
 

 

 

Evaluation of Abductor Hallucis Neuromechanical Function and its 
Potential Role in Postural Control 

by 

Tushar Sharma 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 
for the degree of 

Master of Science 

in 

Human Health and Nutritional Sciences (Neuroscience) 

Guelph, Ontario, Canada 

© Tushar Sharma, December, 2020 



 

 

ABSTRACT 

EVALUATION OF ABDUCTOR HALLUCIS NEUROMECHANICAL FUNCTION AND 

ITS POTENTIAL ROLE IN POSTURAL CONTROL

Tushar Sharma 

University of Guelph, 2020

Advisor(s): 

Dr. Leah R. Bent 

 

Abductor Hallucis (AH), an intrinsic foot muscle, is thought to be involved in postural 

balance control. However, many AH functional properties and their relationship with 

standing postural control have not been quantified. This thesis aimed to quantify AH 

strength, voluntary activation (VA) and whole-muscle contractile properties and their 

relationship with standing postural control. Strength and VA were quantified from 

maximal great toe abduction contractions while contractile properties were quantified 

from electrically evoked twitch contractions. These properties were correlated to centre 

of pressure (COP) velocity and standard deviation during single-leg stance. AH 

contractile properties were like other slow contractile muscles, suggesting AH may be 

designed for slow, prolonged tasks such as postural balance control. Strength and 

contractile speed related negatively with COP velocity, suggesting that AH function may 

be important for successful postural control. Thus, improving AH function may serve to 

improve postural outcomes in clinical populations.  
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1 General Background 

1.1 Control of Standing Balance 

1.1.1 Postural Balance Control and its Importance 

The ability to maintain standing balance is an essential motor skill to mitigate the 

risk of falls and fall-related injuries. The maintenance of standing balance is a complex 

combination of processes that involves many central and peripheral components 

(Rasman et al., 2018). In many clinical populations, quality of life is reduced by an 

impaired ability to maintain postural balance due to functional decrements underlying 

their pathologies. Even with healthy adult aging, degradation of the neuromuscular 

system can impair postural performance (Ema et al., 2016). Therefore, studying and 

understanding balance control is important. 

A common method of assessing postural sway is by measuring forces and 

moments, and the calculation of centre of pressure (COP). The COP is a two-

dimensional measure with anterior-posterior (AP) and mediolateral (ML) coordinates. 

The evaluation of COP displacement can provide valuable insight regarding upright 

postural control and is often used to quantify postural performance. Further information 

can be obtained by decomposing COP into distinct components. Originally proposed by 

Zatsiorsky & Duarte (1999), the rambling and trembling hypothesis of standing balance 

suggests that postural sway consists of two components: rambling and trembling. 

Rambling involves setting instantaneous equilibrium points (IEPs) that serve as 

reference coordinates for one’s center of mass (COM). During prolonged standing, the 

reference coordinates are not static and are continuously varying (Zatsiorsky and 
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Duarte, 1999, 2000). Rambling represents large, low frequency COP displacements 

whereas trembling depicts deviations in COP around the IEPs set by the rambling 

component. Consequently, trembling is comprised of higher frequencies but results in 

less sway displacement than rambling. 

1.1.2 Decomposition of COP into Rambling and Trembling 

The decomposition of COP into rambling and trembling involves three steps. 

First, IEPs are identified within the overall COP that is being decomposed. When IEPs 

occur, it is assumed that the sum of horizontal forces is equal to zero. Thus, the time 

points at which horizontal force in the AP or ML directions equal zero are found. COP 

displacement at these points represent IEPs. These IEPs are then joined using cubic 

spline interpolation. The resultant trace represents the estimated rambling COP 

component. Since the rambling-trembling hypothesis suggests that COP is comprised of 

two components, the trembling component is extracted by subtracting the rambling 

component trace from the overall COP trace. 

1.1.3 Cortical and Subcortical Influences on Rambling and Trembling 

It is suggested that the rambling and trembling components of postural sway are 

influenced by separate parts of the neuromuscular system. The rambling component is 

believed to be primarily influenced by cortical areas including areas involved in the 

voluntary control of muscles. Danna-Dos-Santos et al. 2008 showed that when 

participants are instructed to maintain their postural sway within a smaller area, 

rambling sway displacement was reduced, suggesting that rambling may be modulated 

by supraspinal factors related to voluntary control of balance. 
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The trembling component is likely influenced by spinal reflexes and peripheral 

properties related to postural muscles. Shin et al. (2011) compared rambling and 

trembling sway measures in multiple sclerosis patients with high and low levels of 

muscle spasticity to healthy controls. Spasticity is a motor symptom associated with 

multiple sclerosis that is characterized by elevated muscle tone and muscle stretch 

reflexes (Bour et al., 1991). When compared to controls, the proportion of sway that was 

a result of the trembling component was significantly elevated in the high spasticity 

group but not in the low spasticity group. Therefore, spinal reflexes likely influence the 

trembling component of sway (Shin et al., 2011).  

Whole muscle contractile properties (discussed further in section 1.2) may also 

influence the trembling component. Shin et al. (2019) reported that electrically evoked 

knee extensor and flexor contraction time and muscle stiffness correlated with sway 

measures during stance with eyes open, eyes closed and stance on a foam surface, 

particularly their trembling components (Shin et al., 2019). Further, when comparing 

reactive postural responses to surface translation perturbations, power-trained athletes 

regain stability quicker and require fewer steps to maintain postural control than 

endurance-trained athletes (Johnson and Woollacott, 2011).  Power-trained athletes 

typically have faster contractile properties than endurance-trained athletes (Kyröläinen 

and Komi, 1994) which may serve as an explanation for these results (Johnson & 

Woollacott, 2011).  Although Johnson & Woollacott did not look at postural sway during 

quiet stance, these findings provide evidence that contractile properties of postural 

muscles may influence balance control.  
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1.1.4 Summary of the Rambling and Trembling Components of Sway 

Postural sway can be characterized by two distinct components: rambling and 

trembling. Rambling represents the setting of postural reference points and is thought to 

include volitional sway. Trembling represents sway around these reference points and 

appears to be influenced by non-volitional, peripheral muscle characteristics and spinal 

reflexes. 

1.1.5 Center of Pressure – Postural Stability  

Centre of pressure can be quantified by measuring various parameters, however 

this thesis focusses on two: 1) COP velocity and 2) COP displacement standard 

deviation. The COP velocity, measured in both AP and ML directions, is highly reliable 

between trials and testing sessions (Raymakers et al., 2005; Duarte and Freitas, 2010; 

Moghadam et al., 2011) and is often reported as the COP measure with the highest 

inter-trial reliability (Raymakers et al., 2005; Duarte and Freitas, 2010). The COP 

velocity remains a reliable measure when COP is decomposed into rambling and 

trembling components (Słomka et al., 2013). In previous work, COP velocity has been 

shown to be sensitive to differences in postural abilities between populations of varying 

age and health (Raymakers et al., 2005; Duarte and Freitas, 2010). Traditionally, 

increased COP velocity is interpreted as poorer balance control (Paillard and Noé, 

2015).  

The COP displacement standard deviation (COP SD) parameter represents the 

variability around the mean of COP displacement in AP and ML directions (Paillard and 

Noé, 2015). Traditionally, increased COP SD is linked to poorer postural control.  
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Similar to COP velocity, displacement standard deviation is sensitive to age- and 

pathology-related functional differences (Duarte and Freitas, 2010; Paillard and Noé, 

2015) and is reliable when COP is decomposed into the rambling and trembling 

components (Słomka et al., 2013).   

1.2 Neuromechanical Properties and their Influence on Postural 
Control 

 This section describes voluntary (strength and voluntary activation) and 

involuntary (contraction time, half relaxation time, twitch duration, twitch rate of force 

development and twitch rate of relaxation) neuromechanical and contractile properties. 

The potential influence these measures have on postural balance control is also 

discussed. 

1.2.1 Voluntary Measures 

1.2.1.1 Strength 

Strength is a measure of the maximal force or torque that can be generated 

voluntarily by a muscle or about a joint. Strength is typically quantified using maximal 

voluntary isometric contractions (MVCs) where participants are instructed to contract as 

hard and fast as possible. This contraction is then held for a period of a few seconds, 

following which the participant relaxes fully. The peak force or torque output achieved 

during the MVC is defined as the participant’s strength. Therefore, strength is a 

measure of maximal force that can be achieved voluntarily. 

Strength of postural muscles has previously been postulated to be an important 

factor that may influence postural balance however, this may be task dependent (Lord 
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and Menz, 2000; Marigold et al., 2004; Muehlbauer et al., 2012). In healthy, older adults 

(Lord & Menz 2000) and stroke patients (Marigold et al. 2004), lower-limb strength only 

correlated with postural stability during challenging postural tasks such as standing on 

an unstable surface. However, these studies have only related strength to overall COP 

variables. It is unknown whether strength may correlate better with rambling and/or 

trembling COP variables. Since voluntary contractions are driven in large part by 

supraspinal factors, strength may influence the rambling component of postural sway to 

a greater extent than it influences trembling.   

1.2.1.2 Voluntary Activation 

When measuring strength from MVCs, it is also important to evaluate voluntary 

activation (VA) of the muscle. A “true” maximal contraction requires the recruitment and 

optimal firing of all motor units (i.e., high VA). If high VA is not achieved during a 

contraction, reported strength values likely do not accurately represent the maximal 

capacity of the muscle. Therefore, strength can be limited if high VA isn’t achieved. 

Typically, VA is quantified using the interpolated twitch technique (ITT) which has been 

previously described in other literature (Belanger and McComas, 1981; Allen et al., 

1995; Behm et al., 1996) and is visualized in figure 1. The ITT procedure begins by 

determining the current/voltage of stimulation that is required to generate a maximal 

muscle twitch response. Following this, participants are asked to perform a brief MVC. 

During the contraction, a twitch is generated using the current/voltage determined 

previously that will evoke a maximal twitch. The amplitude of this twitch (the 

superimposed twitch, SIT) is then compared to the amplitude of a twitch ~1-2 s following 

the MVC when the muscle is relaxed fully. This procedure accounts for activation 
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induced potentiation of muscle force generation (potentiated twitch, POT). If a muscle is 

fully activated during the MVC attempt (i.e. all motor units are recruited and firing 

optimally), the amplitude of the SIT should be zero because no further activation of 

motor units occurs by the electrical stimulation (100% VA). If the muscle is not fully 

activated, additional motor units will be recruited or motor unit firing at will increase by 

the stimulation resulting in a visible SIT amplitude. The percentage of voluntary 

activation can be calculated using the following equation: 

𝑉𝐴 % 1
𝑆𝐼𝑇
𝑃𝑂𝑇

 100 

 

Figure 1 - Typical interpolated twitch technique procedure 
during maximal voluntary contractions. SIT = superimposed 

twitch, POT = potentiated twitch. Lightning bolt symbols 
represent the doublet stimuli.  

SIT 

POT 
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In clinical populations such as knee osteoarthritis patients who generally exhibit 

greater postural sway and instability, decreases in knee extensor strength are 

associated with reduced ability to achieve high VA levels (Hassan et al., 2001). As such, 

the ability to achieve high levels of VA may be an important factor for controlling 

postural sway and particularly, the rambling component.  

1.2.2 Twitch Contractile Properties 

Whole muscle contractile properties describe mechanics of the whole muscle 

and can be studied using electrically evoked twitch contractions. This allows for the 

study of muscular properties by avoiding potential confounds of volitional drive to the 

muscle. As previously described, contractile properties are thought to influence balance 

control, particularly the trembling component (Shin et al., 2019). Whole muscle 

contractile properties can be influenced by architecture, such as muscle fibre 

composition (Maffiuletti et al., 2016). Generally, muscle fibres are often classified as 

type I (slow) or type II (fast). When compared to type I fibres, type II fibres have greater 

calcium release per action potential (Baylor and Hollingworth, 2003), greater total 

number of sarcoplasmic reticulum and faster cycling of cross-bridges than type I fibres 

(Bottinelli et al., 1996). As such, muscles comprised of a greater proportion of type II 

fibres typically exhibit faster whole muscle contractile speeds.  

1.2.2.1 Contraction Time and Rate of Force Development 

The contraction phase of the twitch begins with calcium release from 

sarcoplasmic reticula in response to the stimulus. This calcium binds to 

troponin/tropomyosin complexes to allow for the formation of cross bridges which 
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results in shortening of sarcomeres, which results in muscle contraction (Pollack, 1983). 

Contraction time (CT) is a parameter that represents the duration of the contraction 

phase of the twitch. Rate of force development (RFD) represents the rate at which force 

increases over the contraction phase of the twitch. It is important to note that RFD 

measured during evoked twitch contractions differs from RFD measured during 

voluntary ballistic contractions. Whereas voluntary RFD is affected by factors related to 

the central nervous system and the muscle (Maffiuletti et al., 2016), twitch contractions 

do not involve the central nervous pathways. Thus, RFD measured from twitch 

contractions is influenced by factors at the level of the muscle (i.e. calcium release and 

cross-bridge formation). Shorter CT and greater RFD are indicative of faster contractile 

properties (Vandervoort and McComas, 1983). Greater contractile speeds have been 

proposed to be important for responses to postural perturbations (Johnson and 

Woollacott, 2011) and rapid force generation in plantarflexors is negatively related to 

postural sway (Ema et al. 2016). This may suggest that in AH, shorter CT and greater 

RFD may be associated with less COP velocity and SD, and thus, greater postural 

stability. 

1.2.2.2 Half-Relaxation Time and Rate of Relaxation 

 Half-relaxation time (HRT) represents the duration of twitch relaxation between 

peak twitch force and 50% peak twitch force. The rate at which force relaxation occurs 

between peak twitch force and 50% peak twitch force can be measured and defined as 

relaxation rate (RR). The underlying physiological mechanism involves the sequestering 

of calcium ions. For twitch relaxation to occur, calcium must dissociate from 

troponin/tropomyosin complexes and be sequestered in the sarcoplasmic reticulum.  
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This allows for the breaking of cross-bridges so that cross-bridges can form in 

subsequent contractions. Thus, HRT is limited by calcium re-uptake or cross-bridge 

detachment (Jones et al., 2006). If this process is prolonged, it may impair force 

generation from subsequent contractions. Thus, during postural tasks, shorter HRT and 

faster RR (indicative of faster relaxation and faster contractility) may relate to improved 

postural stability, especially during challenging postural tasks.  

1.2.2.3 Twitch Duration and Twitch Force 

Twitch duration is the time from the stimulus to the point of 50% force and is 

equal to the sum of CT and HRT. Similar to CT and HRT, shorter twitch duration is 

suggestive of faster contractile properties. A final twitch property that will be discussed 

in this section is peak twitch force. During a twitch contraction, the greatest amount of 

force generated represents peak twitch force.  

 

Figure 2 - Example twitch contraction following 
doublet stimulation. Contraction time (CT), half-

relaxation time (HRT) and twitch duration 
measures are outlined in the figure. 
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1.3 The Abductor Hallucis Muscle 

1.3.1 Anatomy and Physiology 

The abductor hallucis (AH) is an intrinsic foot muscle that originates from the 

posterior calcaneal tuberosity and flexor retinaculum and its tendon inserts on the base 

of the proximal phalanx of the great toe. It is a muscle with relatively few motor units, 

with previous studies reporting approximately 50 (Johns and Fuglevand, 2011), 100 

(Tilki et al., 2014) and 130 (Li et al., 2018). Using other techniques, estimations of AH 

motor unit number are approximately 150 (Copeland et al., 2019).  Histochemical 

analysis in children, 6-14 years of age indicate the muscle is comprised of ~70% type I 

fibres (Sirca et al., 1990). During voluntary contractions up to 60% of strength, peak AH 

motor unit firing rates reach ~14 Hz (Kelly et al., 2013).  

1.3.2 The Role of Abductor Hallucis in Standing Balance Control 

Due to its origin and insertion, AH performs abduction and flexion of the great toe. 

One study (Kelly et al. 2012), measured activation of AH using electromyography 

(EMG) during sitting, double leg stance and single leg stance. Their data indicated that 

while the AH was active in a double-leg standing posture, it increased during single-

legged stance. Additionally, during single-leg stance, changes in AH EMG activity were 

correlated strongly with COP displacement in the ML direction (Kelly et al., 2012). This, 

along with other work (Wallace et al., 2018) suggest AH actively controls COP 

displacement during standing, particularly during challenging tasks such as single leg 

stance. The AH has also been shown to function to maintain medial longitudinal arch 
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structure (Kelly et al. 2014). Impairing AH function through peripheral nerve block 

(Fiolkowski et al., 2003) and neuromuscular fatigue (Headlee et al., 2008) resulted in a 

decrease in arch height, which may impair foot stability and implicate postural control 

(Saghazadeh et al., 2014; Tahmasebi et al., 2015; Huang et al., 2019). 

Further, research examining architectural properties of AH indicate correlations 

with postural sway. One group (Zhang et al., 2017) reported that increased AH 

thickness and cross-sectional area of recreational runners correlated with reduced AP 

and ML COP displacement standard deviation and displacement area during single-

legged stance. In contrast, a separate study (Taş et al., 2020) looked at similar 

relationships in sedentary, young females during single-legged stance on an unstable 

support surface and found that greater AH thickness and cross-sectional area 

correlated with lower overall, AP and ML stability as measured by a stability index that 

takes into account platform tilt during trials. Taş et al., 2020 suggested that the 

disagreement between their results and those of Zhang et al. 2017 may arise due to 

population-specific influences of AH architecture on single legged postural control. 

Further, the two studies differed in standing balance methodology, which may also 

contribute to these differences. Taş and collegues argued that while greater AH strength 

may provide for a more stable arch to the benefit of postural control on a stable surface, 

on an unstable surface greater arch stability may impair postural control by reducing the 

dynamic adaptability of the foot (Taş et al., 2020). Regardless, both studies provide 

evidence that AH architecture is related to COP displacement. 
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1.3.3 Abductor Hallucis Function and its Potential Role in Standing Balance 
Control 

Relationships between AH architecture and balance are described in previous 

literature however, the mechanism of these relationships is unclear. Both Zhang et al. 

2017 and Taş et al., 2020 suggested that functional properties of AH may underly 

correlations between AH architecture and postural control. For example, a consequence 

of a larger AH muscle may be greater strength. In other muscles, size correlates 

positively with muscle strength (Maughan et al., 1983; Trappe et al., 2001; Akagi et al., 

2009). For the AH, Latey et al., 2018 found that cross-sectional area related positively 

with great toe flexion strength. Therefore, those with larger AH muscles may be able to 

generate greater forces to perform abduction/flexion of the great toe and to modulate 

medial longitudinal arch height during postural tasks. Therefore, AH strength may relate 

to postural balance control, particularly rambling COP dependent variables. Besides AH 

strength, other functional properties of AH, such as voluntary activation and contractile 

speeds that have been shown to influence postural control in other muscles (described 

in sections 1.2.1 and 1.2.2), may also have an influence. The ability to voluntarily 

activate AH and its contractile properties, for example, may also correlate with postural 

measures. However, no work has explored whether strength, voluntary activation or 

contractile properties of AH relate to postural control during stance.  

1.3.4 Current Gaps in Abductor Hallucis Neuromechanics Literature 

Currently, our understanding of AH function is limited compared to our 

understanding of other muscles. Studies (e.g. Kelly et al. 2013) describe measuring 

strength of AH during MVCs; however, these values are not reported. Latey et al. 2018, 
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reported great toe flexion strength, however, these values are not a good representation 

of AH strength because great toe flexion is performed by both abductor hallucis and 

flexor hallucis brevis. Further, Kelly et al. 2013 report that participants struggle with 

isolated AH contractions, which may limit their measures of strength. Importantly, Kelly 

and colleagues did not perform formal quantifications of AH activation and thus, it is 

unknown whether it is possible to achieve high levels of VA for great toe abduction or if 

measures of strength are limited by poor VA in AH. Finally, it is believed that AH is 

comprised of slow twitch muscle fibres (Sirca et al., 1990) and its motor units achieve 

peak firing rates that are relatively low (Kelly et al., 2013). Together this suggests that 

AH may be comprised of slow whole muscle contractile properties. However, many 

contractile properties such as those related to twitch responses (e.g. peak twitch force, 

RFD, HRT) remain unknown in the intrinsic foot muscles, including the AH. Measuring 

such parameters in AH may provide insight into its potential role in postural balance 

control.  

1.4 Purposes and Hypotheses  

1.4.1 Purposes  

This thesis was conducted with two main aims: 

1) To quantify strength, VA and contractile properties (specifically peak 

twitch force, CT, HRT, twitch duration, RFD and RR) of the abductor 

hallucis muscle 
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2) To explore whether strength, VA, and AH contractile properties 

(specifically peak twitch force, CT, HRT, RFD, RR and twitch duration) 

of AH relate to a) rambling and b) trembling postural sway.  

1.4.2 Hypotheses 

It was hypothesized that: 

1. Great toe abduction voluntary measures (strength and voluntary activation) 

would relate negatively with postural sway measures, particularly those 

measured from rambling sway trajectories.  

2. For contractile twitch property measures (involuntary measures), faster 

contractile speeds were hypothesized to correlate with trembling sway trajectory 

measures. Specifically, peak twitch force, CT, HRT and twitch duration were 

expected to correlate positively with trembling-sway measures whereas RFD 

and RR were expected to correlate negatively with trembling-sway measures.  
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2 General Methodology 

2.1 Evaluating the AH during Great Toe Abduction 

The AH performs flexion and abduction of the great toe. Interestingly, many 

studies involving the AH use a model of toe flexion for their experimental design, which 

is a limitation because great toe flexion is performed by both the AH and flexor hallucis 

brevis. Therefore, measures during great toe flexion likely do not accurately represent 

independent AH neuromuscular function. However, AH is the only muscle contributing 

to great toe abduction. Thus, we chose to evaluate AH properties during great toe 

abduction contractions.  

2.2 Custom Isometric Myograph 

Previous studies describe difficulties with isolated activation of AH (Kelly et al., 2013; 

Olivera et al., 2020). This can be problematic in studies of neuromechanical function 

because activation of other muscles acting about the same joint (for example co-

contraction due to agonist and antagonist activation) can result in misrepresentation of 

force measurements. Our custom-made myograph (figure 3) was designed to ensure an 

accurate representation of great toe abduction force. In pilot testing, we observed that 

participants, when instructed to perform great toe abduction contractions, also 

performed internal rotation of their foot into the force transducer. Therefore, these 

recorded forces were not solely due to great toe abduction. To combat this, participants’ 

feet were secured by metal planks on the medial and lateral side of the foot that were 

coupled to each other by Velcro straps. The great toe was tightly secured within a 

curved metal probe extending out from the force transducer with a Velcro strap that was 
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wrapped around the toe and metal probe. This enabled maximal coupling of the force 

transducer with the toe. Further, the shank was strapped to the myograph to minimize 

internal rotation about the hip.  

2.3 Measurement of Contractile Properties 

Contractile properties from muscles can be assessed by measuring properties of 

evoked-twitch contractions. Typically, these twitch contractions are evoked by applying 

single-pulse electrical stimuli to a peripheral nerve housing alpha motor neurons 

innervating the muscle of interest. However, in our study, we opted to evoke twitch 

contractions using doublet stimuli (two pulses in quick succession) over the muscle belly 

of AH. During pilot testing, we noticed that single-pulses evoked small twitches, likely 

owing to the small size of AH, which exhibited a small signal-to-noise ratio. Therefore, to 

increase the signal-to-noise ratio we opted to use doublet stimuli as opposed to single 

pulses (Behm et al., 1996).  

Figure 3 – Sagittal (A) and superior (B) view of the 
custom isometric myograph. The great toe was coupled 

to a force transducer using straps. The leg and other 
toes were strapped to the myograph. 

A B 
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In this study, we opted to apply doublet stimuli over the AH muscle belly as opposed 

to stimulation of the posterior tibial nerve in the popliteal fossa or at the medial 

malleolus. The posterior tibial nerve innervates other intrinsic foot muscles including the 

flexor hallucis brevis, which performs flexion of the great toe. Therefore, peripheral 

nerve stimulation would activate many muscles acting about the great toe, making the 

study of AH contractile properties difficult. To selectively activate AH, muscle belly 

stimulation was chosen. Its validity in the measure of AH functional properties was 

shown by Olivera et al., (2020) who assessed torque – angle relationships using muscle 

stimulation of AH. With muscle belly stimulation, the alpha motor neurons are still likely 

stimulated, however it may be occurring at a more downstream location, closer to the 

neuromuscular junction (Bergquist et al., 2011).  
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3 Manuscript 

3.1 Introduction 

The ability to successfully maintain standing balance is important for the 

prevention of falls and related injuries. Balance involves a complex set of processes that 

work together to help maintain posture against gravity and to control sway as we stand 

(Rasman et al., 2018). To study postural control during stance, postural sway and its 

two distinct components, rambling and trembling, can be studied (Zatsiorsky and 

Duarte, 1999, 2000; Danna-Dos-Santos et al., 2008). The rambling component 

represents the movement of a postural reference point around which postural sway is 

maintained and is primarily controlled by voluntary supraspinal (i.e. cortical) structures 

(Zatsiorsky and Duarte, 1999, 2000; Danna-Dos-Santos et al., 2008). The trembling 

component represents sway trajectories around the reference points that are set by the 

rambling component. Unlike the rambling component, which is thought to be cortically 

controlled, the trembling component is influenced by involuntary spinal reflexes and 

physiological properties of postural muscles (i.e. sub-cortical structures). For example, 

contractile properties (muscle stiffness and contraction time) of the knee extensors and 

flexors correlate well with trembling sway measures but not as well with rambling sway 

measures (Shin et al. 2019). Contractile properties of postural muscles have previously 

been proposed to be an important factor that influences postural control. Following 

surface translation perturbations, power trained athletes require few steps and less 

overall time to achieve postural stability when compared to endurance trained athletes 

(Johnson & Woollacott, 2011). Power trained muscle contractile properties are typically 

faster than endurance trained muscles (Kyröläinen and Komi, 1994), so differences in 
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contractile properties of postural muscles are suggested to be responsible for these 

results (Johnson & Woollacott, 2011). Therefore, contractile properties of postural 

muscles could be an important factor that influences standing balance.  

Recently, it has been suggested that muscle activity of the intrinsic foot muscles 

is important for upright balance control (Kelly et al., 2012, 2014; Zhang et al., 2017; 

Wallace et al., 2018). In particular, activation of abductor hallucis (AH), which performs 

abduction and flexion of the great toe, is believed to be important during postural tasks 

(Kelly et al. 2012). During stance, AH activation correlates with mediolateral (ML) COP 

displacement, suggesting that AH is actively involved in COP movements during 

postural tasks (Kelly et al. 2012). Further, impairing AH function through neuromuscular 

fatigue (Headlee et al., 2008) and tibial nerve block at the ankle (Fiolkowski et al., 

2003), decreases medial longitudinal arch height, which is associated with postural 

instability (Huang et al. 2019). Thus, during whole-body postural tasks, AH serves to 

maintain foot structure and actively contributes to COP displacement. Further 

supporting AH’s role in postural control, it’s architectural properties (e.g. cross-sectional 

area) correlate with COP measures of sway during single-legged stance (Zhang et al., 

2017; Taş et al., 2020). Specifically, Zhang et al. 2017 reported that cross-sectional 

area of the AH muscle correlated negatively with COP SD and area measures, 

suggesting that those with a larger AH exhibit less postural sway.  

While AH muscle size exhibits relationships with balance control (Zhang et al., 

2017; Taş et al., 2020), it is unknown whether the functional consequences of having a 

larger muscle – greater force generating capabilities/muscle strength (Trappe et al. 
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2000; Akagi et al. 2009; Latey et al. 2018) – influence balance control. In other postural 

muscles, there is conflicting information as to whether muscle strength, influences 

postural control, with some suggesting strength does influence postural control 

(Handrigan et al., 2012; Paillard, 2017), but others only showing relationships between 

strength and postural performance during challenging tasks (e.g. stance on a sway-

referenced platform) (Lord and Menz, 2000; Marigold et al., 2004). Given the 

relationships between AH size and postural performance (Zhang et al., 2017; Taş et al., 

2020), and the relationships between muscle size and strength (Trappe et al. 2000; 

Akagi et al. 2009; Latey et al. 2018), AH strength may be related to COP measures. 

Importantly, since strength is measured during voluntary maximal contractions (i.e. 

contractions initiated in the cortex), AH strength may relate to the rambling component 

of sway, however no previous work has correlated measures of strength with the 

rambling or trembling components of postural sway. In the literature, AH strength can 

only be inferred from great toe flexion MVCs (Latey et al. 2018); however, these values 

do not represent accurately AH strength because great toe flexion is performed by 

flexor hallucis brevis and AH. Thus, strength capacity of AH remains to be quantified. In 

the AH, it is also unclear if participants can achieve high VA. It has previously been 

described that participants experience difficulties with activation of AH (Kelly et al. 

2012), however, no formal quantification of voluntary activation has been performed. 

Given the potential role for AH in standing postural control (Kelly et al., 2012; Zhang et 

al., 2017; Wallace et al., 2018), the ability to voluntarily activate AH may influence one’s 

ability to generate contractions to maintain upright balance, specifically its voluntary 

component (i.e. rambling component). 
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Along with strength and voluntary activation, AH whole muscle contractile 

properties may also relate to COP during stance, particularly its trembling component, 

as it does for other muscles (Shin et al. 2019). AH is comprised of largely slow twitch 

fibres (~70%; Sirca et al. 1990) and has relatively low peak firing rates (14 Hz; Kelly et 

al. 2013) which are similar to other lower limb muscles with slower contractile properties 

such as the soleus (Bellemare et al., 1983; Dalton et al., 2009). Taken together, AH 

may be a muscle with relatively slower contractile properties. Yet, many contractile 

measures that would allow for a more direct classification such as rate of force 

development (RFD), relaxation rate (RR), contraction time (CT) and half relaxation time 

(HRT) remain unknown in AH.  

To reiterate, strength, VA, and whole-muscle contractile properties of AH remain 

to be quantified and it is unclear whether these functional measures of AH relate to 

postural performance. Therefore, the present study aimed to quantify AH strength, VA 

and whole-muscle contractile properties and to determine whether such functional 

measures in AH relate to postural performance. We further aimed to determine whether 

strength, VA and contractile properties related to rambling and trembling components of 

postural sway during challenging standing balance tasks. We hypothesized that AH 

strength and VA would negatively correlate with postural sway measures. Therefore, 

individuals with greater AH strength were expected to exhibit less postural sway as 

quantified by center of pressure (COP) displacement velocity and SD. Additionally, we 

hypothesized that individuals with faster AH whole muscle contractile properties would 

sway less because they may be able to more rapidly generate corrective balance 

responses while standing. Therefore, twitch duration, CT and HRT were expected to 
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positively correlate with postural sway, while RFD and RR were expected to correlate 

negatively. Further, we expected strength and VA would correlate stronger with 

rambling-related COP sway than trembling, whereas contractile properties would exhibit 

stronger correlations with trembling-related sway as opposed to rambling.  

3.2 Methods 

3.2.1 Participant Details 

Nine healthy, young adults (6 males; mean age ± SD: 28 ± 7 years) participated 

in this study. Participants were screened prior to participation to ensure that they did not 

suffer from neuromuscular disorders or other conditions that may affect the results of 

this study. All participants gave informed consent and all procedures were approved by 

the University of British Columbia Clinical Research Ethics Board and the University of 

Guelph Research Ethics Board.  

3.2.2 Experimental Setup 

To assess strength, VA and contractile properties of AH, each participant’s right 

leg was strapped to a custom isometric myograph (figure 3). The great toe was securely 

coupled to a metal probe attached to the myograph’s force transducer (SB0-50, 

Transducer Techniques, Temecula, CA, USA) that was positioned perpendicular to the 

great toe as to measure its abduction forces (sampled at 100 Hz). For the measurement 

of functional properties, participants were seated in a chair and maintained a neutral 

ankle angle.  

To locate AH, participants were asked to abduct their great toe. Due to the AH’s 

superficial location, movement of the muscle was evident. Two carbon rubber 
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electrodes were taped onto the skin directly superficial to the AH muscle belly. These 

electrodes were used to electrically evoke muscle contractions during the measurement 

of VA and the assessment of contractile properties. 

3.2.3 Maximal Twitch Determination 

With the participant’s right foot and leg secured in the custom isometric 

myograph, muscular twitch responses were generated through electrical stimulation 

over the AH muscle belly. Doublet stimuli (pulse width: 200 µs, inter-pulse interval: 10 

ms) were delivered by a constant current stimulator (DS7AH, Digitimer, UK). The 

current was increased until greater currents did not correspond with an increase in 

twitch force. This current was used for the assessment of VA and AH contractile 

properties. 

3.2.4 Assessment of Strength and Voluntary Activation 

Since great toe abduction is generated solely by AH, strength was assessed via 

isometric great toe abduction MVCs. Voluntary activation was assessed using the 

interpolated twitch technique (ITT). During each MVC, twitches were generated at rest 

(used for the assessment of contractile properties), during the plateau of the MVC 

(superimposed twitch, SIT) and approximately one second after (potentiated twitch, 

POT) when the AH was relaxed fully. Twitches were evoked by applying doublet 

electrical pulses directly to the AH at the current determined previously. The amplitudes 

of the SIT and POT were used to assess VA.  

[VA = [1-(SIT/POT)] x 100] 
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 In most participants, two MVCs were performed (separated by at least three 

minutes rest). In participants who showed improved force and VA during the second 

contraction, up to three additional maximal contractions were performed. The highest 

VA that was achieved was noted and peak abduction force during this MVC was defined 

as strength.   

3.2.5 Measures of Whole-Muscle Contractile Properties  

 Contractile properties were assessed by measuring force from the two resting 

twitches evoked prior to each great toe abduction MVC by applying doublet stimuli 

(inter-pulse interval = 10 ms) through two carbon rubber electrodes affixed superficial to 

the muscle belly of AH. Force from the twitch responses was low-pass filtered offline 

with a cut-off frequency of 50 Hz. We assessed CT, HRT, twitch duration, peak twitch 

force, RFD and RR (figure 2). Peak twitch force was defined as the peak abduction 

force. CT was measured as the time from the stimulus to peak twitch force. HRT was 

defined as the time for peak twitch force to relax to 50% peak twitch force during the 

twitch relaxation phase. Twitch duration was measured as the time between the onset 

and half-relaxation of the twitch. RFD and RR were calculated by measuring the slope 

of the twitch force in 50 ms intervals during the contraction (RFD) and relaxation (RR) 

phases of the twitch. The peak RFD during twitch contraction and peak RR during twitch 

relaxation were noted. Further, to facilitate comparison of AH’s contractile properties 

with those muscles from other literature and to minimize the influence that twitch size 

had on the contractile properties, we also normalized CT, HRT, duration, RFD and RR 

to peak twitch force. For both absolute and normalized values, shorter twitch duration, 
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HRT and CT, but greater RFD and RR were interpreted to represent faster contractile 

speeds.  

3.2.6 Measurement of Postural Sway 

Eight of the nine participants performed eyes open, single-leg (right leg) stance 

for two trials that were 60 seconds in duration. Forces and moments in all three axes 

were sampled at 100 Hz (OR-6, AMTI, Watertown, MA, USA) and then low-pass filtered 

offline at 10 Hz (Spike2, CED, Cambridge, UK). Postural sway was quantified by 

calculating COP in AP and ML directions. We further analyzed this COP data by 

decomposing it into rambling and trembling components in MATLAB software 

(MathWorks, Natick, MA, USA). Our decomposition method followed the steps outlined 

in Zatsiorsky and Duarte (1999, 2000). This decomposition method suggests that COP 

traces are a summation of rambling and trembling trajectories. For the rambling 

trajectory, it was assumed that time points where the sum of horizontal forces equal 

zero represent instances of equilibrium. The AP and ML COP were then interpolated at 

these time points and these points were joined using a cubic spline method. The 

resultant traces were the rambling component of the COP in AP and ML directions. To 

obtain the trembling component, the AP and ML rambling components obtained in the 

previous step were subtracted from the overall COP traces. From the overall COP, 

rambling COP and trembling COP, we measured center of pressure displacement 

standard deviation (COP SD) and average velocity (COP velocity) in the AP and ML 

directions. Standard deviation of COP displacement was measured by calculating the 

standard deviation of COP displacement over the entirety of each trial. Overall COP SD, 
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rambling COP SD and trembling COP SD from both trials were then averaged and the 

mean COP SD for each COP trajectory was recorded. For each trial, separate velocities 

were measured for overall, rambling and trembling COP. COP velocity was calculated 

by first measuring instantaneous velocities over 50 ms intervals for the trial’s duration. 

These instantaneous velocity values were then averaged, to yield a mean 

instantaneous velocity for each COP trace in each trial. Finally, the mean instantaneous 

velocities from both trials were averaged to yield the participant’s overall COP velocity, 

rambling COP velocity and trembling COP velocity used in the correlation procedure. 

COP velocity was measured in the AP and ML directions for all eight participants.  

3.2.7 Correlation Measures 

 To determine whether AH strength and VA influence postural performance, these 

functional properties were linearly correlated to overall, rambling and trembling COP 

velocity and SD in AP and ML directions. For contractile measures, the normalized 

values were correlated with AP and ML overall, rambling and trembling COP velocity 

and SD. Pearson’s correlation coefficients (r) were calculated for each relationship. 

Based on the value of the correlation coefficient, relationships were interpreted as 

strong (0.70 ≤ r ≤ 1.0 or -1.0 ≤ r ≤ -0.70), moderate (0.40 ≤ r ≤ 0.69 or -0.69 ≤ r ≤ -0.40) 

or weak (-0.39 ≤ r ≤ 0.39). To determine whether each correlation coefficient was 

statistically significantly different from 0, we performed two-tailed t-tests in IBM SPSS 

software (v. 26, IBM Corp., Armonk, NY, USA). To account for multiple comparisons, a 

Bonferroni correction was applied (Curtin and Schulz, 1998). A total of 96 correlations 

were performed (12 COP variables x 8 AH functional properties). The corrected 

significance level was calculated by dividing 0.05 by the total number of comparisons 
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(96). Thus, correlation coefficients were interpreted to be significantly different if p ≤ 

0.0005.  

3.3  Results  

3.3.1 Voluntary Strength and Voluntary Activation 

We assessed AH strength during great toe MVCs (n = 9). Mean strength was 

33.9 ± 21.3 N and the range of values in our participants was 1.2 – 67.6 N (table 1, 

figure 4). During MVCs, we also assessed VA as evaluated by the ITT. Six of nine 

participants achieved >90% activation (range: 2.7-100%) and mean VA was 79.5 ± 

32.2% (table 1, figure 4).  

3.3.2 Contractile Twitch Properties 

From the twitch contractions, we quantified peak twitch force, CT, HRT, twitch 

duration, RFD and RR in nine participants (table 2). Peak twitch force was 5.8 ± 3.3 N. 

Prior to normalization CT, HRT and twitch duration were 169.8 ± 32.3 ms, 124.1 ± 29.2 

ms and 293.9 ± 44.6 ms, respectively.  RFD was 62.9 ± 40.7 N*s-1 while RR was 38.7 ± 

24.3 N*s-1. Once normalized to peak twitch force, RFD and RR were 10.5 ± 0.9 s-1 and 

6.3 ± 0.9 s-1. Normalized CT, HRT and twitch duration were 41.9 ± 26.3 ms*N-1, 32.7 ± 

29.6 ms*N-1 and 74.6 ± 53.6 ms*N-1.  

3.3.3 Relationships of postural sway with strength and voluntary activation 

In eight participants we correlated each of strength and VA with COP velocity 

and SD of the overall, rambling and trembling traces. Correlation coefficients between 

strength and overall COP displacement velocity are shown in table 3 and visualized in 

figure 5. In the AP and ML direction, strength correlated moderately with COP velocity (r 
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= -0.46, p = 0.25, and r = -0.68, p = 0.062, respectively) but weakly with COP SD (AP: r 

= 0.01, p = 0.97; ML: r = -0.14, p = 0.74). When decomposed, strength moderately 

correlated with COP velocity of the rambling component in the AP direction (r = -0.41, p 

= 0.32) but weakly in the ML direction (r = -0.27, p = 0.52). When correlated to the 

rambling COP SD, strength exhibited weak correlations in both AP (r = 0.09, p = 0.84) 

and ML (r = -0.02, p = 0.96) directions. Between strength and trembling COP velocity, 

we observed moderate correlations in the AP (r = -0.44, p = 0.28) and ML (r = -0.58, p = 

0.13) directions. Strength correlated weakly with trembling COP SD (AP: r = 0.26, p = 

0.54; ML: r = 0.19, p = 0.65). Voluntary activation weakly correlated with all COP sway 

measures (-0.30 ≤ r ≤ 0.37, all p > 0.05).  

3.3.4 Relationships of postural sway with whole-muscle contractile properties 

To establish whether there was a relationship with contractile properties we 

correlated COP velocity and COP SD of overall COP, rambling COP and trembling COP 

(table 3) with peak twitch force and normalized (to peak twitch force), CT, HRT, RFD, 

RR and duration (n = 8). Peak twitch force correlated moderately with overall COP 

velocity in the AP direction (r = -0.48, p = 0.23) but weakly in the ML direction (r = -0.24, 

p = 0.57). Correlations between peak twitch force and overall COP SD were moderate 

(AP: r = -0.59, p = 0.12; ML: r = -0.43, p = 0.29). When correlated to rambling COP 

velocity and SD, peak twitch force exhibited moderately strong negative correlations in 

the AP direction (velocity: r -0.68, p = 0.064; SD: r = -0.64, p = 0.089) but weak negative 

correlations in the ML direction (velocity: r = -0.16, p = 0.71; SD: r = -0.33, p = 0.42). 

When correlated with trembling COP velocity and SD, peak twitch force exhibited 
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moderate negative correlations in AP (velocity: r = -0.48, p = 0.23; SD: -0.60, p = 0.12) 

but weakly in ML (velocity: r = -0.10, p = 0.82; SD: r = 0.26, p = 0.54).   

 With overall COP velocity, CT correlated moderately in the AP direction (r = 0.58, 

p = 0.14) but weakly in the ML direction (r = 0.36, p = 0.38). CT exhibited moderate 

correlations with overall COP SD in AP (r = 0.66, p = 0.074) and ML (r = 0.59, p = 0.13). 

CT correlated strongly with AP rambling COP velocity (r = 0.75, p = 0.031) and 

moderately with AP rambling COP SD (r = 0.69, p = 0.058). In the ML direction, CT 

correlated with rambling COP SD moderately (r = 0.51, p = 0.19) but weakly with 

rambling COP velocity (r = 0.25, p = 0.56). Correlation coefficients from relationships 

between trembling COP and CT show that CT related moderately with AP trembling 

COP velocity (r = 0.57, p = 0.14), strongly with AP trembling COP SD (r = 0.73, p = 

0.039) but weakly with ML trembling COP velocity (r = 0.26, p = 0.54) and SD (r = -0.05, 

p = 0.90). Half-relaxation time correlated strongly with AP COP velocity of overall COP 

(r = 0.70, p = 0.054), rambling COP (r = 0.82, p = 0.013) and trembling COP (r = 0.70, p 

= 0.051). With ML COP velocity of overall COP (r = 0.53, p = 0.18), rambling COP (r = 

0.54, p = 0.17) and trembling COP (r = 0.44, p = 0.27), HRT correlated moderately. 

Except for trembling COP SD in AP, which correlated moderately with HRT (r = 0.54, p 

= 0.17), HRT correlated weakly with COP SD measures for the overall COP AP (r = 

0.21, p = 0.61) and ML (r = 0.08, p = 0.86), rambling COP in AP (r = 0.23, p = 0.58) and 

ML (r = 0.04, p = 0.93) and trembling COP in ML (r = -0.13, p = 0.76). Twitch duration 

correlated moderately with overall COP velocity in AP (r = 0.68, p = 0.065), and ML (r = 

0.48, p = 0.23). Duration also correlated moderately with COP SD of the overall COP in 

AP (r = 0.46, p = 0.26) but weakly in ML (r = 0.34, p = 0.41). With rambling and 
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trembling COP, Duration only correlated strongly with rambling COP velocity in AP (r = 

0.83, p = 0.010). Duration correlated moderately with AP rambling COP SD (r = 0.48, p 

= 0.23) and ML COP velocity (r = 0.42, p = 0.30) as well as AP trembling COP velocity 

(r = 0.68, p = 0.065) and COP SD (r = 0.67, p = 0.069). Duration correlated weakly with 

rambling COP SD in ML (r = 0.29, p = 0.49) and both trembling COP velocity (r = 0.37, p 

= 0.36) and SD (r = -0.10, p = 0.82) in ML.  

 When RFD was correlated to AP COP velocity for overall COP (r = -0.84, p = 

0.009), rambling COP (r = -0.90, p = 0.003) and trembling COP (r = -0.85, p = 0.008), 

strong correlations were observed (figure 6). In ML, RFD correlated moderately with 

overall COP velocity (r = -0.61, p = 0.11) and trembling COP velocity (r = -0.51, p = 

0.20) but strongly with rambling COP velocity (r = -0.76, p = 0.029). Rate of force 

development correlated poorly with COP SD of the overall COP (AP: r = -0.18, p = 0.67; 

ML: r = 0.02, p = 0.96), rambling COP (AP: r = -0.16, p = 0.70; ML: r = -0.01, p = 0.99) 

and trembling COP (AP: r = -0.29, p = 0.49; ML: r = 0.02, p = 0.96). Relaxation rate 

correlated moderately with overall COP velocity in AP (r = -0.51, p = 0.19) and ML (r = -

0.42, p = 0.30), rambling COP velocity in AP (r = -0.62, p = 0.10), trembling COP 

velocity in AP (r = -0.53, p = 0.18) and ML (r = -0.42, p = 0.31) and AP trembling COP 

SD (r = -0.44, p = 0.27). Relaxation rate correlated weakly with overall COP SD in AP (r 

= -0.03, p = 0.937), and ML (r = 0.09, p = 0.84), rambling COP SD in AP (r = -0.08, p = 

0.84) and ML (r = -0.04, p = 0.93,) and trembling COP SD in ML (r = -0.35, p = 0.40).  
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Figure 4 - Individual data for AH abduction strength and voluntary 
activation (VA). Each data point represents data from one 

participant. Error bars represent standard deviations and long 
horizontal lines represent the means. 

Table 1- Individual data, mean and SD of 
strength and voluntary activation (VA). 

Participant Strength (N) VA (%) 

1 34.0 98.1 

2 57.7 97.5 

3 67.8 100 

4 47.4 98.4 

5 30.2 94.7 

6 1.2 2.7 

7 35.1 64.5 

8 15.5 95.9 

9 16.5 63.7 

Mean 33.9 79.5 

SD 21.3 32.2 
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Figure 5 - Correlations between strength and center of pressure (COP) velocity of overall (A and 
B), rambling (C and D), and trembling COP (E and F) in anterior-posterior and mediolateral 

directions.
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Figure 6 - Correlations between rate of force development (normalized to peak twitch force) and 
center of pressure (COP) velocity of overall (A and B), rambling (C and D), and trembling COP 

(E and F) in anterior-posterior and mediolateral direction. 
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Table 2 – Absolute and normalized mean (M), range of values and standard deviation (SD) of 
contractile properties. RFD = rate of force development, RR = relaxation rate 

 
  
 
 
 
 
 
 
 
 

Table 3-Correlation coefficients (r) between centre of pressure measures and strength, voluntary activation (VA) and contractile 
twitch properties of AH. Correlation coefficients between 0.40 and 0.69 (moderate positive correlation) or between -0.40 and -0.69 

(moderate negative correlation) are highlighted in grey while correlation coefficients between 0.70 and 1.0 (strong positive 
correlation) or between -0.70 and -1.0 (strong negative correlation) are highlighted in black. VEL = velocity, SD = standard deviation 

  Overall COP  Rambling COP  Trembling COP 
  AP  ML  AP  ML  AP  ML 
Voluntary 
Measures 

 
VEL SD 

 
VEL SD  VEL SD 

 
VEL SD  VEL SD 

 
VEL SD 

Strength  -0.46 0.01  -0.68 -0.14  -0.41 0.09  -0.27 -0.02  -0.44 0.26  -0.58 0.19 
VA  -0.09 0.22  -0.30 0.20  -0.0004 0.25  -0.03 0.31  -0.10 0.36  -0.19 0.37 
                   
Twitch Properties                   
Peak Force  -0.48 -0.59  -0.24 -0.43  -0.68 -0.64  -0.16 -0.33  -0.48 -0.60  -0.10 0.26 
Contraction Time  0.58 0.66  0.36 0.59  0.75 0.69  0.25 0.51  0.57 0.73  0.26 -0.05 
Half-Relaxation 
aTime 

 
0.70 0.21 

 
0.53 0.08  0.82 0.23 

 
0.54 0.04  0.70 0.54 

 
0.44 -0.13 

Duration  0.68 0.46  0.48 0.34  0.83 0.48  0.42 0.29  0.68 0.67  0.37 -0.10 
Rate of Force   
aDevelopment 

 
-0.84 -0.18 

 
-0.61 0.02  -0.90 -0.16 

 
-0.76 -0.01  -0.85 -0.29 

 
-0.51 0.02 

Relaxation Rate  -0.51 -0.03  -0.42 0.09  -0.62 -0.08  -0.70 -0.04  -0.53 -0.44  -0.42 -0.35 

Measure 
Absolute  Normalized 

M Range SD  M Range SD 

Peak Force 5.8 N 2.5-11.6 N 3.3 N  - - - 

Contraction Time 169.8 ms 119.2-221.6 ms 32.3 ms  41.9 ms*N-1 10.3-77.7 ms*N-1 26.3 ms*N-1 

Half-Relaxation Time 124.1 ms 83.1-219.7 ms 29.2 ms  32.7 ms*N-1 7.2-89.2 ms*N-1 29.6 ms*N-1 

Twitch Duration 293.9 ms 202.3-397.8 ms 44.6 ms  74.6 ms*N-1 17.5-161.6 ms*N-1 53.6 ms*N-1 

Peak RFD 62.9 N*s-1 22.6-145.8 N*s-1 40.7 N*s-1  10.5 s-1 9.2-12.6 s-1 0.9 s-1 

Peak RR 38.7 N*s-1 7.2-88.6 N*s-1 24.3 N*s-1  6.3 s-1 2.9-7.8 s-1 0.9 s-1 
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3.4 Discussion 

 This study aimed to quantify the relationship between AH whole-muscle 

contractile properties, strength and VA with postural sway during a challenging single-

legged stance. We hypothesized that greater strength and VA as well as faster 

contractile speeds would correlate with increased postural stability as indicated by 

decreased COP velocity and variability (i.e. COP SD). Furthermore, we expected 

strength and VA to relate strongly to rambling sway parameters, and whole-muscle 

contractile properties to relate to trembling sway parameters. Strength moderately and 

negatively correlated with overall COP velocity, as well as with the components of both 

rambling and trembling in the AP and ML directions. In contrast VA did not correlate 

with any COP parameters. Contractile speed correlated strongly with both rambling and 

trembling sway parameters, especially in the AP direction. Thus, our results present 

some evidence that AH strength and contractile properties correlate with postural sway 

parameters. In contrast to our hypothesis, correlation strengths were not clearly distinct 

between rambling and trembling for both strength and contractile speed parameters, 

questioning the distinction of rambling and trembling between cortical and peripheral 

factors when evaluating standing balance control. 

3.4.1 Strength and Voluntary Activation 

In the current study, mean great toe abduction strength was 33.9 ± 21.3 N. Since 

AH is the only muscle that performs great toe abduction, we can be confident that our 

strength measurement is not confounded by force contributions from muscles other than 

AH. In previous literature, great toe flexion strength has been reported as ~120 N (Latey 
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et al. 2018), but this is a movement performed by both AH and flexor hallucis brevis. 

Therefore, it is difficult to infer AH strength from great toe flexion strength. For this 

reason, we chose to evaluate great toe abduction strength which is exclusively 

generated by AH. However, due to AH’s tendinous insertion at the medial aspect of the 

base of the first phalanx, AH contraction also results in great toe flexion. Since we only 

measured strength in abduction, our values may not represent the total force generating 

capacity of AH, or the movements generated during contraction. While our measures of 

strength may not represent the total force generation from AH contractions, we can be 

confident that our recorded strength was from AH contractions alone. 

For most participants (6/9), strength values were not limited by VA capabilities 

(these participants achieved >90% activation). However, 3/9 participants achieved 

<65% activation which indicates that some individuals may require greater 

familiarization, practice or long-term training to achieve high levels of VA for this 

particular muscle group. This supports previous reports that this muscle group is difficult 

to activate (Kelly et al. 2013; Olivera et al. 2020). Since most participants were able to 

achieve >90% activation, a lack of variability in VA across our subject pool may have 

contributed to the weak correlations between VA and both COP velocity and SD. 

Therefore, the strength of these correlations may be greater in a study population with a 

larger range of voluntary activation such as older adults (Jakobi and Rice, 2002). 

Strength exhibited moderate correlations with overall COP velocity, as well as 

both rambling and trembling COP velocity (-0.68 ≤ r ≤ -0.27) but weak correlations with 

COP SD (-0.14 ≤ r ≤ 0.26) in both AP and ML directions. While all correlation 
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coefficients between strength and COP measures were not significantly different than 

zero, negative correlations between strength and COP velocity indicate that those with 

stronger AH muscles may exhibit reduced sway velocity, and thus greater postural 

stability (Paillard and Noé, 2015). In some literature, it has been suggested that strength 

of lower-limb muscles relates negatively with COP displacements (Billot et al., 2010; 

Handrigan et al., 2012; Cattagni et al., 2014; Paillard, 2017). However, other literature in 

older adults and stroke patients, where such a relationship was not found, suggests that 

strength of the lower-limb postural muscles about the hip, knee and ankle joints only 

relates to postural performance during challenging tasks such as stance on a compliant 

or sway-referenced surface (Lord and Menz, 2000; Marigold et al. 2004). In this 

previous work, it is suggested that the lack of relationship between strength and 

postural sway measures in these larger postural muscles might indicate that maximal 

forces are not required from these muscles during less demanding tasks such as quiet 

standing. Force generating capacity from these muscles may only be important during 

tasks that are more demanding such as responding to postural perturbations. In our 

participants, we observed moderate correlations between strength and COP velocity 

during single-legged stance, emphasizing that our task may be a greater challenge than 

bipedal quiet standing. Our findings may suggest that during tasks like single-legged 

stance, the force generating capacity of the AH may be important for corrective postural 

adjustments to keep the body from toppling.   

3.4.2 Abductor Hallucis Contractile Twitch Properties 

 From twitch contractions, we quantified peak twitch force, RFD, RR, CT, HRT 

and twitch duration. Our results indicate that in AH, these properties are similar to those 
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properties exhibited in muscles traditionally thought to be composed of slow whole-

muscle contractile properties. One such muscle is soleus which exhibits CT and HRT of 

~157 ms and 152 ms respectively (Vandervoort and McComas, 1983), which are similar 

to our values for the AH (CT: ~170 ms, HT: ~124 ms). The triceps brachii, a muscle that 

is comprised of >60% type II (fast) fibres and is considered a fast contractile muscle, 

exhibits an average CT of 68 ms and average HRT of 77 ms (Harridge et al., 1996). 

However, it is important to note that we evoked twitch contractions using doublet stimuli 

applied over the muscle belly. Much of the previous literature have evoked twitch 

contractions by applying single pulse stimuli. In our pilot testing, single pulse stimuli 

evoked twitch contractions that were small (unpublished observation). To increase our 

signal to noise ratio, we increased the size of the twitch contractions by applying doublet 

stimuli. Without normalizing contractile properties to peak twitch forces, this makes the 

comparison of these measures between muscles difficult. To our knowledge, only RFD 

and RR have been normalized to peak twitch force in other muscles. For the triceps 

surae, a muscle group that is thought to be mostly comprised of slow contractile 

properties, Dalton et al. (2009) reported normalized RFD and RR as 15.6 s-1 and 9.3 s-1 

respectively.  In AH, we found that normalized RFD and RR are 10.5 s-1 and 6.3 s-1, with 

the fastest RFD and RR amongst our participants being 12.6 s-1 and 7.8 s-1. This 

suggests that AH is comprised of slow-whole muscle contractile properties. Like other 

slow postural muscles (e.g., soleus) (Johnson et al., 1973; Bellemare et al., 1983; 

Trappe et al., 2001; Dalton et al., 2009), AH has been reported to be primarily 

comprised of fatigue resistant, slow twitch muscle fibres (~70%; Sirca et al., 1990) and 

has relatively low peak firing rates (14 Hz; Kelly et al. 2013), which support our findings. 
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Taken together, AH fibre composition (Sirca et al. 1990), relatively slow firing rates 

(Kelly et al. 2013) and our current work showing slow-whole muscle contractile 

properties, may indicate a potential role for AH in prolonged, low force tasks such as 

quiet standing balance control (Vandervoort and McComas, 1983; Dalton et al., 2009).   

While the AH appears to exhibit slow-whole muscle contractile properties, the 

moderate to strong negative correlations that RFD and RR exhibited with COP velocity 

along with the moderate to strong positive CT and HRT correlations with COP velocity 

suggest that those with relatively faster AH whole-muscle contractile properties have  

slower COP velocity. The ability to rapidly generate forces in other postural muscles, 

such as the plantarflexors (Ema et al., 2016), knee flexors (Bento et al., 2010) and hip 

abductors (Chang et al., 2005) is known to influence stability during postural tasks. 

Further, through modelling, it has been shown that following surface translations, less 

total torque is required about the ankle when forces are generated rapidly (Corbeil et al., 

2001). Therefore, rapid contractile speeds (i.e. faster RFD, CT, HRT and RR) in 

postural muscles, including AH appear to be important for the maintenance of standing 

balance.    

3.4.3 Benefits of Greater Strength and Faster Contractile Speeds 

In previous work (Lord and Menz, 2000; Marigold et al., 2004; Johnson and 

Woollacott, 2011; Paillard, 2017), both greater strength and faster contractile speed 

have been reported to be important factors that influence standing balance control. The 

negative correlations between both strength and contractile speed with COP velocity 

may be occurring due to several underlying mechanisms. During single-legged stance, 
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the AH has been proposed to serve two postural functions: 1) the maintenance of the 

medial longitudinal arch’s structure and, 2) the active control of COP displacement. 

Impairing AH function with nerve block (Fiolkowski et al., 2003) or fatigue (Headlee et 

al., 2008) has been shown to alter foot structure by reducing arch height. If foot 

structure cannot be effectively maintained, the joints of the feet may become less 

congruent (Cobb et al., 2004) which may implicate how forces are transferred during 

postural adjustments to maintain upright balance control (Nawoczenski et al., 1998; 

Zhao et al., 2017). Impaired foot structure as a result of reduced arch height has even 

been proposed to contribute to increased postural sway that is exhibited by flat-footed 

individuals (Tsai et al., 2006; Anzai et al., 2014; Huang et al., 2019). AH functions to 

maintain arch height and stability during loading that is similar to that experienced 

during stance (Kelly et al. 2014). Therefore, greater strength and the ability to perform 

contractions rapidly may allow individuals to sustain medial arch structure following 

changes in loading induced by postural sway and thus, exhibit slower COP velocity and 

greater postural stability. The AH’s second proposed function is the active control of 

COP movement during stance (Kelly et al. 2012; Wallace et al. 2018). Kelly et al. 2012, 

showed during single-legged stance, changes in EMG activation of AH corresponded 

with COP movement in the ML direction. Thus, during single-legged stance, greater 

strength and faster whole muscle contractile speeds may allow AH to generate larger 

and quicker corrective postural adjustments during postural challenges.  
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3.4.4 Voluntary and Involuntary Properties Relate to Both Rambling and 
Trembling 

 Traditionally, rambling and trembling components of sway are thought to 

represent separate supraspinal and peripheral/spinal control mechanisms. As such, we 

hypothesized that voluntary properties (supraspinal) would correlate better with 

rambling sway measures while contractile twitch properties would relate better with 

trembling sway. Interestingly, both AH strength and contractile twitch properties related 

to both rambling and trembling COP velocity to a similar degree. This may suggest that 

the assumption that rambling and trembling represent supraspinal or spinal/peripheral 

control may be too simplistic. However, it is also possible that our functional measures 

do not represent separate supraspinal and peripheral functional outcomes. For 

example, we measured strength during great toe abduction MVCs. While these 

contractions are initiated in supraspinal structures, motor output during voluntary 

ballistic contractions are influenced by contractile properties of the muscle generating 

the force (Andersen and Aagaard, 2006; Maffiuletti et al., 2016), which are thought to 

influence the trembling component of COP sway. It is possible that contractile properties 

of AH influences motor output during other contractions such as maximal contractions 

which we measured strength from. Therefore, one reason we see a correlation between 

strength and the trembling component may be due to influences of peripheral factors on 

strength. Understanding why a clear distinction between rambling and trembling 

correlations was not observed in AH warrants further research.  
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3.4.5 Clinical Applications  

 Numerous musculoskeletal and neurological pathologies are associated with 

postural instability which can hinder quality of life. Training of intrinsic foot muscles has 

already been shown to improve dynamic and static clinical balance test performance, 

however these studies involve training in toe flexion (Kobayashi et al., 1999; Hashimoto 

and Sakuraba, 2014). Our work provides evidence that AH functional properties 

generated through abduction relate to postural balance performance during stance, 

thus, improving neuromuscular function of AH through training in great toe abduction, 

may be a method to improve postural balance in populations with balance deficiencies.  

3.4.6 Conclusions 

 In this work, we highlight that AH whole-muscle contractile properties are likely 

slow in nature, which may indicate that functionally, AH is designed for tasks that 

require prolonged forces such as standing postural control. We also quantified great toe 

abduction strength and provide evidence that most individuals can achieve high levels 

of AH VA, indicating that AH strength is not limited by VA in most individuals in this 

study. Finally, we show that strength and contractile speed are negatively correlated 

with rambling and trembling COP velocity, providing evidence for AH’s role in standing 

balance control.  
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4  General Discussion and Conclusions 

 Previous literature (Kelly et al., 2012, 2014; Zhang et al., 2017; Wallace et al., 

2018) has provided evidence to suggest a potential role for AH during postural tasks 

such as standing balance. Morphological properties of AH, such as muscle thickness 

have been shown to have a relationship with COP sway measures which indicates that 

standing balance, overall, may be influenced by AH morphology (Zhang et al., 2017; 

Taş et al., 2020). What about AH function? Little research has investigated AH 

functional properties such as strength, VA and its whole-muscle contractile properties. 

We aimed to quantify such functional properties because this may provide insight into 

how AH functions during postural tasks. We also asked, how do functional properties of 

AH relate to postural control? Specifically, we were curious about relationships with its 

rambling and trembling components, which could reflect separate supraspinal 

(rambling) and peripheral (trembling) control of postural sway. By breaking down 

postural control into these components and relating AH functional properties to these 

components, we can gain insight into how AH contributes to the maintenance of upright 

balance control. To date, previous studies have not extended correlations between the 

different properties of AH and postural sway to its rambling and trembling components. 

Does AH contribute to rambling postural control or trembling postural control? Is it the 

specific muscle properties of AH that affect balance, or is it the voluntary control of AH 

that matters? These were the questions that this thesis aimed to answer. We provide 

evidence that AH function may influence both rambling and trembling components of 

standing postural control. Additionally, our quantification of AH twitch properties suggest 

that AH is comprised of slow-whole muscle contractile properties. Therefore, these data 
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emphasize that AH function may be designed for postural tasks like single-legged 

standing balance control that require slow and prolonged force production.  

4.1 Lack of Distinction Between Rambling and Trembling 
Relationships 

Unlike in the knee extensors and knee flexors (Shin et al. 2019), contractile 

properties of AH related similarly with both rambling and trembling sway measures, 

suggesting that distinguishing between rambling and trembling as separate cortical and 

spinal/peripheral postural control systems might be too simplistic for AH. While this 

thesis is not the first to suggest that the cortical and spinal/peripheral distinction of 

rambling and trembling sway may be too simplistic (Danna-Dos-Santos et al., 2008; 

Sarabon et al., 2013), this thesis adds to this literature by showing that functional 

properties of AH can relate to both rambling and trembling sway parameters. To 

speculate, one explanation for the lack of distinction might relate to AH’s unique function 

in maintaining medial longitudinal arch structure. The ability to maintain arch structure 

has been suggested to be important for maintaining postural stability (Anzai et al., 2014; 

Saghazadeh et al., 2014; Tahmasebi et al., 2015). Therefore, greater contractile speeds 

and greater strength likely influence one’s ability to effectively maintain arch structure 

following both rambling and trembling postural sway, thereby influencing both rambling 

and trembling sway variables. However, more research is required to understand why 

the supraspinal and peripheral muscle properties and spinal reflex distinction between 

rambling and trembling was not observed in AH.  
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4.2 Limitations 

4.2.1 Correlations Do Not Suggest Causation 

While correlations between AH properties and COP velocity may provide evidence 

for AH’s role in postural control, our data must be interpreted with caution. The COP 

parameters are outcome measures that are affected by muscles activating across many 

joints (Winter et al., 1990). The COP measures have previously been shown to relate to 

muscle properties of other postural muscles such as the knee extensors and soleus 

(Paillard, 2017; Shin et al. 2019). We did not account for such potential confounding 

variables related to other muscles acting about other joints that may contribute to the 

observed relationships. Therefore, our data provide evidence to suggest that AH 

function may influence postural control, however, more research that aims to test the 

postural role of AH in more controlled experiments is required. This may include 

measuring strength and/or contractile properties of these other muscles along with AH 

and performing a multiple linear regression analysis. Performing a multiple linear 

regression analysis would allow us to understand the relationship between AH muscle 

properties and COP variables while considering properties of other muscles.  

4.2.2 Strength and the Interpolated Twitch Technique 

Our data indicate that high levels of VA are achievable during MVCs involving 

great toe abduction. Therefore, for most individuals, AH strength was not limited by VA. 

However, because activity of other intrinsic foot muscles was not evaluated, factors 

such as co-contraction cannot be ruled out as a limitation in one’s ability to produce 

great toe abduction MVCs. Isolated abduction of the great toe is challenging (Kelly et al. 

2013; Olivera et al. 2020). Therefore, while activating AH, participants may have also 
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activated AH’s antagonist, adductor hallucis which would reduce the MVC force during 

great toe abduction.  

4.3 Future Direction – Cutaneous Reflexes in Abductor Hallucis 

An important component of standing balance control is the generation of reflexive 

muscular responses from sensory receptors. An example are the vestibular end-organs 

which provide sensory information about head tilts and accelerations (Day and 

Fitzpatrick, 2005). During balance tasks, perturbing the vestibular system with electrical 

stimulation produces reflex responses in the relevant postural muscles to allow for 

recoveries from postural threats (Britton et al., 1993; Fitzpatrick et al., 1994). Similarly, 

activation of muscle spindles through muscle length changes has been shown to evoke 

reflex responses involved in postural control. These reflexes are thought to be 

particularly important for the recovery from postural perturbations and the degradation 

of stretch reflexes is thought to contribute to postural impairments observed in older 

adults (Pyykko et al., 1990). Finally, cutaneous mechanoreceptors, which provide tactile 

information including skin indentations and stretch, have also been shown to serve an 

important postural role. When the function of cutaneous mechanoreceptors from the 

foot soles is impaired either through cooling or anaesthesia, the amplitude of body sway 

induced through vestibular stimulation and muscle vibration are increased (Magnusson 

et al., 1990b, 1990a; Perry et al., 2000; Nurse and Nigg, 2001). Thus, sensorimotor 

reflexes from the vestibular, muscle spindle and cutaneous sensory systems are 

important for postural control.  
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In AH, Wallace et al., 2018, showed vestibulo-myogenic responses are generated 

in AH following vestibular disturbances directed antero-posteriorly. Other work has also 

investigated the role of the spindle reflex pathway in balance control by studying AH H-

reflexes (Huang et al. 2019). They compared AH H-reflexes and postural performance 

in flat-footed individuals and healthy individuals and found those with flat feet exhibited 

decreased H-reflex amplitude and greater postural instability. Their work suggests that 

decreased AH H-reflex amplitudes may contribute to postural instabilities described in 

flat-footed individuals. Cutaneous reflex responses have only been described in one 

intrinsic foot muscle, the extensor digitorum brevis which performs extension of toes 2-4 

(Jenner and Stephens, 1982). This work shows that the intrinsic foot muscles do exhibit 

cutaneous reflex responses, however, our current understanding of cutaneous reflexes 

in the intrinsic foot muscles has not progressed. It is unclear if other intrinsic foot 

muscles such as AH exhibit cutaneous reflexes. Further, it is unclear if cutaneous 

reflexes in the intrinsic foot muscles exhibit features that are observed in cutaneous 

reflexes in other muscles. One such feature is that the evoked response depends on the 

area of skin that is activated. For example, electrical stimuli at the plantar heel evokes 

excitatory responses in plantarflexor muscles and inhibitory responses in tibialis 

anterior, a foot dorsiflexor (Nakajima et al., 2006; Sayenko et al., 2009). Stimuli applied 

to the plantar forefoot result in inhibition of the plantar flexors and excitation of tibialis 

anterior. In the ML direction, stimuli applied to the lateral forefoot evoke excitatory 

responses in fibularis longus (a foot inverter) while medial forefoot stimuli evoke 

inhibitory responses in this muscle (Nakajima et al., 2006). Therefore, this location-

specificity allows for posturally-relevant muscle responses to be generated during 



 

49 

 

stance and gait. Given AH’s potential role in both AP and ML postural control, 

understanding how stimulation location across the plantar foot influences cutaneous 

reflex responses may provide insights into AH’s role during such tasks. Therefore, our 

next study will build on this thesis and will aim to determine whether cutaneous reflex 

responses can be evoked in AH following stimulation of cutaneous mechanoreceptors 

of the foot and whether these responses exhibit a location-specificity. If such reflexes 

are observed in AH, it would add to the growing evidence for AH’s important role in 

postural balance control.  

4.4 Applications 

In many clinical populations postural balance control is impaired. For example, 

diabetic neuropathy patients exhibit greater amounts of overall postural sway during 

standing tasks which is interpreted to represent poorer postural control (Boucher et al., 

1995). Interestingly, recent work has shown that as diabetic neuropathy progresses, 

intrinsic foot muscle size and function is impaired prior to other muscles extrinsic to the 

foot (Henderson et al., 2020). Therefore, training of AH that increases its strength and 

contractile speed (i.e. increases AH’s power capacity) might benefit postural balance in 

populations with deficits, such as diabetic neuropathy patients. The data presented in 

this thesis suggest that greater strength and faster contractility in great toe abduction 

are related with slower COP velocity, suggesting that training paradigms that aim to 

improve AH strength and contractile speeds may be a method to improve standing 

balance control in clinical populations.  
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4.5 Conclusions 

In this thesis, we quantified strength, VA and whole-muscle contractile properties 

of the AH. We show that during maximal great toe abduction contractions, most 

participants are capable of achieving >90% VA despite limited practice and 

familiarization. We also report that AH is comprised of slow whole muscle contractile 

properties, suggesting that it is functions similar to other muscles involved in standing 

balance control such as the soleus. To support the role of AH in postural control, we 

show that AH strength and whole-muscle contractile properties correlate with COP 

velocity during single-legged stance. Overall, the data in this thesis provides further 

evidence that AH serves a postural role during a challenging balance tasks and these 

findings may have applications in designing clinical rehabilitation programs to improve 

postural performance in populations with deficits. 
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APPENDICES 

Appendix A: Centre of pressure variable calculation flowchart for one 
participant  
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Appendix B: Steps to decompose centre of pressure into rambling and 
trembling for one trial 
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Appendix C: Centre of pressure decomposition steps example 

Figure 7 – One second excerpts of mediolateral (ML) horizontal force (A), centre of pressure 
(COP) displacement (B), rambling COP (C) and trembling COP (D). Grey diamonds represent 

zero crossing points (A) or instantaneous equilibrium points (IEPs) (B and C). Numbers 1,2 and 
3 represent the 3 steps required to decompose COP into rambling and trembling components: 

1. Identifying IEPs in COP, 2. Cubic spline interpolation of IEPs to estimate the rambling 
trajectory, 3. Estimation of the trembling trajectory.

A 
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In this example, mediolateral (ML) centre of pressure (COP) is being decomposed 

into rambling and trembling components. Above are one second excerpts of ML 

horizontal force (A), ML COP (B), along with the rambling (C) and trembling (D) 

components of ML COP. Decomposing COP into rambling and trembling components 

involves three steps: 

1. Identifying instantaneous equilibrium points (IEPs) in COP  

IEPs occur when horizontal force is equal to zero. Thus, to identify IEPs in ML COP, 

instances when ML horizontal force equals zero must be identified. In the one-second 

excerpt in figure 7A, five instances occurred where horizontal ML force equaled zero 

(indicated by the grey diamonds). COP at these time points which represent IEPs 

(indicated by the grey diamonds in figure 7B), are then interpolated.   

2. Cubic spline interpolation of IEPs to estimate rambling COP trajectories 

To estimate the rambling COP trajectory, the IEPs determined in the first step (grey 

diamonds in figures 7B and 7C) are joined using a cubic spline method. The resultant 

waveform represents the rambling component of COP (figure 7C). 

3. Estimation of the trembling component 

The rambling and trembling hypothesis suggests that COP is comprised of rambling 

and trembling only. Thus, to estimate trembling trajectories, the rambling trajectory 

estimated in step 2 is subtracted from the overall COP trajectory. The result of this 

subtraction represents the trembling component (e.g. figure 7D).  
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Additional Notes: 

Prior to identifying instances when horizontal forces were zero, the bias must be 

removed from the horizontal force recording (i.e. the signal should have a mean of 

zero). Additionally, horizontal force should be filtered prior to decomposition. 


