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Summary 
Motor units control muscle function and coordination. 
However, most experimental and modelling motor unit 
recruitment studies have investigated isometric contractions, 
which limits its applicability to human movement. We 
introduce a musculoskeletal simulation framework that 
reverse engineers the recruitment and firing rates of motor 
units and found that our approach generated patterns 
consistent with previous isometric contractions studies but 
can be extended to predict motor unit recruitment over a 
range of muscles and dynamic movements.  
Introduction 
Motor units control muscle function and coordination of 
movement. They are typically clustered by muscle fibre 
types such as slower and faster fibres, yet their physiological 
properties reside across a broad continuum. Previous motor 
unit recruitment models have used the reported physiological 
properties of motor unit population and a predefined 
excitatory drive to predict recruitment, firing rates and force 
during maximal contractions. Yet, one drawback of most 
modelling and experimental studies is that they are 
constrained to isometric contractions whereas, in reality, 
muscles generate force dynamically. This greatly limits their 
applicability to human movement. One potential solution is 
to reverse engineer motor unit recruitment. In this study, we 
present a modelling framework in which we simulate a 
typical ramped isometric contraction and predict the 
recruitment of a motor unit population in a muscle. We then 
show the potential of the approach for dynamic movement 
by predicting motor unit recruitment during cycling.  
Methods 
We chose our musculoskeletal model to match available 
experimental data [1]. Our model consisted of one degree of 
freedom representing the knee joint and was actuated by a 
muscle-tendon unit (MTU) actuator that represented the 
vastus lateralis (VL). To represent a motor unit population, 
we modelled the MTU as a Hill-type actuator with multiple 
contractile elements connected to a series elastic element. 
The contractile elements represented the physiological 
properties of ten motor unit pools that approximated the 600 
motorneurons in the human VL. To represent the continuum 
from the slowest and fastest motor unit, fibre type properties 
were scaled linearly, max forces were assigned to be 
consistent with a previous model with a range of 10 force 
units and max firing rates decreased linearly from 35-25Hz 
[2].   
A ramped maximal voluntary contraction (MVC) of the VL 
was simulated over 30 secs at rate of 10% MVC/s. The 
simulations predicted the recruitment and activation of each 
motor unit using direct collocation methods that solved the 
optimal control problem [3]. A mixed weighted objective 

function was used that minimised metabolic cost and 
activations squared. Using parameters optimised for the 
isometric contraction, we predicted the dynamic recruitment 
and firing rates of a motor unit population in the VL by 
tracking experimental cycling data at 80 RPM across 5 
cycles.  
Results and Discussion 

 
Figure 1: Recruitment and firing rate of the motor unit pools and the total force 
generated during a ramped maximal isometric contraction. 

Predicted firing rates and motor unit recruitment patterns 
were consistent with experimental control schemes of the 
VL during a ramped maximal isometric contraction (Fig. 1). 
This included an orderly recruitment of motor units from 
slowest to fastest, a plateau in the firing rates that followed 
the onion-skin control scheme and a reversal of the 
decruitment as force requirement decreased.   

 
Figure 2: Recruitment and firing rate of the motor units and the total force generated 
across 5 cycles of cycling at 80 RPM. 

The framework optimised for isometric contractions also 
predicted motor unit recruitment and firing rate in the VL 
that were consistent with orderly recruitment during cycling 
at a slow cadence (Fig. 2). This included a preference of 
recruiting and increasing firing rates in the slowest motor 
units before progressively recruiting faster motor units.  
Conclusions 
Our modelling framework, built from physiological 
properties of motor units, predicted recruitment and firing 
rate patterns that were consistent with known recruitment 
strategies during isometric and dynamic contractions. It 
opens up the possibility of investigating motor unit 
recruitment during dynamics contractions that are more 
applicable to human movement.  
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