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RÉSUMÉ. Le muscle squelettique humain est un tissu vivant avec une architecture multi-échelle complexe. La 
caractérisation et la modélisation du muscle squelettique permettent d’obtenir des données utiles pour une meilleure 
compréhension de son comportement dans les conditions physiologiques et pathophysiologiques. De plus, de nouveaux 
biomarqueurs peuvent être extraits à partir de ces données pour l’aide à la décision clinique. Cet article a pour but, 
premièrement, de synthétiser les techniques expérimentales actuelles pour mesurer les propriétés musculaires à 
différentes échelles dans les conditions in vitro and in vivo. Deuxièmement, les modèles in silico actuels du muscle 
squelettique sont aussi présentés et discutés. Cet article fournit un panorama des techniques expérimentales and 
numériques pour étudier la biomécanique du muscle squelettique.  
ABSTRACT. Human skeletal muscle is a living tissue with complex multiscale architecture. The characterization and 
modelling of skeletal muscle provide useful data for a better understanding of muscle behaviors in physiological and 
pathological conditions as well as novel biomarkers for clinical decision support. This review paper aims at, firstly, 
summarizing all cutting-edge techniques used for in vivo and in vitro characterization of skeletal muscle properties. 
Secondly, skeletal muscle modeling techniques were also addressed and discussed. This review paper provides an 
overview of current experimental techniques and numerical methods to study skeletal muscle biomechanics. 
MOTS-CLÉS. Muscle squelettique humain, anatomie, physiologie, caractérisation, modélisation, biomécanique du 
muscle. 
KEYWORDS. Human skeletal muscle, anatomy, physiology, characterization, modelling, muscle biomechanics. 

1. Introduction to Human Skeletal Muscle 

1.1. Anatomy 

Skeletal muscle is a living material. It belongs to the musculoskeletal system of the human body. 
The musculoskeletal system of the adult human body includes 206 bones and approximately 640 
skeletal muscles [CHI 03]. The skeletal system plays an important role in the protection of vital organs 
and supports the body structures during movements. Each muscle is attached into the skeleton via the 
tendon to move the skeleton at one or multiple joints. Each joint is defined by the connection between 
two adjacent bones. The joint movement allows the body to be moved in a coordination manner. The 
ligaments and cartilages contribute into the body stability during movements. 

Skeletal muscle plays an important role as main motor in the static equilibrium and dynamic 
movements of the human body. Skeletal muscle has voluntary control while smooth muscle (e.g. blood 
vessels) and cardiac muscle have involuntary control.  Muscle voluntary control mechanism includes 
activation and contraction states. The contraction patterns of each skeletal muscle depend on its shape. 
Skeletal muscles have different shapes such as circular (e.g. orbicularis oris muscle), convergent (e.g. 
pectoralis major muscle), unipennate (e.g. extensor digitorium muscle), non-fusiform parallel (e.g. 
sactorius muscle), bipennate (e.g. rectus femoris muscle), parallel-fusiform (e.g. biceps brachii 
muscle), and multipennate (e.g. dettoid muscle) (Figure 1.1). Skeletal muscle has multiscale 
architecture with fiber arrangement and orientation. Each skeletal muscle is composed of fibers (i.e. 
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Constitutive equations and main parameters 

artins 
model 

[MAR 98] 

ܷ ൌ ሺ݁௕൫ூభିଷ൯ܥ െ 1ሻ ൅ ௙ܷ ൅
1
ܦ
ሺܬ െ 1ሻଶ 

௙ܷ ൌ ܷ௉ா ൅ ௌܷா 

ߙ ൌ 100; ܾ ൌ ܦ;1.79 ൌ 	10ିହିܽܲܯଵ; 

ܥ ൌ 8.21	 ൈ	10ିସ	;ܽܲܯ	ߪ଴ ൌ  ܽ݌ܯ	0.6688

 ௙ is the elongation of the muscle fiberߣ

 ஼ா is the contraction amplitude reflecting the muscle activation levelߞ

Blemker 
model 

[BLE 98] 

ܷ ൌ ଵܷሺܤଵሻ ൅ ܷଶሺܤଶሻ ൅ ܷଷሺߣ, ሻߙ ൅
ܭ
2
݈݊ሺܬሻଶ 

ଵܷሺܤଵሻ ൌ ଵሺܩ	
ହܫ

ସܫ
ଶ
െ 1ሻ 

ܷଶሺܤଶሻ ൌ ଵሺି݄ݏ݋ଶሺܿܩ
ସܫ	ଵܫ െ	ܫହ

2ටܫସ

ሻሻଶ 

ଵܲ ൌ 0.05; ଶܲ ൌ ∗ߣ ;6.6 ൌ ௠௔௫ߪ ;1.4 ൌ 3 ൈ 10ହܲܽ; ߣ௢௙௟ ൌ 1.4 

ଵܮ ൌ 2.7 ൈ 10଺ܲܽ; ܮଶ ൌ ௧௘௡ௗ௢௡ߣ	;46.4
∗ ൌ 1.03 

ଵܩ
௠௨௦௖௟௘ ൌ ଶܩ

௠௨௦௖௟௘ ൌ ௠௨௦௖௟௘ܭ ;ܽܲ	500 ൌ 	10଻ܲܽ 

ଵܩ 
௧௘௡ௗ௢௡ ൌ ଶܩ

௧௘௡ௗ௢௡ ൌ ௧௘௡ௗ௢௡ܭ ;ܽܲ	50000 ൌ 	10଻ܲܽ 

ଷܲ and ସܲ are defined so that ௣݂௔௦௦௜௩௘
௙௜௕௘௥ ሺߣሻ is C0 and C1 continuous at 

ߣ ൌ  ሻ is C0 and C1ߣ௧௘௡ௗ௢௡ሺߪ ସ are defined so thatܮ ଷ andܮ ;∗ߣ
continuous at ߣ ൌ ௧௘௡ௗ௢௡ߣ

∗  

 is the along-fiber stretch ߣ

 is the muscle activation level ߙ

Tableau 4.1. Constitutive equations of the transversely isotropic hyperelastic material proposed by [MAR 98] 

and [BLE 98].      

Recently, a new formulation of constitutive law of the skeletal muscle has been proposed to couple mechanical 

behavior into electrical behavior for the excitation-dependent contraction of skeletal muscle [BOL 11]. Note 

that only a weak coupling with separate simulations has been performedfor this model [BOL 11] (Figure 

4.4(a)). Moreover, a multiscale chemo-electro-mechanical skeletal muscle model has been also proposed [HEI 

14] Figure 4.4(b). These novel models open new perspectives for the multiphysical modeling of the skeletal 

muscle. However, these models need too many paramters (> 50), which should be properly identified.   
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For the estimation of the skeletal muscle force using rigid body modelling approach, geometrical 
representation of the skeletal muscle needs to be improved. The line-of-action representation and one-
dimensional rheological model (e.g. Hill-type model) are very limited to model the real biological 
skeletal muscle. Medical imaging techniques such as magnetic resonance imaging could be used to 
create 3D geometries of the muscle of interest. However, the time-consuming character of MRI data 
acquisition and processing needs to be overcome. Hill-type model is commonly used in the 
musculoskeletal models. This model integrates Force-Length and Force-Velocity relationships to 
describe the muscle contraction behaviors. Moreover, literature-based values are commonly used 
leading to inaccurate muscle force estimation. Consequently, experimental imaging techniques such as 
ultrasound and MRE could be used to compute individualized values for muscle properties. 
Furthermore, mechanical muscle properties need to be integrated into muscle model to simulate 
accurately muscle behavior, especially in the case of patient with muscle diseases. Moreover, 
individualized mono- or multi-objective function will avoid the dilemma of the ‘true’ choice of an 
appropriate function for a specific case. Electromyography signal could be integrated to develop EMG-
driven musculoskeletal model to describe better muscle activities and behaviors. Another challenging 
issue will be the integration of 3D muscle constitutive laws to better describe the muscle behavior. 
Furthermore, the muscle-bone penetration problem needs to be improved. A dynamic muscle action 
line may be an innovative approach. 

For the estimation of the skeletal muscle stress and strain using finite element modelling approach, 
the validation of novel models (i.e. multiscale electromechanical or chemo-electro-mechanical models) 
needs to be performed in a systematic way. Thus, novel experiments need to be designed to provide in 
vivo data for model calibration and validation. The coupling between advanced imaging sequence like 
diffusion tension MRI with transversely isotropic hyperelastic material should be investigated to 
improve the fiber architecture definition within skeletal muscle. Mechanical properties of the skeletal 
muscle need also to be integrated into constitutive laws to improve the muscle model accuraccy.  

6. Conclusions     

Biomechanics of the skeletal muscle is an amazing research topic. The progress of experimental and 
numerical technology has advanced the understanding of anatomy, physiology and function of the 
skeletal muscle. This review paper provides an overview of current experimental techniques and 
numerical methods to study skeletal muscle biomechanics from a multiphysical and multiscale points 
of view. Possible improvements were also discussed for future research directions. In fact, there are 
still rooms for improvement of the biomechanics of this interesting living material.   
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