
This article was downloaded by: [Inria]
On: 31 July 2014, At: 05:05
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Computer Methods in Biomechanics and Biomedical
Engineering
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/gcmb20

Validation of optimisation model that estimates the
musculotendinous forces during an isometric extension
of knee
S. Bennoura, N. Zarroukb, M. Doguib, L. Romdhanea & J.-P. Merletc

a Laboratoire de Mécanique de Sousse, École Nationale d'Ingénieurs de Sousse, Université de
Sousse, Sousse, 4054, Tunisia
b Service d'Explorations Fonctionnelles du Système Nerveux, CHU Sahloul, Sousse, 4051,
Tunisia
c Equipe de Recherche COPRIN, INRIA, Sophia Antipolis, 06902, France
Published online: 07 Aug 2013.

To cite this article: S. Bennour, N. Zarrouk, M. Dogui, L. Romdhane & J.-P. Merlet (2013) Validation of optimisation model
that estimates the musculotendinous forces during an isometric extension of knee, Computer Methods in Biomechanics and
Biomedical Engineering, 16:sup1, 167-169, DOI: 10.1080/10255842.2013.815965

To link to this article:  http://dx.doi.org/10.1080/10255842.2013.815965

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained
in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the
Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information. Taylor and Francis shall not be liable for
any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever
or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of
the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any
form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www.tandfonline.com/page/terms-and-conditions

http://www.tandfonline.com/loi/gcmb20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/10255842.2013.815965
http://dx.doi.org/10.1080/10255842.2013.815965
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Validation of optimisation model that estimates the musculotendinous forces during
an isometric extension of knee

S. Bennoura*, N. Zarroukb, M. Doguib, L. Romdhanea and J.-P. Merletc
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1. Introduction

The determination of musculotendinous forces generated in

the joints during a person’s daily activity has been

investigated by several researchers (Jinha et al. 2006). This

biomechanical study has several applications in many fields

such as medicine, ergonomics and rehabilitation. Modelling

the human joint musculotendinous apparatus can help

prevent the onset of diseases, improving the ergonomics of

work tools or preventing the risk of injury associated with

movements or sports techniques. To determine these forces,

it is possible to make a direct measurement (in vivo) of

muscle forces. These techniques were tested on animals

(Herzog and Leonard 1991); however, they are not

widespread in humans (Kursa et al. 2005). These

experiments are indeed heavy and require surgery. Most of

the research in this field relies on models based on Hill’s

model presented in 1938. Thesemodels usually involve three

parameters: muscle fibre length, velocity of contraction and

muscle activation. The muscle activation may be correlated

with the electromyography (EMG) recording.

In this work, we are interested in estimating the level

of musculotendinous forces in the knee using an

optimisation technique along with an experimental

validation.

2. Methods

For extension, the isometric force recovered at the instep is

the result of an eccentric contraction of four extrinsic

flexors: Vastus intermedius (VASINT), Vastus lateralis

(VASLAT), Vastus medialis (VASMED) and Rectus

femoris (RECFEM). To determine the musculotendinous

forces for different muscles recruited during the extension,

we constructed a biomechanical model of the knee

involving the skeletal structure and the different muscles

performing the movements of this joint (Figure 1). In this

work, an external force is applied at the tip of the tibia and

its effect on the different muscles actuating the joint is

studied. The equilibrium of the knee joint under an

external force applied at the tip of the tibia yields three

equations representing the equilibrium of the moments

around the three axes x, y and z.

In our case, the musculoskeletal model of the knee is

made of four flexormuscles for a single degree of freedom in

rotation. Therefore, there are an infinite number of

combinations ofmusculotendinous efforts to counterbalance

the external force. Mathematically, one needs to solve three

scalar equationswith four unknowns in the case of extension,

which yields an infinite number of solutions. Therefore, we

apply an optimisation technique to find a solution that

minimises a physiologically meaningful objective function.

Several optimisation criteria have been devised for this

problem. The most common criteria are:

f 1 ¼
X4
i¼1

Fið Þp; f 2 ¼
X4
i¼1

Fi

Ai

� �p

; f 3 ¼
X4
i¼1

Fi

Fið Þmax

� �p

.

The objective functions to be minimised are f 1 (the

sum of muscular effort; Sereig and Arvikar 1989), f 2 (the

sum of stresses in the muscles; Crowninschield and Brand

1981) and f 3 (the normalised sum of muscular effort;

Pedotti et al. 1978). Fi is the musculotendinous strength of

the ith muscle. Ai and ðFiÞmax are, respectively, the

physiologic cross-sectional area and the maximum force

of the ith muscle. p represents the exponent of the

objective function.

3. Results and discussion

The objective of this experiment is to load the knee of a

person and measure simultaneously the external force,
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using a load cell, and the activity of some muscles, using

EMG measurements (Figure 2).

Figure 3 illustrates the musculotendinous forces

obtained experimentally by EMGRMS integrating the

signals and the forces given by solving the optimisation

problem using different objective functions

Comparing the results obtained by simulation with

those calculated using the measured EMGRMS signals, for

the VASLAT muscle, shows clearly that the linear

optimisation methods (p ¼ 1) produce forces that are not

comparable to those obtained experimentally (Figure 3).

Using the quadratic objective function (p ¼ 2), however,

yields better results that are closer to the experimental

results. Still, among the three functions tested, only the

function ‘f 2’ yields an acceptable value of the muscular

effort of VASLAT, in the case of extension. In conclusion,

the three objective functions were tested with linear

(p ¼ 1) and nonlinear (p ¼ 2) exponents, yielding the

following remarks: the use of linear criteria does not give

satisfactory results because they favour muscle activity

with the largest physiologic cross-sectional area or

maximum force. The activation of another muscle is

obtained only when the muscle reaches its physiological

limit Fið Þmax

� �
. Therefore, the objective function that will

be used to find all the forces in all the muscles is f 2.

Figure 4 shows the values of the musculotendinous forces

of the VASINT, VASLAT, VASMED and RECFUM in

the caseof extensionof the knee. In this case also, there is one

muscle that is themost activewith forces around 2250N, i.e.

the VASLAT. A second muscle, VASMED, has forces

around 900N. The third is the VASINT, which develops a

force of 500N. The last muscle, i.e. RECFEM, develops a
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1. Vastus intermedius : VASINT
2. Vastus lateralis : VASLAT
3. Vastus medialis : VASMED
4. Rectus femoris :RECFEM

UFE: Flexion/Extension axis

UAA: Adduction/Abduction axis

UPS: Internal/Extension rotation axis
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Figure 1. Different muscles for the extension motion from
knee.
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Figure 2. Experimental set-up. The recording of EMG signal, symbolised by a black square, was made using the DELSYS station. The
recording of force signals was achieved using the acquisition system GLOBUS.
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Figure 3. Muscle force of VASLAT obtained through measured
EMGRMS signal in comparison with those obtained by
optimisation.
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Figure 4. Musculotendinous forces obtained by simulation for
extension test by f 2.
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force of only 300N. This analysis showed the role of each

muscle in balancing an external force on the tibia.

4. Conclusions

An improved biomechanical model of the knee and the

muscle groups involved to ensure the balancing of the

extension of the knee joint under an external load. Due to

the high number of muscles involved in the knee joint, the

problem of solving for the muscle forces was presented as

an optimisation problem. Several objective functions were

tested and an experimental procedure was required to

identify the best objective function. This experimental

procedure was limited to the measurement of only one

muscle, due to the problem of accessibility. The built

biomechanical model, however, allowed us to quantify the

forces in all the four muscles involved in the extension of

the knee.
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