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Abstract  1 

Non-uniform contraction exists in many skeletal muscles and plays an important role in the 2 

function of the musculoskeletal system. Particularly in the gluteus medius (GM) muscle, its three 3 

subdivisions appear activated differently while performing various motion tasks. However, the non-4 

uniform contractile mechanism of GM is poorly understood. In this study, a three-dimensional finite 5 

element (FE) model of GM was developed. Non-uniform contraction patterns of the three 6 

subdivisions of GM during abduction, internal and external rotation were simulated through an 7 

inverse-dynamics-based optimization approach. A set of sensitivity studies were also undertaken to 8 

evaluate the influence of parameters including the cost function of optimization and dimension of 9 

GM subdivisions on the predicted non-uniform contraction and biomechanics of the muscle. 10 

Contraction across GM was found to be highly non-uniform during various motions. The whole GM 11 

was activated during abduction, whereas only the anterior and posterior subdivisions were primarily 12 

involved in internal and external rotation, respectively. The active contractile stress in a subdivision 13 

during abduction was increased if its proportion in GM was expanded. The cost functions of 14 

minimizing the sum of active contractile stresses squared/cubed provide similar qualitative 15 

predictions of the trend of results. This approach provides the methodological basis to enable 16 

simulation of non-uniform muscle contraction using 3D musculoskeletal models.  17 
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 20 

1. Introduction  21 

Muscles play an important role in the function of the musculoskeletal system. Dysfunction of 22 

muscles leads to aberrant postures, non-physiological loads on joints and ligaments and, eventually, 23 

the progression of musculoskeletal disorders [1, 2]. The gluteus medius (GM) muscle is the prime hip 24 

abductor. Dysfunction of GM has been implicated in impaired gait patterns, low back pain, 25 

patellofemoral pain syndrome and many other lower limb injuries [3, 4].  26 

A muscle usually consists of a number of motor neurons. When a motor neuron is activated, 27 

the muscle fibres innervated by the motor neuron become stimulated and contract. The electro-28 

mechanics behaviour of muscles is closed associated with the spatio-temporal pattern of muscles [5-29 

7]. As a motor neuron can be activated individually, contraction in many skeletal muscles, i.e. the 30 

contractile activity indicated by active contractile forces/stresses, is non-uniform [8, 9]. Particularly 31 

in GM, there are three anatomically distinct subdivisions with potential for independent neural control, 32 

and as a result, the three subdivisions of GM appear activated differently while performing various 33 

motion tasks [8, 10]. The anterior and medial subdivisions that have fibres oriented more parallel to 34 

the femur would be better positioned to abduct the hip than the posterior portion. The tilt of fibres in 35 

the anterior and posterior subdivisions with respect to the frontal plane suggests their roles in hip 36 

internal and external rotation, respectively [10, 11].  37 

There are a number of studies on non-uniform muscle contraction, mostly using 38 

electromyography (EMG) [8, 11-13] or FDG-PET (monitor fluorodeoxyglucose (FDG) uptake 39 

through positron emission tomography (PET)) [14]. However, the reliability of using EMG as an 40 

approach to measure biomechanics of muscles is questionable due to uncertainties in the acquisition 41 

and conversion of EMG signals into biomechanical response of muscles. Apart from the substantial 42 

artefacts introduced by cross-talk from neighbouring muscles or from adjacent subdivisions of the 43 

same muscle [15], the use of surface EMG is inappropriate for the whole GM because the posterior 44 

GM is completely covered by the gluteus maximus muscle [8]. On the other hand, intramuscular 45 

EMG or FDG-PET is invasive and would alter the normal function of muscles [16, 17]. Furthermore, 46 

previous experimental studies do not explain the cause-and-effect relationship between non-uniform 47 

muscle contraction and motion, the synergistic mechanism among muscle subdivisions, or the 48 

sensitivity of muscle activities to parameters such as the dimension and strength of a subdivision. 49 
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This information is important for planning surgical treatments and rehabilitation programmes to 50 

reduce pain and disability involved in musculoskeletal disorders [18], but remains poorly understood.  51 

Computer models serve as an alternative approach with the potential to provide comprehensive 52 

biomechanical analyses of non-uniform muscle contraction. Most of the previous computer models 53 

that offer predictive muscle contraction are based on multibody dynamics musculoskeletal 54 

simulations with muscles assumed as one-dimensional (1D) line-segment models [19, 20]. Using 55 

these musculoskeletal models, muscle forces can be calculated based on non-invasively measured 56 

kinematics. However, 1D muscle models have limitations for simulations of non-uniform muscle 57 

contraction, because such models lack the ability to incorporate realistic three-dimensional (3D) 58 

muscle geometry and spatial fibre architecture within muscles, which would limit their modelling 59 

accuracy [21]. Furthermore, 1D models do not provide parameters such as stresses, strains and 60 

distribution of non-uniform contraction of a muscle. These parameters are important for systematic 61 

biomechanical evaluation of muscles. 62 

Muscle models with realistic 3D geometry and detailed fibre architecture have been developed 63 

using finite element (FE) method [21-24]. However, in these previous 3D muscle models, muscle 64 

contractions were among the inputs rather than being calculated, because the redundancy issue, i.e. 65 

muscles outnumber equations of equilibrium requiring optimization to determine a unique solution 66 

of muscle contractions, was not addressed. This hampers the application of previous 3D models to 67 

study non-uniform muscle contraction. Furthermore, FE models of GM is not available yet. In a recent 68 

forward dynamics-based 3D FE musculoskeletal model [25], proportional-integral-derivative (PID) 69 

controllers were introduced to calculate muscle activations. Recently, we have developed an inverse 70 

dynamics-based FE musculoskeletal model with the ability to predict 3D muscle contractions based 71 

on kinematic data [26]. However, in these models, the contraction across each muscle was assumed 72 

to be uniform. 73 

Therefore, the aim of this study was to develop a 3D FE model of the GM muscle incorporating 74 

inverse-dynamics-based optimization that was capable of simulating non-uniform contraction of the 75 

muscle during different motions. Additionally, a set of sensitivity studies were undertaken to evaluate 76 

the influence of parameters including the cost function of optimization and dimension of GM 77 

subdivisions on the predicted non-uniform contraction and biomechanics of the muscle.  78 

 79 

 80 

 81 
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2. Materials and Methods 82 

In this study, subject-specific 3D geometric models reconstructed from magnetic-resonance-83 

imaging (MRI) in the TLEM 2.0 database [27] including the GM muscle, femur and pelvis of the 84 

right lower extremity were adopted. Using a meshing software package (Hypermesh V2017, Altair, 85 

USA), the muscle and bones were represented with 4605 eight-noded hexahedral elements and 23743 86 

four-noded tetrahedral elements, respectively (Fig. 1a). The mesh was dense enough to ensure the 87 

change in the peak tensile stress and active contractile stress was within 5% if the number of elements 88 

of the muscle was doubled.  89 

Through the insertion/origin sites of the muscle/tendon tissue that are based on the anatomical 90 

information provided in TLEM 2.0 [27], the muscle/tendon tissue was rigidly attached to the bones. 91 

As deformation of joints and bones was not the subject of interest in this study and was minimal 92 

comparing to the deformation of muscles [28], the hip was assumed as a three degrees-of-freedom 93 

ball-and-socket joint and bones as rigid in order to enhance computational efficiency.  94 

Both active and passive properties of the muscles were considered. Incompressible transversely 95 

isotropic Mooney-Rivlin material [29] incorporating fibres was adopted to represent the tendons and 96 

passive properties of the muscles. The fibre orientation within GM (Fig. 1b) and the regions of tendon 97 

and muscle tissues (Fig. 2) were identified using anatomical knowledge [10, 30]. The strain energy 98 

W of this constitutive model was given in [31]:  99 

W = F1(I1, I2) + F2(λ) +
K

2
[ln(J)]2  (1) 100 

where, the function F1 represents the material response of the isotropic ground substance matrix 101 

in the form of Mooney-Rivlin material as described in Eq. (2); F2 contribution from the fibres as 102 

illustrated in Eq. (3); J volume ratio; K a bulk modulus-like penalty parameter.  103 

F1 =
C1

2
(I1 − 3) +

C2

2
(I2 − 3)  (2) 104 

where, C1 and C2 are the Mooney-Rivlin material coefficients; I1 and I2 first and second strain 105 

invariants of the deviatoric Cauchy–Green tensor C. 106 

λ
∂F2(λ)

∂λ
= {

0                                     λ ≤ 1           

C3(eC4(λ−1) − 1)        1 < λ < λm

C5λ + C6                       λ ≥ λm        

  (3) 107 

where, λ is the deviatoric part of the stretch along the fibre direction; λm stretch at which the 108 

fibres are straightened; C3 scales the exponential stresses; C4 rate of uncrimping of the fibres; C5 109 

modulus of the straightened fibres; C6  determined to ensure continuous stress at λm . λ is usually 110 
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bigger than zero as it reflects fibre stretch; λ < 1  describes the material in compression; λ > 1 111 

describes the material in tension. Active contraction along the fibres was incorporated into the muscle 112 

material model (Fig. 1b), with the total stress in the solid mixture (𝛔) as the sum of the solid stress 113 

due to strain (𝛔𝐬) and the active contractile stress (𝛔𝐚):  114 

𝛔 = 𝛔𝐬 + 𝛔𝐚  (4) 115 

Values of the parameters in the constitutive model are shown in Table 1. Three subdivisions 116 

were defined in the GM model, with independent active contractile stress in each of the portions 117 

(Fig. 2). Uniform contraction was assumed in each subdivision. The three subdivisions were of 118 

similar dimensions in the original model (Fig. 2a). To assess the effect of the dimension of 119 

subdivisions on the model predictions, three other models were created in which the cross-sectional 120 

area of one of the three GM subdivisions was approximately 1.5 times larger than the other two 121 

portions (Fig. 2b, c and d). This choice of proportion and variation is based on anatomical 122 

observations [10, 30].  123 

The pelvis was immobilized in all degrees-of-freedom. Motions that GM contributes to 124 

including abduction, internal rotation and external rotation [11] were applied to the hip joint 125 

separately (through rotating the femur), starting from 0 degrees to 20 degrees and ramped over 0.5 s. 126 

Flexion, extension and adduction were not investigated, because GM plays a minor role in these 127 

motions. Except for the insertion/origin sites of the muscle/tendon tissue connecting the bones, the 128 

GM muscle is not anatomically in contact with the bones. Therefore, contact between the muscle and 129 

bones was not defined in the model to enhance computation efficiency.  130 

During each motion, there are three unknown active contractile stresses to be calculated versus 131 

one moment equilibrium equation which is along the axis of rotation of the hip joint. In order to solve 132 

this redundancy issue, optimization is needed to determine a unique solution of active contractile 133 

stresses in the subdivisions. Therefore, an inverse-dynamics-based optimization approached was 134 

developed. Based on the muscle active contractile stresses and the corresponding joint moments in 135 

the FE model, active contractile stresses in the subdivisions of the FE GM model were optimized 136 

until 1) the cost function was minimized and 2) constant resisting moments of 5.0 N×m, 0.2 N×m, 137 

and 0.5 N×m along the axis of rotation of the hip joint were generated by GM during abduction, 138 

internal rotation and external rotation, respectively (e.g. adduction moment generated during 139 

abduction). These moments would ensure a proper level of activation for GM (this is equivalent to 140 

applying torques to the joint for the muscle to balance). The two cost functions that have been widely 141 

used in recent musculoskeletal models of the lower extremity including minimizing the sum of active 142 

contractile stresses squared (i.e. ∑ (σa
𝑖)2𝑛

𝑖=1 ) [32] and minimizing the sum of active contractile 143 



7 
 

stresses cubed (i.e. ∑ (σa
𝑖)3𝑛

𝑖=1 ) [33] were simulated to evaluate the sensitivity of the model to the 144 

cost functions. Another cost function that minimizes the maximum active contractile stress (i.e. 145 

min (max(σa))) was also assessed [34]. Results of non-uniform muscle contractions under different 146 

cost functions were compared to a GM model with uniform muscle contraction across the whole 147 

muscle. Notably, the system with uniform GM contraction is not redundant and thus optimization is 148 

not needed. Optimization and analyses were conducted at 0 degrees, 5 degrees, 15 degrees and 149 

20 degrees for each motion. The muscle lengths and moment arms were recalculated at each 150 

optimization step. 151 

FE modelling was performed in the open-source implicit FE solver FEBio (V2.6.4; 152 

http://febio.org/febio). To enhance computational efficiency, the FE model at each quasi-static time 153 

instance (e.g. at 0.5 s) in the optimization process was simulated based on the model at the previous 154 

time instance (i.e. at 0.4 s) in which the optimization criteria were achieved, rather than starting from 155 

the original state (i.e. at 0 s). Optimization and automation of data transfer between the FE modelling 156 

and optimization procedures were achieved in MATLAB (R2017a, Mathworks, MA). The “fmincon” 157 

optimization tool in MATLAB was adopted to solve the optimization problem. The simulations were 158 

performed on a Windows 10 computer with 64 GB of RAM and 32 Intel E5-2699 cores at 2.2 GHz. 159 

Active contractile stresses and tensile stresses (i.e. the first principal stress of 𝛔 in Eq (4)) of the GM 160 

muscle were analyzed.  161 

 162 

 163 

3. Results 164 

Distribution of tensile stresses across the GM model during different motions is shown in Fig. 3. 165 

Tensile stresses were concentrated around the tissue region connecting the femur, where the tissue 166 

has smaller cross-sectional area than in the rest of the GM. Tensile stresses in all the subdivisions 167 

were of similar levels during hip abduction. Among the three subdivisions, tensile stresses were 168 

markedly higher in the anterior subdivision and posterior subdivision during internal rotation and 169 

external rotation, respectively. For each motion, the maximum tensile stress was higher at 20 degrees 170 

rotation than in the original configuration.  171 

As shown in Fig. 4, active contractile stresses increased with increasing rotation angle of all the 172 

motions, in particular during internal and external rotation. The whole GM were activated during 173 

abduction, while only the anterior subdivision displayed contraction during internal rotation. During 174 

external rotation, both the medial and posterior subdivisions were activated from 0 degrees to 5 175 

degrees, while the medial subdivision became inactivated when the rotation exceeded 10 degrees. 176 

http://febio.org/febio


8 
 

During abduction, active contractile stresses in the anterior and medial subdivisions were similar and 177 

higher than the posterior portion. 178 

The active contractile stresses were different under different cost functions during abduction, 179 

particularly in the posterior subdivision (Fig. 5). Results of the models with uniform contraction and 180 

with the cost function of minimizing the maximum active contractile stress were identical, but 181 

different from the other two models. Under the two cost functions of minimizing the sum of active 182 

contractile stresses squared/cubed, the active contractile stress increased with increasing abduction 183 

angle and was higher in the anterior and medial subdivisions than the posterior portion. A higher level 184 

of non-uniform contraction was observed under the cost function of minimizing the sum of active 185 

contractile stresses squared than minimizing the sum of active contractile stresses cubed. As shown 186 

in Fig. 6, there was also a difference in active contractile stresses among the models with subdivisions 187 

of different dimensions. The active contractile stress was higher in a larger subdivision during 188 

abduction than the same subdivision of the model with subdivisions of similar dimensions. 189 

 190 

 191 

4. Discussion  192 

In this study, non-uniform contraction of the GM muscle during different motions was 193 

simulated for the first time through a novel approach combining FE modelling and inverse-dynamics-194 

based optimization. It was found that contraction in GM is highly non-uniform across its subdivisions 195 

during different motions. This is generally in agreement with previous EMG and FDG-PET studies 196 

[8, 11-14]. There was also a marked difference in the biomechanics of GM between the models with 197 

and without the consideration of non-uniform contraction. These findings demonstrate the important 198 

role of non-uniform muscle contraction while performing various motion tasks as well as the great 199 

need to consider non-uniform muscle contractions in musculoskeletal models. 200 

Computer models have the advantage over experimental measurements in terms of elucidating 201 

the synergistic mechanism among muscles. In theory, every agonistic muscle in the musculoskeletal 202 

system should be activated to some extent under the cost function of minimizing the sum of active 203 

contractile stresses squared or cubed [35]. In this study, it was shown that all the GM subdivisions 204 

contribute to hip abduction, while only the anterior and posterior subdivisions are primarily activated 205 

during hip internal and external rotation, respectively. This would suggest that the anterior and 206 

posterior subdivisions act as agonists during abduction but as antagonists to each other during internal 207 

(anterior subdivision as the agonist) and external (posterior subdivision as the agonist) rotation. This 208 

is also reflected by the finding that contraction in the anterior (or posterior) subdivision increases with 209 
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increasing internal (or external) rotation angle in order to balance the increased passive tension in the 210 

posterior (or anterior) portion. These results contradict a previous surface EMG measurement, where 211 

it was found that the anterior subdivision displayed higher activation than the posterior portion during 212 

both internal and external rotation [13], but are supported by the anatomical observation that the 213 

orientation of fibres in the anterior and posterior subdivisions would reflect their participation in 214 

internal and external rotation, respectively [10]. It was found that the collaborative pattern among 215 

GM subdivisions does not only depends on the type of motion, but is also subject to the level of 216 

external rotation. The medial subdivision took part in the initial external rotation but became an 217 

antagonist to external rotation above 10 degrees.  218 

The proportion in the dimension of each subdivision in GM varies between individuals [10, 30]. 219 

Additionally, it is unclear whether the cost functions of optimization used in previous musculoskeletal 220 

models would provide contradictory results when applied to simulate non-uniform muscle contraction. 221 

The parametric study was therefore undertaken as a precursor to future model validation to identify 222 

the sensitivity of the model to these parameters. The findings of this study show that contraction 223 

patterns of GM are dependent on the dimension of its subdivisions. The level of contraction in a 224 

subdivision during abduction was increased if its proportion in GM was expanded, because of its 225 

ability of sharing a higher proportion of the hip adduction moment applied [35]. Compared to 226 

previous musculoskeletal models in which the GM was typically represented by three independent 227 

1D line-segments [36], this study offers more systematic analyses of the distribution of activation and 228 

stresses across the 3D structure, and at the same time, accounting for the shear effect between the 229 

connecting subdivisions. In this study, only the results during abduction are shown to demonstrate 230 

the sensitivity of the model to the cost functions and the dimension of the muscle subdivisions. This 231 

is because that only the anterior and posterior subdivisions were primarily activated during internal 232 

and external rotation, respectively.  As a results, various cost functions and dimensions of the muscle 233 

subdivisions provided similar predictions during internal and external rotation. 234 

The two cost functions of optimization that have been widely used in previous musculoskeletal 235 

models of the lower extremity, i.e. minimizing the sum of active contractile stresses squared/cubed, 236 

were found to result in different levels of muscle contraction during abduction, but provide similar 237 

trends in the relationship between contraction and rotation angle and in the comparison of 238 

contractions between subdivisions. Further experimental measurements and validation studies are 239 

needed to determine the optimal cost function in future modelling of 3D muscles. Under both cost 240 

functions, the level of contraction increased with increasing abduction angle and was higher in the 241 

anterior and medial subdivisions than the posterior portion. This is consistent with the anatomical 242 

observation that the anterior and medial subdivisions have fibres oriented more parallel to the femur 243 
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and thus would be better positioned to abduct the hip than the posterior portion [10]. Reliable 244 

experimental quantification of muscle co-contraction is needed to determine the optimal cost function. 245 

However, the non-uniform contraction pattern of GM during abduction cannot be predicted using the 246 

cost function of minimizing the maximum active contractile stress. It should be noted that co-247 

contraction from antagonistic muscles or antagonistic muscle subdivisions is not considered in these 248 

cost functions of optimization. A higher level of contractions in all the subdivisions could be expected 249 

in a model considering co-contraction. Although co-contraction would offer similar qualitative 250 

predictions regarding the trend of results and the comparison between models, it will be considered 251 

in future studies once reliable experimental quantification of muscle co-contraction is available.  252 

Obviously, there were a number of limitations in this study. First, the non-uniform contraction 253 

that could further exist in each GM subdivision would provide smoother distribution of stresses and 254 

strains across the muscle compared to the current model assuming uniform contraction in each 255 

subdivision. This aspect was not accounted for in the current model, since such studies are not 256 

available yet for comparison. Secondly, it was assumed that motor neurons mainly stimulate active 257 

stresses of muscles, so only active stresses were optimized in this study. However, passive stresses 258 

and strains would also play a role in the muscle recruitment pattern, which will be a future 259 

consideration. Additionally, the material properties of the muscle were adopted from the literature. 260 

Variation in material properties among individuals and muscles should be considered for future 261 

subject-specific studies. Constitutive models accounting for the effect of fibre stretches and velocity 262 

on the level of muscle activation and derived specifically for modelling of muscles (e.g. coupling of 263 

active and passive stresses) [37-39] will also be a consideration in future studies. Although the 264 

modelling and optimization procedures are based on a validated algorithm [26, 40], the GM model 265 

itself was not validated due to the challenge in experimental measurements of the biomechanical 266 

behaviour of GM. Future more reliable experimental measurements, perhaps through dynamic 267 

imaging [41, 42], would provide alternative data to validate the change in morphology of the muscle 268 

model due to contraction. In the current model, the other abductor and rotator muscles of the hip were 269 

not accounted for, since the purpose of this study was to evaluate the activity of GM performing 270 

various rotation tasks under constant moments. However, the surrounding tissues would have an 271 

effect on the biomechanical behaviour of the muscle [26]. Apart from the motions simulated in this 272 

study, other motions including flexion, extension and adduction were not investigated, because GM 273 

was found to play a minor role in these motions. The muscle model with non-uniform contraction 274 

developed in this study will be incorporated into a 3D FE musculoskeletal modelling framework we 275 

have developed recently [26] to enable more realistic musculoskeletal modelling and simulations of 276 

a wider range of activities such as gait in future work. However, these assumptions do not affect the 277 
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qualitative predictions of this study, i.e. biomechanical differences found between models during 278 

different motions and with different cost functions and dimensions of subdivisions. 279 

In conclusion, a 3D FE model of the GM muscle incorporating inverse-dynamics-based 280 

optimization was developed to simulate non-uniform contraction of the muscle. Contraction across 281 

GM was found to be highly non-uniform during various motions. The whole GM was activated during 282 

abduction, whereas only the anterior and posterior subdivisions were primarily involved in internal 283 

and external rotation, respectively. The proportion in the dimension of each GM subdivision had an 284 

effect on the predictions and therefore may be important to consider for subject-specific modelling 285 

of non-uniform muscle contraction. The cost functions of optimization that have been widely used in 286 

previous musculoskeletal models of the lower extremity, i.e. minimizing the sum of active contractile 287 

stresses squared/cubed, provide similar qualitative predictions of muscle activity. This computational 288 

approach has the potential to aid in understanding the mechanisms of muscle function and the 289 

pathology of musculoskeletal impairments. Future attempts will also be made to simulate the electro-290 

mechanics behaviour of muscles using the modelling and optimization framework. 291 
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Figure Legends  

 

Fig. 1. a – FE model of the GM muscle in the original configuration (posterior-lateral view); b – fibre 

architecture in the tissue as illustrated by the blue arrows.  

 

Fig. 2. GM models with subdivisions of varying dimensions in the original configuration (posterior-

lateral view; anterior, medial and posterior subdivisions in blue, yellow and red, respectively; tendons 

in orange). a – GM subdivisions of similar dimension; b, c and d – one of the three GM subdivisions 

approximately 1.5 times larger than the other two portions.  

 

Fig. 3. Contour of tensile stresses in the GM model in the original configuration (0 degrees rotation) 

and at 20 degrees rotation during abduction, internal rotation and external rotation (posterior-lateral 

view), showing stress distribution in GM under non-uniform contraction. The cost function was 

minimizing the sum of active contractile stresses cubed. The three subdivisions were of similar 

dimensions with boundaries marked by the black lines. Tensile stresses were concentrated around the 

tissue connecting the femur. Tensile stresses in all the subdivisions were of similar levels during hip 

abduction. Tensile stresses were markedly higher in the anterior subdivision and posterior subdivision 

during internal rotation and external rotation, respectively.  

 

Fig. 4. Active contractile stresses in the GM subdivisions during abduction, internal rotation and 

external rotation. The three subdivisions were of similar dimensions. The cost function was 

minimizing the sum of active contractile stresses cubed. Active contractile stresses increased with 

increasing rotation angle during all the motions. All the subdivisions were activated during abduction, 

while only the anterior subdivision was activated during internal rotation. During external rotation, 

both the medial and posterior subdivisions were activated at 0 degrees and 5 degrees, while the medial 

subdivision became inactivated when the rotation exceeded 10 degrees. During abduction, active 

contractile stresses of the anterior and medial subdivisions were similar and higher than the posterior 

portion. 
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Fig. 5. Comparison of active contractile stresses during abduction calculated through different cost 

functions. The three subdivisions were of similar dimensions. The results were compared to the model 

with uniform contraction across the whole muscle (system not redundant and thus optimization not 

needed). Results of the models with uniform contraction and with the cost function of minimizing the 

maximum active contractile stress (min/max) were identical (the two curves overlap). There was a 

difference in the active contractile stresses under different cost functions, particularly in the posterior 

subdivision. A higher level of non-uniform contraction was observed under the cost function of 

minimizing the sum of active contractile stresses squared than minimizing the sum of active 

contractile stresses cubed. Under the two cost functions of minimizing the sum of active contractile 

stresses squared/cubed, active contractile stress increased with increasing abduction angle and was 

higher in the anterior and medial subdivisions than the posterior portion. 

 

Fig. 6. Comparison of active contractile stresses during abduction in the GM with subdivisions of 

different dimensions. The cost function was minimizing the sum of active contractile stresses cubed. 

There was a marked difference in active contractile stresses among the models with subdivisions of 

different dimensions. The active contractile stress was higher in a larger subdivision compared with 

the same subdivision of the model with subdivisions of similar dimensions.  
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List of Tables 

 

Table 1. Constitutive model parameters. The values are based on previous studies [24, 43-45]. The 

maximum value of active contractile stress was 0.5 MPa.  

Muscle constants  Tendon constants 

C1 0.01 MPa   C1 0.1 MPa 

C2 0.01 MPa  C2 0.1 MPa 

C3 0.015 MPa  C3 2.7 MPa 

C4 15  C4 46.4 

C5 6 MPa  C5 500 MPa 

K 10 MPa  K 100 MPa 

λm 1.4  λm 1.03 

 

 


