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SUMMARY 

This study was to extend previous neuromusculoskeletal 

(NMS) modeling efforts through combining the in vivo 

ultrasound-measured musculotendon parameters on persons 

after stroke. A subject-specific NMS model of the knee and 

ankle joint was developed to predict the joint trajectory during 

gait. The model combined a geometrical model and a Hill-type 

musculotendon model, and used subject-specific 

musculotendon parameters as inputs. Ultrasonography was 

employed to measure the muscle optimal length and pennation 

angle of Vastus lateralis (VL), Semitendinosus(ST),   Tibialis 

anterior(TA), Median Gastrocnemius (MG). These parameters 

were then inputted into the NMS model to predict the 

individual muscle force using the input of EMG signals 

directly without any trajectory fitting procedure involve.  

 

INTRODUCTION 

Information of muscle architecture is essential for the study of 

muscle functions since muscle architectural parameters have 

significant effects on the muscle’s force generating capacity 

[1]. The muscle architectural parameters also can be used to 

set up the neuromusculoskeletal (NMS) model for 

investigating human movement [2]. Appropriate modeling can 

provide both qualitative and quantitative insights into the 

neuromusculoskeletal system and its motion dynamics [3]. 

The underlying muscle contraction and dynamics information 

could also be described by this approach, such as the force 

producing characteristics of the muscle and the individual 

muscle forces and moments during motor task [4]. Sensitivity 

and validation study showed that the accuracy of the estimated 

values of the musculotendon complex (MTC) parameters have 

significant effects on the modeling and simulation results [5]. 

Therefore, one of the major challenges in 

neuromusculoskeletal modeling is to accurately measure the 

musculotendon parameters. 

Medical imaging techniques have been used to get the 

parameters of musculoskeletal system in vivo recently, such as 

ultrasound (US) [6], computerized tomography (CT) and 

Magnetic Resonance Imaging (MRI) [7-8]. However, MRI or 

CT has the disadvantages such as high cost required, radiation 

exposure and limited access to instrument. Ultrasonography 

could reveal the fat, muscle or bone and is more convenient on 

repeated measurement compared to MRI or CT. The previous 

muscle architecture measurements using ultrasound were 

mainly performed on normal subjects or athletes to evaluate 

the muscle function [9]. Our recent ultrasound study showed 

the pennation angle and fascicle length of the brachialis 

muscle in people after stroke were elbow-joint-angle-

dependent at rest condition and there were smaller pennation 

angle and fascicle length changes of the paretic muscle in the 

affected side compared with those of the unaffected side 

during isometric contraction [10]. In addition, our results on 

ultrasound measurements combined with musculoskeletal 

modeling to estimate musculotendon parameters had proved 

the feasibility of NMS modeling on persons after stroke with 

in vivo measured parameters [11, 12]. 

This study extended our modeling and implemented on the 

lower limb of persons after stroke. 3D gait analysis was 

employed to record and produce kinematic data to verify the 

model results. Comparison of musculotendon parameters from 

the affected side and unaffected side were also conducted to 

evaluate the effects on the gait. 
 

METHODS 

A Hill-type musculotendon model was applied in this study 

(Figure. 1). The muscle dynamics could be described by a 

lumped-parameter model that accounts for the force–length–

velocity properties of the muscle and the elastic properties of 

the tendon (Figure. 1A). 

 
 
Figure 1 (A) Schematic figure of Hill-type musculotendon model, 
consisting of a contractile element, a parallel passive elastic element, 
and a series elastic element, where Fm is muscle force and Ft is tendon 
force. (B) Simplified structure of a musculotendon actuator, where lmt 

is muscle–tendon length, lt is tendon length, lm is muscle fascicle 
length, and α  is pennation angle 

The force generated by each musculotendon unit can be 
represented by the following equations: 

αα cos)]()()()([cos lftavflfFzFF pamt +=⋅=  (1) 

mz PCSAF σ⋅=                                                                   (2) 

where Fz is the maximum isometric muscle force, )(ta  is the 

activation level and α is the pennation angle. In details, fa(l) is 
the contractile element’s force–length relationship and 

)(lf p is the parallel passive elastic muscle force [5]: 
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Herein, the coefficients Ap=0.129, kpe=4.525, b1 = -1.317, b2 = 

-0.403, b3 = 2.454[13] 

The major instruments used in the experiment included: a B-

mode ultrasonography scanner with 7.5 MHz 38mm probe 

(DP6600, Mindray Inc., China). The probe was placed directly 

on the skin above the muscle with standard ultrasound gel 

used as the coupling agent. The transducer was positioned 

longitudinal to the direction of the fascicle to allow the 

fascicle to be displaced as a banded pattern organized from the 

deep to the superficial aponeurosis.  

 
Figure 2 Typical ultrasonography imaging of VL. Left: affected side; 

Right: unaffected side. The bright fringe in the lower region of the 

image shows the muscle–bone boundary. Aponeurosis (APO) is the 

boundary between the deep and surface layer of the muscle. 

 

RESULTS AND DISCUSSION 
Table 1 In vivo data of this current and from literature of pennation 

angle and fascicle length of VL muscle 

Subject in this stud and 

Literature Cadaver 

Pennation angle (°) 

Mean.(SD) 

Muscle fascicle 

length (cm) 

Stroke affected side 

Stroke unaffected side 

12.04(2.63) 

12.83(0.68) 

8.45 (1.66) 

8.81(1.40) 

Blazevich et al., 2006 13.2(3.2) 10.7 (1.6) 

Staehli et al., 2010 10.1(1.4) NA 

Stifilidis et al., 2007 10.0(2.1) 11.9(2.2) 

Table 1 showed the data of muscle parameters of subjects in 

this study and those in other studies reported in the literatures 

[14-16]. Attempts were made to validate the ultrasonography 

results with direct anatomical measurements and results 

showed no significant difference between ultrasound and 

direct measurements of the muscle parameters on cadaver [17-

18]. These studies showed that ultrasonography is an accepted 

method used to measure muscle parameters and would get 

similar results compared with directly measurement on 

cadavers. However, the studies of muscle architecture based 

on cadavers have limited the ability to determine functional 

implications in humans because of the use of older muscle and 

the limitation of describing the muscle architecture in the 

position of fixation. Martin et al. [19] compared the fibre 

length and pennation angle of human skeletal muscle such as 

Medial (MG) and lateral (LG) gastrocnemius in cadaver and 

live subjects. They found architectural characteristics of 

cadaver muscle differed from both relaxed and contracted in 

vivo muscle. Fukunaga et al.[20] found the architecture of 

actively contracting muscle fibres differ considerably that that 

which occurs when movement is passively induced. Therefore, 

the use of cadaver data in the study of architecture and 

modeling of muscle functions would result in accumulating 

errors in the results. The difference between the cadaver 

results and our in vivo data implied that ultrasound 

measurement can provide alterative method to collect the 

subject-specific data in vivo for biomechanics model in 

estimating the muscle function. In vivo studies can provide the 

muscle architecture changes both with joint angle and with the 

contractions.  

 

CONCLUSIONS 

This study found that in-vivo ultrasonography combined with 

musculoskeletal modeling could be used to estimate muscle 

architectural parameters. These in-vivo measurements on 

muscle architecture provide subjects-specific information and 

allow the development of subject-specific models. 
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