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Abstract 

This investigation aimed to determine the force and muscle surface electromyography (EMG) 

responses to different frequencies of electrical stimulation (ES) in two groups of muscles with 

different size and fiber composition (fast- and slow-twitch fiber proportions) during a fatigue-

inducing protocol. Progression towards fatigue was evaluated in the abductor pollicis brevis 

(APB) and vastus lateralis (VL) when activated by ES at three frequencies (10, 35, and 50Hz). 

Ten healthy adults (mean age: 23.2 ± 3.0 years) were recruited; participants signed an IRB 

approved consent form prior to participation. Protocols were developed to 1) identify initial ES 

current intensity required to generate the 25% maximal voluntary contraction (MVC) at each 

ES frequency and 2) evaluate changes in force and EMG activity during ES-induced 

contraction at each frequency while progressing towards fatigue. For both muscles, stimulation 

at 10Hz required higher current intensity of ES to generate the initial force. There was a 

significant decline in force in response to ES-induced fatigue for all frequencies and for both 

muscles (p<0.05). However, the EMG response was not consistent between muscles. During 

the progression towards fatigue, the APB displayed an initial drop in force followed by an 

increase in EMG activity and the VL displayed a decrease in EMG activity for all frequencies. 

Overall, it appeared that there were some significant interactions between muscle size and fiber 

composition during progression towards fatigue for different ES frequencies. It could be 

postulated that muscle characteristics (size and fiber composition) should be considered when 

evaluating progression towards fatigue as EMG and force responses are not consistent between 

muscles. 

Key Words: electrical stimulation, muscle fatigue, electromyography 
Eur J Transl Myol 27 (3): 239-245

 

 

Fatigue is defined as drop in force from pre-to -post 

repeated ES-induced muscle contraction protocols
1,2

 or 

declines in ES-induced torque.
3,4

 However, EMG 

changes during fatiguing ES protocols are not consistent 

and have shown both increases or decreases in electrical 

activity, defined by root-mean-square (RMS) amplitude, 

peak-to-peak amplitude and area under the signal.
3,5

 

Yet, with frequency assessment, research more 

consistently observed decreases in mean frequency 

(MNF) and median frequency (MDF) as fatigue 

progressed.
6,7

 Furthermore, effectively monitoring EMG 

activity of the muscle throughout the duration of ES 

also creates added complexity. This is due to ES-

induced contractions cluttering the pure EMG signals,  

 

 

 

 

masking the unique muscle activity of the signals. These 

have been attributed to either close proximity of ES 

electrodes to the EMG detection region or other external 

noises.
5,8

 Evidently, these challenges limited 

researchers’ abilities to establish a clear understanding 

of muscle responses to ES and fiber recruitment pattern 

with ES. Many approaches have been proposed for 

artifact removal including software filters incorporating 

wavelet transformations,
9
 hardware devices that employ 

switch circuits to shut down amplifier control,
10

 and 

more recently a new approach called Empirical Mode 

Decomposition (EMD). EMD implements a repeated 

sifting process that identifies local maxima and minima 

in the signal to form envelopes that are extracted as 
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intrinsic mode functions (IMFs) in order to separate 

muscular components from the artifacts.
9,11 

This application seems to be more promising and was 

applied to filtering EMG signals in the present study. 

Moreover, muscles of different size and fiber 

composition may respond differently to distinctive ES 

frequency and current intensity and such characteristics 

may also play a role in the development of fatigue. 

Understanding these characteristics may help in the 

development of more effective ES protocols that delay 

fatigue while maximizing muscle response during 

rehabilitation treatment. For example, research has 

suggested that larger muscles, like the predominantly 

type II vastus lateralis,
12

 generally favor the recruitment 

of additional motor units as a means of increasing force 

production until the force demand ranges from 60-90% 

MVC; thereafter, these muscles rely on greater firing 

rates to achieve additional force. On the contrary, 

smaller muscles, such as the predominantly type I 

abductor pollicis brevis (APB),
12

 utilize the recruitment 

of additional motor units until force production nears 

~30%MVC, after which increases in firing rate enhance 

force production.
13

 Related response variability may be 

true during ES stimulation when selecting the frequency 

of ES firing for the purpose of either force generation or 

improving muscle integrity and rehabilitation training. 

Several studies have examined how manipulation of 

stimulation frequency, current intensity, and pulse-

width parameters impact ES-induced fatigue,
14-18

 but to 

our knowledge little research has examined the 

development of fatigue with consideration of combined 

effects of muscle sizes with fiber composition 

variability in the same group of subjects. Additionally, 

more recent interest has directed ES application towards 

tissue regeneration where research has shown that ES 

aids cell proliferation in connective tissue, improves the 

rate of new collagen formation in injured tendons,
19

 and 

reverses long-term denervation muscle atrophy.
20

 

Therefore, it is important to understand how ES affects 

different types of fibers in order to tailor the stimulation 

to specific muscle types to enhance tissue growth as 

well as healing while promoting functional movements. 

The purpose of this investigation was to evaluate the 

effect of different ES frequencies (10, 35, and 50Hz) on 

the development of muscle fatigue in muscles of 

different size and fiber composition (APB and VL) 

utilizing ES current intensity, force, and EMG activity 

as outcome measures. We hypothesized that fatigue 

response to ES-induced contractions will be different 

between muscles and will depend on ES characteristics. 

Accordingly, muscle size and fiber composition should 

be carefully planned when developing ES-induced 

muscle contraction protocols. 

 
 

Fig 1. Experimental setup for the (a) APB and (b) VL. 
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Materials, Methods 

Participants 

Ten healthy male and female participants (23.2 ± 3.0 

years) with no known history of musculoskeletal or 

cardiovascular problems, or known allergy to surface 

electrodes or adhesive tape were recruited. Full-board 

IRB approval and written consent was obtained prior to 

participation.  

Instruments 

ES was delivered using the Respond Select® (Empi, 

Inc., St. Paul, Minnesota) neuromuscular electrical 

stimulation system. Self-adhesive, reusable, latex-free 

bipolar stimulating surface electrodes (90x50mm square 

for VL; 3.5cm round for APB) were placed on the skin 

following Empi, Inc. guidelines (Figure 1 – rightside 

images) and connected to the ES device for muscle 

activation. EMG signals were acquired through the 

Nexus-10 EMG device (MindMedia B.V., Netherlands). 

Sampling frequency was set at 2048Hz. Pre-gelled, self-

adhesive Ag/AgCl EMG surface electrodes were placed 

across the muscle belly in parallel with the muscle 

fibers according to Surface ElectroMyoGraphy for the 

Non-Invasive Assessment of Muscles (SENIAM) 

guidelines. Isometric forces for the APB were measured 

using the PasPort high resolution force sensor (range: ± 

50N, resolution: 0.002N; PASCO Scientific Inc., 

Roseville, CA) and for the VL using the Shimpo 

Instruments (ELECTROMATIC Equipment Co., 

Cedarhurst, NY) Javelin FGV-HXY Force Gauge 

(maximal capacity: 500lb/250kg; accuracy: +/-0.2% 

F.S.). 

Experimental Set-up 

Protocols were developed for the APB and VL to ensure 

stabilization and isolation of the related muscles during 

testing. For APB testing, subjects were seated with the 

arm in 90
°
 elbow flexion. Hand and forearm muscles 

were isolated via resting on a board that blocks the 

fingers, only to let the thumb contract.
21

 The thumb 

force sensor was affixed to a rod projecting from the 

table surface so as to be positioned facing the palm of 

the hand at thumb height (Figure 1a). For VL testing, 

subjects were seated in an upright chair (hips at 90
°
 

flexion) as such that feet did not make contact with the 

ground and the back of the knee joint contacted the edge 

of the chair. A strap was placed firmly around the waist 

to isolate the quadriceps.
21,22

 The force sensor was 

positioned facing the lower anterior leg, and was affixed 

from the side of the chair (Figure 1b).  

Procedure 

The order at which the frequencies were delivered and 

of which muscle was first stimulated was randomized. 

During an acclimation session, each participant was 

familiarized with appropriate posturing and execution of 

MVC. Furthermore, each participant was familiarized 

with ES sensation to ensure they felt comfortable during 

the actual procedure.  

Part One: Pre-fatigue MVC 

For each muscle at each of three stimulation frequencies 

(10, 35, and 50Hz), all participants performed two pre-

fatigue MVC trials (holding contraction for 5 seconds 

then relaxing) of isometric knee and thumb extension. 

Muscle force and EMG was simultaneously recorded. 

Verbal encouragement was offered from the rater. A 

minimum of 30 seconds of rest was given between the 

 
 

Fig 2. Required stimulation intensity to achieve initial 

contractile force (25%MVC). (*) denotes 

significant differences between muscles (p<0.05). 

(+) denotes significant differences within muscle 

(p<0.05).  

 
 

Fig 3.Force and electrical activity changes during ES 

at 10Hz with progression towards fatigue. 
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two trials to allow adequate recovery. The MVC values 

were averaged and recorded as the preMVC value. The 

force measure that equated to 25%preMVC was then 

calculated and a contraction to 25%MVC was 

performed while the EMG was recorded. The EMG 

signals were then used for comparison with EMG 

signals obtained during ES-induced contraction to 

25%MVC following EMD filtering.  

Part Two: ES-induced progression towards fatigue  

Prior to the fatiguing protocol for a given ES frequency, 

each participant’s required stimulation current intensity 

to achieve 25%preMVC force through ES-induced 

contraction was determined. This value was then set as a 

constant for the fatiguing protocol and the timer began 

to record time to fatigue. Each participant was 

stimulated at a randomized frequency order (10, 35, and 

50Hz) with rectangular, biphasic pulses delivered at 

pulse-widths of 300us. Pulses were delivered at a 

sequence of 4sON/4sOFF.
14

 Stimulation concluded 

when the muscle fatigued, defined as a 50% drop in 

force from the initial 25%preMVC force for three 

consecutive contractions,
14

 or at the expiration of 30 

minutes of ES. EMG was recorded throughout the 

protocol. The timer stopped once fatigue or 30 minutes 

was reached. At least 30 minutes of rest was given in-

between fatiguing protocols for each muscle. 

Signal Analysis 

All EMG signals were initially filtered using a 

Butterworth filter (20-500Hz cutoff, 5
th

-order) inherent 

in the device’s BioTrace+ software (MindMedia B.V., 

Netherlands). Data was then transferred to MATLAB 

(The MathWorks, Inc., Natick, Massachusetts) for 

further processing. The middle two seconds of ES-

induced EMG data was extracted at 11 time points, 

denoted as % of total time to fatigue (TTF), for each 

participant (initial, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 

100% of TTF). EMD was applied to all ES-induced 

signal data. EMD was previously described in Pilkar et 

al.
19

 RMS averaging was performed on all ES signals 

(post-EMD filtered). EMD-filtered ES signals were also 

full-wave rectified and noise minimized with a 4
th

-order, 

zero-lag, low-pass filter at 5Hz cutoff frequency to form 

a linear envelope. From the linear envelope, integrated 

EMG (iEMG) was calculated. Additionally, the Fast 

Fourier Transform was applied to the full-wave rectified 

signal and the MDF was calculated.  

Statistical Analysis 

After testing for normality, ES current intensities (mA) 

required to reach 25%MVC and changes in ES-induced 

force and EMG parameters at each time point were 

evaluated for statistical significance using ANOVAs and 

Tukey post-hoc tests. Values are reported as mean ± 

standard error. Significance was defined by a p-value set 

at p<0.05. SAS V9.4 was used for all statistical analysis. 

Results 

ES Current Intensity 

Generally, the APB required lower initial ES current 

intensity to achieve the required force (25%MVC) 

compared to the VL (mean APB: 15.77±1.15mA, mean 

VL: 46.77±1.15mA, p<0.0001) for all frequencies. The 

required current intensity to achieve force at 10Hz was 

significantly greater (p<0.0001) than at 35Hz or 50Hz 

for the APB (mean at 10Hz: 20.9±0.97mA, mean at 

35Hz: 13.3± 1.14mA, mean at 50Hz: 13.1± 0.96mA) 

and non-significantly greater for the VL (mean at 10Hz: 

51.4±2.42mA, mean at 35Hz: 44.9±2.85mA, mean at 

50Hz: 44.0±2.60mA). The muscle type*frequency 

interaction effect significantly influenced stimulation 

intensity (p<0.0001) in all cases. For example, APB at 

10Hz differed significantly from VL at 10, 35, and 50Hz 

as did APB at 35Hz and APB at 50Hz (Figure 2).  

ES-induced Fatigue 

Overall, when combining all frequencies for both 

muscles, force significantly declined with progression 

of ES-induced contraction (p<0.0001), indicating 

muscle fatigue. Comparisons between frequencies and 

progression of fatigue for each muscle indicated that ES 

of the APB at 10, 35, and 50Hz lead to significant force 

decline after 40%, 10%, and 70%TTF, respectively for 

each frequency. Corresponding to these points (40%, 

10%, and 70%TTF) of significant force decline, a 

sudden increase in EMG amplitude was observed. 

Observations in the VL at 10, 35, and 50Hz revealed 

significant force decline after 60%, 10%, and 80%TTF, 

 
 

Fig. 4. Force and electrical activity changes during 

ES at 35Hz with progression towards fatigue. 
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respectively for each frequency. Corresponding to these 

points (60%, 10%, and 80%TTF) of significant force 

decline, a sudden decrease in EMG amplitude was 

observed. Figures 3-5 display the respective electrical 

activity shifts for each muscle during stimulation at each 

frequency. 

Discussion 

Electrical stimulation is applied during rehabilitation to 

promote functional gains through increased force 

generation and improved muscle integrity. In addition to 

the reported effects of increased cell proliferation and 

angiogenesis,
19,23

 enhanced muscle integrity and force 

generation is further achieved by the ES-induced 

exercise-like movement that leads to fiber type 

transformation and increased muscle cross-sectional 

area.
20,24-31

 With this knowledge, the aim of this 

investigation was to better understand how different 

muscle fiber compositions can impact optimal ES 

performance, particularly to delay fatigue development. 

Research comparing the application of ES on muscles of 

varying fiber proportion in the same group of subjects is 

limited. The result of our study supports our hypothesis 

that the frequency of ES may play a role in force 

generation and fatigue development of muscles 

irrespective of size and characteristics. Further, muscles 

of different size and fiber composition, seem to behave 

differently as fatigue progresses. The results show that 

for both the APB and VL there was a trend in requiring 

higher ES current intensity during lower frequency 

(10Hz) in order to achieve the initial force (in our study 

25%MVC). Furthermore, the initial ES intensity 

required to achieve 25%MVC was significantly greater 

for the VL muscle compared to APB. This difference 

can be explained by the greater proportion of type II 

fibers, which have higher firing thresholds and larger 

diameters, in the VL. Kuriki et al. reported that muscle 

control differs between sizes.
32

 Small muscles, like the 

APB, assist in fine motor movements by innervating 

fewer fibers per motor unit; therefore, they are less force 

producing in exchange for greater precision. In contrast, 

large muscles, like the VL, assist in gross motor 

function, generating significantly greater forces than 

smaller muscles by innervating upwards of 100 to 1000 

fibers per motor unit.
33

 Therefore, greater intensity is 

necessary to activate the larger motor units of the large 

muscle. Moreover, in the VL, it was reported that 

recruitment thresholds range from ~5.5 to 22.7 pulses 

per second
34

 and given that more fast-twitch fibers tend 

to be superficially located,
12

 minimal motor unit 

recruitment will be achieved at low-levels of stimulation 

frequency compared to 35 and 50Hz, the latter two 

which surpass the recruitment threshold for many motor 

units. Since the APB contains lower-threshold motor 

units, the recruitment threshold range suggests that 

stimulation delivered at frequencies above 10Hz will 

greatly maximize recruitment and therefore contribute 

to intensity being less influenced by frequency. In 

conclusion, the results of our investigation indicated that 

an association exists between ES-induced force decline 

and the relative EMG responses. The corresponding 

sudden increase in electrical activity of the APB and 

decrease in electrical activity of the VL when ES-

induced force declined may be due to the better 

glycogen storage maintenance and utilization ability of 

type I fibers. Gregory et al. evaluated the influence of 

metabolic characteristics and phenotypic expression of 

individual fibers in predicting glycogen utilization 

during ES.
34

 Outcomes demonstrated that both an 

enzyme ratio of succinate dehydrogenase and 

quantitative-actomyosin ATPase (SDH:qATPase) and 

fiber phenotype significantly predicted glycogen 

utilization, where type I fibers are the most proficient at 

utilizing and maintaining glycogen stores.
34

 Therefore, 

it is possible that the fibers of the APB are capable of 

producing a sudden electrical activity increase at the 

moment of significant force decline as a final 

mechanism attempting to sustain force before fatigue 

while the fast-fatiguing type II fibers do not sustain the 

same energy capacity and thus, the electrical activity 

drops at the moment of significant force decline. 

Furthermore, studies have shown that to increase muscle 

strength the force production should be maintained at or 

above 60%MVC. Though our research only stimulated 

to 25%MVC, it appears that higher frequencies such as 

50Hz could be used to increase muscle strength. This is 

suggested because ES at 10Hz, particularly for the small 

APB, required increases in intensity beyond some 

participants’ pain thresholds and therefore may not be 

tolerable, but the higher frequencies were more 

comfortable and able to recruit more motor units. Thus, 

 

 
 

Fig 5. Force and electrical activity changes during 

ES at 50Hz with progression towards fatigue. 
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lower frequencies may be more applicable to improve 

muscle integrity without intention to increase force and 

higher frequencies may be suitable to promote increases 

in force and muscle strength. The observed relationship 

between the initial moment of significant force decline 

and shift in electrical activity should assist clinicians 

and researchers when developing ES protocols to 

minimize fatigue based on muscle size and fiber 

composition. Based on significant differences observed 

between muscle force decline and ES frequencies at 10, 

35 and 50Hz, we propose to utilize higher frequencies 

for increasing muscle force (for example in athletic 

training) and lower frequencies due to their slower onset 

of fatigue for rehabilitation programs in which force is 

not the main outcome. The findings from this 

investigation may provide some guidelines for health 

professionals to adjust the ES current intensity based on 

fatigue development to encourage the recruitment of 

additional motor units to sustain force generation and 

prevent early fatigue. 
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