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INTRODUCTION 
In general, stability can be defined as the system's ability to 
return to its prescribed path or condition after a disturbance. In 
dynamic activities, e.g. walking and running, people can move 
at a stable pattern due to the stabilizing action of the central 
nervous system (CNS) even in the presence of various 
disturbances. In the static situation, e.g. human standing, the 
system can be considered stable if the vertical projection of 
the whole body centre of mass is within the base of support 
formed by two feet. Due to the intrinsic delays of the neuronal 
control circuits, the CNS control may not be sufficient to 
guarantee stability during fast movements. However, the 
intrinsic mechanical properties of muscles may help to 
stabilize the musculoskeletal system, which can be considered 
as a preflex response to a perturbation with zero-lag [1-6]. 
 
The objective of this study is to investigate the multiple 
criteria, especially stability and energy cost, involved in 
postural control when CNS adjustment is absent. A set of 
perturbation simulation was conducted based on a dynamic 
musculoskeletal model. The dynamic preflex responses 
without the active control of CNS were simulated. Four 
different performance criteria, which fall into two basic 
categories: energy criteria and stability criteria, were used to 
evaluate the muscle activations. A set of multiple objective 
optimization simulation was also conducted using the 
proposed performance criteria to explore the interplay between 
the energy strategies and stability strategies. The results 
suggest that the preflex postural control is a trade-off between 
energy cost and dynamic stability, and also the minimizing 
energy cost appears to be more important than maximizing 
postural stability. 
           
 
METHODS 
A human musculoskeletal model is developed to simulate 
standing posture (see Figure 1), which consists of two 
extensor muscle groups and four flexor muscle groups: tibialis 
anterior (TA), gastrocnemius medial (GM), gastrocnemius 
lateral (GL), soleus (SOL), flexor digitorum longus (FDL) and 
extensor digitorum longus (EDL). The human body is 
modelled as an inverted pendulum rotating around the ankle 
joint in the sagittal plane. The neural excitation, muscle 
activation and contraction dynamics representing the muscle 
mechanical property from neural excitation to muscular force 
production is represented by using two first order dynamic 
systems in series with a Hill muscle model [7]. Additionally, 
the change of muscle physiological cross sectional area 
(PCSA) [8] and pennation angle [9, 10] during muscle 
contraction is also considered. 
 
To evaluate the preflex responses and muscular control 
strategy in postural control, a set of dynamic simulations 

subject to horizontal perturbation was conducted. A horizontal 
perturbation force of 500N is applied at the distal end of the 
model in the forward direction. Optimization schemes are used 
to assess the postural control strategies. Two cost functions 
were used to represent the stability criteria, including Criterion 
1 (C1) which is minimizing the sum of total potential energy 
changes (potential energy excursion), Criterion 2 (C2): 
minimizing the sum of total angular displacement changes. 
While two cost functions were employed to describe the 
energy criteria: Criterion 3 (C3): minimizing the metabolic 
energy consumption and Criterion 4 (C4): minimizing the 
muscular mechanical work. The first two criteria were 
designed to represent the postural stability strategy, which 
means that the body is more stable if less potential energy or 
angular excursion is achieved after external perturbation. 
While the latter two are rough representations of the 
minimizing energy consumption strategy. The forward 
dynamic simulations were conducted to obtain the preflex 
responses of the musculoskeletal system in the first 0.1 second 
after the perturbation, with all the initial muscle fibre lengths 
and muscle activations as the optimization parameters. A set 
of multiple objective optimization was also conducted to 
search the lower boundary of the full feasible region by 
minimizing the potential energy excursion and metabolic 
energy consumption simultaneously, which means to search 
the control solutions to make the body most stable whilst cost 
lowest energy. 
 

 

Figure 1: The human musculoskeletal model with 6 muscle 
groups around ankle joint subject to external perturbation. 

 
   
RESULTS AND DISCUSSION 
For each specific performance criterion, the simulation runs 
for 10000 times, and the one with the lowest cost was selected 
as the best solution. Our preliminary results show that for the 
two stability criteria (C1 and C2), the obtained muscle 
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activations are quite similar, with all the extensor muscle 
activation being close to zero and all flexor muscle activations 
close to 1.0. This result is expected as the body would be more 
stable if the ankle muscles hold the ankle joint more firmly. 
While for the two energy criteria (C3 and C4), the results are 
dramatically different with all the flexor and extensor muscle 
activations close to zero. This leads to a very economic 
solution as no any muscle do mechanical work. However, this 
also gives a very unstable solution as a very small perturbation 
will push the system quickly away from its original position. 
This indicates that the optimal stability and optimal energy 
solutions cannot be achieved simultaneously.  

 

 
 

Figure 2: The lower boundary of the feasible region for 
multiple objective optimization. 

 
The interplay between the stability criterion and energy 
criterion was assessed by using a multiple objective 
optimization simulation using criterion C1 and criterion C3 as 
cost functions. Figure 2 shows the obtained lower boundary of 
the feasible region for the multiple objective optimization, 
which is a collection of optimal solutions that the system may 
use to minimize both performance criteria. It can be seen that 
criterion C1 is inversely proportional to criterion C2. This 
means that any control strategy attempting to increase the 
system stability will result in increase in metabolic energy cost. 
Therefore, the human body has to play a tradeoff between the 
energy and stability to keep the body stable in a long period of 
time. Moreover, from Figure 2, it can be seen that the energy 
criterion change has a large effect on stability criterion change, 

which means a slight change on energy criterion will lead to a 
big change on stability performance. Hence, the energy 
consumption may be more delicately regulated by the 
muscular control system. 
 
CONCLUSIONS 
In this study, a combined forward dynamic musculoskeletal 
simulation and multiple objective optimization scheme is used 
to explore the interplay between stability strategy and energy 
strategy involved in postural control when CNS adjustment is 
absent. The results strongly suggest that the preflex postural 
control is a trade-off between energy consumption and 
dynamic stability, and also the minimizing energy cost appears 
to be more important than maximizing postural stability. 
Apparently, the musculoskeletal model used in this study is 
still far from adequate to account for the full range of 
musculoskeletal properties that will affect the stability and 
metabolic energy consumption of musculoskeletal systems. 
Future work involves more realistic musculoskeletal modeling 
and experimental studies to verify the tradeoff theory. The 
understanding of the complicated interplays between multiple 
performance criteria and their contributions to the whole 
system performance is a great challenge for biomechanics and 
neuroscience in future. 
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Table 1 The muscle fibre length Lm and muscle activation level A for each muscle group obtained from the optimization 

simulations based on different performance criteria C1, C2, C3 and C4 
 

 TA GM GL SOL FDL EDL 
 Lm A Lm     A Lm A Lm A Lm A Lm A 

C1 0.5 0 0.5 1 0.5 1 1.5 0.6 1.5 1 1.17 0 
C2 0.5 0 0.5 1 0.5 0.99 0.5 0.6 1.5 1 1.2 0 
C3 1.5 0 1.1 0 0.5 0 1.5 0 0.5 0 1.5 0 
C4 1.5 0.065 0.5 0.002 0.61 0.1 1.38 0 0.5 0 0.52 0 

 


