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A BST R AC T  

The first studies on muscle mechanics widely accepted in the literature have been known the 

macroscopic mechanical behavior of skeletal muscle since 1920’s. A. V. Hill and his associates used 

modern experimental equipment to understand muscle contraction. On the other hand, A. F. Huxley 

presented cross-bridge models to understand the mechanisms of molecular contraction level, 

thermodynamics and biochemical experiments on skeletal muscles in the 1950’s. By the 1990’s, 

computer applications have been used for analysis of muscle mechanics. In this way, some software 

such as OpenSim, LifeModeler and AnyBody have been developed for only mechanical analysis of 

musculoskeletal system. In addition, some software developed for general analysis of dynamic 

systems such as MATLAB, ADAMS, COMSOL and ANSYS can be used for analysis of muscle 

mechanics. In this study, Hill-type muscle model and Huxley-type cross-bridge model have been 

explained and computer applications of muscle mechanics have been mentioned. 
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1 Introduction 

Muscles can be defined as biochemical machines that convert chemical energy into mechanical energy. 

The movement of the links occurs as a result of the interaction of skeletal muscles, nervous system, 

bones and joints. During movement force generation is provided by skeletal muscles. Actin and myosin 

fibers in muscles produce force by controlling muscle contraction [1].  

As a result of a good understanding of muscle contraction, improving training techniques, examination 

of muscle injuries, artificial links, and artificial muscles could be produced. There were two common 

theories about muscle contraction. The first case of this theory was the Hill muscle model (see Figure 

1) proposed by A. V. Hill [2,3]. As a result of experimental studies of Hill especially on the sartorius 

muscle of the frog, the basic mechanical properties of muscle contraction were described. Hill-type 

muscle model explained the macro properties of muscles. The second common theory of muscle 

contraction is the sliding filament or cross-bridge theory proposed by Huxley [4,5]. This theory 

explained muscle contraction along with molecular bases. Thus, it also expressed the micro properties 

of the muscles. Figure 2 shows a schematic representation of the cross-bridge model. Here, the process 

from 0 to 5 referred to the mechanism of muscle contraction which was formed as a result of the cross-

link between actin and myosin fibres. 

Both the Hill-type muscle model and sliding filament theory were based on complex mathematical 

equations. Additionally, there were many parameters in the equations that should be determined 
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experimentally. This made it difficult to use models in the study of muscle mechanics. Therefore, 

researchers in the study of muscle mechanics benefited greatly from computer simulations. This paper 

included studies based on computer simulations that had been performed to study muscle mechanics, 

especially since the 1990s. Studies on humans and animals reviewed separately. Moreover, the results 

of experimental studies are also mentioned. 

 

Figure 1: Classical structures for the Hill-type muscle model. CE; contractile element, SE; series element, PE; 

parallel element [6] 

 

Figure 2: Kinetic diagram of the cross-bridge model. A; actin, M; myosin, T; troponin [6] 

 

2 Human Studies 

2.1 Studies for Skeletal Muscle 

Chao et al. (1993) with the help of computers performed software and database that could be used in 3D 

to simulate the structures of muscles, skeletons, joints, ligaments, bones, and tendons of humans. As the 

analysis of the force of the exercised tissue could be done simultaneously with the exercise, they 

concluded that this software and database could be used in the treatment of musculoskeletal diseases 

[7]. 

Johansson et al. (2000) modeled muscle using a nonlinear continuous mechanical method. The purpose 

of this study was that the muscle and modeled in such a way that could be used in programs using the 

finite element method. In the results, they observed that this model could be used to define many muscle 
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characteristics and could also be included in the ANSYS program. Therefore, they concluded that this 

model can help solve many biomechanical problems [8]. 

Zhao and Narwani (2005) designed a reliable human body model for research and development 

applications of the safety system. Based on the integration of finite element models of specific areas of 

the body, they performed a finite element model of the human body for an adult male. Model's Post 

Mortem Human Subject (PMHS) responses to frontal and side blows under 15-35 MPH intensity were 

performed appropriately [9]. 

Martinek et al. (2008) proposed to develop a new approach to stimulate simulations such as Hodgkin-

Huxley and to study fiber responses due to changes in its parameters. They calculated the changes 

concerning space and time with differential equations in the local Hodgkin-Huxley model and the 

equations in Hodgkin-Huxley spatial model. Using the bidomain model, extracellular potential 

distribution in the tissues around the fiber and intracellular potential distribution within the fiber were 

considered. They simulated static and time-dependent behaviours by performing 1, 2, and 3-dimensional 

models with COMSOL Multiphysics program. They compared the simulation results of the model 

performed with their new approach by comparing them with real data. In the evaluation of Hodgkin-

Huxley-like stimulation processes, they concluded that the successful model was adaptable not just to 

fibers also with different geometries and parameters of extracellular regions [10]. 

Bai et al. (2008) constructed an analytical model of the musculoskeletal system of a complete male 

structure and a finite element model of the skeletal system. They had developed the CryoSegmentation 

software for the analytical model. It was observed that the dynamic of the resulting system will help to 

solve the mechanical nature of many biomechanical diseases by benefiting from the kinematic analysis 

[11]. 

Lu et al. (2010) used the finite element method to develop a three-dimensional visco-hyperelastic 

skeletal muscle model based on the Helmholtz free energy function. Using LS-DYNA simulation 

software, they analyzed the performance of the model, which was used to describe the under tension 

behavior of skeletal muscles. As a result of the elongation tests; the visco-hyperelastic behavior of both 

passive and active skeletal muscle tissues of the model could be simulated under high-stress rates of 

10/s and 25/s, this was copatible with the simulation results obtained by the finite element method of 

experimental studies in the literature [12].  

Kocbach et al. (2011) analyzed the equipment performance in termostimulation of muscle tissue by 

performing its optimization, also they determined the changing design parameters and different heating 

methods of thermostimulation equipment by calculating the temperature and electric field distribution 

in the body tissue according to the changing body composition. They carried out simulations using 

COMSOL Multiphysics to determine the optimized conditions and parameters. They observed that with 

microwave heating which was one of the approaches taken for heating biological tissue, the steady-state 

temperature reached faster than conventional and infrared heating and that a higher temperature could 

be achieved by heating the muscles directly. They suggested in electrical muscle stimulation for the 

administration of stimulation current using two contact points at the same end of the electrodes, an 

electrode conductivity of 40 S / m or higher should be used. They concluded that even higher electrode 

conductivity should be used for longer electrodes using two contact points on the same end [13].  

Trinler and Baker (2018) found a general method that could be used to examine the calibration of 

musculoskeletal models using inverse kinematics and to test Gait2329 specific to the OpenSim model. 

In this model, for the calibration process, three-step approach was adopted: scaling, fitting, and model 

marker localization without user intervention. According to the results obtained they observed that this 

approach was the general method for their purpose [14].  

2.2 Upper Extremity 

2.2.1 Experimental Studies 

Lieber et al. (1990) by measuring the architectural features of the forearm muscles, they determined the 

degree of specialization of muscles and the effects of specialization on tendon transfer procedures. With 

the architecture of the wrist flexor and extensor muscles; they determined the muscle length and mass, 

fiber length and holding angle relative to the force generation axis of muscle fibers orientation, 

DERESHGI et al.

Skeletal Muscle Mechanics from Hill-Based Muscle Model to Computer Applications: State of the Art Rev...

Journal of Smart Systems Research  2(1), 27-39, 2021 29



 

 

sarcomere length, physiological cross-sectional area, they also measured the diffraction angle using laser 

diffraction techniques and with the help of a photodiode array interfaced to the computer. They analyzed 

the obtained data using BMDP software. They also observed that wrist flexors had more cross-sectional 

area than extensors and it was bigger, they also observed that it created more tension [15]. 

Lieber et al. (1994) to determine the relationship between the length of the sarcomere of the extensor 

carpi radialis brevis muscle in the wrist and the joint angle, measured sarcomere length using laser 

diffraction and electron micrographs of muscle biopsies in full flexion, neutral, and full extension 

conditions to determine the relationship between the length of the sarcomere of the extensor carpi 

radialis brevis muscle in the wrist and the joint angle. They concluded that passive sarcomere lengths 

varied between 2.6 µm - 3.4 µm and active sarcomere lengths were between 2.44 µm - 3.33 µm over 

the entire range of ankle joint motion [16]. 

Rotter et al. (2002) investigated the change of biomechanical and biochemical properties of septal 

cartilage depending on age. Thus, they were able to set the standards for materials used for soft tissue 

replacement. After testing in limited compression to determine the balance modulus and hydraulic 

permeability, they analyzed the content of glycosaminoglycan and hydroxyproline. They observed that 

as the age of the donor increased, the equilibrium modulus and glycosaminoglycan content decreased, 

and the hydraulic permeability and hydroxyproline content increased [17]. 

Lehtinen et al. (2003) developed a reliable method using shoulder MRI images to measure and 

quantitative evaluation of the rotator cuff muscle mass in a shorter time. In the first method, they 

identified sections on a single Y-shaped image, and in the second method, they computed the cross-

sections from two views. With the two methods they used, compared their results with the volume 

determined by the multi-image reconstruction method, eventually they concluded that the second 

method was more compatible. They also observed that the intraobserver and interobserver variability of 

the first method was 3.9% and 2.9%, while the second method varied 3.0% and 1.7%, respectively [18]. 

Mochizuki et al. (2008) examined the humeral joint of the supraspinatus and infraspinatus 

macroscopically to explain the rupture of the rotator cuff. In the results, it was observed that the 

anteroposterior footprint of the infraspinatus was longer than known and its average was 32.7 mm and 

the footprint of the supraspinatus was observed to be shorter than known, on average 12.6 mm. 

Consequently, they concluded that the rupture of the rotator cuff was caused more by infraspinatus 

because the infraspinatus was larger than known [19]. 

Li et al. (2018) investigated the effect of diabetes mellitus (DM) on intrinsic muscle stimulation and 

dynamic order between muscles during sensitive cramps (stable and unstable conditions). In the study, 

abductor pollicis brevis (APB) by recording the first dorsal interosseous (FDI) surface 

electromyographic (sEMG) signals were analyzed by cross-recursion quantification analysis (CRQA) 

method. Consequently, they achieved that the getting power of the patient and control groups was almost 

the same but in the patient group the neuropathic symptoms were higher and the motor and sensory 

nerve conduction velocities along the median nerve were higher compared to the control group [20]. 

Zilov et al. (2018) studied the chaotic dynamics of muscle biopotentials under different static loads, 

which is a result of the control of the motor cortex, they also analyzed electromyogram (EMG) results 

measured based on muscle movements. They compared the analyzed EMGs in pairs using the Wilcoxon 

test. Hereby, they proved the statistical instability of EMGs for voluntary and involuntary conditional 

movements obtained sequentially within the framework of the Eskov-Zinchenko effect [21]. 

Zhang et al. (2020) analyzed the dynamic coordination of eight upper extremity muscles during pinching 

and firm grip, via recorded EMG signals and using the multiplex replication network (MRN) with 

maximal voluntary contractions for low (30%), medium (50%) and high (70%) strength levels. The 

study concluded that based on the synergy between multiple muscles according to their strength levels, 

the coordination of the outer muscles is more suitable for force generation. Additionally, the 

coordination increases in the outer muscles as the strength is increased, but there is no change in the 

inner muscles [22]. 
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2.2.2 Modelling and Simulation Studies 

Lieber (1993) provided a definition of basic muscle function, muscle structure, functional results, and 

its applicability to surgical procedures involving skeletal muscles. He emphasized that the length-tension 

relationship for isometric contractions and the force-velocity relationship for isotonic contractions are 

important in defining the mechanical properties of skeletal muscle. Furthermore, the amplitude of active 

muscle force production is determined by the length of muscle fiber also maximum muscle strength is 

determined by physiological cross-section. In this study, it was emphasized that in order for donor and 

recipient muscles to be compatible in surgical tendon transfer, the architectural features should be 

similar to each other and therefore the musculoskeletal system design studies should be further 

developed [23]. 

Lee et al. (1999) using metamorphosis and vision techniques simulated realistically plastic surgery 

operations through 3D face models from a specific photograph and designed morphing operators for 

this. They using the feature-based volume conversion technique performed a generic face model, 

determined human faces from photographs, recorded face modes, and with the metamorphosis used to 

transform one image into another reconstructed the three-dimensional face model. As a result of the 

study, although successful eye reconstruction could not be achieved, they performed acceptable facial 

models for surgery [24]. 

Teran et al. (2005) using the degenerate and reversible finite element method performed an upper 

extremity musculoskeletal model to bring a new approach to musculoskeletal models. From the 

perforeded model, they concluded that it allows geometric structures to be shown accurately, 

directionally, and heterogeneously [25]. 

Holzbaur et al. (2005) developed a three-dimensional model that includes all the major muscles of the 

upper extremity and characterizes the mechanical motion to simulate musculoskeletal surgery. This 

model provides an accurate estimation of muscle moment in a wide range of postures and can determine 

muscle strength according to the muscle activation model. The moment arms and maximum moment-

generating capacity of each muscle group were tested against experimental data. They observed that this 

model is largely consistent with the literature describing isometric joint moments for each joint and 

shows the relationship between the joints [26]. 

Blemker et al. (2005) developed a 3-dimensional muscle model to determine the architecture of the 

biceps brachii muscle that is effective in tension and the causes of non-uniform tension. They performed 

a finite element model that covers the main features of the female internal geometry, simulates the 

conditions, and compares the tissue tensions performed in the model within vivo data. They concluded 

that along-fiber stretch varied from 1.0 to 1.6, the along-fiber shear strains are from 0.0 to 2.4 and the 

cross-fiber shear strains are from 0.0 to 0.5. They observed that along-fiber shear strains during 

aponeurosis are highest and cross-fiber shear strains are highest at the site where the fascicles enter 

aponeurosis [27].  

Rehorn and Blemker (2010) performed a finite element model with magnetic resonance (MR) images 

and simple models of the biceps femoris long head (BFLH) muscle using Mimics segmentation 

software. Using an MRI-based model, we can determine the effect of location on stress injury in BFLH 

muscle, the effect of the width, thickness, and length of the aponeurosis of the BFLH muscle studied 

using simple models. As a result of the findings, when a muscle was divided into three areas, they found 

that the middle part with the most uneven stretches was related to the injury and used this part in the 

study. While the effect of thickness and length of aponeurosis on stress was negligible, reducing the 

width of aponeurosis to 80% led to a 60% increase in stress [28]. 

Silva et al. (2011) presented a muscle fatigue model based on the strength generation history of each 

muscle to predict the health level of a muscle and could work with Hill-type muscle models. They tested 

this model in the context of inverse dynamic analysis for the elbow joint and observed fatigue results 

for the brachialis muscle. Within the scope of forwarding and inverse dynamic analysis, while simulating 

muscle strengths in the presence of muscle fatigue, they concluded that it was computationally 

applicable to any existing multibody methodology [29]. 
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2.3 Lower Extremity 

2.3.1 Experimental Studies 

Stäubli et al. (1999) analyzed the mechanical tensile properties of quadriceps tendons and patellar 

ligaments. In the study carried out using the harvesting technique and uniaxial tensile fracture tests; the 

mean cross-sectional areas were 64.6 ± 8.4 mm2 for the unconditioned quadriceps tendon and 61.9 ± 9.0 

mm2 for the preconditioned quadriceps tendon, 36.8 ± 5.7 mm2 for the unconditioned patellar ligament, 

and 34.5 ± 4.4 mm2 for the preconditioned patellar ligament. The mean values of final tensile stress 

(53.4 ± 7.2 mm2) of unconditioned patellar ligaments were higher than the values of the unconditioned 

quadriceps tendon (33.6 ± 8.1 mm2). They concluded that the elastic modulus of the preconditioned 

patellar ligaments was higher than that of the quadriceps tendons [30].   

Bayraktar et al. (2004) compared the elastic and yield properties of femoral cortical and trabecular bone 

structure by mechanical tests and nonlinear finite element method. In the results according to the 

trabecular tissue, the average elastic structure of the cortical tissue was 15%, the stress efficiency was 

17%, the stress efficiency was 27%, while the yield strength as they observed was close. They concluded 

that the cortical bone was approximately 25% stronger with the cumulative effect of the analyzed 

differences [31]. 

Ward et al. (2009) investigated 27 muscles to perform a data set that described architectural features of 

lower link muscles with high accuracy by characterizing the length of muscle fiber and the muscle's 

capacity to generate excursion and force. Using scanners, they obtained high-resolution MR and CT 

images of the samples. As a result of the study and according to its architectural features, soleus, gluteus 

medius, and vastus lateralis were the strongest muscles; the muscles with the greatest excursion were 

sartorius, gracilis, and semitendinosus. Plantarflexors, knee extensors, and hip adductors were of the 

strongest muscle groups; and those with the greatest excursion were hip adductors and hip extensors 

[32]. 

Alexander and Schwameder (2016) investigated the joint strengths of the lower extremities while 

walking on inclines of different degrees. To calculate lower extremity joint strengths transferred the 

obtained data to the Anybody Modeling System and analyzed the results using a standard model in the 

software. During downhill walking; compression forces of the hip, tibiofemoral and patellofemoral 

joints increased, ankle joint compression forces decreased, and all lower extremity joint forces increased 

with increasing inclination during uphill walking. In addition; they concluded that uphill walking might 

be more stressful for the hip and ankle joints, and downhill walking might be more stressful for some 

knee joint structures [33]. 

Alexander and Schwameder (2016) analyzed the effects on muscle strength change during the hike on 

different slopes in the muscles of the lower extremities (hip, tibiofemoral, patellofemoral, and ankle). 

They used the musculoskeletal model for analysis and the AnyBody modeling system to calculate 

muscle strength. The experiment was carried out with inclinations of ±0°, ±6°, ±12°, ±18° at a speed of 

1.1 m/s. According to the data obtained the change in quadriceps, gastrocnemii, and hamstring muscles 

in straight walking compared with downhill and uphill walking were as follows: in uphill 140% increase, 

22% decrease, 22% decrease and in downhill 96%, 36%, 12% increase, respectively were observed [34]. 

Trinler et al. (2019) compared the AnyBody and OpenSim approaches for modeling, applied a t-test in 

MATLAB by analyzing the muscle strength analysis and the dynamic structure of the joint in both ways 

during walking. According to the results the two systems were compatible with each other, however, 

they observed differences in the sagittal ankle, hip angles, and sagittal knee moments for reasons such 

as joint descriptions or model marker placement [35]. 

2.3.2 Modelling and Simulation Studies 

Brekelmans et al. (1972) simulated the femoral bone in 2D and 3D using the finite element method. 

According to results, they concluded that it is advantageous to use FEM in the representation of complex 

structures, such as changing the shape of the structure, changing the force, or representing the model in 

3 dimensions [36].  
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Delp et al. (1994) for the treatment of patients with cerebral palsy, identified the tendon that provided 

the best range of knee range after transfer so, in the surgical intervention, the differences between the 

four tendons (semitendinosus, gracilis, sartorius, iliotibial) investigated to determine the rectus femoris 

can be transferred or not. For this, they simulated the rectus femoris after surgery, using the 

OPTOTRAK/3010 digitizing system. They observed that there were differences between the transfer of 

the four tendons and the semitendinosus tendon gave the best results at 4-5 cm knee flexion [37].  

Anderson (1996) studied case examples using rapid prototyping to demonstrate the impact of rapid 

prototyping on personal or pre-operative planning. As seen in the samples of this study, for the first time 

thanks to personal prototyping, a suitable implant was performed for the patient, and because of the 

prototype that was given to the surgeon before surgery, the surgery was performed more successfully. 

In other words, it was observed that rapid prototyping could be very useful in the medical field [38].  

Godest et al. (2002) using the finite element method (PAM-SAFETM code), examined the stress at the 

knee joint, which was fabricated of polyethylene. They analyzed the static and kinematic stresses with 

a 3D model and compare them with experimental results. They observed that in all of the results internal 

and external rotations were greater than the experimental results of 1 - 1.5°, while other data were 

consistent with the experimental data [39].  

Helwig et al. (2006) analyzed the behavior of the proximal femoral fracture using the finite element 

method (FEM) examined the explainability of models that could not reach the desired result in clinical 

practice with FEM. The findings concluded that it helped to understand the changes in clinical studies, 

but the model should be developed with various implants such as gamma nails and sliding nails to fully 

explain the effects [40].  

Cilingir et al. (2007) analyzed the stress distribution and surface touch functioning of the hip joint, using 

the finite element method (FEM). They compared the 3-dimensional anatomical model with the three-

dimensional and two-dimensional axially symmetric models for contact functioning and stress 

distribution analysis. According to the results, the difference between the same (3D) and different size 

(3D and 2D) models compared for contact mechanics were approximately 0.5% and 0.7%, respectively. 

Due to the observed small differences and faster running, they concluded that it was appropriate to use 

FEM for contact processing. However, they concluded that it would be appropriate to use a 3D analytical 

model as the comparisons of the obtained results on stress distribution were different from each other 

[41]. 

Linder-Ganz et al. (2007) calculated the tension and stress distribution in deep muscle and adipose 

tissues during sitting, depending on the mechanical conditions combined open-MR imaging and finite 

element modeling, and used SolidWorks for modeling using a reverse engineering approach. They found 

the maximum primary compressive tension and stress in the gluteus muscle 74% ± 7 and 32% ± 9 kPa, 

respectively, the maximum principal compressive tension and the stress surrounding the adipose tissue 

as 46 ± 7% and 18 ± 4 kPa, respectively. As a result of the finite element analysis, they observed that 

the maximum tissue tension and stress occurs in the gluteal muscles, not in the fat, ie close to the skin 

[42]. 

Carbone et al. (2016) performed a comprehensive sensitivity analysis to evaluate the effects of possible 

errors in Hill-type muscle-tendon model parameters for each of the 56 muscle tendons found in the 

musculoskeletal model. They simulated a lower extremity model in the AnyBody, to explain the 

functionality of the musculoskeletal system correctly. During a simulated walking cycle, they used the 

Local Sensitivity Index and the General Sensitivity Index measurements to distinguish the effect of the 

perturbation on the predicted force produced by the disrupted muscle-tendon fragments and all 

remaining muscle-tendon fragments. They observed that the sensitivity of the model was dependent on 

the size and length of the muscle-tendon segment as well as the specific role of each muscle-tendon 

segment during walking. The most sensitive parameter was tendon loose length, followed by maximum 

isometric muscle strength and optimal muscle fiber length parameters, they concluded that the nominal 

streamer angle showed very low sensitivity [43]. 

Żuk et al. (2018) examined the effect of variability of certain lower extremity musculoskeletal model 

parameters on muscle strength with inverse dynamics-based static optimization and hybrid approach 

compared various muscle models using OpenSim 3.0.1, one of the simulation software. They concluded 
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that the maximum isometric strength of the selected muscles and the number of muscles in the model 

were parameters that greatly influenced the dynamic simulation results. They believe that as the 

physiological criteria were completely individual, more research should be done to ensure that the 

customization in musculoskeletal modeling was not sufficient and that muscle strengths during walking 

were predicted with high accuracy using multi-body models [44]. Table 1 presents a brief summary of 

simulation studies. 

Table 1: Studies on skeletal muscle 

Ref. Visual Structure Method Boundary conditions Description 

[7] 

 

Muscle, bone, 

tendon, 

ligament and 

joint 

Computer-based 

software 

Rigid body 

assumption to obtain 

three-dimensional 

human body segment 

motion 

Real-time 

monitoring during 

exercise has shown 

that muscles protect 

against the harmful 

effects of exercise. 

[8] 

 

Muscle Nonlinear 

continuity 

mechanics 

Piola-Kirchhoff stress 

tensor and Green-

Lagrange strain 

tensor 

A muscle model 

had constructed that 

could be applied to 

programs using the 

finite element 

method. 

[10] 

 

Denervated 

muscle 

Finite element 

method 

(Bidomain) model Responses had 

studied due to 

changes in fiber 

parameters by 

simulations such as 

Hatchkin-Huxley. 

[12] 

 

Skeletal 

muscle and 

New Zealand 

white rabbit 

tibialis 

anterior 

muscle 

Finite element 

method 

Helmholtz free 

energy function 

A visco-

hyperelastic model 

had developed to 

describe the 

behavior of skeletal 

muscles under high 

pressure and to 

study muscle tissue. 

[23] 

 

Muscle, 

tendons and 

joints 

Difference index 

calculation 

Assuming that muscle 

increases strength and 

when the joint rotates 

as a trigonometric 

sine function was 

reduced 

Muscle structure 

and basic muscle 

function had 

assessed. 
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[25] 

 

Muscle, bone, 

ligament and 

tendon 

Finite element 

method 

Assumption of 

constant cross-

sectional stress for 

muscle length and 

calculation of 

moment arm 

Constant cross-

sectional stress 

assumption for 

muscle length and 

moment arm 

calculation. 

[26] 

 

Upper 

extremity 

muscles, 

tendons and 

joints 

Musculoskeletal 

modeling 

package 

15 degrees of 

freedom that defines 

the kinematics of the 

shoulder, elbow, 

forearm, wrist, thumb 

and index finger 

A three-dimensional 

model had designed 

that included all the 

major muscles of 

the upper limb and 

characterized 

mechanical 

movement. 

[29] 

 

Brachialis 

muscle 

Forward and 

inverse dynamic 

analysis 

MR (at time t = 0) 

with motor units in 

the rest compartment 

= 100%. 

The muscle fatigue 

model had 

developed based on 

the history of 

strength production 

of each muscle that 

could work with 

Hill muscle models. 

[30] 

 

Quadriceps 

tendons and 

patellar 

ligaments 

Harvest 

technique and 

uniaxial tensile-

fracture tests 

16 tendons and 

ligaments with 10 

mm wide, 

200 cycles from 50 N 

‒ 800 N at 0.5 Hz 

The mechanical 

tensile properties of 

the quadriceps 

tendons and patellar 

ligaments had 

analyzed. 

[46] 

 

Muscle 3D muscle 

modeling 

(LabVIEW 

program) 

L0: The length at 

which the muscle 

could produce the 

maximum active 

force 

To investigate the 

deformation of the 

plate, transverse 

tension had applied 

to muscles of 

different lengths 

using isometric 

force. 

 

3 Animal Studies 

3.1 Experimental Studies 

Lieber and Friden (1993) determined the effects of force on the tension created by the anterior muscles 

of the rabbit tibialis. They investigated the contractile properties of muscles using a light microscope 
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after eccentric contraction, together with mechanical factors affecting muscle damage. They observed 

that the magnitude of the strain had a significant effect on the occurrence of muscle damage, and the 

strain timing had no significant effect. Contrary to popular belief, they concluded that after the eccentric 

contraction occurs, not only high strength but also the magnitude of active tension significantly affected 

muscle damage [45].  

Donkelaar et al. (1999) to investigate the model acceptance of plane stress-strain studied the two-

dimensional (transverse and longitudinal) surface deformation and stretching of the skeletal muscle. 

Therefore, they fabricated three-dimensional measurements by applying power signals to different 

muscle lengths. They observed that the muscle length did not affect the 11% strain perpendicular to the 

muscle surface. They also concluded that muscle fibers were smoothed when comparing stresses due to 

isometric two-dimensional contractions [46]. 

Felder et al. (2005) using the mouse hind link muscles as a model, measured the sarcomere length of the 

tibialis anterior (TA), extensor digitorum longus (EDL), and soleus muscles; also adjusted the ankle 

joints to angles ranging from 30° to 150°, to determine whether fiber length can be accurately normalized 

with high resolution. When the foot was in plantar flexion, they observed that TA and EDL fiber length 

increased significantly while soleus fiber length decreased, so they concluded that the crude fiber length 

was largely dependent on the tibiotarsal angle. Consequently, they statistically confirmed the use of 

sarcomere length to normalize fiber length [47]. 

3.2 Design, Modelling and Simulation Studies 

Zuurbier et al. (1994) examined the length-force characteristics of aponeurosis in the passive, active, 

and isolated states. They used a two-factor analysis of variance to compare data. Relative elongation; 

14.3% for the entire aponeurosis, 9.8% for the closest aponeurosis (25%), 3-5% for the middle of the 

aponeurosis (50%) and 52.3% for the furthest aponeurosis (25%). They observed that when active 

compared to passive and isolated states, the length of aponeurosis, affecting aponeurosis strength, was 

shorter in the range of 0.3 - 1.0 N and there was no difference in length between passive and isolated 

states. Consequently, they concluded that aponeurosis is heterogeneously distributed along the extension 

length [48]. 

Shue and Crago (1998) explained the muscular behavior according to length and velocity connections 

during constant and random stimulation by creating muscle-tendon Hill-type structure with a non-linear 

method based on the past and not related to the past. According to the results, the historical model 

performed well under all test conditions. They concluded that the stress-length relationship can be 

assessed closer to the correct result during constant stimulation and dynamic properties can be assessed 

during random stimulation [49]. 

Bourne et al. (2004) found a way to achieve a more realistic result by modeling trabecular tissue diversity 

using homogeneous and inhomogeneous finite element methods. Therefore, they examined tissue 

properties with CT scans. When the non-homogeneous finite element method was used, compared to 

the homogeneous finite element method, 13% more accurate results were obtained [50]. 

Loerakker et al. (2010) using MRI techniques and special finite element modeling, investigated the 

effects of time of exposure and intermittent load reduction on muscle tissue damage caused by 

deformation. They observed that 2-hour loading caused more damage than 10-minute loading, and 

temporary load relief at 2-minute intervals during 2-hour loading did not provide damage reduction [51]. 

4 Conclusion 

Classical mechanics approach and finite element models used for mechanical analysis for muscles. Thus, 

force generation and power generation of muscles have been estimated. Although mechanical properties 

of muscles such as force, power and work are well known, more research should be done on muscle 

fatigue, muscle atrophy and viscoelasticity of muscle. In this way, the biochemical properties of the 

muscles will be better understood. 
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