
 
 

ESTIMATION OF ACTIVATION STATES OF DIFFERENT MOTOR UNITS FROM EMG 
 

1 Sabrina S.M. Lee, 2Maria de Boef Miara, 2Allison S. Arnold-Rife, 2Andrew A. Biewener, and 1James M. Wakeling  
1Simon Fraser University, Burnaby, BC, Canada 

2Harvard University, Cambridge, MA, USA; email: sabrina_lee_4@sfu.ca 
 

SUMMARY 
The recruitment and activation dynamics of slow and fast 
motor units in the lateral and medial gastrocnemius (LG and 
MG) muscles were characterized from electromyographic 
(EMG) recordings and twitch force profiles in a series of in 
vivo and in situ experiments in goats. Using wavelet analysis 
and principal component (PC) analysis, optimized wavelets 
tuned to the frequencies of slow and fast motor units were 
obtained to quantify the EMG intensities from different motor 
units. Corresponding transfer functions that enable the 
activation state of these motor units to be estimated from 
electromyography (EMG) were also derived that can be 
incorporated into muscle models.  
 
INTRODUCTION 
Recruitment patterns and activation-deactivation dynamics of 
different motor units are critical to the temporal pattern and 
magnitude of muscle force development. The influence of 
activation-deactivation dynamics during slow tasks is 
minimal, but for rapid movements that require fast 
contraction-relaxation cycles, the timing of activation-
deactivation is crucial [1]. However, these are not often 
incorporated into current Hill-type muscle models. This may 
be due to the difficulty of detecting recruitment and activation 
of slow and fast motor units.  Recently, methods using wavelet 
analysis and principal component analysis to derive optimized 
wavelets have emerged that allow the low and high frequency 
components of EMG intensity to be calculated from 
myoelectric signals [2,3]. These methods provide a means of 
obtain transfer functions that estimate the active state of a 
muscle from its EMG intensity. 
 
The objectives of this study were to 1) obtain a set of 
optimized wavelets to quantify the EMG intensities from slow 
and fast motor units, 2) obtain a corresponding set of twitch 
force profiles from slow and fast motor units, and 3) derive 
transfer functions that use low and high frequency components 
of the EMG intensities from different motor unit types to 
estimate the activation state of the different motor units. 
 
METHODS 
Seven African pygmy goats (Capra hircus L; 3 male, 4 
female, age 11 ± 5.5 months, mass 23 ± 3.5 kg ) were tested at 
Harvard University’s Concord Field Station. All surgical 
procedures followed IACUC approval. Fine-wire EMG 
electrodes (bi-polar silver wire) were implanted in the 
proximal, mid-belly, and distal portions of the lateral and 
gastrocnemius muscles. Custom-made “E”-shaped stainless-

steel buckle transducers were attached to the Achilles tendon 
to measure tendon force. EMG force and tendon force data 
were recorded during in vivo measurements of tendon-tap 
reflex trials and in situ stimulation experiments designed to 
capture either or both slow and fast motor unit recruitment. 
 
EMG signals were analyzed using wavelet transformation, 
similar to previously published techniques [2,3]. Briefly, 
signals were resolved into their intensities in time-frequency 
space using a filter bank of non-linearly scaled wavelets. 
Major components of the myoelectric spectra were identified 
using PC analysis and a set of optimized wavelets tuned to 
slow and fast motor units was derived with centre frequencies 
of 149.94 Hz and 323.13 Hz, respectively. These optimized 
wavelets were applied to the EMG signal of supramaximal 
twitches to calculate the low and high frequency component 
intensities. A similar method of PC analysis was used to 
reconstruct force profiles that correspond to slow and fast 
fibres from the twitch responses during isometric contrations. 
Force rise times of 98.6 and 52.9 ms were obtained for slow 
and fast fibres, respectively.  
 
Using the EMG intensities and reconstructed twitch forces, 
transfer functions specific to slow and fast motor units were 
derived that estimate the activation state of each muscle from 
the EMG intensity. Activation dynamics were represented by a 
series of first-order bilinear differential equations similar to 
that of Zajac [4], but in a three-step manner where the output 
of each step was used as input to the subsequent step. Values 
for τ1,2,3, time constants, and β1,2,3, constants relating the 
activation-deactivation rates were calculated by minimizing 
the weighted sum of the squared differences between a3(t) and 
the reconstructed twitch force. A time offset, tOff, and a non-
unity gain factor, C, were allowed. Transfer functions were 
derived for the total EMG intensity (supramaximal twitches), 
and for the high and low frequency components of the EMG 
intensity of the supramaximal twitches. 
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RESULTS AND DISCUSSION 
Wavelet analysis of EMG signals, in combination with PC 
analysis revealed differences in motor unit recruitment during 
the in vivo and in situ twitch testing. Derived transfer 
functions that described the activation level as a function of 
the EMG intensity of slow and fast motor units showed strong 
correlations of 0.987 and 0.988, respectively, between the 
activation state and the force-time curves (Figure 1).  
 
The importance of incorporating the intrinsic properties of 
slow and fast motor units into muscle models can be shown in 
Figure 2 where three Hill-type models were tested using EMG 
data of a 10 Hz unfused tetanus trial. The classical model usee 
a single-step transfer function to estimate EMG intensity [4]. 
The hybrid model was similar to the classic model except that 
the active state of muscle was estimated using the derived 
three-step transfer functions. The differential recruitment 
model comprised of fast and slow contractile elements in 
parallel that could be differentially activated.  The activation 
states for the fast and slow elements were determined from the 
derived transfer functions. The hybrid model predicted force 
with more accurate timing than the traditional model because 
the derived three-step transfer functions captured both the 
electromechanical delay and the features of activation that 
allowed the force to persist, even after the action potentials 
had decayed. The differential model allowed the slow and fast 
motor units to be differentially activated and predicts force 
even more accurately. 
 

 
 
Figure 1:  Predicted muscle activation level from the transfer 
function and reconstructed forces (black) for low frequency 
component of the EMG intensity (red, r = 0.987), high 
frequency component (blue, r = 0.988), and total EMG 
intensity (green, r = 0.993). 

 
 

 

 
Figure 2:  Predicted muscle forces (red) and measured forces 
(black) for 10 Hz tetanus stimulation trial for the classic model 
(r = 0.603), hybrid model (r = 0.671), and differential model  
(r = 0.960). 
 
CONCLUSIONS 
The experimental and computational methods presented here 
provide insight into motor unit recruitment and activation of 
slow and fast motor units and provide corresponding transfer 
functions enabling the activation state of these fibres to be 
estimated from EMG signals. By incorporating these specific 
transfer functions of slow and fast motor units into muscle 
models, forces can be more accurately predicted. This study is 
relevant to human muscle modeling as it establishes the 
necessary foundation for developing Hill-type models that 
include both slow and fast contractile elements that can be 
differentially activated. 
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