numerous
advantages, both methodologies entail major limitations. On the one hand, Sys. Id.
requires an experimental setup inwhich the joint is externally perturbed. Thismakes it
an undesirablemethod to study naturalmovements. On the other hand, quasi-stiffness
does not solely represent the position-dependent component of joint impedance, i.e.
joint stiffness, as quasi-stiffness also includes velocity- and activation-dependent
components.

To overcome these limitations,we propose a stiffness formulation based on biome-
chanical modeling to estimate joint stiffness in static and dynamic tasks [1]. The idea
is to compute joint stiffness by estimating and projecting the stiffness of its constitut-
ing elements. However, assumptions and simplifications are often required to model
such elements, e.g. the muscle’s pennation angle is not considered in the stiffness
computation.

In this work we present a joint stiffness model formulation that considers the pen-
nation angle of the modeled muscle-tendon units (MTUs). Moreover, we show the
effect of including the pennation angle in the computation of MTU stiffness in mus-
cles with different pennation angle. Lastly. we compare the performance of our new
formulation to a simpler model that does not take the pennation angle into account in
the stiffness computation. Remarkably, model-based stiffness estimates are directly
compared to perturbation-based time-varying system identification values derived
from the same subjects and motor tasks. This provides a thorough validation means
for our proposed methodology.

2 Methods

2.1 Data Collection

Data from five healthy young subjects (age: 24.2 ± 1.0 years; height: 1.78 ± 0.06
m; weight: 70.0 ± 5.4 kg) were used in this study. Ethical approval was granted by
the Ethics Committee of the University of Twente and the participants gave written
informed consent.

The subjects’ right foot was attached to an admittance controlled dynamometer.
The ankle’s angle and torque were measured in dynamic movement trials in which
the subject tracked a sinusoidal plantar-dorsi flexion angle target (amplitude: 0.15
rad, frequency: 0.6 Hz). Position perturbations, with an amplitude of 0.03 rad and
a switching time of 0.15 s, were applied to the ankle in a pseudo-random manner.
Electromyography (EMG) signals fromfive lower legmuscleswere acquired: soleus,
gastrocnemius lateralis/medialis, peroneus, and tibialis anterior. More details in [2].



A Muscle Model Incorporating Fiber Architecture Features . . . 509

2.2 Joint Stiffness Models

The EMG-driven musculoskeletal model shown in [1] was adapted to compute the
subject’s right ankle stiffness. First, a generic model was calibrated to obtain subject-
specific MTU parameters. Then, the ankle joint stiffness (K J ) was computed from
the stiffness of its constituting MTUs:

K J =
#mtu∑

i = 1

(Kmtu
i · r2i − ∂ri

∂θ A
· Fi ) (1)

where Fi, ri and Kmtu
i represent the force, moment arm and stiffness, respectively,

of the ith MTU spanning the plantar-dorsi flexion degree of freedom of the ankle,
and θ A is the ankle angle in the saggital plane.

MTU stiffness, Kmtu , equals the tendon stiffness, K t , in series with the equivalent
muscle fiber stiffness along the tendon’s line of action, Km

eq, i.e. K
mtu = (

K t−1 +
Km−1

eq

)−1

Based on the work presented in [3], the equivalent stiffness of a muscle along the
tendon’s line of action is:

Km
eq = dFm

eq

dlmeq
= d

dlmeq
(Fm cosα) = d

dlmeq

(
Fm

lmeq
lm

)
= · · ·

· · · = dFm

dlm
cos2 α + Fm

lm
sin2 α (2)

where Fm
eq and lmeq are the force and length, respectively, of the muscle fiber along

the direction of the tendon’s line of action, Fm and lm are the force and length,
respectively, of the muscle fiber along its axis, and α represents the muscle fiber’s
pennation angle. All aforementioned parameters are estimated by the EMG-driven
musculoskeletal model.

Two different models were used in this study: the model described in (1) and (2)
that takes the pennation angle into account, i.e. model A, and a simpler model, as
presented in [1], that does not account for pennation angle in the stiffness computation
and thus considers Km

eq = dFm

dlm , i.e. model B.

2.3 Data Analysis

Reference joint stiffness values were obtained using a closed-loop ensemble-based
time-varying Sys. Id. method extensively described in [4].

At the MTU level, we quantified the difference in magnitude between models
A and B by computing their root mean squared error normalized by the maximum
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stiffness value (nRMSE) for two MTUs with different pennation angle at optimal
fiber length: the tibialis anterior (α ≈ 5◦), and the soleus (α ≈ 25◦).

At the joint level, the results obtained with models A and B were compared to
the reference, both in magnitude and in shape, using the root mean squared error
(RMSE) and the coefficient of determination (R2), respectively.

3 Results

We show stiffness estimations at the MTU level for a single subject (Fig. 1a), and at
the joint level for the average across all five subjects (Fig. 1b).

At the MTU level, the nRMSEs for the soleus and the tibialis anterior were 0.03
and 0.004, respectively (Fig. 1a).

At the joint level, the stiffness estimations of models A and B were compared to
the reference (Fig. 1b). For the average across all five subjects, the R2 and RMSE
values were 0.56 and 3.48 N·m/rad, repectively, for model A, and 0.47 and 4.68
N·m/rad, repectively, for model B.

a

b

Fig. 1 a MTU stiffness of the soleus (black) and the tibialis anterior (blue) muscles computed
by models A (solid lines) and B (dotted lines). Note that this plot has two axes of ordinates:
one corresponding to the soleus (left) and one corresponding to the tibialis anterior (right).
b Joint stiffness estimates averaged across all five subjects of model A (solid line), model B (dotted
line), and the reference stiffness estimate obtained via system identification (red). The shaded area
corresponds to the standard deviation
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4 Discussion

To the best of our knowledge this work shows, for the first time, a joint stiffness
model that considers pennation angle (i.e. model A) and is directly validated against
Sys. Id..

We demonstrate that our proposed joint stiffness formulation can capture multiple
muscle architectures simultaneously (Fig. 1a), and seamlessly adjust the equivalent
muscle fiber stiffness according to time-varying changing pennation angle (2).

Figure 1b shows how model A improved joint stiffness estimation compared to
model B. Interestingly, in the proximity of the dorsiflexion peak of the task (around
50% of the cycle), models A and B compute a similar joint stiffness profile, because
most of the dorsiflexion stiffness comes from the tibialis anterior, i.e. a muscle with
small α (2).

The largest discrepancy of models A and B is found around the task’s plantarflex-
ion peak (around 0 and 100% of the cycle), because the calf muscles, which are
usually pennated, contribute to the joint’s plantarflexion stiffness (2).

Our results indicate that including the pennation angle in the joint stiffness com-
putation enables better estimations within the plantar-dorsi flexion cycle. This may
have implications for the estimation of stiffness during more advanced motor tasks
involving complex interplay between pennated and fusiform muscles, e.g. locomo-
tion, stair climbing, etc.

5 Conclusion

Here we presented the first results of an EMG-driven joint stiffness model that takes
pennation angle into account and is directly validated. Despite their preliminary
nature, our results seem to indicate that including more information on muscle archi-
tecture has an impact on joint stiffness estimation and generalization. This will bring
us one step further in the understanding of movement neuromechanics.
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