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the slopes of the steady-hold contraction at 20–40 % MVC 
in all three muscles, and for 40–60 % MVC in TA muscles.
Conclusions  Our results suggested that the changes in 
the number of turns in surface EMG with respect to muscle 
force can be used to estimate the force levels at which the 
majority of the MUs to be recruited, and completion of MU 
recruitment was observed at lower force levels during rapid 
muscle contraction.
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Abbreviations
AP	� Adductor pollicis
BB	� Biceps brachii
EMG	� Electromyography
MaxRT	� Maximal recruitment threshold
MU	� Motor unit
MUAP	� Motor unit action potential
MVC	� Maximal voluntary contraction
sEMG	� Surface electromyography
T/s	� Turns per second
TA	� Tibialis anterior
TAA	� Turns-Amplitude Analysis

Introduction

The central nervous system controls muscle force output by 
activating motor units (MUs, defined as a motor neuron and 
all the muscle fibers it innervates). Greater muscle force 
is generated by activating more MUs (recruitment) and 
increasing the discharge rate of active MUs (rate-coding) 
(Adrian and Bronk 1929). The discharge rate of an MU 

Abstract 
Purpose  The purpose of this study was to investigate 
changes in the interference pattern in surface electromyo-
graphy (EMG), and its relationship with the tendency of 
motor unit (MU) recruitment during steady-hold and rapid 
muscle contractions.
Methods  Fifteen healthy adults (eight females and seven 
males, 22.6 ±  1.5 years old) performed steady-hold and 
rapid isometric contractions of the bicep brachii, adductor 
pollicis, and tibialis anterior muscles at various force lev-
els. Surface EMG recordings were analyzed using Turns-
Amplitude Analysis (TAA).
Results  During steady-hold contractions, the number of 
turns per second (T/s) increased exponentially with force 
during submaximal contractions, and plateaued after force 
levels of 66, 70 and 57  % MVC for the tibialis anterior, 
bicep brachii and adductor pollicis muscles, respectively. 
These force levels were proximate to the maximal recruit-
ment threshold (MaxRT) reported previously. The slopes 
of the T/s–force relationships before the MaxRT were sig-
nificantly greater than the slopes after the MaxRT for all 
three muscles tested. During rapid contraction, the slopes 
of the T/s–force relationships were significantly lower than 
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is determined by the time intervals between consecutive 
motor unit action potentials (MUAPs). Rate-coding capac-
ity has been linked to better motor performance, and can 
be affected by training as well as disease (Heckman and 
Enoka 2012). Generally, MU recruitment is investigated 
by observing the appearance of MUAPs using intramuscu-
lar electromyography (EMG) (Duchateau and Enoka 2011) 
or by changes in the frequency contents of the EMG sig-
nal (Esposito et al. 2005; Gobbo et al. 2006; Orizio et al. 
1994). As muscle force is gradually increased, MUs are 
recruited at specific force levels (recruitment thresholds) 
based on their neurophysiological properties. Eventu-
ally, all the MUs in a muscle will be recruited at a specific 
submaximal force level (maximal recruitment threshold, 
MaxRT) (De Luca et al. 1982). For example, the comple-
tion of MU recruitment has been observed in tibialis ante-
rior (TA), biceps brachii (BB) and adductor pollicis (AP) 
muscles, and the MaxRTs for these three muscles have 
been found to be 70 % (De Luca and Erim 1994), 88 % and 
30–50 %, respectively (Kukulka and Clamann 1981). MU 
recruitment plays a significant role in muscle force genera-
tion (Clamann 1993). It has been suggested that the MaxRT 
is dynamic as there appears to be a compression in MU 
recruitment during rapid muscle contraction (Desmedt and 
Godaux 1977, 1978). In addition, alterations in MU con-
tractile properties due to aging or pathology should lead to 
changes in MaxRT. Such changes could potentially lead to 
a decline in muscle performance and clinically observable 
motor disability (Chan et al. 2001; Gordon et al. 2004).

Traditionally, MU recruitment and rate-coding have 
been directly investigated by analyzing the discharge 
behavior of sampled individual MUs using intramuscular 
EMG (Van Cutsem et al. 1998; Hara et al. 2004; Henneman 
et al. 1965; Jakobi and Cafarelli 1998; Kanosue et al. 1979; 
Kukulka and Clamann 1981; De Luca and Erim 1994). 
While intramuscular EMG is able to provide information 
regarding the recruitment and de-recruitment thresholds of 
MUs in the sampled recording vicinity, it has limitations 
when trying to obtain a global view of the majority of MUs 
in a muscle. In addition, functional movements in daily life 
usually require moderate to strong as well as rapid mus-
cle contractions; however, the literature available on MU 
recruitment under these conditions remains limited due 
to the technical challenges associated with intramuscular 
EMG recording. In addition, the use of an invasive proce-
dure usually causes discomfort and increases the possibility 
of infection, which also impose limitations on the clinical 
applications of this approach.

MUAPs can be recorded non-invasively from the surface 
of the skin above the active muscle (surface electromyo-
graphy, sEMG). The waveform, also called the interference 
pattern, of the sEMG is generated by the summation and 
overlapping of the MUAPs from the contracting muscle 

and, therefore, it is influenced by the number of the active 
MUs, the discharge rates of the active MUs, and the proper-
ties of the active MUs (Sanders et al. 1996). Analysis of the 
interference pattern of sEMG has been used to assist with 
clinical neuromuscular diagnosis and to help fatigue moni-
toring (Fuglsang-Frederiksen 2000; Josef 2001). It has also 
been shown to be quick, reliable, and feasible in clinical 
practice (Josef 2001). One of the commonly used sEMG 
analysis methods, Turns-Amplitude Analysis (TAA), exam-
ines the number and amplitude of potential reversals (turns) 
in the sEMG (Rose and Willison 1967; Willison 1964). 
This was originally developed to assist with diagnosing the 
cause of muscle weakness (Willison 1964) and, therefore, 
TAA is usually used to assist the diagnosis of neuromus-
cular system disorders (Fuglsang-Frederiksen 2000; Fugl-
sang-Frederiksen et  al. 1976, 1977; Stålberg et  al. 1983). 
However, the potential application of TAA to neuromuscu-
lar control research has not been explored.

The aim of this study was to investigate changes in the 
interference pattern in sEMG, and its relationship with the 
tendency of MU recruitment during steady-hold and rapid 
voluntary muscle contractions. The EMG of the TA, BB, 
and AP muscles was recorded and analyzed using TAA. We 
hypothesized that since both MU rate-coding and recruit-
ment contribute to the complexity of the interference pat-
tern of the sEMG, changes in the values of the TAA param-
eters, namely in turns per second and in turn amplitude, 
relative to muscle forces, should be different at force lev-
els below versus force levels above the completion of MU 
recruitment (MaxRT). Our results demonstrated that during 
steady-hold contraction, the number of turns per second in 
sEMG increased exponentially with force and plateaued 
after certain force levels, creating a unique Turns per sec-
ond–force relationship for each muscle. In contrast, the 
number of turns per second in sEMG had a much slower 
increase with respect to force during rapid contractions. We 
next utilized the average slope from the plateau region of 
the turns per second–force relationship curve to approxi-
mate the force level at which the majority of the MUs 
are recruited. Our results suggested that sEMG with TAA 
appears to have the potential to help estimate MU recruit-
ment completion force levels, and compared with steady-
hold contractions, MU recruitment was completed earlier at 
lower force level during rapid muscle contractions.

Methods

Subjects

Fifteen healthy adults (eight females and seven males, 
22.6 ±  1.5 years old) were recruited to take part in this 
study. The protocol was approved by the University 
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Institutional Review Board at National Yang-Ming Univer-
sity and the subjects gave their informed consent prior to 
participation in the experiments. All experimental proce-
dures were performed in accordance with the Declaration 
of Helsinki.

Experimental setup

EMG recording

Three muscles, the TA, BB, and AP, of the subjects’ domi-
nant side were tested. EMG signals were recorded using 
fixed-disc electrodes (3 cm inter-disc distance). For the TA 
muscles, the electrodes were placed on the proximal third 
of the TA muscle and the ground electrode was placed on 
the patella. For the BB muscles, the electrodes were placed 
at the middle part of the muscle belly and the ground elec-
trode was placed at the olecranon process. For the AP 
muscles, the electrodes were placed on the thenar, proxi-
mal to the first metacarpophalangeal joint and the ground 
electrode was placed on the styloid process. The sEMG 
signals were amplified (500×), filtered (1–1000 Hz band-
pass filter, 6 dB/octave with 60 Hz notch filter) (P511 AC 
amplifier, Grass Technologies, RI, USA) and digitalized 
(2000 Hz, CED Power1401 MK II, Cambridge Electronic 
Design Limited, UK) in real time.

Force recording

The subjects were seated comfortably in a chair. For the 
TA experiments, the subjects were positioned with 90° hip 
flexion, 110° knee flexion and ankle in the neutral posi-
tion. The foot was secured using a customized ankle device 
with two Velcro stripes, one around the ankle joint and the 
other 1–2 cm proximal to metatarsophalangeal joint. A heel 
block was used to prevent sliding of the foot. The ankle 
dorsiflexion torque was recorded using a force transducer 
(FT10, Grass Technologies, RI, USA; Maximal working 
range = 10 kg, Minimal reliable force = 500 mg) attached 
to the customized ankle device.

For the BB experiments, the subjects’ dominant arm was 
positioned with 60° shoulder flexion, 90° elbow flexion and 
forearm full supination. The forearm of the subject was 
secured using a customized elbow device with two Velcro 
stripes, one around 1–2  cm distal to elbow joint and the 
other around 1–2 cm proximal to wrist joint. Elbow flexion 
torque was recorded using a force transducer (LC201-300, 
Omega Engineering Inc., USA; load capacity  =  300  lb, 
Output = 2 mV/V nominal, Accuracy = ±1.0 % FSO lin-
earity, hysteresis, repeatability combined) attached to the 
customized elbow device.

For the AP experiments, the subject’s forearm was sup-
ported on a table in the full supinated position. The thumb 

was positioned in a ring, which was attached to the force 
transducer (FT10, Grass Technologies, RI, USA; Maximal 
working range = 10 kg, Minimal reliable force = 500 mg). 
The thumb dorsiflexion torque was then recorded.

The force signals were amplified (5000×, P511 AC 
amplifier, Grass Technologies, RI, USA) and then digital-
ized (1000 Hz, CED Power1401 MK II, Cambridge Elec-
tronic Design Limited, UK) in real time.

Experimental procedures

The three muscles were tested in a random order. Subjects 
were first asked to perform three maximal voluntary con-
tractions (MVCs) with visual feedback of muscle force 
on the screen and verbal encouragement from the experi-
menter. There was a 3  min break between each MVC 
attempt to avoid fatigue. The highest value of the three 
attempts was chosen to be the subject’s MVC. Two types 
of isometric muscle contractions were tested. The first was 
steady-hold contractions and the second was rapid contrac-
tions. During steady-hold contractions, the subjects were 
asked to perform isometric contractions at 10 different 
force levels (10, 20…100 % MVC with 10 % MVC incre-
ment) in a random order. Both visual feedback and verbal 
cues were given to encourage the subjects to reach the tar-
geted force level and hold for 3 s. During rapid contrac-
tions, force levels at 20, 40, 60, and 80 % of the MVC were 
performed randomly. Subjects were encouraged to reach 
the targeted force levels as fast as possible and this was fol-
lowed by immediate relaxation; however, accuracy was not 
demanded specifically during these rapid contraction trials. 
There was a thirty-second break between each contraction 
and a 5 min break between the two types of contraction tri-
als to avoid fatigue.

Data analysis

The sEMG datasets were analyzed offline (Spike 2, Cam-
bridge Electronic Design Limited, UK). TAA parameters, 
turns per second (T/s) and mean turn amplitude, were 
calculated for each force level and contraction type for 
all three muscles. A turn is defined as an independent of 
the baseline potential reversal that exceeds an established 
threshold of 100 micro-volt (Rose and Willison 1967). Turn 
amplitude is the voltage reversal between two consecutive 
turns and the mean turn amplitude is the average amplitude 
of the turns (Fig. 1). In total, the T/s and mean turn ampli-
tude were calculated for each of ten different force levels 
in the steady-hold contraction trials and for four different 
force levels in the rapid contraction trials.

Next, the relationships between TAA parameters and 
force levels were investigated. T/s and force have a sig-
moidal relationship with a rising portion at lower force 
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levels and a plateau after a turning point, whereas mean 
turn amplitude increases linearly throughout the entire 
force range (please see the “Results” section for details). 
On further examination of the turning points of the aver-
aged T/s–force relationships, we found that the force levels 
at these turning points appeared to near the MaxRTs pub-
lished previously (Kukulka and Clamann 1981; De Luca 
and Erim 1994). For steady-hold contractions, the slopes 
between two consecutive points of the T/s–force relation-
ship curve were calculated, and the average slopes before 
and after the previously published MaxRTs were compared 
for all three muscles. The slopes for the T/s–force relation-
ship between steady-hold and rapid contractions at compa-
rable force levels (i.e., 20–40 %, 40–60 %, and 60–80 % 
MVC) were also calculated and compared.

Statistics

Two-way repeated ANOVA was used to determine the 
differences in T/s and mean turn amplitude between the 
steady-hold contractions and the rapid contractions. A post 
hoc test with Bonferroni correction was used if significance 
in the main effect was observed. The slopes before and 
after the turning point and between contraction types were 
compared using t tests. The alpha level was set at 0.05.

Results

Turns per second

During steady-hold contractions, a sigmoidal relation-
ship between T/s and muscle force was found (Fig.  2). 
The number of T/s increased dramatically with force 

Fig. 1   Surface EMG traces of rapid and steady-hold contractions, as 
well of examples of turns and turn amplitude in sEMG. a The trace of 
raw EMG during rapid contractions (above) and steady-hold contrac-
tion (below). b A turn is defined as an independent of the baseline 

potential reversal that exceeds an established threshold of 100 micro-
volt (circled). The amplitude is the voltage reversal between two con-
secutive turns and the mean turn amplitude is the average amplitude 
of the turns (dotted arrow)

Fig. 2   The relationship between T/s and muscle force during steady-
hold contractions. The squares, circles and triangles represent tibi-
alis anterior (TA), and biceps brachii (BB), adductor pollicis (AP), 
respectively. Please note that the data points for BB and AP at each of 
the force level were purposefully shifted to the right to avoid overlap-
ping with data points for TA

Fig. 3   The relationship between T/s and muscle force during rapid 
contractions. The squares, circles and triangles represent tibialis ante-
rior (TA), and biceps brachii (BB), adductor pollicis (AP), respec-
tively. Please note that the data points for TA and AP at each of the 
force level were purposefully shifted to the right to avoid overlapping 
with data points for BB
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during submaximal contractions, and the increment in T/s 
plateaued after certain force levels and created a “turn-
ing point” in the T/s–force relationship. The relationships 
between T/s and force from the turning point to 100  % 
MVC were linear for all the muscles tested, with R2 val-
ues at 0.88, 1, and 0.94, for AP, BB, and TA, respectively. 
Interestingly, the force levels at which the turning point 
occurred appear to be close to the MaxRTs published previ-
ously (AP at 50 % MVC; BB at 88 % MVC; TA at 70 % 
MVC) (Kukulka and Clamann 1981) (De Luca and Erim 
1994).

In contrast, during rapid contractions, the numbers of 
T/s increased linearly with force from minimal to maximal 
effort (Fig. 3). The number of T/s during steady-hold con-
traction was significantly higher than during rapid contrac-
tions in the TA muscles at 60 % MVC and 80 % MVC, in 
the BB muscles at 40 % MVC, 60 % MVC and 80 % MVC 
and in the AP muscles at 20 % MVC, 40 % MVC, 60 % 
MVC and 80 % MVC (all p values are <0.05).

Mean turn amplitude

For all three muscles, the mean turn amplitude increased 
linearly with the force levels during both steady-hold 
contractions and rapid contractions. However, the values 
for the mean turn amplitudes during rapid contractions 

were higher than those for the mean turn amplitudes dur-
ing steady-hold contractions. Significant differences were 
found for the BB muscle at 20 % MVC (p =  0.002) and 
the AP muscle at 20, 40, and 60 % MVC (p = 0.000, 0.000, 
and 0.001, respectively).

Slope of T/s–force relationship

We next investigated the slopes of T/s–force relationship 
and how it changes with MU recruitment. Slopes between 
two consecutive points of the T/s–force relationship curve 
were calculated, and the average slopes before and after 
the MaxRT observed previously were compared for all 
three muscles. Our results showed that during steady-
hold contractions, the slope before the MaxRT was sig-
nificantly greater than that after the MaxRT for all three 
muscles (4.0 ± 0.9 and 1.3 ± 0.7 (p = 0.002), 3.1 ± 0.7 
and 1.0 ±  0.5 (p =  0.006), and 4.5 ±  2.2 and 0.7 ±  0.7 
(p = 0.01) for the TA, BB, and AP muscles, respectively) 
(Table 1).

We next compared the slopes for the T/s–force relation-
ship between steady-hold and rapid contractions at compa-
rable force levels (i.e., 20–40, 40–60, and 60–80 % MVC) 
(Table 2). For force level 60–80 % MVC, no difference in 
slope was observed between steady-hold and rapid contrac-
tions for all three muscles tested. However, for 20–40  % 
MVC in all three muscles (p values from 0.005 to 0.036), 
and for 40–60 % MVC in TA muscles (p = 0.001), slopes 
were significantly greater in steady-hold contractions than 
in rapid contractions.

Because the increment T/s with respect to force appears 
to plateau at force levels above the completion of MU 
recruitment and the relationship between T/s and force 
were quite linear from that force level to 100 % MVC, we 
next use this linear relationship to see how well the aver-
aged slopes in the plateau region of the T/s–force relation-
ship can help estimate the turning point on the T/s–force 
relationship curve, and hence the force levels at which the 
majority of MUs are recruited. The averaged slopes (+SD) 
were calculated and a threshold value (mean +  SD) was 
determined for each of the three muscles. These threshold 
values were then used to compare with slopes between two 

Table 1   Slope values of the T/s–force relationship during steady-
hold contractions (mean SD) for tibialis anterior (TA), biceps brachii 
(BB), and adductor pollicis (AP) muscles

Force level (% MVC) TA BB AP

10–20 5.1 ± 3.4 3.8 ± 3.5 8.8 ± 5.4

20–30 3.3 ± 3.7 3.1 ± 3.3 3.3 ± 3.2

30–40 5.0 ± 5.1 4.2 ± 6.5 2.6 ± 2.8

40–50 3.0 ± 4.4 2.4 ± 3.3 1.6 ± 2.1

50–60 3.5 ± 3.6 2.3 ± 3.5 1.1 ± 2.7

60–70 1.9 ± 2.0 2.7 ± 2.6 0.6 ± 1.9

70–80 1.0 ± 3.9 0.3 ± 3.2 −0.1 ± 1.9

80–90 1.9 ± 2.5 1.2 ± 3.0 1.3 ± 1.8

90–100 0.3 ± 1.8 1.6 ± 2.5 −0.3 ± 2.3

Table 2   Slope values of the T/s–force relationship during steady-hold and rapid contractions (mean SD) for tibialis anterior (TA), biceps brachii 
(BB), and adductor pollicis (AP) muscles

* Represents significant difference in slope values between steady-hold and rapid contractions

Force level (% MVC) TA BB AP

Steady-hold Rapid Steady-hold Rapid Steady-hold Rapid

20–40 4.1 ± 3.0* 2.9 ± 2.2 3.6 ± 2.9* 2.1 ± 1.6 3.0 ± 1.9* 1.1 ± 2.3

40–60 3.3 ± 1.4* 1.8 ± 1.4 2.3 ± 2.2 1.8 ± 1.2 1.3 ± 1.3 1.5 ± 2.3

60–80 1.5 ± 2.0 1.4 ± 2.1 1.5 ± 1.3 1.1 ± 1.3 0.3 ± 1.1 0.4 ± 1.6
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consecutive points on the T/s–force relationship curve for 
each subject. The comparison started with the slope from 
the highest force level (90–100 % MVC). If the threshold 
value was greater than the slope value, the comparison 
then moved to the next lower force level (80–90 % MVC). 
The comparison continued until the threshold value was 
lower than the slope value, and the force level at which the 
threshold value was reached was considered as the esti-
mated recruitment completion force level. Our results dem-
onstrated that during steady-hold contractions, the average 
estimated recruitment completion force levels for TA, BB, 
and AP muscles were 66, 70 and 57 % MVC, respectively 
(Fig.  4). For rapid muscle contractions, the average esti-
mated recruitment completion force levels for TA, BB, 
and AP muscles were 29, 24 and 34 % MVC, respectively 
(Fig.  4). These results indicated a decrease in the recruit-
ment completion level during rapid muscle contractions, 
which suggests that, compared with steady-hold contrac-
tions, motor unit recruitment is completed earlier at lower 
force levels during rapid contractions.

Discussion

The current study demonstrated that during steady-hold 
contraction, the number of turns per second in sEMG 
increased exponentially with force and plateaued after cer-
tain force levels, creating a unique turns per second—force 
relationship for each muscle. The increment of the number 
of T/s with respect to muscle force became linear beyond 
the force level at which the majority of MUs are recruited 
for all three muscles tested. We utilized this feature to 
approximate the completion of MU recruitment and dem-
onstrated that compared with steady-hold contractions, MU 
recruitment is likely completed earlier at lower force levels 
during rapid contraction for all three muscles.

The relationship between Turns and MU recruitment

A change in the relationship between the number of T/s and 
muscle force creates a turning point on the T/s–force rela-
tionship curve and allows us to determine the force level at 
which all the MUs in a muscle are recruited. Both MU rate 
coding and recruitment contribute to the increase in T/s as 
muscle force increases. When the force output of a muscle 
reaches its MaxRT, the recruitment of MU, one of the two 
factors that allows an increase in the number of T/s, ceases 
to occur. Beyond the MaxRT, rate coding of MUs becomes 
the only source contributing to any increase in turns in the 
surface EMG. As a result, the increment in T/s with respect 
to increment in force plateaus after the MaxRT, which 
creates a turning point in the T/s–force relationship at the 
force level where MU recruitment is completed. By com-
paring the force levels of the turning points in current study 
with the previously published MaxRTs of the three mus-
cles, we found that the values for both TA and AP muscles 
were quite close to previous single MU observations: 66 vs. 
70 % MVC, and 57 vs. 50 % MVC, respectively (Kukulka 
and Clamann 1981) (De Luca and Erim 1994). In contrast, 
for BB muscles, our results showed that the majority of the 
MUs are recruited at around 71  % MVC, which showed 
larger difference compared with previously reported at 
88  % MVC. Although the completion of recruitment in 
BB muscles is at ∼88  % MVC, it was also reported that 
more than 80 % of the motor unit pool is recruited below 
60  % MVC. In addition, MUs in BB have been reported 
to exhibit a decline in recruitment threshold during sus-
tained contractions (Kukulka and Clamann 1981). These 
factors might play an important role in shifting the estima-
tion of MU recruitment in BB towards lower force levels as 
observed in the current study.

The T/s of the sEMG was found to be more sensitive 
when detecting MU recruitment than turn amplitude in our 
study. Traditionally, the TAA method has been used to dif-
ferentiate between myogenic and neurogenic lesions in the 
neuromuscular system without force measurement (Stål-
berg et  al. 1983). It has been reported that myogenic and 
neurogenic disorders cause a decrease in turn amplitude and 
T/s, respectively. Since rate coding and recruitment of MUs 
are the two neural mechanisms for muscle force control, it 
would be expected that T/s are able to better reflect changes 
in the neural control strategy during voluntary contrac-
tion. Indeed, our observations confirm that from minimal 
to maximal voluntary contractions, where the neural con-
trol mechanism changes from rate-coding and recruitment 
together before the MaxRT, into rate-coding only beyond 
MaxRT, the T/s in the sEMG show a dramatic change at the 
force level when the majority of MUs were recruited. This 
dramatic change in T/s value creates a turning point in the 
T/s–force relationship curve and the relationship between 

Fig. 4   Average (+SD) force levels at which the majority of MUs are 
recruited for tibialis anterior (TA), biceps brachii (BB), and adductor 
pollicis (AP) during steady-hold (left panel) and rapid (right panel) 
muscle contraction, respectively



2413Eur J Appl Physiol (2015) 115:2407–2414	

1 3

T/s and force became quite linear after the turning point. 
This unique feature enabled us to use averaged slopes from 
that part of the curve to approximate the completion of MU 
recruitment in a muscle.

Rapid contractions

Rapid contraction, also called ballistic contraction, is 
defined as a contraction performed as fast as possible and 
characterized by a brief contraction time and a high rate 
of force development, which is then followed by complete 
muscle relaxation (Van Cutsem et  al. 1998; Desmedt and 
Godaux 1978; Zehr and Sale 1994). Previous rapid contrac-
tion studies have focused on the rate coding of MUs and 
how improvements in rate coding via training affect per-
formance (Van Cutsem et  al. 1998; Desmedt and Godaux 
1977, 1978; Tsukahara et  al. 1995). However, investiga-
tions targeting MU recruitment during rapid contractions 
remain limited. It has been reported that there are about 
three times as many MUs recruited to produce a given 
force level during rapid contractions compared to dur-
ing steady-hold contractions (Desmedt and Godaux 1977, 
1978), while others have observed an altered motor unit 
recruitment order during rapid muscle contractions (Bawa 
et al. 2014; Holt et al. 2014). In the present study, we have 
demonstrated that, compared to steady-hold contractions, 
MU recruitment is likely to be completed much earlier; 
this was revealed by the decrease in the estimated recruit-
ment completion force level during rapid muscle contrac-
tion. The estimated recruitment completion force level of 
TA muscles during rapid contractions was reduced to about 
40 % MVC and the AP and BB muscles showed an even 
greater reduction in MaxRT to below 20 % MVC.

Earlier completion of MU recruitment could result from 
a stronger corticospinal drive during rapid muscle contrac-
tion. Using Transcranial Magnetic Stimulation, previous 
studies have found that motor evoked potential amplitudes 
are greater in the hand and calf muscles during rapid con-
tractions (Carroll et  al. 2008; Holl and Zschorlich 2011). 
Greater excitatory drive from the central nervous system 
affecting the MU pool would seem to result in greater dis-
charge rates of active MUs (Kernell 1965; De Luca and 
Erim 1994; Schwindt 1973) and it is likely to promote MU 
recruitment, as well to achieve strong and fast force output.

Conclusion

Our findings demonstrate that one of the TAA parameters, 
T/s, can be used to estimate the recruitment completion 
force levels of different muscles during both steady-hold 
and rapid muscle contraction. When compared to invasive 
EMG, surface EMG is more feasible, less expensive and 

a safer technique. In addition, surface EMG is easier to 
apply during strong and rapid muscle contractions. Appli-
cation of this technique could include measuring changes 
in MU recruitment in respond to exercise, training, reha-
bilitation intervention, fatigue, and the presence of dis-
ease. Future research using EMG simulation with realistic 
motor unit model could help validate the experimental find-
ings observed in the current study, as well as help better 
understand the influence of muscle’s physiological charac-
teristics, such as fiber/motor unit type composition, motor 
unit number, on the changes in sEMG interference pattern 
and the predictability of MU recruitment completion in a 
muscle.
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