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SUMMARY 

Whole body computer simulation models do not usually 

reproduce ground reaction forces (GRFs) with accuracy. This 

study uses a model with rigid pin joints that incorporates 

wobbling masses within the segments.  It is shown that, 

despite the inclusion of wobbling masses, accurate GRFs can 

be achieved only if unrealistically high depression is allowed 

at the foot-ground interface.  It is hypothesised that this is 

acceptable for models of human performance, but if accurate 

internal forces are required, future models should incorporate 

compliance in joints and bones. 

 

INTRODUCTION 

Simulation models of human movement often represent the 

body solely by rigid pin-linked segments.   This has been 

shown to be a limitation when attempting to model GRFs 

during impacts, and wobbling masses have been included in 

these models in order to account for the effects of soft tissue 

motion [1].  However other compliance such as joint 

compression is still ignored.  This study will investigate the 

accurate reproduction of GRFs during triple jumping using a 

model that has rigid pin joints and includes wobbling masses 

within some segments.  Modelling GRFs in triple jumping is 

particularly challenging since it involves arguably the highest 

peak vertical GRFs of any voluntary human activity; up to 22 

times body weight [2]. 

 

METHODS 

A 13-segment subject-specific computer simulation model of 

triple jumping was developed, with wobbling masses within 

the shanks, thighs, and torso [3] (Figure 1).   

 

 
Figure 1:  Visual depiction of the simulation model. 

 

Kinetic and kinematic data were collected from a triple jump 

using a force plate and a Vicon motion analysis system.  

Segmental inertia parameters were calculated from 

anthropometric measurements [4].  The model was driven by 

angles measured from performance and the ground contact 

periods of each phase of the triple jump were simulated.  The 

foot-ground interface was represented by spring dampers at 

three points on each foot: the toe, ball, and heel.  The 

equations governing the stiffness of the spring dampers 

incorporated both a linear and quadratic term.  The horizontal 

spring damper expression was multiplied by the vertical force 

to ensure it decayed to zero at takeoff.  Each damping term 

was also multiplied by the magnitude of the displacement in 

order that a force due to damping could not exist without 

displacement.  The toe and ball spring dampers shared the 

same parameters since both represented points on the spike 

plate of the athlete’s shoe, whilst the heel differed, to 

incorporate the effects of the heel pad and sole of the shoe: 

 

                   
               

 

   

  

                    
                      

 

   

 

 

where    is the horizontal force,    is the vertical force,   and 

  are the horizontal and vertical displacements,    and    are the 

first differentials of   and  ,             are stiffness 

coefficients,        are damping coefficients, and   represents 

the point of contact on the foot. 

 

A genetic algorithm [5] was used in order to match the 

simulation GRFs to measured GRFs horizontally     and 

vertically     by minimizing an objective function.  This 

function comprised the RMS differences between simulation 

and performance in: time to peak force; magnitude of peak 

force; and overall RMS of the differences between the force 

traces:   

 

  
 

 
              

       

 
   

       

 
   

 

   

 

 

where   is the function value,    and    are the overall RMS 

difference between the force traces,    and    are the 

percentage differences in time to peak force,     and    are 
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the percentage differences in the magnitude of peak force, and 

  represents the phase of the jump. 

 

The objective function value was taken to be the average 

function value from each of the three ground contact phases of 

the triple jump in order that a robust common set of 

parameters was obtained 

 

Two separate optimisations were run:  one with no limitations 

on how much depression could occur in the springs of the 

foot; and a second where this depression was restricted via 

penalties to no more than 20 mm. 

 

RESULTS AND DISCUSSION 

Simulations were shown to match performance forces well 

when there were no limitations on the depression of the 

springs representing the foot-ground interface (Figure 2).  

Objective function values representing differences of 15.4%, 

15.4%, and 7.4% between simulation and performance were 

obtained for the hop, step, and jump phases respectively 

(Table 1).  When penalties restricting this depression to 20 

mm were employed, the optimisation process was unable to 

match performance forces well (Figure 3).  This yielded much 

greater objective function values, representing differences of 

49.0%, 61.6%, and 59.3% between simulation and 

performance for the hop, step, and jump phases respectively 

(Table 1). 

 

 

 

Figure 2:  Example GRFs for a simulation with no restrictions 

on depression at the foot-ground interface. 

 

With no restrictions the optimisation process resulted in the 

model employing unrealistically large depressions of around 

60 mm at the foot.  It was hypothesised that, despite the 

inclusion of wobbling masses, the overall system was still too 

stiff.  Because of this, compliance that was not included in the 

structure of the model, such as compression of the joints of the 

stance leg and spinal column, and possibly bending of the long 

bones of the stance leg, had to be incorporated into the 

depression at the foot.  In this case, despite the simulated 

GRFs being accurate, the internal joint reaction forces will not 

be accurate, since the lack of compliance in the pin joints and 

rigid segments of the model will lead to forces being 

transmitted instantaneously and undamped through the rigid 

link system.  This could lead to overestimations of the internal 

forces which could in turn lead to inaccuracies in the 

assessment of the injury risk associated with the activity being 

simulated. 

 

 
 

Figure 3:  Example GRFs for a simulation with depression at 

the foot-ground interface restricted to 20 mm. 

 

CONCLUSIONS 

It was found that accurate ground reaction forces could be 

obtained using a model comprising rigid pin-linked segments 

only if unrealistically high depressions were allowed at the 

foot-ground interface.  This is acceptable if the aim of the 

model is to investigate human performance.  However internal 

forces would not be accurate in this case.  Therefore future 

models aiming to accurately represent joint reaction forces in 

the human body should incorporate compliance in joints and 

possibly in bones.  
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Table 1: Results of optimisations with and without restrictions on foot depression in each phase of the triple jump. 

optimisation type hop (%) step (%) jump (%) total (%) maximum depression (mm) 

unrestricted 15.4 15.4 7.4 12.7 61 

restricted 49.0 61.6 59.3 56.6 20 

 


