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SUMMARY 

The effects of fatigue on the ground reaction force (GRF) and 

the vibrations of the human lower extremity soft tissues are 

studied in this paper. A recently developed multiple degrees-

of-freedom mass-spring-damper model of the human body 

during running is used for this purpose. The model is able to 

take the muscle activity into account by using a nonlinear 

controller that tunes the mechanical properties of the soft-

tissue package (i.e. stiffness and damping) based on two 

physiological hypotheses, namely “constant-force” and 

“constant-vibration”. To model muscle fatigue, it is assumed 

that the range of variations of the mechanical properties of the 

lower body soft-tissue package reduces over time. Simulations 

are carried out for various shoe hardness parameters and 

various pre- and post-fatigue conditions. The simulation 

results show that the vibration amplitude of the lower body 

soft-tissue package increases with muscle fatigue. However, 

fatigue does not have any significant impact on the GRF. 

 

INTRODUCTION 

Given the importance of muscle activity in the attenuation of 

the collision shock and damping of the resulting vibrations, it 

is important to understand how the GRF and vibrations of soft 

tissues change when muscles fatigue. Any change in the shock 

attenuation capability of the human body due to fatigue not 

only is important from fundamental viewpoint but may also be 

related to injury development. Therefore, researchers have 

studied the effects of muscle fatigue on the GRF and 

sometimes on tissue vibrations. 

As far as the GRF is concerned, there is disagreement in the 

literature as to whether the GRF increases with muscle fatigue. 

While some researchers have found that the GRF decreases 

with fatigue, others have not found any substantially change, 

or even have observed increase. Not many researchers have 

studied the effects of fatigue on soft tissue vibrations. In a 

recent study, Friesenbichler et al [1] found that the level of 

soft tissue vibrations increase with fatigue. 

As opposed to most other studies that take an experimental 

approach, a modeling approach is used in the current study to 

understand the effects of muscle fatigue on the GRF and tissue 

vibration during running. A recently developed multiple 

degrees-of-freedom active mass-spring-damper model that is 

capable of taking the muscle activity into account is used for 

this purpose and is modified to enable it to take account of 

muscle fatigue. The model is then used to calculate the 

changes in the GRF and the vibration level of soft tissue 

package with fatigue. The simulation results are compared 

with experimental findings. 

 

 

METHODS 

The active model that is used in this study to simulate the 

muscle activity during running is based on a passive four-

degrees-of-freedom mass-spring-damper model that was 

proposed by Liu and Nigg [2] and was later corrected by 

Zadpoor and Nikooyan [3, 4]. The passive model was later 

modified by Zadpoor and Nikooyan [5] to take the pre-landing 

muscle activity into account by considering the lower body 

wobbling mass (LBWM) as an active element (Figure 1).  

The model is connected to the ground via a GRF element. The 

force acting on this element (Fg) is a function of the 

displacement (x1) and velocity (v1) of the LBWM [2]:  
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where, a, b, c, d, Ac, and e are parameters of the shoe-ground 

model. Parameters a, c, and e are the same for all shoe types. 

The hardness of the shoe is actually determined by two 

parameters b and d. A nonlinear controller adjusts the stiffness 

and damping properties of the LBWM (k2 and c2) such that a 

cost function (J) is minimized. The cost function is based on 

two main physiological hypotheses. According to the constant 

force hypothesis, the human body adjusts the mechanical 

properties of the lower-body soft tissues such that the changes 

in the GRF are minimal. According to the vibration 

hypothesis, the human body adjusts the mechanical properties 

of the lower-body soft tissues such that the changes in the 

level of vibrations are minimal. The cost function used in this 

study combines both hypotheses and is the normalized sum of 

the deviations of the GRF first and second peaks,      and     , 

and vibration level,   , from their default values (with index 

0). For a complete description of the cost function see [6]. 
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The muscle fatigue in the current study was modeled as the 

time decay of the ability of the human body to regulate the 

mechanical properties of the LBWM (i.e. k2 and c2). The 

bound limits for pattern search optimization were defined as a 

function of time in order to take the effect of muscle fatigue 



into account. Franken et al [7] formulated the quadriceps 

muscle fatigue by the reduction of torque as a function of 

time. A similar formulation as in [7] was used for time-

dependent narrowing of the bound limits that were used for 

the optimization of the cost function: 

max min min( ) 1 exp
t

t  (3) 

where 

 t is the time passed after running, 

 ξ(t) is the coefficient determining how much could the 

optimization bound limits expand and /or shrink. 

ξmax  and ξmin are, respectively, the maximum and minimum 

permissible values for the coefficient ξ. Similar to the previous 

studies, these two parameters were assumed to be respectively 

4 and ¼.  

τ is the time-constant of fatigue-induced decay. 

At each time-step t, the upper (UB) and lower (LB) 

optimization bounds for the stiffness (k2) and damping (c2) 

parameters were defined as follows: 
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where k2,0 and c2,0 are the default values for k2 and c2. 

Simulations were run using the modified model. The 

simulation results are presented in Figure 2. 

 
Figure 1: A schematic drawing of the active model. 

 

 

RESULTS AND DISCUSSION 

Similar to the results of the previous studies, there is a 

particular area of the b-d plane within which the normalized 

error is very close to zero (the safe region, Figure 2).  The safe 

region was defined in the same way as it was defined in 

reference [6]: a part of the b-d plane within which the 

normalized error is less than 0.05 which can be distinguished 

as the region between the two dashed lines in each subfigure 

of Figure 2. The size of the safe region did not considerably 

vary with time. 

The results show that the effect of muscle fatigue on the GRF 

peaks (Figure 2) was negligible while fatigue significantly 

influenced the vibration amplitude. At the beginning of the 

simulation, the controller was able to minimize the vibrations 

almost for every set of shoe hardness parameters (Figure 2). 

However, the vibration amplitudes increased by 20% after 

long-term (t/τ = 3) running for hard shoes (b > 1.6). This is in 

agreement with the observations reported in [1]. 

 

 

 

 
Figure 2: Pre- and post-fatigue values of the GRF and 

vibration amplitude calculated for different shoe hardness 

parameters. 

 

 

CONCLUSIONS 

The simulation results show that there is a major difference 

between the effects of muscle fatigue on the GRF and the 

effects of muscle fatigue on the level of soft tissue vibrations. 

While the safe region remains more or less the same 

regardless of how much the muscles are fatigued, the level of 

soft tissue vibrations goes up when muscles fatigue.  
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