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ABSTRACT 
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Advisor: 

Dr. Leah R. Bent

Neuromuscular fatigue induces changes in motor coordination, movement stability, and 

proprioception, which further affects performance.  Coupling exists between foot sole cutaneous 

mechanoreceptors and motoneurons of the lower limb, however, the contribution of skin sensory 

input on muscle fatigue remains unclear.  This thesis aims to determine whether foot sole 

cutaneous stimulation alters fatigability and recovery of the plantar flexor muscles.  Participants 

underwent an isometric plantar flexor fatiguing task with intermittent maximal voluntary 

contractions (MVCs) in a seated posture until failure.  Throughout the protocol, electrical 

stimulation was applied to either the right heel, right metatarsal, left arm, or no stimulation.  

MVCs were conducted intermittently throughout recovery.  Foot sole cutaneous stimulation 

mitigated fatigue with stimulation on either the heel or metatarsal regions.  Recovery was not 

altered by stimulation.  The results suggest that cutaneous stimulation may serve as a feasible 

target to mitigate fatigue. 
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1 Introduction 

 Cutaneous Mechanoreceptors 

1.1.1 Classification of Cutaneous Mechanoreceptors 

Cutaneous mechanoreceptors present within the skin convey exteroceptive information 

from the environment and proprioceptive information regarding body position, allowing for 

smooth and controlled movement (Macefield, 2005; Edin and Johansson, 1995; Mildren and 

Bent, 2016).  The receptors provide feedback from touch, pressure, stretch, and vibration 

(Macefield, 2005).  Cutaneous mechanoreceptors are separated into four main classes on the 

basis of receptive field size and their response to mechanical stimuli (Figure 1).  Receptors are 

defined as fast adapting (FA) or slow adapting (SA) according to their stimulus response; FAs 

respond to the onset and offset of a stimulus, whereas SA receptors evoke a sustained response 

for the duration of the stimulus.  Receptors are further classified by receptive field size.  Type 1 

receptors (FAI, SAI) have small receptive fields with well-defined borders whereas Type 2 

receptors (FAII, SAII) are larger in size, with less defined borders (Johnson, 2001).  These 

classes of receptors are present in both hairy and glabrous skin, in addition, hairy skin also 

possesses a third fast adapting receptor (FAIII) which innervates hair follicles (Iggo, 1977). 
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Figure 1. Illustration of the 4 classes of cutaneous mechanoreceptors found within glabrous skin. 

 

1.1.2 Functions of Cutaneous Mechanoreceptors 

The sensory information received from cutaneous mechanoreceptors allows individuals 

to respond to the external environment and maintain control of movement.  Exteroceptive 

information from the skin on the foot sole has been thought to play a significant role in balance 

and postural control.  The importance of cutaneous feedback has been demonstrated through 

numerous studies that reduce skin information using anesthesia or cooling the feet (Nurse and 

Nigg, 2001; Meyer et al., 2004).  Cooling of the foot sole results in greater center of pressure 

(COP) deviation during stance (Meyer et al., 2004; Hlavackova and Vuillerme, 2012) and 
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instability during gait initiation (Lin and Yang, 2011).  Eils and colleagues (2004) showed that 

impairing cutaneous feedback from the foot sole can also result in changes to ankle, knee, and 

hip kinematics throughout gait.  These results demonstrate that removal of cutaneous afferent 

information substantially alters normal gait pattern (Elis et al., 2004). 

  The importance of cutaneous information for proprioception was confirmed by Edin and 

Johansson (1995).  They showed that with opposing information from muscle spindles and skin, 

individuals perceived movement in coordination with the cutaneous information.  The results 

also demonstrated that information from cutaneous mechanoreceptors may have precedence over 

muscles spindles for movement perception in certain conditions, although spindles have 

traditionally been thought to contribute more to proprioception.  The role of cutaneous 

information to proprioception has been demonstrated both in the upper (Edin and Johansson, 

1995) and lower limb (Mildren and Bent, 2016; Mildren et al., 2017).  Removal of feedback 

from the skin posterior to the ankle (Mildren et al., 2017) as well as the foot dorsum (Lowrey et 

al., 2010) has been shown to impair ankle joint position sense. 

Due to its accessibility, the cutaneous sensory system is an ideal target as a mechanism 

for biofeedback interventions.  For example, vibratory insoles have shown promising results in 

improving measures of balance and gait in older adults (Lipsitz et al., 2015), in patients with 

diabetes, stroke, and Parkinson’s disease (Priplata et al., 2005; Novak and Novak, 2006), and 

may even have implications in improving athletic performance (Miranda et al., 2016).  Textured 

insoles have also been used to enhance postural control in both young adults and elderly 

populations (Palluel et al., 2009). 
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1.1.3 Stimulation of Cutaneous Mechanoreceptor Afferents 

 Both mechanical vibration (Johannson et al., 1982, Strzalkowski et al., 2017) and 

electrical stimulation (Zehr et al., 1997; Zehr et al., 2014; Nakajima et al., 2006) have been used 

to activate cutaneous afferents.  Mechanical vibration has been thought to be capable of 

differentially activating the various classes of cutaneous mechanoreceptors by altering 

stimulation frequency.  This has been shown in the hand (Johannson et al., 1982), however, 

recent work on the foot sole demonstrated overlap of receptor activation to certain frequencies 

(Strzalkowski et al., 2017).  Electrical stimulation has also been applied across the skin to 

activate cutaneous afferents.  In contrast to vibration, the different classes of cutaneous afferents 

respond similarly to electrical stimulation (Mizobuchi et al., 2002).  This likely occurs as 

electrical stimulation activates distal axons, thereby passing the mechanoreceptor and nerve 

ending (Mizobuchi et al., 2002; Krarup and Trojaborg, 1994). 

Application of subthreshold (non-perceptual) electrical noise to the muscles of the lower 

leg (Magalhães and Kohn, 2012, 2014) and the knee joint (Gravelle et al., 2002), have shown 

improvements in balance control.  Subthreshold electrical stimulation at the lower leg paired 

with coordination training has been shown to improve postural stability to a greater extent in 

comparison to coordination training alone (Ross et al., 2007).  Cutaneous stimulation can also 

result in increased sensitivity to tactile stimuli.  With subthreshold electrical stimulation applied 

to the foot sole, perceptual tactile threshold was assessed using Semmes-Weinstein 

monofilaments.  7/9 participants improved tactile sensitivity when stimulation was present 

(Dhruv et al., 2002).  
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1.1.4 Foot Sole Cutaneous Stimulation and Lower Limb Muscle Activity 

 Numerous studies have established the importance of cutaneous reflexes across various 

regions to preserve on-going voluntary movement (Zehr and Duysens, 2004; Zehr and Stein, 

1999; Nakajima et al., 2005).  Activating foot sole skin through electrical stimulation has a 

location dependent response on activity of the lower limb muscles.  This was demonstrated by 

Nakajima and colleagues (2006).  While standing, heel stimulation resulted in excitation of the 

soleus and medial gastrocnemius muscles, which was switched to an inhibitory response with 

stimulation over the metatarsal regions.  The opposite response was found in the tibialis anterior.  

This study also showed the presence of similar reflex responses in a sitting posture.  In almost all 

muscles, the magnitude of muscle response to stimulation was greater in the sitting posture.  

Another study by Zehr and colleagues (2014) evaluated the responses of lower limb muscles to 

foot sole stimulation during gait.  Reflexes were still shown to be dependent on location of foot 

sole stimulation.  However, phase of gait also altered the magnitude of reflexes produced and 

even reversed the reflex from excitatory to inhibitory or vice versa.  Overall, the work conducted 

on cutaneous reflexes have established that responses to cutaneous stimulation are posture, task, 

and muscle dependent. 

 Neuromuscular Fatigue 

Neuromuscular fatigue occurs when there is a decline in force generation capacity of a 

muscle over a series of repeated or sustained contractions (Gandevia, 2001).  Fatigue therefore 

starts to occur as soon as a muscle is activated.  Neuromuscular fatigue may induce changes in 

motor coordination, movement stability, and proprioception, which can further affect an 
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individual’s physical performance in a fatigued state (Gates and Dingwell, 2011; Sharpe and 

Miles, 1993; Taimela et al., 1999).  Plantar flexor fatigue in particular can alter postural control 

and stability (Bisson et al., 2010; Boyas et al., 2013; Hunt and Hatfield, 2017). With gait, plantar 

flexor fatigue increases knee flexion during foot loading and decreases peak plantar flexion 

during toe-off (Hunt and Hatfield, 2017).  Plantar flexor fatigue also increases postural sway and 

alters lower limb angles during quiet stance (Bisson et al., 2010; Boyas et al., 2013). 

1.2.1 Central Fatigue 

The development of fatigue varies between different physical tasks (Cheng and Rice, 

2009; Gandevia, 2001).  Numerous mechanisms are involved in the development of fatigue, 

occurring at both the central and peripheral level.  Central fatigue is defined as a reduction in 

voluntary drive to the muscle during exercise (Gandevia, 2001).  Central fatigue occurs proximal 

to the level of the muscle, resulting in a decreased ability to activate muscle fibers.  When central 

fatigue is present, application of an electrical stimulus to the motor nerve during a contraction 

will produce an increase in torque production by the muscle. This demonstrates that the muscle 

itself is still capable of producing the force, but the ability to drive the muscle is reduced.  If 

drive to the muscle is not maximal, the external stimulus will result in activation of more motor 

units, demonstrating suboptimal drive.  The technique described here is known as the 

interpolated twitch technique (ITT) and is commonly used to assess the prevalence of central 

fatigue (Merton, 1954).  Application of a superimposed stimulus during a contraction as well as a 

potentiated resting stimulus of the same intensity are used to assess the voluntary muscle 

activation (VA) (Figure 2). 
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Figure 2. Schematic of torque production and the equation to calculate VA using the ITT. 

1.2.2 Central Fatigue: Spinal and Supraspinal Factors 

Central fatigue occurs due to factors acting at the spinal and supraspinal level (Gandevia, 

2001).  Numerous mechanisms contribute to the development of central fatigue, including 

reduced output from the higher motor centers, increased synaptic inhibition to the motoneurons, 

and the intrinsic properties of motoneurons that make them less responsive to excitation 

throughout a fatiguing task (Potvin and Fuglevand, 2017).  During a fatiguing MVC, motor unit 

firing decreases throughout the task.  It is believed that numerous central mechanisms are partly 

responsible for this response (Gandevia, 2001). 

At the spinal level, sensory afferents feedback onto alpha motoneurons to alter muscle 

activity.  It is suggested that with fatigue muscle spindles decrease discharge, which could be 

partially responsible for decreased motor unit facilitation (Gandevia, 2001).  Other afferents 

within the muscle respond in varying ways to muscle fatigue.  Group III and IV muscle afferents 

have complex effects, resulting in reduced voluntary drive through supraspinal action instead of 

%VA = (1 − (
𝑆𝑢𝑝𝑒𝑟𝑖𝑚𝑝𝑜𝑠𝑒𝑑  𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠  𝑇𝑜𝑟𝑞𝑢𝑒

𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑡𝑒𝑑 𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠 𝑇𝑜𝑟𝑞𝑢𝑒
)) ∗ 100 
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direct inhibition of motoneurons (Gandevia, 2001).  Changes to cutaneous discharge during 

fatigue are less clear, with cutaneous activation possibly having both inhibitory and excitatory 

effects on fusimotor neurons, and subsequentially alpha motoneurons (Ljubisavljević et al., 

1997; Martin et al., 2007). 

It was previously thought that decreased firing of muscle spindles played a significant 

role in the development of central fatigue (Gandevia, 2001), however, recent work suggests that 

reduced spindle discharge does not contribute as strongly to decreased motoneuron excitability 

as previously proposed (McNeil et al., 2011a; McNeil et al., 2011b).  Alternatively, changes to 

intrinsic motoneuronal properties are suggested to have a more influential role (McNeil et al., 

2011a; McNeil et al., 2011b). 

1.2.3 Peripheral Fatigue 

 Peripheral fatigue occurs due to fatigue related changes at the level of the muscle, 

specifically, distal to the neuromuscular junction (Gandevia, 2001).  Factors which contribute to 

peripheral fatigue are primarily metabolic inhibition of the contractile process and excitation-

contraction coupling failure (Kent-Braun, 1990; Baker et al. 1993; Cady et al. 1989).  The ability 

to form crossbridges is inhibited by accumulation of inorganic phosphate, resulting in decreased 

force production (Allen et al., 2008; Westerblad et al., 2002).  Intracellular ADP is also produced 

in excess, which is believed to result in the reduction in shortening velocity associated with 

fatigue (Westerblad et al., 1998). 

 Numerous techniques can be utilized to assess the presence of peripheral fatigue.  Similar 

to central fatigue, peripheral is often analyzed using stimulation protocols applied to the 
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peripheral nerve or directly to the muscle (Byrne et al., 2004; Martin et al., 2004).  Using 

electrical stimulation, characteristics of potentiated twitches and Mwaves can be measured to 

assess peripheral fatigue.  Unpotentiated twitches have previously been used, however, 

potentiated twitches are considered more sensitive to detecting peripheral fatigue (Place et al., 

2007; Kufel et al., 2002).  Changes to potentiated twitches relate to declines in MVC strength 

(Kufel et al., 2002) while decreased amplitude and Mwave elongation are characteristic of 

impaired propagation of action potentials across the sarcolemma (Place et al., 2007; Hedayatpour 

et al., 2009).  Several biomarkers can also be measured to assess peripheral fatigue.  Serum 

lactate and interleurkin-6 are two of the most frequently investigated biomarkers of muscle 

fatigue (Finsterer, 2012). 

 Recovery 

Recovery aims to restore the unfatigued state of the muscle.  Recovery typically follows 

an exponential pattern (Elfving et al., 2002; Wood et al., 1997), but is largely dependent on the 

preceding fatiguing task (Gandevia et al., 2017).  For example, a longer recovery period is 

required following long duration low intensity tasks compared to high intensity short duration 

tasks (Baker et al., 1993; Carrol et al., 2017; Potvin and Fuglevand, 2017).  Following a maximal 

contraction fatigue task, recovery of MVC force can return to baseline within approximately 30 

minutes (Carroll et al., 2016).  Following high-intensity exercise, there is a rapid restitution of 

force typically within the first two minutes of recovery.  The rapid restitution occurs due to the 

recovery of central fatigue which can return to prefatigued levels within 30 seconds, whereas 

aspects of peripheral fatigue start to recover within 3-5 minutes (Gandevia et al., 2017).  
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Following low-intensity exercise, voluntary force allows for quick recovery within the first few 

minutes, due to partial recovery of central fatigue.  Recovery of peripheral fatigue may remain 

incomplete for at least 20-30 minutes following the contraction (Gandevia et al., 2017).   It is 

currently unclear what factors result in the prolonged central fatigue which can accompany low-

intensity sustained contractions (Gandevia et al., 2017). 

 Interventions to Mitigate Neuromuscular Fatigue & Accelerate Recovery 

Neuromuscular fatigue has been widely researched due to its pertinent effect on daily 

living and performance.  Numerous groups have researched techniques to mitigate fatigue 

through interventions including supplementation (Keller et al., 2019; Hsu et al., 2016), 

therapeutic techniques such as massage (Bender et al., 2019; Nunes et al., 2016), and even brain 

stimulation (Cunningham, 2016).  Sensory activation, primarily through muscle spindles, has 

also been researched as a possible source to mitigate fatigue.  Vibration has been used to activate 

spindle afferents, which can lessen the declines in motor unit firing rate (Bongiovanni and 

Hagbarth, 1990; Griffin et al., 2001) and electromyography (EMG) amplitude (Bongiovanni and 

Hagbarth, 1990) which are observed during fatiguing maximal contractions.  Recent work has 

shown promise in using cutaneous activation for mitigation of fatigue (Pearcey et al., 2017).  

Electrical stimulation was applied to the cutaneous nerves of the lower leg intermittently 

throughout a cycling task.  Participants cycled at a submaximal cycling speed with maximal 

sprints conducted intermittently.  The reduction in power output during maximal sprints over 

time was reduced when electrical stimulation was applied.  However, fatigue has not previously 

been examined during direct activation of the skin. 
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Interventions to mitigate muscle fatigue have been more extensively studied compared to 

recovery, however, better understanding of factors that modulate recovery may be of practical 

use to aid in rehabilitation and sports performance.  A recent study by Christie and Miller, 2015 

applied tendon vibration to the distal tendon of the tibialis anterior following a fatiguing 

contraction to determine if sensory stimulation of spindle afferents would aid in recovery, as 

activation of these afferents have been shown to lessen the decline in motoneuron firing during a 

fatiguing task (Bongiovanni and Hagbarth, 1990; Griffin et al., 2001).  Spindle activation may 

therefore result in increased facilitation during recovery.  The data suggests that tendon vibration 

does not aid in recovery from muscle fatigue.  The cutaneous sensory system has not been 

researched in regard to its effect on recovery from muscle fatigue. 

 Cutaneous Mechanoreceptors and Fatigue 

Numerous studies have assessed the role of cutaneous activation on muscle activity (Bent 

and Lowrey, 2012; Fallon et al., 2005; Zehr et al., 2014).  Some studies have also investigated 

the effect of cutaneous activation in a fatigued state (Martin et al., 2007; Vuillerme and Pinsault, 

2007; Thedon et al., 2011; Hlavackova and Vuillerme, 2012).  Hlavackova and Vuillerme (2012) 

measured COP surface area and mean velocity during 30 second eyes closed quiet stance trials.  

The trials were conducted under non-fatigued conditions and following plantar flexor fatigue 

both with and without strips of athletic tape applied across the ankle joint.  Without athletic tape, 

COP surface area and mean velocity increased following fatigue, however, when tape was 

present, COP measures did not significantly change.  These results demonstrate the importance 

of cutaneous sensory information around the ankle to provide proprioceptive feedback on 
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balance following fatigue.  Similar results were found following trunk extensor muscle fatigue 

(Vuillerme and Pinsault, 2007), demonstrating that enhanced cutaneous information from the 

ankle joint can mitigate the destabilizing effect of trunk extensor muscle fatigue as well.  During 

these studies, athletic tape was applied to the front of the ankle as well as along the Achilles 

tendon.  Application of athletic tape solely along the Achilles tendon can also compensate for the 

increase in COP mean velocity, path length, and sway area (Thedon et al., 2011).  These studies 

suggest there is greater reliance on somatosensory information from the skin about the ankle in a 

fatigued state, which is important for maintaining balance. 

A study by Martin et al., 2007 also demonstrated greater reliance on cutaneous 

information following fatigue.  Electrical stimulation was applied at random time points to the 

superficial radial nerve during a contraction of the wrist extensors or the elbow extensors.  This 

was conducted following fatigue as well as during a non-fatigued state.  During both 

contractions, there was an increase in EMG suppression of the muscle undergoing the fatiguing 

task when electrical stimulation was applied in a fatigued state.   The results indicated that 

cutaneous stimulation results in larger changes to muscle activity in a fatigued state, compared to 

a non-fatigued state. 

Despite evidence that cutaneous information can alter muscle activity to a greater extent 

in a fatigued state, limited work has been conducted with regards to how cutaneous stimulation 

may alter the progression muscle fatigue.  As previously stated, a recent study has shown 

promise in cutaneous activation for mitigation of fatigue (Pearcey et al., 2017).  Pearcy et al., 

2017 applied electrical stimulation to the sural, tibial, and superficial peroneal nerves of the 

lower leg intermittently throughout a cycling task.  Participants cycled at a submaximal cycling 
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speed with maximal sprints conducted intermittently.  The reduction in power output during 

maximal sprints over time was reduced when electrical stimulation was applied.  The sural nerve 

is exclusively cutaneous, whereas the tibial nerve and superficial peroneal nerve are not.  It is 

therefore difficult to confirm that the response shown there is solely due to cutaneous activation. 

 Purpose 

The purpose this thesis was to investigate the effect of cutaneous electrical stimulation 

across the foot sole on fatigability of the plantar flexor muscles during a sustained, submaximal, 

isometric task with intermittent MVCs. 

1.6.1 Specific Aims 

This research aims to determine: 

1. The effect of cutaneous stimulation on plantar flexor fatigue 

2. The location dependent response of cutaneous stimulation during a fatiguing task 

3. The effect of cutaneous stimulation on plantar flexor recovery 

1.6.2 Hypotheses 

Due to the location dependent response of cutaneous reflexes demonstrated in previous 

literature (Nakajima et al., 2006), it is hypothesized that compared to the no stimulation 

condition, with stimulation at the heel: 

1. A less steep decline in MVCs will occur throughout the sustained contraction 

2. Participants will have a longer time to task failure 
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3. Recovery of MVC torque and voluntary activation will be accelerated 

The opposite is expected to occur with stimulation across the metatarsal region when compared 

to no stimulation: 

1. A steeper decline in MVCs will occur throughout the sustained contraction 

2. Participants will have a shorter time to task failure 

3. Recovery of MVC torque and voluntary activation will be slower  
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2 General Methodology  

 Ethical Approval  

Written consent was obtained from each participant on the first day of collection.  Verbal 

consent was obtained on consecutive laboratory visits.  All experimental procedures were 

approved by the Ethics Review Board at the University of Guelph and complied with the 

Declaration of Helsinski. 

 Study Participants 

Sixteen healthy male subjects (mean ± SD: age 24.1 ± 2.6 years; mass 83.5 ± 11.1 kg; 

height 180.7 ± 5.9 cm) participated in this study.  Participants completed a general health 

questionnaire prior to the study to ensure no pre-existing medical conditions that could influence 

the study or cause risk of injury. Exclusion criteria included presence of neurological/ 

musculoskeletal disorders, allergies to adhesives, and lower limb injuries within the last 6 

months. 

Participants were asked not to perform any unaccustomed exercise throughout the study 

duration (1-3 weeks) and to avoid lower limb exercises on the day prior to collection.  Ten 

subjects completed 3 study visits on separate days.  Each day, the subjects completed a fatigue 

and recovery protocol.  Each day consisted of a different stimulation condition, with stimulation 

over the skin of the right heel (HEEL), right metatarsal region (MET), or no stimulation 

(CONTROL).  Six subjects underwent an additional condition where stimulation was applied on 

the dorsal side of the forearm (ARM).  The purpose of this condition was to serve as a control for 
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an arousal response which may occur from the sensation of electrical stimulation across the skin.  

The conditions were conducted in a randomized order, with 2-6 days between collections. 

 Experimental Setup 

Participants were seated in a HUMAC NORM dynamometer (CSMi Medical Solutions, 

Stoughton, MA) for the duration of each study visit.  The right leg was secured by a knee brace 

to ensure the knee angle was consistent, and to limit contribution of the quadricep muscles to 

force production.  Hip, right knee, and right ankle angles were set to 80°, 110°, and 90° and were 

maintained in these positions throughout each collection (Figure 3).  Torque and EMG data were 

recorded and analyzed using Windows LabChart 8. 

 

Figure 3. Experimental setup with subject seated in the HUMAC NORM dynamometer.  Courtesy of 
Mathew Debenham. 
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2.3.1 Electromyography 

EMG was collected from the tibialis anterior (TA), medial gastrocnemius (MG), lateral 

gastrocnemius (LG), and the soleus muscle (SOL) of the right leg with a ground electrode placed 

over the patella.  The skin was shaved and cleaned with alcohol prior to placement of silver-

silver chloride (Ag-AgCl) recording electrodes (2cm diameter; ConMed, Utica, NY, USA), 

which were placed approximately 2cm apart over the muscle belly of each muscle.  Isometric 

plantar flexor torque was sampled at 1000Hz.  using a 12-bit analog-to-digital converter 

(PowerLab System 16/35, ADInstruments, Bella Vista, Australia). EMG data were collected at 

2000 Hz and band-pass filtered at 10Hz – 500Hz.   

2.3.2 Musculoskeletal Nerve Stimulation 

Peripheral Nerve Stimulation was conducted on the deep fibular nerve and the tibial 

nerve to determine Mmax potentials for the lower limb muscles.  Stimulation was applied to the 

deep fibular nerve to determine Mmax for the TA, whereas tibial stimulation was used to assess 

Mmax of the SOL, MG, and LG.  Mmax potentials were obtained using a high voltage stimulator 

(DS7AH, Digitimer, Welwyn Garden City, Hertfordshire, UK) with a pulse width of 200 µs at 

400V.  Stimuli were delivered via a bar electrode.  During stimulations participants sat with the 

right leg passively placed in position (Figure 3).  The current was increased from 20mA by 

30mA increments until a plateau of the Mwave peak-peak amplitude was observed.  Mwave 

peak-peak amplitude would therefore not change with increased stimulus amplitude past this 

value indicating that all motor units had been recruited.  The current required to produce Mmax 
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was increased to 120% for use during plantar flexor MVCs.  This stimulation is applied during 

MVCs to allow for evaluation of voluntary activation VA by the ITT. 

2.3.3 Maximal Voluntary Contraction and Musculoskeletal Nerve Stimulation 

Three plantar flexion MVCs were conducted after determining Mmax.  MVC torque 

(Nm) was calculated as the peak torque prior to the superimposed stimulus.  The ITT was used 

throughout the three MVCs at the beginning of each test day as well as during recovery to 

determine the percent of voluntary activation.  Participants were instructed to push down as hard 

and fast as possible with their right foot against the force plate.  Feedback of torque production 

was given via a live torque trace.  Verbal encouragement was provided throughout the 

contraction.  Tibial nerve stimulation was administered prior to, during, and following the 

contraction.  The superimposed stimulus torque and potentiated stimulus torque were quantified 

for assessment of voluntary activation (Figure 4). 

 

Figure 4. Equation used to calculate voluntary activation during the ITT. 

2.3.4 Cutaneous Electrical Stimulation 

Electrical stimulation was applied to the skin of the right heel, metatarsals, or the dorsum 

of the left forearm using surface electrodes (Figure 5).  The heel electrodes were placed along the 

lateral and medial edge across the center of the heel.  During the metatarsal condition, electrodes 

were placed on the widest aspect of the medial and lateral edge of the first and fifth metatarsals 

%VA = (1 − (
𝑆𝑢𝑝𝑒𝑟𝑖𝑚𝑝𝑜𝑠𝑒𝑑  𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠  𝑇𝑜𝑟𝑞𝑢𝑒

𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑡𝑒𝑑 𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠 𝑇𝑜𝑟𝑞𝑢𝑒
)) ∗ 100 
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respectively.  Arm electrodes were applied on the dorsum of the left forearm.  The electrodes 

were applied lengthwise along the middle of the forearm.  Perceptual threshold (PT) was 

determined using a modified stepwise approach (Dyck et al., 1993, Beaudette et al., 2017).  To 

determine PT for the MET and HEEL conditions, stimulation was first applied with an amplitude 

of 20mA.  Following stimulation, participants stated whether the stimulation was perceived.  The 

stimulus amplitude was subsequently increased or decreased depending on the subject’s 

response.  PT was determined as the smallest stimulus amplitude that could be perceived 75% of 

the time.  Due to greater skin sensitivity on the arm relative to the foot sole, perceptual testing on 

the arm location began with an amplitude of 5mA.  To reduce anticipation bias, catch trials were 

randomly performed in which the investigator behaved in a manner similar to that used in the test 

trials, however, no stimulations was applied. 

 

Figure 5. Placement of electrodes for cutaneous stimulation during the HEEL (red), MET (blue) and ARM 
(green) conditions. 

HEEL MET ARM 
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 Experimental Protocol 

2.4.1 Pre-Fatigue Measures 

Mmax for the tibialis anterior and soleus were determined to allow for normalization 

between collections.  Three isometric plantar flexion MVCs were performed with the ITT, with 

three minutes of rest between MVCs.  To continue the protocol, the criteria was that at least one 

MVC had reached > 95% voluntary activation.  The contraction with the greatest voluntary 

activation was used for calculation of 30% MVC.  30% MVC was determined as 30% of the 

torque produced from the MVC. 

During the HEEL, MET, and ARM conditions, perceptual threshold was determined for 

electrical stimulation at the site of interest.  The electrical stimulation was gradually increased to 

3 x PT.  Once 3 x PT was reached, subjects would visually illustrate where the stimulation was 

felt on a schematic of the foot and complete a numeric pain rating scale (NPRS) to assess pain 

associated with the 3 x PT cutaneous stimulation (Figure 6).  
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Figure 6. Illustration of where subjects may identify the location of heel stimulation (A) and the NPRS 
used to assess pain from cutaneous stimulation (B). 

 

2.4.2 Fatigue Protocol 

The fatigue protocol consisted of a sustained isometric plantar flexion contraction.  

Subjects maintained the isometric contraction at 30% MVC with intermittent MVCs every 30 

seconds.  Following each MVC, subjects would immediately return to the 30% MVC torque 

level (Figure 7).  The ITT was not used during the fatigue protocol due to discomfort from the 

superimposed stimulus.  The discomfort resulted in difficulty maintaining stable torque 

production following the stimulus and therefore was not used.  The fatiguing contraction was 

continued until failure, which was defined as when the subject could no longer maintain 30% 

MVC for at least two seconds. Participants were verbally encouraged throughout the fatigue task. 

A.  B. 
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Visual feedback was provided through a live torque tracing and a guideline representing 30% 

MVC. 

Fatiguing contractions were performed on three separate days. Each day included a 

different stimulation condition; no stimulation, heel stimulation or metatarsal stimulation. During 

the stimulation conditions, cutaneous stimulation was applied at 3 x PT for three seconds every 

10 seconds throughout the fatigue protocol. 

 

Figure 7. Schematic of fatigue task.  Red line represents torque produced. Peaks in the figure represent 
MVCs that were performed every 30 seconds.  Lightning bolts represent the stimulation applied every 10 
seconds for a duration of 3 seconds during the HEEL, MET, and ARM conditions. 
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2.4.3 Recovery Protocol 

Plantar flexion MVCs were performed intermittently during the 30 minutes following 

failure of the fatigue task.  The ITT was utilized throughout the protocol for assessment of 

voluntary activation.  Cutaneous electrical stimulation continued to be applied for three seconds 

every ten seconds for the 30 minutes following fatigue.  MVCs were obtained immediately, 30 

seconds, 1, 2, 3, 4, 5, 10, 20, and 30 minutes following failure. 

 Data and Statistical Analysis 

2.5.1 Dependent Variables 

For each participant, Time to task failure (TTF) was calculated based on the duration of 

the fatigue protocol.  MVC torque was measured throughout the fatigue protocol and the 

recovery protocol.  Voluntary activation was also calculated for the MVCs conducted during 

recovery.  Lastly, EMG RMS was calculated every 10 seconds over a 1 second window 

throughout the 30% MVC contraction.  EMG was analyzed in this manner for all muscles 

collected (TA, SOL, MG, and LG). 

2.5.2 Voluntary Activation 

Voluntary activation was assessed using torque during the initial MVCs and throughout 

recovery using the ITT.  MVC torque (Nm) was calculated as the peak torque prior to the 

superimposed stimulus.  Peak torque (Nm) was also calculated for the potentiated stimulus 

torque to allow for calculation of voluntary activation. 
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2.5.3 Electromyography 

Root mean square (RMS) was calculated over 1 second windows every 10 seconds 

throughout the fatigue protocol for each muscle, starting from the beginning of the 30% MVC 

contraction until the subject was unable to maintain the 30% MVC (i.e. task failure).  

Electromyography was only analyzed during the 30% submaximal contraction due to the 

presence of electrical noise when cutaneous stimulation was applied.  RMS was normalized to 

the Mmax peak to peak amplitude values from each collection. 

2.5.4 Fatigue and Recovery 

MVCs throughout the fatigue and recovery protocol were normalized to the initial MVC 

from each collection.  To allow for comparisons between conditions, since participants lasted 

longer in some conditions, the fatigue protocol was separated into 10% epochs based on the total 

duration of the contraction.  If numerous MVCs were present within an interval, the peak torques 

were averaged, resulting in one MVC value per interval.  Time to task failure (TTF) was defined 

as the duration of the fatigue protocol.  The HEEL, MET, and ARM conditions were expressed 

as a percent change from the CONTROL condition.  Percent change was calculated by the 

following equation: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 =
𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑇𝑇𝐹 − 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑇𝑇𝐹

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑇𝑇𝐹
∗ 100 
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2.5.5 Statistical Analysis 

Data were assessed for normality using the Shapiro-Wilk test.  All data were non-normal 

with the exception of the MVC torque data during the fatigue task and torque during recovery.  

These non-normal data were transformed and the parametric assumptions were no longer 

violated.  Mauchly’s test was conducted to determine sphericity.  If the assumption of sphericity 

was not met, the Greenhouse-Geisser correction was used to account for this bias.  Two-way 

repeated measures ANOVAs (Time (10) x Condition (3)) were performed to assess changes in 

MVC torque throughout fatigue and recovery.  Two-way repeated measures ANOVAs (Time 

(10) x Condition (3)) were also performed on the EMG data from the TA, SOL, MG, and LG.  

Two, one-way repeated measures ANOVAs were used to compare the TTF and pain scores 

between the conditions.  Significance level was determined as p < 0.05 for all data. Descriptive 

statistics are reported as the means ± SEM. 

No significant difference was found between the HEEL and MET groups between all 

measures (p > 0.05).  The data was therefore grouped into either a stimulation condition (STIM), 

which included both the HEEL and MET conditions, or CONTROL for further analysis.  All 

statistical analyses were repeated with data grouped in the STIM (HEEL and MET) or 

CONTROL conditions.  
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3 Results 

 Normalization 

For each stimulation condition, which occurred on separate days, 30% MVC was 

normalized to the initial maximal plantar flexion contraction conducted on that day of collection.  

Torque did not significantly change between conditions F(2,15) = 2.09, p = 0.135 across these 

test days.  Voluntary activation of MVCs on average was 98.28 ± 2.37%.  Voluntary activation 

did not significantly differ between test days F(2,15) = 0.47, p = 0.627. 

 Time to Task Failure 

3.2.1 HEEL and MET Conditions 

Participants were able to maintain the fatiguing contraction for a longer duration with 

STIM compared to the CONTROL, F(1,15) = 4.75, p = 0.046.  On average, participants had a 

TTF of 493 ± 35 seconds during the STIM conditions and 430 ± 29 seconds during the 

CONTROL (Figure 3). 

Upon close examination, it was apparent that 12 individuals had a greater TTF when 

stimulation was present at the HEEL or MET (Figure 9).  The other 4 participants responded 

with a shorter TTF during the cutaneous stimulation conditions (Figure 10).  Scores for pain 

were significantly different between the two subgroups of participants F(1,9) = 12.18, p < 0.003.  

Individuals who responded with a longer TTF indicated a significantly smaller VAS score 

(0.6071 ± 0.1588) compared to the participants with shorter TTFs during the STIM conditions 

(1.750 ± 0.2500). 
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Figure 8. TTF (N = 16) during the STIM and CONTROL conditions.  Asterisks indicate a significant 
difference from the CONTROL condition (p < 0.05). 
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Figure  9. TTF (N = 12) during the STIM and CONTROL conditions. Asterisks indicate a significant 
difference from the CONTROL condition (p < 0.05). 
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Figure 10. TTF (N = 4) during the STIM and CONTROL conditions.  No significant difference was found 
between the conditions for the four participants. 
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3.2.2 ARM Condition 

6/16 participants underwent the additional ARM condition.  Absolute TTF values for 

these six participants were 466 ± 60 seconds, 620 ± 132 seconds, 557 ± 92 seconds, and 446 ± 59 

seconds in the CONTROL, HEEL, MET, and ARM conditions respectively.  No significant 

changes were found between conditions for the 6 participants (p > 0.05) (Figure 11). 

 

Figure 11. TTF (N = 6) during the HEEL (red), MET (blue), ARM (green), and CONTROL (black) 
conditions. 
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 Maximal Contractions during Fatigue Task 

A significant main effect of time was found for the maximal contractions conducted 

during the fatigue task, F(9,15) = 158.92, p < 0.001 such that MVC torque decreased 

significantly for the duration of the contraction (Figure 5).  No significant difference was found 

for the MVCs that were conducted between the STIM or CONTROL conditions F(1,15) = 0.413, 

p = 0.530. 

 

Figure 12. Plantar flexor MVCs conducted intermittently throughout the fatigue task.  A significant effect 
of time was seen throughout the fatigue task (p < 0.05).  Asterisks indicate a significant difference from 
MVC torque at 10% TTF. 
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 Electromyography during Fatigue Task 

For all muscles, a significant main effect of time was found for the EMG data assessed 

during the 30% MVC plantar flexion contraction throughout the fatigue task, TA:F(9,15) = 

43.204, p < 0.001; SOL: F(9,15) = 18.024, p < 0.001; MG: F(9,15) = 104.093, p < 0.001; LG: 

F(9,15) = 39.841, p < 0.001 (Figure 6).  EMG RMS increased significantly throughout the 

duration of the fatigue task (p < 0.05)  No significant difference was found between the STIM or 

CONTROL conditions, TA: F(1,15) = 0.452, p = 0.512; SOL: F(1,15) = 0.454, p = 0.511 MG: 

F(1,15) = 2.487, p = 0.136; LG: F(9,15) = 39.841, p < 0.001. 
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Figure 13. EMG RMS of the tibialis anterior during the 30% MVC plantar flexion contraction throughout 
the fatigue task.  Asterisks indicate a significant difference from EMG RMS at 10% TTF (p < 0.05). 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

0 20 40 60 80 100

EM
G

 T
A

Time (%TTF)

* 

TIBIALIS ANTERIOR 



 

 

34 

 

 

Figure 14. EMG RMS of the soleus during the 30% MVC plantar flexion contraction throughout the 
fatigue task.  Asterisks indicate a significant difference from EMG RMS at 10% TTF (p < 0.05). 
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Figure 15. EMG RMS of the medial gastrocnemius during the 30% MVC plantar flexion contraction 
throughout the fatigue task.  Asterisks indicate a significant difference from EMG RMS at 10% TTF (p < 
0.05). 
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Figure 16. EMG RMS of the lateral gastrocnemius during the 30% MVC plantar flexion contraction 
throughout the fatigue task.  Asterisks indicate a significant difference from EMG RMS at 10% TTF (p < 
0.05). 
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 Recovery 

3.5.1 Torque 

A significant main effect of time was found for the maximal contractions conducted 

intermittently throughout recovery, F(9,15) = 49.478, p < 0.001 such that MVC torque increased 

throughout the 30 minutes following fatigue (p < 0.05) (Figure 7).  No significant difference was 

found between the STIM and CONTROL conditions F(1,15) = 0.50, p = 0.490. 

3.5.2 Voluntary Activation 

A significant main effect of time was also found for voluntary activation throughout 

recovery, F(9,15) = 12.63, p < 0.001 such that voluntary activation increased significantly in the 

10-30 minutes of recovery relative to the initial four minutes (p < 0.05) (Figure 7).  No 

significant difference was found between the STIM and CONTROL conditions F(1,15) = 0.003, 

p < 0.955. 
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Figure 17. Plantar flexor MVCs conducted intermittently throughout 30 minutes following the fatigue task.  
Asterisks indicate a significant difference from the MVC conducted 30 minutes following task failure (p < 
0.05). 
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Figure 18. Voluntary activation during maximal plantar flexion contractions conducted intermittently 
throughout recovery. Asterisks indicate a significant difference from the MVC conducted 30 minutes 
following task failure (p < 0.05). 
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4 Discussion 

The aim of this thesis was to determine the effect of providing foot sole cutaneous 

activation through electrical stimulation on fatiguability of the plantar flexor muscles during a 

sustained isometric task.  Based on previous literature, it was hypothesized that with stimulation 

at the heel, individuals would 1) be able to maintain the fatiguing contraction for a longer 

duration 2) maintain higher MVC torque for a longer duration throughout the fatigue protocol 

and 3) recover from plantar flexor muscle fatigue earlier.  It was also hypothesized that the 

opposite responses would occur with stimulation at the metatarsal region.  The results support 

the hypothesis that stimulation at the heel would result in a longer contraction time and 

maintenance of MVC torque longer into the fatigue task, however, there was no significant effect 

of foot sole stimulation on recovery.  Lastly, the results did not demonstrate a location dependent 

response to cutaneous stimulation on the foot sole.  No significant differences were found 

between the HEEL and MET conditions. 

 Mitigating Fatigue: TTF and MVC Torque 

On average, participants maintained the fatiguing contraction for 63 seconds longer with 

stimulation on the HEEL or MET compared to the CONTROL.  To allow for statistical 

comparisons between conditions, MVC torque was separated into 10% epochs of the entire 

fatigue protocol.  There were no significant differences in MVC torque between the conditions, 

however, individuals maintained the contraction for a longer duration in the HEEL and MET 

conditions.  Subjects were therefore able to maintain similar MVC torque production during the 

STIM conditions compared to the CONTROL, despite the longer contraction time. 
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 Additionally, EMG RMS was calculated every 10 seconds throughout the fatigue 

protocol during the 30% MVC contraction until failure.  EMG RMS was normalized to time by 

averaging the data into 10% epochs of TTF in the same manner as the MVC data.  EMG RMS 

significantly increased over time, which is expected during a submaximal fatiguing contraction 

(Gandevia, 2001), however, there were no significant differences between the STIM and 

CONTROL conditions for EMG RMS amplitude.  These results demonstrate that the level of 

EMG recruitment was similar between conditions, although individuals were able to maintain the 

contraction for a longer duration during the STIM conditions. 

Overall, the TTF, MVC torque, and the EMG RMS data from the fatigue protocol 

demonstrate that cutaneous electrical stimulation on the foot sole was able to mitigate plantar 

flexor fatigue during the fatiguing task. 

Possible Mechanisms: Non-orderly Recruitment 

 Changes to motor unit excitability during cutaneous stimulation may contribute to the 

mitigation of plantar flexor muscle fatigue in this study.  Henneman’s size principle states that 

motor units are activated in a fixed order according to increasing size (Henneman et al. 1965).  

The smaller motor units are therefore recruited at low force thresholds, while larger motor units 

are recruited at higher forces.  Some studies have demonstrated circumstances where this 

principle does not hold true.  Literature conducted in the cat has shown low threshold cutaneous 

afferents can differentially evoke inhibition of slow twitch (small) motor units and excitation to 

fast twitch (large) motor units (Burke et al., 1970, Mizote, 1982).  A similar response to 

cutaneous stimulation has also been shown in the human FDI muscle with cutaneous stimulation 
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of the index finger (Masakado et al., 1990; Datta and Stephens 1981; Garnett and Stephens, 

1981).  Datta and Stephens (1981) found decreased firing rates in low threshold units and 

increased firing in high threshold units when cutaneous stimulation was present.  Changes in 

motor unit recruitment threshold has also been shown in response to stimulation whereby low 

threshold units are activated at higher forces and high threshold units at lower forces (Masakado 

et al., 1990; Garnett and Stephens, 1981).  These results demonstrate inhibition to the 

smaller/lower threshold units and excitation to the larger/higher threshold units with cutaneous 

activation.  The differential inhibition and excitation is removed following cessation of 

cutaneous stimulus (Garnett and Stephens, 1981). 

 It is proposed that this phenomenon may play a role in mitigating muscle fatigue in the 

current study.  Cutaneous stimulation was applied every 10 seconds for a 3 second duration 

throughout the protocol.  While the stimulation is present, higher threshold units may be 

preferentially excited while excitability of some lower threshold units is reduced, leading to 

changes in MU activation.  The change in activation would allow lower threshold units to 

partially recover when stimulation is present.  Once the stimulation is removed, higher threshold 

units would stop firing and start to recover.  Altering motor unit activation may therefore prolong 

time to fatigue, as motor units partially recover throughout the contraction. 

 With the present methodology we assessed EMG RMS in the various muscles throughout 

the 30% MVC contraction using surface EMG.  There were no significant differences in EMG 

activity between the HEEL, MET, and CONTROL condition.  Although we were able to 

measure overall EMG activity, the current methodology does not provide insight into individual 
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motor unit activation.  Further research is therefore required to determine if this mechanism is 

responsible for the results shown. 

4.1.1 Possible Mechanisms: Less Central Drive Required 

Another possible mechanism contributing to cutaneous stimulation fatigue resistance is 

the plateau potential of motor units following sensory stimulation.  Traditionally, motoneurons 

are thought to summate linearly with the inputs they receive (Eccles, 1957; Granit et al., 1966), 

however, not all motoneurons simply follow this response.  Activating sensory afferents through 

electrical stimulation (Collins et al., 2001) and tendon vibration (Gorassini et al., 1998) can result 

in the recruitment of additional motoneurons which continue to fire following removal of the 

stimulus.  This firing behaviour occurs due to the activation of intrinsic, voltage-gated currents 

which produce sustained regenerative depolarizations, termed plateau potentials (Gorassini et al., 

1998).  The resultant effect is maintenance of higher forces following removal of sensory 

stimulus, despite the lack of additional voluntary input, as the response has been shown in 

sleeping participants and individuals with thoracic spinal lesions (Collins et al., 2001).  Collins 

and colleagues (2001) attribute this response to primarily spindle activation, however, in this 

study both cutaneous afferents and muscle spindles were activated.  Cutaneous and spindle 

information may therefore both contribute to this phenomenon. 

Plateau potentials may contribute to the mitigation of fatigue in the present study.  

Following electrical activation, some motoneurons may undergo self-maintained firing, requiring 

less voluntary drive to maintain the 30% MVC torque.  Although not quantified, numerous 

subjects expressed that the fatigue task was easier with the presence of electrical stimulation.  
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Considering that less voluntary drive would be required, this phenomenon may also contribute to 

decreased sense of effort.  Reductions in central drive have been shown to result in subsequent 

decreases to sense of effort (Sharples et al., 2016). 

4.1.2 Absence of Location Dependence 

 Cutaneous stimulation on the foot sole is known to have a location dependent response on 

the activity of lower limb muscles (Nakajima et al., 2006).  Specifically, stimulation at the heel 

causes excitation in soleus activity, whereas stimulation at the metatarsals inhibits it.  In the 

present study, there was no location dependent response to cutaneous stimulation on measures of 

fatigue.  Previous work examining cutaneous reflex responses have primarily used stimulation 

duration that is only a few milliseconds in duration, and the stimulation is applied at random time 

points (Martin et al., 2007; Nakajima et al., 2006; Zehr et al., 2014).  The stimulation is applied 

in a rhythmic fashion in the present study, allowing subjects to anticipate the sensation.  Previous 

literature has demonstrated that cutaneous reflexes are reduced when the stimulation is 

anticipated (Hoogkamer et al., 2015; Baken et al., 2006).  Although not quantified, when 

cutaneous stimulation was initially applied to the test sites, the expected reflex response was 

often demonstrated through changes in plantar flexion torque (increased with heel stimulation, 

decreased with metatarsal stimulation).  However, as the electrical stimulation continued to be 

applied every 10 seconds for a duration of 3 seconds, the changes in torque reduced in magnitude 

or even disappeared altogether.  Furthermore, the studies which demonstrate a location 

dependent response of the plantar flexor muscles investigate overall EMG activity, not individual 

motor units.  Although there may be a location dependent response in overall muscle activity, 

there may be similar responses at the level of the motor units to that seen here.  Non orderly 
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recruitment or recruitment of motor units with plateau potentials could occur independent of 

location and contribute to the delay in muscle fatigue with stimulation on either the heel or 

metatarsal region. 

4.1.3 Attention 

 Cognitive strategies, such as diversions in attentiveness (Chow and Etnier, 2017) have 

been proposed as strategies to modulate sensations of muscle fatigue.  There is potential that 

altering sensations of fatigue can contribute to prolonged exercise performance (Marchant 2010; 

Sibson et al., 2003).  Tasks that involve high mental demand, such as mathematical dual tasks 

under time limits can result in additional stress and faster muscle fatigue (Mehta and Agnew 

2012; Mehta and Parasuraman 2014).  However, self-regulating cognitive responses, such as a 

mathematical task without time limits and not graded responses, can reduce muscle fatigue due 

to less cognitive stress and lowered sensations of muscle fatigue (Cruz-Montecinos et al., 2018; 

Evstigneeva et al., 2012). 

To ensure that the response shown in the HEEL and MET conditions were not solely due 

to diversions in attentiveness, an additional ARM condition was conducted with six participants.  

Stimulation of the upper limbs has a much smaller effect on lower limb muscle activity in 

comparison to activation of the foot sole (Suzuki et al., 2016), allowing the ARM condition to 

serve as a stimulation control to account for diverted attention due to the sensation of 

stimulation.  No significant change was found between the CONTROL and ARM conditions, 

providing evidence that the responses shown here are not solely due to diverted attention. 
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 Recovery from Plantar Flexor Fatigue 

 It was hypothesized that due to the location dependent response demonstrated during 

cutaneous reflex studies (Nakajima et al., 2006), participants would recover faster in the HEEL 

condition and slower during the MET compared to the CONTROL.  The data did not support this 

hypothesis.  Previous work has not assessed the effect of cutaneous activation on recovery from 

muscle fatigue.  Two studies have researched the effect of spindle activation through tendon 

vibration (Christie and Miller, 2015; Bochkezanian et al., 2017).  Christie and Miller (2015) 

applied vibration to the tibialis anterior tendon for 30 seconds every minute following a fatiguing 

dorsiflexion contraction.  Recovery was quantified through MVCs conducted each minute for 10 

minutes following the fatigue task.  No significant difference was found for MVC force or EMG 

activity when vibration was applied compared to the control.  Bochkezanian et al (2017) assessed 

the effect of patellar tendon vibration on recovery of the rectus femoris muscle.  The muscle was 

fatigued using neuromuscular electrical stimulation.  The data were variable, with 8/16 subjects 

recovering faster and 8/16 recovering more slowly.  Spindle information therefore modifies 

fatigue but may not modify recovery.  Previous work has not investigated the effects of 

cutaneous activation and recovery from muscle fatigue.  However, it is possible that the 

beneficial effects of cutaneous activation on reducing fatigue development do not transfer to 

recovery from muscle fatigue, as has been suggested for other physiological factors (Christie and 

Miller, 2015; Bochkezanian et al., 2017; Kent-Braun, 1999). 

Another possible explanation for these data is a lack of resolution when assessing 

recovery.  MVCs were conducted immediately following task failure as well as 30 seconds, 1, 2, 
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3, 4, and 5 minutes following failure.  Considering that voluntary activation recovers quickly 

within a few minutes following a fatiguing task (Gandevia et al., 2017), assessment of additional 

MVCs within the first few minutes of recovery may have revealed changes between the 

conditions. 

 Limitations 

 Due to electrical noise from cutaneous stimulation, EMG could not be assessed while the 

stimulation was applied.  EMG data during this time would provide insight into the prevalence of 

cutaneous reflexes throughout the protocol.  Cutaneous stimulation has been shown to have a 

greater effect on muscle activity in a fatigued state (Martin et al., 2007) but cutaneous reflexes 

are reduced when stimulation is anticipated (Hoogkamer et al., 2015; Baken et al., 2006), which 

are both the case in the present study.  It is therefore unclear how or whether cutaneous reflexes 

were modified throughout this the protocol.  Indwelling EMG could also have provided insight 

into changes occurring at the level of individual motor units.  We were unable to assess if there 

were changes in motor unit excitability when cutaneous stimulation was applied with the 

methodology used. 

 An interesting finding of this study, although not quantified, was perceived effort.  

Participants often expressed varying levels of difficulty performing the task between conditions.  

For example, numerous participants expressed that stimulation conditions “felt easier” than the 

control.  More perceptual measures of perceived effort such as rating of perceived exertion 

would have been advantageous to record.  The NASA Task Load Index could also have been 

used to assess mental demand and to identify the intensity of perceived workload.  
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Supplementary measures may have demonstrated additional differences between our participants 

who responded with a longer TTF (N = 12) and the individuals with a shorter TTF (N = 4) 

during the STIM conditions.  The individuals with shorter TTF with stimulation also had 

significantly higher pain scores (p = 0.003).  Discomfort due to cutaneous stimulation may have 

increased the perceived workload of the task.  Increased mental workload has been associated 

with shorter endurance times and greater strength decline (Mehta and Agnew, 2012).  The same 

study also showed that increased mental workload does not alter recovery of force from muscle 

fatigue, which supports the results from this thesis.  We therefore suggest the use of additional 

perceptual measures during future studies of this manner to determine how pain from electrical 

stimulation may alter performance during a fatiguing task. 

 Implication of Findings and Future Directions 

Neuromuscular fatigue limits athletic performance and other strenuous activity (Wan et 

al., 2017).  It can also restrict daily life in certain populations such as cancer patients (Neefjes et 

al., 2017), individuals with neurological (Knorr et al., 2011) and cardiovascular (Keller-Ross et 

al., 2019) disorders, and can be associated with aging (Dalton et al., 2015; Wallace et al., 2016; 

Shortz and Mehta, 2017).  Many populations could therefore benefit from interventions to reduce 

fatigue.  Due to its’ easily accessible nature, skin activation may serve as a feasible target to 

mitigate fatigue. 

Although the present study demonstrated the potential of cutaneous activation as a target 

to mitigate muscle fatigue, the mechanism resulting in this response was not explored.  Future 
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work should therefore assess changes in muscle activity at the level of individual motor units 

with cutaneous stimulation in a fatigued state. 

 Conclusion 

This thesis is among the first studies to explore the relationship between the cutaneous 

sensory system and neuromuscular fatigue.  It was hypothesized that foot sole cutaneous 

stimulation would alter muscle fatigue in a location dependent response.  The results demonstrate 

that the activation of foot sole skin can mitigate plantar flexor fatigue, independent of location.  

We hypothesize this may occur due to changes in the weighting of inhibition and excitation to 

the motor units of the plantar flexor muscles when the stimulation is present, or due to the 

plateau potential of certain motor units in the active muscle.  Further work is required to 

determine the mechanism responsible for reduced plantar fatigue during intermittent cutaneous 

stimulation of the foot sole.
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