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INTRODUCTION 
The muscloskeletal model such as SIMM (MusculoGraphics 
Inc.) was recently used for the kinetic analyses of various 
human movements. Yokozawa et al. (2007) calculated the 
muscle forces of lower limb during level and uphill running 
with the muscloskeletal model. However, the muscle forces 
were not measured directly but were estimated with the 
optimization procedure. The selection of appropriate 
optimization criteria, i.e. objective functions, has been 
discussed over a lomg period in the literature. In the research 
above, the sum of cubed active states of muscle models 
(activations) of all muscle models was minimized for 
estimating muscle force. It is still worth discussing whether 
the sum of cubed activations was the best criterion for 
estimating musce forces. The aim of this report was to verify 
the various criteria for estimating lower limb muscle forces 
during locomotion (walk, jog, and run). 
 
METHODS 
Eleven male runners were instructed to walk and to run at 
five various speeds; walk (1.0 m/s, 1.5 m/s, and 2.0 m/s) and 
run (2.4 m/s and 4.0 m/s). Photocells were set at a distance 
of 5 m before and after the force platforms and measured the 
time required for covering a distance of 10 m to control the 
speeds. Motion capture system (VICON612) was used to 
measure the locomotion movements. The ground reaction 
forces were also measured with the VICON system. The 
EMGs from the lower limb muscles were measured; gluteus 
maximus (GMAX), gluteus medius (GMED), adductor 
longus (ADL), biceps femoris (BF), rectus femoris (RF), 
vastus lateralis (VAL), gastrocnemius (GAS), and tibialis 
anterior (TA). A 3-D leg model was developed by using 
SIMM. Eight different functions with three kinds of power 
(squared, cubed and 4th powered) were used to estimate the 
muscle forces. The evaluated criteria were as follows; 
activation, force, stress (force/PCSA), power (force x 
shortening speed), change of activation, change of force, 
change of stress, and change of power. Correlation 
coefficients between EMGs and activation levels of the 
muscle models were calculated. 
 
RESULTS AND DISCUSSION 
Figure 1 shows the example of the rectified and smoothed 
EMG and estimated activation of GMAX in the slow walk. 

The criterion for estimating muscle forces was minimizing 
the sum of the cubed activations of 43 muscles. EMG and 
activation coincided with each other in timing very well. 
Table 1 shows a part of the correlation coefficients between 
EMGs and activation levels. The range of the correlation 
coefficients in all conditions was 0.314-0.747. In normal 
walk, fast walk, and run conditions, the sum of the cubed 
activations is considered as the best criterion for estimating 
muscle forces (Anderson et al., 2001). However, the sum of 
the cubed activations is not always the best criterion. The 
sum of squared activations was the best for slow walk, and 
the sum of squared muscle forces for slow jog. It is 
considered that the locomotion is not controlled by a single 
criterion, but by various criteria according to the locomotion 
speed. 
 
CONCLUSION 
Although the sum of the cubed activations is the good 
criterion for estimating muscle forces in locomotion, the 
criterion should be modified according to the speed. 
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Figure 1:  Rectified and smoothed EMG and estimated 
activation of GMAX in the slow walk

 
Table 1: Correlation coefficients between EMGs and activation levels. Bold numbers mean the maximum coefficients in each 
speed. 

 

squared cubed 4th powered squared cubed 4th powered squared cubed 4th powered

Slow walk 0.682 ±0.067 0.671 ±0.054 0.647 ±0.052 0.551 ±0.095 0.568 ±0.089 0.581 ±0.083 0.621 ±0.069 0.622 ±0.065 0.453 ±0.050

Walk 0.734 ±0.047 0.747 ±0.056 0.717 ±0.078 0.672 ±0.073 0.680 ±0.080 0.683 ±0.083 0.708 ±0.067 0.712 ±0.072 0.590 ±0.099

Fast walk 0.735 ±0.066 0.740 ±0.059 0.728 ±0.064 0.694 ±0.069 0.696 ±0.071 0.698 ±0.075 0.728 ±0.051 0.726 ±0.043 0.596 ±0.060

Slow jog 0.727 ±0.059 0.723 ±0.063 0.726 ±0.065 0.628 ±0.082 0.620 ±0.081 0.617 ±0.087 0.742 ±0.066 0.743 ±0.070 0.640 ±0.076

Run 0.720 ±0.064 0.738 ±0.063 0.735 ±0.060 0.565 ±0.080 0.566 ±0.093 0.563 ±0.099 0.686 ±0.071 0.680 ±0.067 0.565 ±0.086

Activation Stress (muscle force/PCSA) Muscle force
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