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ABSTRACT 

TACTILE PERCEPTION ACROSS THE HUMAN FOOT SOLE AS EXAMINED 
BY THE FIRING CHARACTERISTICS OF CUTANEOUS AFFERENTS AND 

MECHANICAL PROPERTIES OF THE SKIN   
 

Nicholas D.J. Strzalkowski      Advisor:  
University of Guelph, 2015     Dr. Leah R. Bent 
 

This dissertation presents four complementary experiments that investigated 

distinct aspects of tactile perception across the human foot sole. The firing characteristics 

of primary cutaneous afferents in response to light touch and vibration was established, 

and the influence of the mechanical properties of the skin examined. This work 

contributes to a large body of electrophysiology and psychophysical literature that 

established the neural mechanisms of tactile perception in the hand. This earlier work 

demonstrated that tactile sensibility in the hand arises from four classes of specialized 

mechanoreceptor afferents in the glabrous skin. Each class preferentially responds to 

distinct features of mechanical stimuli, which enables the transmission of a broad range 

of tactile, somatosensory feedback to the central nervous system. Cutaneous afferent 

feedback provides both exteroceptive information about the interaction of the body with 

objects in the environment, and proprioceptive information about joint position. The 

glabrous skin on the hands and feet purportedly contain the same four classes of 

cutaneous mechanoreceptor afferents; however little work has investigated tactile 

perception or cutaneous afferent firing characteristics in the foot sole. This dissertation 

investigated the ability of foot sole cutaneous afferents to respond to exteroceptive, light 

touch and vibration stimuli, the influence of skin mechanics, and the relationship with 

tactile perception. The results from this dissertation can be summarized in five main 

conclusions. First, skin hardness and thickness can be significantly different across the 

foot sole, and this has an influence on monofilament (MF), but not vibration perception 

threshold (VPT). Second, fast adapting (FA) but not slowly adapting (SA) afferents are 

shown to mediate MF perceptual threshold across the foot sole. Third, skin hardness can 

influence the firing thresholds of FA afferents, which is thought to account for elevated 
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monofilament perceptual thresholds at harder foot sole sites. Fourth, each cutaneous 

afferent class is uniquely tuned to vibration stimuli, however there is a limited capacity 

to isolate firing from individual afferent classes, with the exception of FA type II 

afferents at low amplitude and high frequency vibrations. Fifth, foot sole vibration 

perception may be mediated by two neural mechanisms; a low frequency range where a 

combination of firing across afferent classes contribute to perception, and a high 

frequency range mediated by FAII afferent activity. The findings from the four 

experiments in this dissertation help to establish the capacity of foot sole cutaneous 

afferents to deliver tactile feedback to the central nervous system, and contributes to a 

restructuring of the assumptions about the contributions of the different cutaneous 

afferent classes to tactile sensitivity testing. This work enhances the understanding of the 

foot sole as a sensory structure, and provides a foundation for the development of 

facilitatory insoles and other tactile enhancement interventions.  
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Chapter 1: Introduction  

1.1 Summary of dissertation significance 

Four classes of specialized tactile receptors innervate the skin on the soles of the 

feet and transmit information about touch and pressure through sensory afferents 

(nerves) to the central nervous system (CNS). This cutaneous (skin) feedback plays an 

important role in the control of gait and maintenance of standing balance. The functional 

contribution of foot sole cutaneous feedback is evident by the role it plays in the 

reflexive modulation of descending motor commands to the lower limbs (Zehr and Stein 

1999), and by providing the sense of body movement with respect to the ground 

(Kavounoudias et al. 1998). In situations where this feedback is impaired, either 

naturally through ageing (Perry 2006) and disease (Prätorius et al. 2003; Kars et al. 

2009), or experimentally through cooling (Eils et al. 2004) and local anaesthesia (Meyer 

et al. 2004a), the control of standing balance is reduced. In an effort to mitigate balance 

impairment, several intervention strategies have attempted to improve the quality of foot 

sole cutaneous feedback through specialized shoe insoles (Priplata et al. 2005; Perry et 

al. 2008). A challenge faced in the development of such tactile enhancement 

interventions has been the limited understanding of foot sole cutaneous afferent firing 

characteristics (the sensitivity of each class to different tactile stimuli) and sensory 

contributions (how afferent firing relates to the sense of touch and motor commands). To 

date, the majority of studies that have investigated cutaneous afferents have focused on 

the hand. To fully understand the mechanisms of standing balance control, and to 

optimize the development of intervention strategies, the capabilities of foot sole 

cutaneous afferents in providing tactile feedback must first be established. The primary 

objective of this dissertation is to provide a foundational understanding of the capacity of 

foot sole cutaneous afferents to respond to light touch and vibration stimuli, and establish 

the relationship between cutaneous afferent firing and tactile perception across the foot 

sole. The firing capacity of cutaneous afferents will depend on the ability of the skin and 

surrounding tissue to deform and transmit force to the mechanoreceptor endings. An 

additional objective of this dissertation is to understand the influence of the mechanical 
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properties of the skin on cutaneous afferent firing, and perceptual thresholds across the 

foot sole.  

1.2 Dissertation overview  

This dissertation consists of four complementary research projects presented in 

manuscript style. Each manuscript presents a unique research project that may be read 

independently, or as part of the larger dissertation. Experiments II, III, and IV were 

conducted in parallel and an overlapping set of cutaneous afferent recordings were 

examined across these experiments. The manuscript order follows the progression of 

related research questions that together contribute to the literature on tactile feedback. 

The first experiment explored the influence of skin mechanical properties on foot sole 

tactile perception. The second experiment focused on light touch, and the influence of 

skin hardness on afferent firing thresholds and associated perception thresholds. The 

third experiment established foot sole cutaneous afferent vibration tuning curves that 

highlighted the capacity of each afferent class to provide vibration feedback. The forth 

experiment then linked the thresholds of vibration perception with afferent firing 

thresholds to better understand vibration feedback from the foot sole. Accompanying the 

manuscript chapters is an introduction overview of the associated literature, and a 

general discussion of the significant scientific contributions of the dissertation. In 

addition, two novel research findings that are absent in the manuscripts but relevant to 

dissertation objectives are presented before the general discussion. In the following 

sections, the research questions, background literature, and individual projects are 

presented. Chapter 1 introduces the dissertation, and provides a summary of significance 

(1.1), an overview of the contents (1.2), summary of objectives (1.3), and a statement 

about ethics (1.4). Chapter 2 provides an overview of the supporting literature that 

includes an introduction to cutaneous mechanoreceptors (2.1), the sense of touch (2.2) 

and the role of skin in the control of posture and gait (2.3). Chapter 3 is a general 

methods section and provides additional details about the experimental techniques than 

what is covered in the manuscript chapters. Topics include, monofilament testing (3.1), 

vibration (3.2), ultrasound measurements of skin thickness (3.3), skin hardness (3.4), and 

microneurography (3.5).  Chapters 4-7 contain Experiments I-IV, presented in 
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manuscript style. Chapter 8 presents additional measurements that contribute to the 

overall dissertation but are not contained in the four experiment chapters. Chapter 9 is a 

general discussion that integrates the main findings of the dissertation within the 

literature, and highlights the major scientific contributions and future directions of the 

work.  

1.3 Summary of dissertation objectives  

1.3.1 Research objective 

In accordance with the rationale provided in section 1.1, major and minor 

research objectives were formed for each of the four dissertation experiments and are 

outlined in detail below. In addition, preliminary measurements on the distribution of 

foot sole afferents were made that challenge the current understanding of cutaneous 

afferent distribution across the foot sole and are presented in Chapter 8.  

1.3.1.1. Experiment I:  

Experiment I investigated monofilament and vibration perceptual sensitivity, as 

well as skin mechanical properties, including skin hardness and epidermal thickness and 

stretch response at five foot sole locations. The research objectives were:  

Major  

i. To investigate the relationship between the mechanical properties of the skin and 

tactile perception across the foot sole.  

Minor  

ii. To measure monofilament and vibration perception threshold across the foot sole 

and compare with previous studies in the literature.  

iii. To measure skin hardness and epidermal thickness and stretch response and 

determine how they differ across the foot sole.  

1.3.1.2. Experiment II 

Experiment II recorded the firing thresholds of foot sole cutaneous afferents in 

response to monofilament stimuli, and the corresponding perceptual thresholds at the 

same location (afferent receptive field). Skin hardness was also measured at each 

receptive field. The research objectives were: 
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Major  

i. To understand the relationship between monofilament perceptual threshold and 

the afferent firing thresholds of each cutaneous afferent class across the foot sole.  

Minor 

ii. To investigate the influence of receptive field hardness on afferent firing 

thresholds, and relationship with perceptual thresholds.  

1.3.1.3. Experiment III 

Experiment III measured the vibration response characteristics of foot sole 

cutaneous afferents.  

Major 

i. To establish vibration tuning curves, which are firing profiles at different 

frequency-amplitude combinations, for the four classes of foot sole cutaneous 

afferents.  

Minor 

ii. To compare the vibration firing responses of foot sole afferents with those 

previously established in the hand.  

iii. To determine the ability to isolate the firing of foot sole afferent classes through 

vibration stimuli.  

1.3.1.4. Experiment IV 

  Experiment IV examined the association between cutaneous afferent vibration 

firing thresholds and vibration perception thresholds across the foot sole. 

 Major  

i. To understand the relationship between vibration perceptual threshold and 

afferent firing threshold across cutaneous afferent classes and stimulus frequency. 

Minor    

ii. To determine the contribution of each afferent class in evoking vibration 

perceptual threshold at different frequencies.  

 

 

 



 

5  

1.4  Statement of ethics  

The experiments presented in this dissertation were all conducted in accordance 

with the ethical guidelines of the University of Guelph and were approved by the 

University Research Ethics Board. Experiment I was also approved by the Research 

Ethics Board at the Canadian Memorial Chiropractic College.
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Chapter 2: Literature review 

2.1  Cutaneous mechanoreceptors 

Cutaneous mechanoreceptors and associated afferents are the fundamental units 

within the nervous system for the transduction and transmission of tactile feedback to the 

brain. Cutaneous afferents originate in the dorsal root ganglia and project to specialized 

mechanoreceptor endings within the epidermal and dermal layers of the skin (Figure 

2.1). Cutaneous afferents are distinguished from other sensory modalities for their high 

sensitivity and specificity to mechanical deformations of the skin. When vibration, 

pressure, or stretch is applied to the skin, mechanical deformations are transmitted 

through the tissue to the cutaneous afferent mechanoreceptor endings. Each ending 

contains stretch sensitive ion channels that open when the membrane is deformed. This 

leads to membrane depolarization and the generation of action potentials that travel to 

the central nervous system (CNS). Four specialized mechanoreceptor endings have been 

identified that innervate the glabrous skin of the hands (Knibestöl and Vallbo 1970) and 

feet (Kennedy and Inglis 2002). The morphology and termination depth of the different 

mechanoreceptors dictate the unique firing characteristics exhibited by each cutaneous 

afferent class (Iggo 1977; Johnson 2001). It is well established that each cutaneous 

afferent class preferentially encodes distinct tactile stimuli (Johnson 2001), however 

most tactile stimuli evoke an afferent population response, with activity spanning the 

different afferent classes (Hallin et al. 2002). The existence of distinct, overlapping 

tactile channels allows for a spectrum of tactile feedback to be provided; akin to colour 

vision provided by the different photoreceptors in the retina. The current understanding 

of cutaneous afferent contributions to tactile sensibility has come largely from work in 

primates (Talbot et al. 1968; Mountcastle et al. 1972; Kekoni et al. 1989; Hennig and 

Sterzing 2009), cats (Iggo and Ogawa 1977; Hämäläinen and Pertovaara 1984; Kennedy 

and Inglis 2002),  and from the human hand (Vallbo and Johansson 1978; Johansson and 

Vallbo 1979a; Hoffmann et al. 1994). This dissertation expands this understanding to 

include the cutaneous afferents innervating the glabrous skin of the human foot sole; 

their firing characteristics; and role in tactile perception.  
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2.1.1 Classification of afferent class 

The combination of sensory nerve and mechanoreceptor ending make the sensory 

unit. Sensory units are commonly referred to as cutaneous afferents, and are classified 

based on their ability to respond to different tactile stimuli (fast adapting or slowly 

adapting) as well as their receptive field characteristics (type I or type II) (Knibestöl and 

Vallbo 1970). This section highlights class specific adaptation and receptive field 

differences, and how these differences are used in afferent classification during single 

unit recordings.  

2.1.1.1. Adaptation properties  

 Cutaneous afferents are classified as fast adapting (FA) or slowly adapting (SA) 

based on their ability to fire in response to sustained stimuli (Knibestöl and Vallbo 1970; 

Macefield 2005). Each FA afferent will typically fire at the onset of a sustained 

indentation and again once the stimulus is removed. This is referred to as an on-off 

response. FA afferents are sensitive to the rate of change of mechanical stimuli and 

continue to fire throughout the dynamic phase of an indentation, but cease to fire once 

the indentation is sustained (Knibestöl 1973; Iggo 1977). Conversely, SA afferents 

continue to fire throughout sustained indentations and skin stretch, in addition to 

demonstrating a dynamic response (Iggo 1977). The discharge frequency of SA afferents 

is related to the magnitude of the applied stimulus, while FA discharge frequency relates 

to indentation acceleration. In the hand, SA type II afferents commonly display a resting 

discharge in the absence of applied pressure or stretch (Iggo 1977). A background 

discharge has not been observed in the foot sole, or for any other cutaneous afferent 

classes (Iggo 1977; Kennedy and Inglis 2002). The specialized adaptation properties of 

FA and SA afferents to sustained indentations is well established and remains the 

primary tool for the classification of cutaneous afferents as FA or SA during single unit 

recordings.  

  In addition to static indentations, cutaneous afferents adapt to dynamic vibration 

stimuli. Prolonged exposure to suprathreshold vibratory stimuli can cause reversible 

increases in afferent firing threshold due to an accumulation of calcium ions in the 

afferent terminal (Bensmaia et al. 2005). Calcium accumulation hyperpolarizes the 

afferent terminal, which necessitates a larger depolarization stimulus to evoke 
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subsequent action potentials. In this way, afferent hyperpolarization raises spiking 

threshold and/or spiking refraction time. The rate and duration of vibratory adaptation 

has been shown to increase at higher frequencies, an observation in line with a greater 

influx of calcium ions into the afferent terminal (Bensmaia et al. 2005). Vibration 

exposure has been shown to have a larger impact on SAI afferent firing compared to FAI 

afferents in the hand (Ribot-Ciscar et al. 1996). Continuous vibration for 10 minutes 

depressed the activity of less then half of the FAI afferents, while all SAI afferents had 

decreased firing rates, and it took up to 20 minutes for the SAI afferents to fully recover 

(Ribot-Ciscar et al. 1996). SAI afferents were also found to adapt more quickly to 

vibratory stimuli than FAI and FAII afferents (Leung et al. 2005). This paradoxical 

finding (SA afferents adapt more rapidly) demonstrates the existence of different 

mechanisms behind static and dynamic (vibration) adaptation. The structure of FA 

afferent mechanoreceptor endings, that facilitates their rapid adapting to sustained 

indentations, also lets them recover rapidly from and continue to respond to vibratory 

stimuli. In contrast, SAI afferents adapt to sustained pressure and vibration in the same 

way; due to ion flow into the receptor terminal (Leung et al. 2005). Vibration adaptation 

is thought to contribute to impaired tactile and proprioceptive ability and should be 

considered when evaluating and conducting psychometric and clinical tests.  

Afferent adaptation is responsible for the tactile phenomenon of forward 

masking, where an initial stimulus reduces the probability of a second stimulus to be 

detected. In forward masking, a masking stimulus interferes with the ability of the 

mechanoreceptors to fire in response to a target (perception) stimulus delivered after the 

masker (Gescheider et al. 1989). Forward masking has been used experimentally to 

selectively activate and identify distinct tactile channels in the hands of monkeys and 

humans (Gescheider et al. 2004). Masking places operational limitation on the tactile 

system, setting a peripheral speed limit on temporal summation on cutaneous afferents. 

For example, masking effects were found to constrain the speed at which congenitally 

blind participants could read brail (Bhattacharjee et al. 2010). Adaptation and masking 

are inherent properties of cutaneous afferents and directly relate to the firing capacity of 

each class.  
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2.1.1.2. Receptive field characteristics  

Fast and slowly adapting cutaneous afferents are further classified as type I  (FAI 

and SAI) or type II (FAII and SAII) based on their receptive field characteristics 

(Johansson 1978; Vallbo and Johansson 1984). A receptive field represents the area of 

skin, typically round or oval, over which an afferent is most easily excited. Each 

receptive field is unique in size, shape, and hot-spot (location of maximum sensitivity) 

number and location. These receptive field features arise from the morphology and 

termination location of the mechanoreceptive ending(s) as well as the branching pattern 

of the distal axons. Type I afferents branch as they enter the skin and terminate in 

multiple, small mechanoreceptor endings (Vallbo and Johansson 1978; Pruszynski and 

Johansson 2014). As a result type I afferents typically have small receptive fields (foot 

sole average 55mm2) with distinct borders and multiple hot-spots (Vallbo and Johansson 

1978; Kennedy and Inglis 2002; Pruszynski and Johansson 2014). FAI afferents typically 

contain 12-17 such hot-spots while SAI afferents contain 4-7, which are thought to 

correspond to the number of mechanoreceptors endings typical of each class (Macefield 

and Birznieks 2009). In contrast, type II afferents do not branch within the skin and 

innervate a single, relatively large mechanoreceptor. In this way type II afferents are 

classified by their large receptive fields (foot sole average 205mm2), with indiscriminate 

borders and a single zone of maximal sensitivity (Kennedy and Inglis 2002). In 

particular, FAII afferents are exceptionally sensitive to vibrations applied within, but also 

remote to their receptive fields. SAII afferents also respond to remote stimuli but are 

vibration insensitive. SAII afferents are unique in their sensitivity to skin stretch applied 

through their receptive fields (Kennedy and Inglis 2002).  

The receptive field properties of type I afferents make them ideally suited to 

provide tactile feedback with high spatial resolution, where as type II afferents are suited 

for different forms of tactile feedback (Johansson 1978). The diffuse receptive field 

borders of FAII and SAII afferents allow them to respond to stimuli over a large area, 

which may play a role is detecting joint movement and muscle contraction (Johansson 

1978). In contrast, the distinct boarders, and multiple hotspots of type I afferents allow 

them to individually and as a population code for edge orientation and velocity across the 

skin (Pruszynski and Johansson 2014). The presence of unique receptive field properties 
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allow each cutaneous afferent class to provide distinct features of tactile feedback to the 

CNS, and allows for the accurate classification of units into classes (type I vs type II) 

during single unit recordings.   
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Figure 2.1: Diagram of the glabrous skin illustrating the four different types of 
specialized cutaneous mechanoreceptor endings within the epidermis and dermis. 
Meissner corpuscles are associated with FAI afferents, Merkel disks with SAI afferents, 
Ruffini organs with SAII afferents and Pacinian corpuscle with FAII afferents. This 
figure has been adapted from: The Sense of Touch: Performance and Peripheral Neural 
Processes by Ian Darian-Smith (Darian-Smith 2011)  
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2.1.2 Distribution of mechanoreceptors  

Tactile sensitivity (ability to detect small changes in stimulus amplitude) and 

acuity (ability to distinguish spatially distributed points on the skin surface) are 

influenced by the distribution of the mechanoreceptor classes in the skin. Both spatial 

and temporal features of tactile stimuli are represented by the firing patterns of cutaneous 

afferent populations (Johnson and Hsiao 1992). Skin areas of high afferent density, such 

as the fingertips, will have a high probability for multiple stimuli to fall into distinct 

receptive fields (high two-point discrimination) and to activate the most sensitive units 

(low perceptual threshold). In fact, tactile acuity, when compared across male and female 

participants, was found to inversely align with the finger tip surface area, where 

participants with smaller fingers (regardless of sex) had better acuity (Peters et al. 2009). 

In view of the fact that mechanoreceptor quantity is similar between people (Dillon et al. 

2001), the inverse relationship between tactile acuity and finger tip surface area 

highlights the importance of afferent density in mediating tactile acuity. Estimates of 

afferent density have been made in the glabrous skin on the hand, based on data from 

single unit recordings and histological analysis of the median nerve (Johansson and 

Vallbo 1980). Similar estimates of cutaneous afferent density have not been conducted in 

the foot sole.  

2.1.2.1. Hand  

There are thought to be around 17 000 cutaneous afferents innervating the 

glabrous skin on the hand (Johansson and Vallbo 1979b).  Estimates in the hand has 

shown the density to vary in a proximal-distal gradient; where an abrupt increase in 

afferent density is observed in the finger tips compared to the middle phalanges and the 

palm (Johansson and Vallbo 1979b). Mechanoreceptor density in the finger tips have 

been estimated to reach 241 units/cm2, where estimates in the palm are 58 units/cm2 

(Johansson and Vallbo 1979b). This density gradient is driven by type I afferents, where 

as the distribution of type II afferents are not significantly different between the fingers 

and palm. In the fingertip, FAI and SAI afferents are estimated to reach densities around 

140units/cm2 and 75units/cm2 respectively, in contrast to 25units/cm2 for FAI and 

15units/cm2 for SAI afferents in the palm. Conversely FAII and SAII afferents have 

consistent densities around 20units/cm2 across the hand (Johansson and Vallbo 1979b). 
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An additional study by the same authors reaffirmed this proximal-distal relationship, and 

report the density of type I afferents (FAI and SAI combined) to increased from the palm 

(33 units/cm2) to the middle of the finger (67 units/cm2), and to reach a maximum at the 

finger tip (211 units/cm2) (Johansson and Vallbo 1980). Interestingly, vibration 

perceptual thresholds align with the proximal-distal increase in type I afferent density, 

where the distal phalanges have lower thresholds compared to more proximal locations 

(Löfvenberg and Johansson 1984). In addition, the proportion of type I afferents in the 

hand is much higher than type II afferents; where type I are reported to account for 

approximately 68% of the population, with FAIs being the most abundant (Vallbo and 

Johansson 1984). Estimates vary study-to-study, however FAI, SAI, FAII and SAII 

afferents are typically reported to account for approximately 43%, 25%, 13% and 19% of 

the median afferent population respectively (Knibestöl and Vallbo 1970; Johansson and 

Vallbo 1979b; Johansson and Vallbo 1980; Vallbo and Johansson 1984). 

2.1.2.2. Foot 

Estimates of cutaneous afferent density and distribution in the leg and foot are not 

as well established as those in the hand. There have been fewer lower limb 

microneurography experiments (recordings from single cutaneous afferents) and limited 

data to make such estimates. Previous lower limb recordings report similar afferent class 

proportions compared to those in the hand. FAI afferents are always reported to be the 

most abundant while the proportion of the other classes are relatively even. Recordings 

from afferents innervating the foot sole report FAI afferent to make up approximately 

46% of the population, while FAII afferents represent around 13%, SAI 20% and SAII 

21% (Kennedy and Inglis 2002; Fallon et al. 2005; Lowrey et al. 2013). Similarly, a 

study that recorded from the sural nerve (hairy skin) identified 102 units innervating the 

lateral border of the foot dorsum and leg, and reported 49% FAI, 31% SAI, 11% SAII 

and 9% FAII afferents (Trulsson 2001). Unlike the hand, the spatial distribution of 

afferents across the foot sole is thought to be even. A distinct proximal-distal gradient, 

apparent in the hand, is not evident from the few studies reporting cutaneous afferents in 

the foot sole (Kennedy and Inglis 2002; Fallon et al. 2005; Lowrey et al. 2013). This 

dissertation contributes 102 additional foot sole units to the literature, and their 

distribution across the foot sole is discussed in more detail below (Chapter 8). In short, 
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these data suggests that a medial-lateral increase in afferent distribution may be present. 

It does however appear that FAI afferents are the most abundant, and that across the foot 

sole a similar population of cutaneous afferents will fire in response to tactile stimuli.  

2.1.3 Morphology and location of mechanoreceptors  

Cutaneous feedback is transmitted via large diameter Aβ cutaneous afferents that 

have their cell bodies in the dorsal root ganglia located off the main axon track. This 

pseudounipolar arrangement permits a direct path from mechanoreceptor terminal to 

central targets without interacting with the cell body. The peripheral axons course 

through the subcutaneous and dermal tissue in bundles, and individually lose their 

Schwann cell covering before terminating in one or more specialized non-neural 

cutaneous mechanoreceptors (McGlone and Reilly 2010). Cutaneous afferent classes 

have morphologically distinct mechanoreceptor endings, which enables specific tactile 

features to be transduced by each class. The unique adaptation and receptive field 

properties of each class is due to the morphology and termination depth of their 

mechanoreceptor endings (Iggo and Andres 1982).  

Cutaneous mechanoreceptors are categorized as either encapsulated or 

unencapsulated (Iggo 1977). Encapsulated mechanoreceptors include the Meissner 

corpuscle, Pacinian corpuscle and Ruffini ending, which form specialized non-nervous 

capsules in which their associated primary afferents terminate (Iggo and Andres 1982). 

The capsular structure directly interacts with the afferent terminal, transducing 

mechanical stimuli. The encapsulated mechanoreceptors reside within the dermis and/or 

subcutaneous tissue. In contrast, the unencapsulated mechanoreceptors, the Merkel cells, 

are located in the basal layer of the epidermis. Merkel cells interact with their primary 

afferents synaptically, rather than through direct mechanical stimulation (Haeberle and 

Lumpkin 2008). The modality specificity of each cutaneous afferent class is determined 

by its location and specialized morphology of its mechanoreceptor endings.  

2.1.3.1. Meissner corpuscle (FAI afferent) 

Meissner corpuscles are associated with FAI afferents (Figure 2.1). They are partly 

capsulated, coil-like structures that form at the afferent terminal (Vega et al. 2009). They 

are superficially located within the dermal papillae of glabrous skin where they are 
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structurally integrated into the surrounding tissue (Iggo and Andres 1982). Each primary 

FAI afferent terminates in multiple Meissner corpuscles, and estimates in the literature 

range between 2-6 (Iggo and Andres 1982) and 12-17 (Macefield and Birznieks 2009) 

Meissner corpuscles per afferent. The size, location and polyinnervation of the Meissner 

corpuscles give the FAI afferents relatively small receptive fields, with distinct borders 

and multiple hot-spots. Each Meissner corpuscle consists of modified epithelial cells, 

which form flattened laminar layers. Through these layers, the unmyelinated terminal 

branches of the primary afferent are integrated. In this arrangement, a mechanical 

deformation of the skin causes the laminar cells to shear past each other. This shearing 

distorts the afferent terminals causing them to depolarize. When an applied force in 

maintained, the laminar cells remain fixed in a displaced position, and thus cease to exert 

pressure on the afferent terminal. As a result, the primary afferents produce transient, 

rapidly adapting discharges in response to changes of applied force to the skin. This 

discharge pattern is observed as a distinct on-off response. Meissner corpuscles are 

particularly sensitive to movements across their receptive fields and populations of FAI 

afferents can reliably code the velocity of movement across the skin (Johnson 2001). 

2.1.3.2. Pacinian Corpuscle (FAII afferent) 

Pacinian corpuscles are associated with FAII afferents (Figure 2.1). They are large 

encapsulated mechanoreceptors located throughout the dermis and subcutaneous tissue in 

both hairy and glabrous skin. They are typically 0.5-2mm long, 0.7mm wide and contain 

20-70 fluid filled laminar cell layers (Iggo and Andres 1982). The laminar layers provide 

elastic, and the fluid layers viscous properties to the capsule. This viscoelastic 

arrangement rapidly attenuates low velocity, or sustained indentations while facilitating 

the transmission of high velocity components of skin deformations to the capsule core 

(Iggo 1977). High velocity skin deformations displace the viscous fluid, which facilitates 

the transmission of force through the laminar layers to the afferent terminal. In contrast, 

low velocity or sustained deformations primarily act on the elastic laminar layers, which 

generate little viscous force. The elastic components can store elastic energy, which 

when released with sufficient velocity, produce viscous force and cause the sensory 

afferent to discharge (Loewenstein and Mendelson 1965). Effectively, the capsule acts as 

a mechanical filter, decreasing the duration of each generator potential to less than 6ms, 
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making FAII afferents fast adapting and extremely sensitive to high frequency vibrations 

(Loewenstein and Mendelson 1965). Each primary FAII afferent terminates within the 

core of a single Pacinian corpuscle. The large size, deep location and single innervation 

of each Pacinian corpuscle gives FAII afferents large receptive fields with single hot-

spots and undefined borders.  

2.1.3.3. Merkel Cell (SAI afferent) 

The Merkel complex is associated with SAI afferents (Figure 2.1). The Merkel 

complex consists of a specialized unencapsulated receptor, the Merkel cell, which 

encloses the flattened primary afferent terminal called the Merkel disc (Iggo 1977). The 

Merkel cells are located superficially within the basal layer of the epidermis, orientated 

with its long axis parallel to the skin surface (Winkelmann and Breathnach 1973). SAI 

afferents branch extensively within the dermis where they also lose their myelin sheath 

(Iggo and Andres 1982). SAI afferents can therefore innervate 10-100 neighbouring 

Merkel cells, which results in an irregular firing pattern and multiple hot-spots within 

their receptive fields (Haeberle and Lumpkin 2008). The superficial arrangement of 

Merkel cells give SAI afferents relatively small receptive fields with well defined 

borders. Protrusions from the Merkel cell body tightly couple it with surrounding 

keratinocytes (Winkelmann and Breathnach 1973). This tight coupling makes Merkel 

cells sensitive to distortions of the surrounding tissue. In response to localized 

mechanical stimuli, the Merkel cells release neuropeptides, which depolarize the primary 

afferent. The rate and duration of neuropeptide release is related to the magnitude and 

time over which the Merkel cell remains distorted. In this way, the Merkel cell act as a 

slowly adapting mechanoreceptor.   

2.1.3.4. Ruffini ending (SAII afferent)  

Ruffini endings are associated with SAII afferents (Figure 2.1). They are spindle 

shaped encapsulated mechanoreceptors that reside deep in the dermis of both glabrous 

and nonglabrous skin. They typically have 3-5 lamellae layers and range in length from 

0.5-2mm (Iggo and Andres 1982). Each SAII afferent innervates a single Ruffini ending. 

The Ruffini ending’s deep location and single innervation give SAII afferents large 

receptive fields with a single hot-spot and undefined borders. The Ruffini endings lie 

with their long axis parallel to the surface of the skin. They are anchored by collagen 
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fibres that run longitudinally through the capsule from each pole where they combine 

with dermal fibres (Iggo 1977). Within the capsule, the collagen fibres intertwine with 

the unmyelinated terminal branches of the SAII afferent. This arrangement facilitates the 

transmission of skin deformation through the collagen fibres to the afferent terminals 

(Iggo 1977). Skin stretch pulls the collagen fibres together, compressing and 

mechanically depolarizing the afferent, and the collagen fibres remain taught and 

compress the afferent terminal until the stretch is removed. The parallel orientation and 

integration of collagen fibres within the capsule make the Ruffini endings both slowly 

adapting and particularly sensitive to lateral skin stretch.  

2.1.4 Cutaneous afferent firing characteristics  

The advent of microneurography (described in section 3.5) and ability to record 

single afferents in awake human subjects has enabled the sense of touch to be 

investigated at the cellular and afferent class level. Pioneering work in this field focused 

on cutaneous afferents innervating the hand (Hagbarth and Vallbo 1967; Knibestöl and 

Vallbo 1970; Johnson 1974; Vallbo and Johansson 1978). It is from these early studies 

that the traditional classification and understanding of cutaneous afferent class firing 

characteristics were formed. Light touch and vibration stimuli have commonly been used 

to investigate cutaneous afferent firing characteristics. In the glabrous skin of the hand 

(Johansson and Vallbo 1979a; Johansson et al. 1982) and to a lesser degree in the foot 

(Ribot-Ciscar et al. 1989; Kennedy and Inglis 2002), cutaneous afferent classes have 

shown unique firing characteristics in response to both light touch and vibration. This 

section will provide a review of the literature that established the firing characteristics of 

cutaneous afferents in the glabrous skin of the hand, and their link with perceptual 

threshold.  

2.1.4.1. Light Touch  

A common method to investigate afferent light touch sensitivity is through 

monofilaments/Von Frey Hairs testing (described in section 3.1). Monofilaments are a 

popular research and clinical assessment tool because they require minimal training, are 

non-invasive and quick to use. Monofilaments have become the standard tool for 

mapping the afferent receptive fields during microneurographic single unit recordings 
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(Vallbo and Johansson 1978; Johansson and Vallbo 1979b). Receptive fields are 

traditionally mapped with a monofilament that applies a force four to five times the 

afferent firing threshold (Vallbo and Johansson 1978). The receptive field border is 

drawn on the skin by connecting the furthest points radiating from the receptive field 

hotspot at which the afferent still responds. Due to their ability to deliver consistent light 

touch stimuli to the skin; monofilaments have become the standard method to define 

afferent class receptive field characteristics. 

Monofilament firing thresholds have been measured from cutaneous afferents 

innervating the glabrous skin on the hands and feet. In the hand, median monofilament 

afferent class firing thresholds have been reported to be: 0.58mN for FAI, 0.54mN for 

FAII, 1.3mN for SAI, and 7.5mN for SAII afferents (Johansson et al. 1980). Regional 

differences in afferent firing threshold were not observed, indicating that afferents 

respond to light touch in a similar fashion across the fingers and palm of the hand 

(Johansson and Vallbo 1979a). In contrast, monofilament firing thresholds in the foot 

sole are consistently found to be higher than those in hand (Kennedy and Inglis 2002; 

Fallon et al. 2005; Lowrey et al. 2013; Bent and Lowrey 2013). In Kennedy and Inglis 

(2002), the foremost study that investigated the distribution and behaviour of foot sole 

cutaneous afferents, median afferent class monofilament firing thresholds were reported 

to be: 11.8mN for FAI, 4.0mN for FAII, 35.6mN for SAI and 115.3mN for SAII. 

Regional differences in foot sole afferent firing thresholds have however not been 

previously investigated. Monofilament thresholds have become a principal measurement 

of cutaneous afferent sensitivity and tool for mapping receptive fields. It is clear that 

monofilament threshold differs between afferent classes, and thresholds can be vastly 

different across body locations. 

The first study to investigate cutaneous afferent firing thresholds in humans, used a 

probe (0.45mm diameter) with a step motor to apply triangular indentations over the 

receptive fields of different afferents (Johansson and Vallbo 1979a). They found FA 

afferents to be very sensitive, and respond to small indentations (FAI 13.8µm and FAII 

9.2µm), while larger indentations were needed to evoke SA afferent firing (SAI 56.6µm 

and SAII 331µm). The firing thresholds of FA afferents were found to most closely align 

with tactile perception. Previous vibrotactile studies had shown that spatial and temporal 
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summation mediated perception in the FAII channel, and because light touch will evoke 

very little afferent summation, Johansson and Vallbo (1979) concluded that light touch 

perception is set by the capacity of the most sensitive FAI afferents to fire (Johansson 

and Vallbo 1979a). This correspondence between cutaneous afferent firing and 

perceptual experience has not been previously investigated in the foot sole, and was a 

major objective of the current dissertation.  

2.1.4.2. Vibration  

Cutaneous afferent classes demonstrate unique responses to vibratory stimulation 

as a result of their varying adaptation rates. Experimentally, vibration stimuli provide 

controllable parameters (frequency, amplitude, duration, spatial configuration, skin 

temperature) that facilitate the investigation of the cutaneous afferent system. By 

carefully controlling the vibration stimulus parameters, Bolanowski et al. (1988) 

demonstrated the existence of four distinct psychophysical channels, associated with the 

four cutaneous afferent classes that mediate tactile perception in the hand. In addition, 

vibration tuning curves, representing the capacity of cutaneous affronts to respond to 

different frequency-amplitude combinations have been established for the afferent 

classes in the hand (Johansson et al. 1982). Mechanical vibrations are inherent in natural 

stimuli and through studying the vibration coding of the cutaneous afferent system, the 

mechanisms of tactile perception can be better understood. 

In response to single mechanical frequencies, the different cutaneous afferent 

classes are unique in their absolute firing threshold and their entrainment (1:1 firing) 

threshold. A regular 1:1 firing pattern indicates a neural code that fully captures the 

periodic nature of an applied stimulus. When the applied frequency is within an 

afferent’s optimum range, the transition between just firing and entrainment can occur 

over just a few micrometer steps. However, when the applied frequency is outside of this 

range, entrainment can still be achieved, but over a broader range of amplitudes (Rowe et 

al. 2005). Afferents will typically fire at harmonics of the applied frequency when the 

vibration amplitude is relatively small or large. 

The transmission of vibrations through the skin is frequency dependent and 

thought to influence the activation of underlying mechanoreceptors (Wu et al. 2006a). 

This relationship between stimulus frequency and distribution of mechanical vibrations 
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through the skin has been explored using a multi-layered two-dimensional finite element 

model, with a constant vibration magnitude of 0.5mm. The model found high frequency 

vibrations (63-250Hz) to induce strains deep within the skin, while lower frequencies 

(<31.5Hz) were constrained to superficial layers (Wu et al. 2006a). These transmission 

depths of high and low frequencies correspond to the location of the high frequency 

(Pacinian corpuscle) and low frequency (Meissner corpuscle) sensitive 

mechanoreceptors. FAII afferents, associated with Pacinian corpuscles, are the most 

sensitive afferent class to high frequency vibration (>100Hz), and show an optimal firing 

capacity around 250Hz (Iggo 1977; Johansson et al. 1982). Psychophysical studies have 

also confirmed that FAII afferents serve the perception of high frequency vibrations in 

the hand (Bolanowski et al. 1988). FAI afferents are also vibration sensitive and have an 

optimal entrainment range between 8 and 64Hz, while SA afferents are thought to 

preferentially code for low frequency vibrations. SAI afferents were found to most easily 

respond between 2-32Hz, and SAII afferents entrain optimally at 0.5Hz (Johansson et al. 

1982). Perceptually, SAII afferents are not thought to contribute to vibration perception 

threshold at any frequency, while SAI afferent firing dictates perceptual thresholds 

<4Hz, FAII afferents 4-40Hz and FAII afferents >40Hz (Bolanowski et al. 1988). It is 

important to note that these psychophysical and afferent response data were established 

in the hand. The hands and feet serve different functional roles and the vibration 

response characteristics of foot sole afferents may be different from those established in 

the hands. To date very few studies have investigated the vibration response 

characteristics of lower limb cutaneous afferents (Ribot-Ciscar et al. 1989; Trulsson 

2001), and no recordings have been made from the foot sole.  

The foot sole is exposed to mechanical vibrations naturally though dynamic events 

such as gait, postural sway, and slips. Centre of pressure excursions during quiet stance 

are characterized by a frequency power spectrum predominantly of low frequencies 

(<2Hz) (Winter et al. 1990). Gait also exposes the foot sole to low frequency stimuli 

associated with the step cadence. With respect to the impact phase of gait (heel strike) 

two distinct frequency profiles have been observed; a low frequency (4-12Hz) 

component associated with kinematic acceleration profile, and a higher frequency 

component (12-25Hz) associated with impact acceleration (James et al. 2014). Gait 
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exposes the soles of the feet to high impacts, however soft tissue vibrations are heavily 

dampened and much of the impact associated with gait is absorbed (Nigg and Wakeling 

2001). Prolonged exposure to foot-transmitted vibrations, common in workers who stand 

on platforms or vibrating equipment is known to damage tissues and peripheral nerves 

(Eger et al. 2014); however there is a limited understanding of the natural frequencies 

encountered in daily living. Future work is needed to investigate natural vibrations 

associated with daily activities and the associated afferent firing response in the foot 

sole.  

2.2 The sense of touch  

The sense of touch originates in the firing patterns of cutaneous afferents in 

response to mechanical perturbations of the skin. Distortions of the skin surface generate 

mechanical waves that propagate through the skin to underlying mechanoreceptor 

endings. These distortions are transduced into electrical energy in the form of action 

potentials that are transmitted to the CNS. In the brain these signals are interpreted to 

produce sensory experiences (Gandhi et al. 2011). The attributes of the sensory 

experience depend on the frequency and duration of afferent firing as well as the makeup 

of the afferent population recruited. Each afferent class is sensitive to different tactile 

features (i.e. acceleration, pressure, stretch, vibration etc.), which together create a robust 

tactile experience.  

2.2.1 Cutaneous submodality segregation  

Traditionally, different non-overlapping sensory functions have been ascribed to 

each afferent class. These classical submodalities of the tactile system include pressure, 

vibration and texture (McGlone and Reilly 2010). FAI and FAII afferents are associated 

with sensations of flutter (subjective low-mid frequencies) and vibration (subjective high 

frequencies) while SAI afferents are associated with sensation of sustained pressure 

(Ochoa and Torebjörk 1983; Parker and Newsome 1998; Macefield 2005). SAI afferents 

are also thought to be the most critical in texture perception followed by FAI afferents 

(Johnson and Hsiao 1992). SAII afferents are not thought to significantly contribute to 

sensations of stimulus intensity, texture, or vibration (Muniak et al. 2007); rather, they 
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play a larger proprioceptive role preferentially responding to skin stretch (Macefield 

2005). A segregation of function between afferent channels has been supported by 

masking (Bolanowski et al. 1988), psychophysical (Johnson and Hsiao 1992) and 

intraneural microstimulation (Ochoa and Torebjörk 1983) studies.  

Intraneural microstimulation experiments incorporate both the recording from, 

and stimulation of single cutaneous afferents through the same microelectrode. This 

allows the correspondence between afferent ‘receptive’, and subject ‘perceptive’ fields to 

be observed (Rowe 2002), in addition to the corresponding percepts of single unit 

activity (Ochoa and Torebjörk 1983; Macefield et al. 1990). To isolate individual 

afferents the electrical stimulus is initially delivered at very low levels (<1µA), and 

gradually increased until the subject can localize the perceptual field to afferent’s 

receptive field (Rowe 2002). A limitation of the microstimulation technique is the 

potential to activate multiple afferents, which would question the strength of the 

supposed transmission security between single peripheral and central targets. The 

recruitment of multiple afferents would cause the perceptual field to extend beyond the 

identified afferent receptive field indicating that the stimulus needs to be lowered. 

Accepting the ability to isolate individual cutaneous afferents, microstimulation of FAI, 

FAII, and SAI afferents have all produced percepts; while percepts are not typically 

observed with SAII activation. There is some evidence that SAII afferents near the nail 

beds can produce sensations of joint movement, however percepts were only present in 

17% of stimulated SAII afferents (Macefield et al. 1990). The same study found that the 

most robust sensations were evoked in FAI afferents, where microstimulation produced 

sensations of flutter and vibration in 88% of cases (Macefield et al. 1990). A single 

stimulus pulse to a single FAI afferent has been shown to evoke a percept, and as the 

pulse frequency increases, the sensations can change from tapping at low frequencies to 

flutter and vibration at high frequencies. In contrast, multiple pulses are required to 

evoke sensation from FAII and SAI afferents. Sensations of mechanical vibration are 

evoked from FAII afferent and sustained pressure from SAI afferents (Macefield and 

Birznieks 2009). These studies suggest that the brain has access to meaningful 

information from the activation of single cutaneous afferents, and the discharge codes 

from FA and SA afferents are distinct. Microstimulation has shown that increasing the 
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frequency of stimulation of FA afferents increases the sensation of vibration, while 

similar stimulus trains in SAI afferents evoke strong sensations of pressure. The fact that 

FA and SA afferent classes are each capable of entraining across a wide range of 

overlapping frequencies (although at different mechanical vibration amplitudes) 

(Johansson et al. 1982), indicates that these class specific sensations observed with 

similar trains of microstimulation must arise from central mechanisms (Rowe 2002).  

This submodality segregation demonstrated by microstimulation is further 

supported by experiments that employed tactile masking. Tactile masking occurs when a 

detectable stimulus (target stimulus) becomes undetectable by the presentation of a 

second stimulus (masking stimulus) in close temporal or spatial proximity to it 

(Gescheider et al. 1989). Masking can be forward, where the masking stimulus is 

presented before the target, or backwards where the masking stimulus is presented after 

the target. The mechanisms of forward masking are thought to primarily reflect a 

masker-induced adaptation of the underlying mechanoreceptors; while backwards 

masking is due to central neural persistence (Bhattacharjee et al. 2010). In both cases, 

masking evokes interference within the sensory system, allowing different tactile 

channels to be explored. Vibrotactile masking has revealed four distinct vibrotactile 

channels in the hand, associated with the four classes of mechanoreceptor afferents 

(Bolanowski et al. 1988). Vibration perception was shown to be mediated by SAI 

afferents (NPIII channel) below 3Hz, by FAI afferents (NPI channel) between 3-40Hz 

and by FAII afferents (PC channel) above 40Hz (Bolanowski et al. 1988). Together, 

vibrotacile masking and microstimulation experiments support distinct sensory roles for 

each cutaneous afferent class. The perceptual significance of afferent feedback appears to 

depend on the class firing and the precise way in which it is activated.  

2.2.2  Cutaneous submodality convergence  

Most natural stimuli will produce firing in all afferents classes, and perceptual 

experience is best explained by the firing rates of afferent populations (Johnson 1974; 

Muniak et al. 2007; Saal and Bensmaia 2014). Perception of even simple tactile features 

such as intensity has been shown to be based on the activity of all activated afferents 

(Muniak et al. 2007). Moreover, cutaneous afferent classes do not demonstrate absolute 

tactile specificity, rather each are highly selective for a particular feature of stimulation 
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compared to others (Iggo 1977). Therefore, the features of different tactile stimuli will 

most often arise from an integrated response from a population of afferents (Hallin et al. 

2002). The failure to evoke sensations with SAII afferents microstimulation (discussed 

above) supports the requirement for concurrent afferent feedback to generate percepts 

within this sensory channel (Rowe 2002). The level (medulla, thalamus, cortex) at which 

this sensory convergence takes form remains an ongoing field of research. Cortical 

responses following tactile stimulation have been shown to reflect convergent input from 

multiple afferent classes at the somatosensory cortex (Saal and Bensmaia 2014). 

Combining feedback across afferent classes increases the quantity of available 

information, which helps to resolve ambiguity in sensory interpretation. The reliability of 

a percept may be strengthened by central integration, where different tactile channels 

help to refine the sensory picture (Ernst and Bülthoff 2004). Central integration may also 

come at a cost for certain tactile tasks. Single neurons have been shown to outperform 

human observers in vibrotactile intensity discrimination (Arabzadeh et al. 2014). Pooling 

across different afferent classes could lead to non-optimal integration of sensory 

feedback. The sensory experience of touch, beyond simple tactile thresholds, is thought 

to reflect the integrated activity across cutaneous afferent classes, which acts to enhance 

the range of perceptual sensitivity but at the cost of discrimination acuity.  

2.2.3 Influence of the mechanical properties of the skin  

 To date, very few studies have directly related the mechanical properties of the 

skin to tactile sensitivity or cutaneous afferent firing. Skin mechanics has been proposed 

to account for observed differences in afferent sensitivity and perceptual thresholds 

between the feet and hands and across the foot sole, however direct measurements have 

not been made (Kekoni et al. 1989; Kowalzik et al. 1996; Kennedy and Inglis 2002). 

Some evidence that cutaneous afferent firing is influenced by skin mechanics has come 

from work in the North American raccoon (Pubols and Pubols 1983). These findings 

however, are limited to mechanical changes as a result of stimulus parameters and not 

skin thickness or hardness measurements. Pubols and colleagues compared ramp-and-

hold stimuli with constant force vs constant displacement, as well as different inter-

stimulus intervals on raccoon cutaneous afferent firing. They found that the viscoelastic 

nature of skin, and therefore stimulus history, influenced afferent firing. Although they 
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did not directly measure the mechanical properties of the skin, they nevertheless 

concluded that, “...mechanical properties of skin contribute to, but do not fully account 

for, receptor discharge characteristics” (Pubols and Pubols 1983). It is difficult to relate 

these findings to human tactile perception; however these data provide an incentive to 

investigate the influence of skin mechanical properties on cutaneous afferent firing and 

tactile perception in human subjects.  

2.2.4 Central pathways  

Neural networks within the CNS receive input from primary cutaneous afferents 

and form the conscious experience of touch. Primary cutaneous afferents ascend within 

the ipsilateral dorsal column of the spinal cord to terminate on second order neurons in 

the medulla. As they ascend, cutaneous afferents interact with spinal interneurons and 

can influence spinal reflexes and descending motor commands. The sensory system is 

topographically organized and the arrangement of neural pathways and structures relate 

to the location of input being transmitted. Afferents from the lower half of the body 

ascend medially within the fasciculus gracilis, while afferents from the upper half enter 

the dorsal column more laterally and ascend within the fasciculus cuneatus (McGlone 

and Reilly 2010). At the medulla, second order neurons cross the midline and form the 

medial lemniscus pathway within the brain stem. Second order neurons terminate at the 

ventral posterolateral nucleus (VPL) of the thalamus. The thalamus receives inputs from 

many different pathways, and plays an integrative role in relaying sensory signals to the 

primary somatosensory cortex (SI). The thalamocortical afferents project through the 

internal capsule to topographically organized cortical neurons. There are many different 

cortical structures that interact to generate the perception of touch. The SI alone is 

comprised of four sub-regions (Brodmann areas 2, 1, 3a and 3b) (Romo and Salinas 

1999). SI neurons project to a number of additional cortical areas including the 

secondary somatosensory cortex, the insular cortex, and the posterior parietal cortex 

(Brodmass areas 5, 7b) which all play a role in processing the sensory information 

(Romo and Salinas 1999; McGlone and Reilly 2010). This information is then projected 

to motor and premotor areas as well as the frontal lobe to mediate motor control (Romo 

and Salinas 1999).  
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It is clear that even simple tactile perceptions involve complex neural 

interactions. Intraneural microstimulation studies have shown that each afferent class can 

elicit different perceptual sensations, which suggests differential transmission pathways 

for each class within the CNS (Rowe 2002). SI is organized into functional columns, 

where local neural networks are tuned for similar sensory features (Harris and Mrsic-

Flogel 2014). SI neurons have been shown to exhibit adaptation properties similar to 

primary cutaneous afferents, and the adaptation properties of SI neurons have been 

interpreted to indicate the primary afferent type to which they most strongly associate 

(Romo and Salinas 1999). Not all SI neurons clearly replicate the properties of primary 

afferents and instead demonstrate mixed behaviour between FA and SA characteristics. 

In fact, the majority of SI neurons have been shown to be mixed, which supports the 

convergence of tactile modalities on SI neurons (Pei et al. 2009; Saal and Bensmaia 

2014). In this way, SI column networks are not unimodal, and perceptual experiences 

associated with sensorimotor function incorporates the convergence of multiple tactile 

submodalities. The level and magnitude of cutaneous afferent submodality convergence 

remains unclear in humans however these questions have begun to be addressed, 

primarily in animal modals.  

Single unit recordings from the cuneate nucleus of cats has shown a tight 

coupling between the firing of dorsal column nuclei located in the medulla and PC 

(FAII), SAI, and SAII afferents (Ferrington et al. 1987; Vickery et al. 1994; Gynther et 

al. 1995). These studies demonstrate that at the first level of central convergence, there 

remains a phase-locked response in second order neurons that reflects the input from 

primary cutaneous afferents. In fact, a single impulse from SAI, SAII and PC afferents 

were shown to evoke pairs or triplets of target cuneate neurons suggesting the cuneate 

nuclei may serve to amplify weak sensory signals (Ferrington et al. 1987; Vickery et al. 

1994; Gynther et al. 1995). Recordings from cat SAI, SAII, and PC afferents, suggest 

that there is no marked specialization in the transmission of input from different 

cutaneous afferent classes. This connection between primary cutaneous afferent and 

secondary dorsal column nuclei afferent is different from the well-characterized 

monosynapic linkage between muscle spindles and motor neurons. In the spinal cord, 

extensive convergence of sensory input onto motor neurons is required to generate motor 
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output (Rowe 2002). The transmission characteristics within tactile pathways are 

therefore structured differently than those in spinal monosynaptic pathways. A limitation 

not addressed in these previous studies is the potential recruitment of neighbouring 

primary afferents in the periphery that might contribute to the observed responses in 

cuneate nuclei neurons. Sinusoidal vibrations to the distal limb of cats will likely recruit 

additional afferents to the one being recorded. These additional afferents may contribute 

to the observed characteristics of the second order neurons. With that said, the close 

entrainment of secondary afferents with the input from primary afferents commonly 

observed, supports the claim that convergence may have a minimal impact on the 

findings. The transmission security observed between primary cutaneous afferents and 

secondary dorsal column afferents supports the previously discussed intraneural 

microstimulation studies in humans, where input from individual primary afferents can 

have perceptually meaningful consequences on central targets. Future work in needed to 

expand these findings to primates and humans to better understand the coupling between 

primate cutaneous afferents and secondary afferents within the cuneate and gracilis 

nuclei of the medulla.  

The lemniscal pathway conveys information from the medulla to the thalamus 

before reaching the cortex. The thalamus has been shown to contain a topographic body 

representation, where microstimulation within this structure can evoke sensations from 

distinct body regions in humans (Davis et al. 1998; Heming et al. 2010). In cats, thalamic 

neurons are capable of responding to cutaneous vibration, and their responses are similar 

to leminical pathway input and that of the primary RA (FAI), PC (FAII) and SA 

afferents (Ghosh et al. 1992). This work demonstrates that third order neurons within the 

thalamus are capable of phase locking to peripheral vibration similar to the responses 

observed in primary cutaneous afferents. Ghosh et al (1992) did however find evidence 

of convergence, indicating that the thalamus is a centre of integration across cutaneous 

afferent submodalities. Many thalamic neurons identified as SA demonstrated vibration 

responses outside of a strictly SA bandwidth (Ghosh et al. 1992). Conversely, RA and 

PC afferents identified did not appear to receive SA afferent input from the footpad. 

Functionally, submodality convergence at the thalamus may play a role in inhibiting 
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contextually irrelevant sensory input, and facilitate the transmission of greater ranges in 

tactile feedback to the cortex.   

The formation of conscious perception remains one of the most significant 

unanswered questions in neuroscience. To achieve a complete picture of the central 

pathways and processing of cutaneous input, it is important for future studies to employ 

similar recording and stimulation techniques across each synaptic level. Linking the 

input-output relationship across individual and populations of cutaneous afferents at 

different central levels will help inform our understanding of conscious tactile 

perception. The study of central tactile pathways from the foot sole is critical in 

generating models of postural control and in optimizing artificial neural prosthetic 

devices.  

2.3 The role of skin in the control of posture and gait  

The control of balance, whether in standing or during gait, is a complex 

sensorimotor task facilitated by the integration of sensory feedback from multiple 

sources including the vestibular, visual and somatosensory systems (Horak et al. 1990; 

Thomas et al. 2003). A primary motivator for understanding the firing characteristics and 

perceptual contributions of foot sole cutaneous afferents is their functional sensorimotor 

contributions to standing balance. Standing posture is sensed in part by associated 

pressures under the feet. The movement of the centre of mass (COM) over the feet 

during gait or standing sway evokes a velocity signal that is detected and transmitted by 

the cutaneous afferents from the foot sole. The functional importance of this feedback 

has been explored through different experimental designs; including the experimental 

reduction or enhancement of skin feedback, and through investigating aged and diseased 

populations with naturally reduced cutaneous feedback. When sensory feedback is 

unavailable or impaired, postural stability is decreased; however the CNS can partially 

compensate for this impairment with sensory re-weighting. An example of cutaneous 

afferent sensory re-weighting is observed with acute alcohol intoxication. During alcohol 

intoxication, standing balance ability was found to depend on the level of tactile 

sensitivity and magnitude of sensory re-weighting from the soles of the feet (Modig et al. 

2012). It is clear that foot sole cutaneous feedback plays a role in modulating standing 
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balance, and the contribution of cutaneous feedback can be re-weighted depending on the 

postural context. The experiments presented in this dissertation seek to enhance how the 

foot sole skin is viewed as a sensory organ, and through this understanding contribute to 

future balance enhancement strategies. The following section provides a brief overview 

of the current understanding of skin’s role in balance and gait.   

2.3.1 Impaired cutaneous feedback  

The functional importance of foot sole cutaneous feedback becomes evident 

when it is reduced and the postural consequences examined. Experimentally, 

hypothermic anaesthesia is a popular method to reduce skin feedback. Cooling the skin 

with ice has been shown to effectively alter the firing of foot sole cutaneous afferents 

(Lowrey et al. 2013), and numerous studies have looked at the postural effects of foot 

sole cooling (Perry et al. 2000; Nurse and Nigg 2001; Eils et al. 2004; McKeon and 

Hertel 2007). Plantar foot sole ice immersion has been shown to increase postural sway 

(Stål et al. 2003; Wang and Lin 2008), reduce centre of pressure (COP) time-to-boundary 

in quiet stance (McKeon and Hertel 2007), impair balance recovery from a platform 

perturbation (Perry et al. 2000), and modify the pressure distribution under the feet 

during gait (Eils et al. 2004). Similar detriments in postural control have been observed 

when skin feedback was reduced through topical anesthesia (Meyer et al. 2004a) and 

ischemia (Diener et al. 1984). Together these studies highlight that a temporary reduction 

in the quality of foot sole skin feedback in an otherwise healthy person can have a 

negative impact on their standing balance.  

A chronic reduction in cutaneous sensitivity occurs naturally with ageing and 

diseases such as diabetic neuropathy and Parkinson’s. Sensory impairment is a major risk 

factor for falling in these populations; and falling presents one of the most common 

causes of hospitalization and death in older adults (Ambrose et al. 2015). Low foot sole 

sensitivity has been associated with reduced self selected gait speed (Deshpande et al. 

2008a), and with decreased stability in older adults (Patel et al. 2009). Disease can 

accelerate the age related decline in tactile sensitivity increasing the risk for falls. 

Diabetic neuropathy is associated with damage to peripheral nerves and a significant 

decline in tactile sensitivity. Diabetic neuropathy patients have also been shown to have 

reduced postural control, which has been linked to reduced foot sole tactile feedback 
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(Cavanagh et al. 1993). Similarly, decreases in foot sole sensitivity were found to 

correlate with reduced motor control in Parkinson’s disease patients (Prätorius et al. 

2003). There are numerous factors that contribute to observations of reduced postural 

control in these populations, however the availability of cutaneous feedback is thought to 

play a significant role. The postural control system integrates a variety of redundant 

sensory feedback that makes it difficult to define the functional contributions or 

weighting of specific receptors. It is therefore important to study tactile feedback to 

better understand the functional consequences when it is impaired, and to facilitate the 

development of effective intervention strategies.  

2.3.2 Enhanced cutaneous feedback  

There is a growing body of literature that supports improvements in postural 

control when plantar cutaneous sensitivity is enhanced. This understanding has led to the 

development of numerous intervention strategies including subsensory vibration where 

the vibration amplitude is set below perception threshold (Priplata et al. 2005; Hijmans et 

al. 2007; Galica et al. 2009; Lipsitz et al. 2015), spike/textured insoles (Palluel et al. 

2009; Qiu et al. 2012) and insoles with a ridged surround (Perry et al. 2008). These 

dynamic and static interventions have all been shown to improve different measures of 

postural stability to varying degrees.  

The dynamic application of subsensory white noise to the foot sole is thought to 

bring underlying cutaneous afferents closer to firing. In this way, an otherwise sub-

threshold stimulus will evoke a discharge, providing earlier, and more feedback to the 

patient. Subsensory white noise has been shown to be an effective intervention, 

evidenced by reduced postural sway during quiet stance in older adults, Parkinson’s and 

stroke patients (Priplata et al. 2005), as well as reduced measures of gait variability in 

elderly recurrent and non-fallers (Galica et al. 2009). Stochastic vibration is a promising 

intervention strategy to enhance tactile feedback, however more work is needed to 

understand the neural mechanisms mediating the functional outcomes.  

Static facilitatory insoles that modify the foot sole contact environment have also 

shown to improve stability measures, and provide a simpler solution compared to 

vibrating insoles. A ridged surround to facilitate local pressure at the foot sole borders 

was found to effectively increase the lateral stability margin (distance between the 
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projection of the centre of mass and base of support) in older adults when walking on an 

uneven surface (Perry et al. 2008). In addition, participants who wore the insoles for a 

period of 12 weeks were less likely to fall compared to control participants who wore a 

conventional insole (Perry et al. 2008). Textured insoles that enhance cutaneous 

feedback across the entire foot sole have also been shown to reduce postural sway in 

both young and older adults (Palluel et al. 2009). These initial studies show a promising 

role for facilitatory insoles in improving balance control. More work is needed to fully 

understand the conditions and mechanisms under which different cutaneous feedback 

interventions strategies operate. A better understanding of the firing characteristics and 

functional contributions of the different cutaneous afferents will help advance this field.  
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Chapter 3: General methods 

3.1 Monofilaments  

 Monofilaments, or Von Frey Hairs as they are sometimes called, are a common 

clinical and experimental tool for assessing mechanical tactile sensibility. Monofilaments 

come in sets that include filaments of different gauges (length and diameter) that vary 

logarithmically. When these are applied normal to the skin, each monofilament buckles 

and delivers a calibrated force to the skin surface (Collins et al. 2010). Monofilament 

testing involves the application of monofilaments to the target location to determine the 

minimal force (threshold) that can evoke a percept or afferent discharge. Von Frey who 

invented the technique in the 1890s first used animal hairs, but nylon is used in modern 

monofilament sets (Lambert et al. 2009). Monofilament thresholds are reported in either 

grams or millinewtons of force.  

 Monofilaments provide a reliable and relatively simple to use assessment tool, 

and have been adopted in numerous experiments and clinical tests. For tactile sensitivity 

measurements, monofilaments have been employed to assess Parkinson’s disease 

(Prätorius et al. 2003), aging (Perry 2006), topical anaesthesia (Lowrey et al. 2010), 

spaceflight (Lowrey et al. 2014), hypothermic anaesthesia (Muise et al. 2012), animal 

models of tactile feedback (rodent paw withdrawal) (Bradman et al. 2015), and in 

diagnosing and monitoring diabetic neuropathy (Kumar et al. 1991; Feng et al. 2009). A 

typical perception threshold for the clinical diagnosis of peripheral neuropathy in 

diabetic patients is 10g of force (98 mN) typically in the plantar surface of the great toe 

(Lambert et al. 2009), which provides a relative benchmark of tactile sensitivity to 

compare other populations to. Monofilaments have also proved to be a valuable tool in 

neurophysiological studies to investigate firing properties of cutaneous afferents. 

Monofilament firing threshold is a standard measure of cutaneous afferent sensitivity 

(Johansson et al. 1980; Kennedy and Inglis 2002), and was used in the present 

dissertation.  

Monofilament test reliability is dictated by the experimenter (rater) and the search 

method employed. Monofilament thresholds have been show to have poor interrater-

reliability, and measurements should therefore be conducted by the same experimenter 
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(Collins et al. 2010). There is no standard method for monofilament testing (Feng et al. 

2009), however a common monofilament threshold search method is a 4-2-1 stepping 

algorithm with catch trials (Dyck et al. 1993). In this method, a suprathreshold, forceful 

monofilament is applied first followed by a step decrease in force (or monofilament 

number) by 4 monofilament steps. Once a monofilament that the participant can no 

longer perceive is reached, two steps increases in monofilament force are applied until 

detection occurs. Following this detection, a step down by one filament is applied until 

the smallest monofilament (force) that can be detected is reliably determined. 

Monofilament threshold in the present dissertation was defined as the smallest force 

perceived, or that evoked an afferent discharge, in at least three of four applications.  

3.2 Vibration testing  

  Cutaneous afferent classes are tuned to narrow ranges of vibration stimuli 

(LaMotte and Mountcastle 1975; Johansson et al. 1982), which makes vibrotactile 

stimuli a valuable tool for probing the function of different aspects of the somatosensory 

system. Vibration threshold testing provides a versatile experimental and clinical tool 

where the signal frequency and amplitude as well as contact area can be manipulated. By 

manipulating vibration parameters, vibrotactile experiments can address numerous 

questions about tactile perception and firing characteristics of the different cutaneous 

afferents. Vibration paired with microneurography (described below) has been used to 

create vibration tuning curves for cutaneous afferents in the hands (Johansson et al. 

1982) and to relate afferent firing characteristics to vibration perception threshold (VPT) 

(LaMotte and Mountcastle 1975). Understanding the vibration firing capabilities of 

cutaneous afferents is necessary to realize the neural codes mediating tactile perception. 

 Vibration perception threshold testing is a common sensory assessment 

technique. VPT is defined as the smallest probe displacement that can be detected 

(Gandhi et al. 2011). Two popular methods have been developed for evaluating VPT: a 

method of limits (MOL), and a forced-choice method (FCM). In the FCM, subjects are 

presented a stimulus in one of two time intervals and forced to identify the interval in 

which the stimulus occurred. Conversely, in the MOL stimuli are delivered in ascending 

and descending steps until the smallest amplitude that can be reliable perceived is 
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reached. The MOL is similar to the 4-2-1 stepping algorithm presented for monofilament 

threshold testing (Dyck et al. 1993). There is no consensus on which methods is best, and 

the choice often depends on the research question(s) and the experimental equipment  

(Gandhi et al. 2011). The experiments in the current dissertation used a previously 

established MOL protocol to determine VPT (Perry 2006; Lowrey et al. 2014).  

Clinically, VPT testing has proven to be an effective assessment tool for the 

diagnosis and for monitoring the progression of diabetic neuropathy (Garrow and 

Boulton 2006), carpal tunnel syndrome, neuropathies associated with cancer drug 

treatment, and inflammatory conditions such as arthritis (Gandhi et al. 2011). In addition 

to being a clinical tool, VPT testing allows basic questions about tactile perception to be 

examined. For example, VPT paired with vibrotactile masking has demonstrated the 

existence of four tactile channels, each associated with a different cutaneous afferent 

class (Bolanowski et al. 1988). VPT testing has also been used to understand the sensory 

consequences of lumbar nerve root impingement (Frost et al. 2015), short duration 

spaceflight (Lowrey et al. 2014; Strzalkowski et al. 2015a) and ageing (Wells et al. 2003; 

Perry 2006). VPT testing provides a reliable measurement technique to probe the 

cutaneous afferent system for both clinical and basic science objectives.    

3.3 Skin thickness - Ultrasonography 

  There are a variety of techniques that have been used to measure skin thickness 

including ultrasound imaging (Alexander and Miller 1979), magnetic resonance imaging 

(Mirrashed and Sharp 2004), skin biopsies (Lee and Hwang 2002) and cadaveric 

dissection (Martin et al. 1992). Of these, high frequency ultrasound imaging has the 

advantage of being non-invasive and flexible (not confined to an MRI machine), while 

providing accurate, in vivo skin thickness measurements.  

 Ultrasound machines measure the time it takes for a pulsed sound wave to reflect 

(echo) off a tissue, and return to the transducer, as well as the strength of the returning 

signal. There are many different ultrasound models, and each allow different types of 

measurements to be taken. B-mode ultrasound creates 2-dimentional images of 

underlying tissue and is ideally suited to image the skin (Lieu 2010). The quality of an 

ultrasound image depends on the acoustic properties of the tissue and the frequency and 
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geometry of the ultrasound transducer (Foster et al. 2000). The axial resolution (ability to 

separate structures parallel to the ultrasound waves) of an ultrasound image depends on 

the wavelength of the returning signal; where axial resolution is improved with shorter 

wavelengths. Wavelength is equal to the propagation speed divided by the sound wave 

frequency. As a sound wave travels between tissues with different acoustic properties, 

the propagation speed changes but the frequency remains constant. The size of the 

wavelength change, combined with the resolution of the screen from which the 

measurements are taken, gives the axial-resolution. With increasing frequency (10 to 

100MHz), the wavelength decreases, which improves the axial resolution while limiting 

the penetration depth (Lieu 2010). In setting ultrasound parameters, there are trade-offs 

between focal depth and resolution. High frequency ultrasound (10-100MHz) provides 

excellent resolution (30-70µm) at depths ideally suited for studying the skin (1-10mm) 

(Foster et al. 2000; Wortsman 2012). The echo structure of the epidermal layers of the 

skin is largely influenced by the presence of keratin. An accumulation of keratin in the 

epidermis creates bright, bilaminar hyperechoic parallel lines to appear in B-mode 

ultrasound images of the glabrous skin (Wortsman 2012). 

3.4 Skin hardness – Durometer  

 Hardness defines the ability of a material to resist deformation. Durometers are a 

well-characterized tool for obtaining material hardness measurements (Cuaderes et al. 

2009). Durometers give hardness readings in arbitrary units based on the indentation 

depth of a calibrated spring-loaded indenter. To make a measurement, the durometer is 

held vertically (with respect to gravity), and normal to the test site. In this position, a set 

indentation force (based on the weight of the durometer) is applied due to gravity acting 

on the durometer. A variety of durometers have been developed to test specific materials, 

including biological tissues (Cuaderes et al. 2009). A durometer type 1600-OO with a 

2mm diameter, column-shaped indenter is optimized to make skin hardness 

measurements (1999; Thomas et al. 2003; Kissin et al. 2006). To account for creep in 

viscoelastic materials, where the indenter continues to deform the material over time, 

measurements are typically made within one second and after 10-15 seconds (Falanga 

and Bucalo 1993; Cuaderes et al. 2009). When creep is present, the delayed reading 
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should be taken to reflect the hardness of the material (Cuaderes et al. 2009). Durometers 

provide a quick, non-invasive and reliable measure of skin hardness. 

3.5 Microneurography  

 Microneurography is a method to record peripheral nerve activity in awake 

human subjects. The original technique was developed in Uppsala Sweden by Karl-Erik 

Hagbarth and Ake Vallbo between 1965 and 1966 (Vallbo et al. 2004). The initial 

interest in its development was to study human muscle spindles from multi-unit 

recordings, however cutaneous mechanoreceptor, thermoreceptor and nociceptor 

afferents, golgi tendon organs, joint receptors, and sympathetic nerve recordings have 

since been made (Hagbarth 2002; Macefield 2005; Macefield 2013). The ability to 

record from individual afferent fibres has proven to be a valuable development in the 

field of neurophysiology. These early studies greatly advanced the field in three main 

research areas: cutaneous sensation, proprioceptive control of voluntary movements and 

sympathetic efferent activity (Vallbo et al. 2004). The technique was initially developed 

in the arm, and the majority of recordings have been made from the forearm and hand; 

however there is growing interest in studying the lower limb (Ribot-Ciscar et al. 1989; 

Trulsson 2001; Kennedy and Inglis 2002; Aimonetti et al. 2007; Lowrey et al. 2013; 

Bent and Lowrey 2013). 

Microneurography recordings involve the percutaneous insertion of two tungsten 

microelectrodes, one reference, placed a few millimetres under the skin, and one 

recording, inserted into a peripheral nerve. Microelectrodes typically have a shaft 

diameter of 200µm that tapers to a 5-10µm tip. The reference electrode is not insulated, 

and is inserted approximately 1cm away from the recording electrode site. In contrast, 

the recording electrode is fully insulated except for the electrode tip to create a focal 

recording location with high electrical impedance. Electrode insertion location is 

established by electrical stimulation through the skin over the path of the desired nerve. 

The insertion location is defined as the site that demonstrates the lowest electrical 

threshold to evoke muscle twitches and paresethesiae (cutaneous sensation) in the 

innervating territory. Audio and visual feedback of the neural recording is used to guide 

the insertion of the recording electrode into the nerve fascicle and ultimately next to a 
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single afferent. Some investigators use intraneural stimulation to evoke twitches and 

paresethesiae while searching nerve fascicles (Macefield 2013), however such an 

approach can reduce electrode impedance while causing subject discomfort.  

 Single unit microneurography recordings are relatively small (low voltage) 

signals. To obtain adequate signal-to-noise ratios, measures need to be made in 

electrically isolated environments and amplified ~ 10 000 times. To optimize signal 

strength, a head stage located close to the recording site acts to pre-amplify the signal 10 

times. A main amplifier then filters and further amplifies the neural recording. The 

isolated bio-amplifier used in the present dissertation (ISO-180; World Precision 

Instruments, Sarasota, FL) employed a filter bandwidth of 300Hz-3kHz at a gain of 104. 

Following the analog filtering and amplification, signals are digitized through an analog-

to-digital converter. Spike morphology, from the processed signal is used to generate 

templates for the visual classification of single units. 

  Microneurography is an invasive technique, and from the earliest experiments to 

present day, careful observation of subject symptoms have been made to ensure its safety 

(Vallbo et al. 2004). A prospective study of 708 experiments in 649 different participants 

found lingering sensation or paraesthesia, pain or tenderness in just 9% of cases 

(Eckberg et al. 1989). Of these, 56% disappeared within seven days and 95% in fourteen 

days. Based on their review, Eckberg and colleagues recommend in-nerve recordings to 

be limited to 60 minutes and that recordings should not be made in the same nerve more 

than once a month (Eckberg et al. 1989). The microneurography experiments in the 

present dissertation adhered to these recommendations.  
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Chapter 4 Experiment I: Thresholds of skin sensitivity 
are partially influenced by mechanical properties of the 

skin on the foot sole  

(Published in the journal Physiological Reports 2015; vol. 3 Iss. 6 e. 12425) 

4.1 Abstract:  

Across the foot sole there are vibration and monofilament sensory differences 

despite an alleged even distribution of cutaneous afferents. Mechanical property 

differences across foot sole sites have been proposed to account for these differences. 

Vibration (VPT; 3Hz, 40Hz, 250Hz) and monofilament (MF) perception thresholds were 

compared with measures of skin hardness, epidermal thickness and stretch response 

across five foot sole locations in young healthy adults (n=22). Perception thresholds were 

expected to correlate with all mechanical property measurements to help address 

sensitivity differences between sites. Following this hypothesis, the medial arch 

(MedArch) was consistently found to be the thinnest and softest site and demonstrated 

the greatest sensitivity. Conversely, the heel was found to be the thickest and hardest site, 

and was relatively insensitive across perceptual tests. Site differences were not observed 

for epidermal stretch response measures. Despite an apparent trend of elevated sensory 

threshold at harder and thicker sites, significant correlations between sensitivity 

measures and skin mechanical properties were not observed. Skin hardness and 

epidermal thickness appeared to have a negligible influence on VPT and moderate 

influence on MF within this young healthy population. When normalized (% greater or 

smaller than subject mean) to the subject mean for each variable, significant positive 

correlations were observed between MF and skin hardness (R2=0.422, p<0.0001) and 

epidermal thickness (R2=0.433, p<0.0001) providing evidence that skin mechanics may 

influence MF threshold. In young healthy adults, differences in sensitivity are present 

across the foot sole, but cannot solely be accounted for by differences in the mechanical 

properties of the skin.   
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4.2 Introduction 

Cutaneous feedback from the soles of the feet plays an important role in the 

control of gait and standing balance. When foot sole cutaneous feedback is reduced 

experimentally through cooling or anaesthesia (Perry et al. 2000; Perry et al. 2001; Nurse 

and Nigg 2001; Eils et al. 2002; Meyer et al. 2004a) impairments in postural control are 

observed. Additionally, enhancement of foot sole cutaneous feedback through applied 

vibration leads to alterations and illusions of whole body sway and reduced gait 

variability (Kavounoudias et al. 1999; Roll et al. 2002; Galica et al. 2009). There is a 

growing interest in investigating strategies to improve postural control through cutaneous 

feedback augmentation. Facilitatory shoe insoles that employ subthreshold (Priplata et al. 

2003; Priplata et al. 2005; Galica et al. 2009) and suprathreshold vibration (Novak and 

Novak 2006), as well as static rigid support (Perry et al. 2008) have been shown to 

improve balance and gait parameters in older adults, diabetics, stroke and Parkinson’s 

patients. Although it is well established that foot sole mechanoreceptors play an 

important role in the control of gait and standing balance, the contributions of individual 

afferent classes across foot sole locations remain less clear.   

Four classes of low threshold cutaneous mechanoreceptors have been identified 

in the glabrous skin covering soles of the feet and palms of the hands. Each class is 

sensitive to deformation and motion of the skin, and provide tactile and kinesthetic 

sensory feedback (Collins 2005; Lowrey et al. 2010). The firing characteristics of each 

class is related to the morphology and location of their associated receptor endings 

within the skin (Johnson 2001). As such, they are inevitably influenced by the 

mechanical characteristics of the skin. Cutaneous afferents are classified based on their 

receptive field size (small, Type I and large, Type II) and their ability to adapt to 

sustained indentation (slowly, SA and fast, FA). Additionally, each afferent class has 

unique vibration response characteristics. Previous work in the hand has shown that SA 

afferents are most easily activated by low frequencies; SAIIs below 8Hz and SAIs 

between 2Hz and 32Hz. In contrast, FA afferents are more sensitive to high frequencies, 

between 8Hz and 64Hz for FAI and between 64Hz and 400Hz for FAII afferents 

(Johansson et al. 1982). FAI and FAII afferents provide velocity and vibration feedback 

(Macefield et al. 1990). In the foot sole, this feedback is important in signaling step 
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braking and propulsion as well as responding to slips and trips. SAI afferents transmit 

information about the magnitude and rate of pressure applied to the skin (Macefield et al. 

1990), while SAII afferents signal stretch and can respond to movement of the joints, 

including the ankle (Aimonetti et al. 2007). The SAII afferents are relatively insensitive 

to indentations and vibrations normal to the skin, and as such vibration perception 

threshold (VPT) testing is thought to target the SAI (<5Hz), FAI (8-60Hz) and FAII 

afferents (>60Hz) (Löfvenberg and Johansson 1984; Bolanowski et al. 1988). 

Tactile feedback from the hands and feet purportedly arise from the same 

receptors yet there are notable differences in receptor distribution and firing 

characteristics between these regions (Kekoni et al. 1989; Kennedy and Inglis 2002). In 

the finger tips, increased mechanoreceptor density corresponds to higher tactile 

sensitivity compared to the less densely innervated palm (Vallbo and Johansson 1984; 

Löfvenberg and Johansson 1984). High afferent density increases the likelihood of a 

stimulus to activate a perceptually meaningful response in one, or a population of 

afferents. In contrast, the current literature supports an even distribution of 

mechanoreceptors across the foot sole despite regional differences in tactile sensitivity 

(Kekoni et al. 1989; Kennedy and Inglis 2002; Hennig and Sterzing 2009). Additionally, 

cutaneous afferent firing thresholds are higher and receptive field size larger in the foot 

sole compared to the hand (Johansson and Vallbo 1980; Kennedy and Inglis 2002). 

These studies indicate that foot sole cutaneous afferents are less sensitive than the hand, 

and regional sensitivity differences in the foot sole cannot be accounted for by 

differences in mechanoreceptor density. It has been suggested that regional afferent 

firing and perception threshold differences between the hands and feet could reflect 

differences in the mechanical properties of the skin (Kekoni et al. 1989; Kowalzik et al. 

1996; Kennedy and Inglis 2002). 

 The functional role of the foot sole subjects it to high mechanical pressures and 

shear forces (Tappin and Robertson 1991; Hayafune et al. 1999). In response to 

repetitive load application, there is a local thickening of the skin due to accelerated 

keratinization as well as increases in the number and diameter of collagen fibres (Wang 

and Sanders 2003; Kim et al. 2010). Callus formation allows the skin to withstand 

greater stresses but at what sensory cost? Skin exhibits nonlinear viscous properties, and 
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consequently, the transmission of tactile stimuli through the skin is velocity and 

frequency dependent (Wu et al. 2006a). The relationship between the mechanical 

properties of the skin and tactile sensitivity across the foot sole remain unclear.  

The purpose of this study was to make the first direct comparison between 

perceptual threshold across the foot sole and skin hardness, epidermal thickness and 

stretch response. The aim is to understand the relationship between tactile perception and 

the mechanical properties of the glabrous skin on the foot sole. There is expected to be a 

positive relationship between skin hardness, thickness and stretch response with 

increased tactile threshold (decreased sensitivity), which will account for regional 

sensitivity differences.  

4.3 Materials and methods   

4.3.1 Participants  

Twenty-two volunteers recruited from the University of Guelph and the Canadian 

Memorial Chiropractic College (CMCC) (10 male, 12 female, age 18-31 mean 24) 

participated in this study. Each participant was tested in the same temperature controlled 

laboratory at CMCC. All subjects were free of peripheral neuropathy and reported no 

other known neurological conditions. Following an explanation of the protocol, each 

subject gave written, informed consent to participate in the experiment, which was 

approved by the University of Guelph and the CMCC research ethics boards and is in 

agreement with the declaration of Helsinki. 

4.3.2 Perception Threshold Tests  

Vibration perception threshold (VPT) at three frequencies (3, 40, 250Hz), as well 

as monofilament (MF) perception threshold, was determined across five foot sole 

locations on the right foot. Test sites included the great toe (GT), fifth metatarsal head 

(5thMet), lateral arch (LatArch), medial arch (MedArch) and heel (Heel) (Figure 4.1 A). 

Test sites were standardized to a percentage of foot sole length and width; measurements 

were taken of foot length, from the back of the mid-heel to the second toe, and width 

across the metatarsals and arch. For VPT testing, participants lay prone with their right 
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knee flexed (90 degrees) and leg supported in a brace; the leg was extended and ankle 

supported for MF testing.  

The vibration stimuli were delivered using a Vibration Exciter (Mini-shaker type 

4810, Bruel & Kjaer, Naerum, Denmark, 6mm diameter probe) secured in a custom 

holder  (Figure 4.1 B). The probe was positioned normal to the test site and a force 

transducer (load cell model 31, Honeywell, MN, USA) was placed in series with the 

probe to control the pre-load (2N) for all trials. A displacement sensor (model RGH24Z, 

Renishaw, Glouscestershire, UK) digitized the peak-to-peak displacement of the probe 

(1000Hz, 0.5µm resolution). VPT was measured at three different frequencies (3, 40, 

250Hz) using a binary search method (Perry 2006). Three trials, of 11 iterations 

(iteration is a two-second vibratory burst followed by a 3-5 second pause), were 

presented at each frequency/site. The first iteration of each trial always consisted of a 

suprathreshold stimulus while the second iteration was subthreshold. Subjects were 

instructed to press a trigger as soon as they could detect the vibration. Pressing the 

trigger within the two-second window resulted in a ‘true’ response while ‘false’ 

responses occurred when the stimuli were not perceived and/or the trigger not pressed 

(within the two second time frame). A true response resulted in a decrease in magnitude 

by half of the previous true response, while a false response resulted in an increase in 

magnitude halfway between the last false and true responses. The smallest perceived 

displacement (µm) over the 11 iterations for each of the three trials was averaged to give 

the VPT at each frequency/site. All three frequencies were tested at one site before 

moving onto the next. The order of sites and frequencies tested were randomized across 

subjects. 

Monofilament threshold was assessed using Semmes-Weinstein monofilaments 

(North Coast Medical Inc, Gilroy, California).  Site order was randomized, and the same 

experimenter applied the monofilaments for each subject using a modified 4-2-1 search 

method (Dyck et al. 1993). Participants were instructed to be at least 90% confident in 

their responses, and were informed that multiple catch trials would be presented in which 

no monofilament would be applied. A 3-2-1 countdown was given before monofilament 

application (1.5 seconds on, 1.5 seconds removal), to which a ‘yes’, or ‘no’ response was 

required. Threshold was determined to be the lowest monofilament (grams of force) 
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correctly perceived at least 75% of the time. Across subjects, MF threshold was reached 

at each site after an average of 12 trials (range 9-16) with 1-2 catch trials for each site. 

Two tests were performed at each site and averaged.  

4.3.3 Mechanical Property Measurements  

Skin temperature, hardness, epidermal thickness and stretch response 

measurements were taken at each test site.  

Temperature was measured with an infrared digital thermometer (THS841-065 

Combo Thermometer, ThermoWorks, Orem, UT) prior to the VPT testing to confirm 

that skin temperature was within a normal range (Sun et al. 2005).   

Hardness measurements were taken using a handheld durometer (Type 1600-OO, 

Rex Gauge, Brampton, Ontario, CAN) with a 2mm diameter, column-shaped indenter. 

This style of durometer is ideally suited for taking skin hardness measurements (Kissin et 

al. 2006) and have shown excellent repeatability across the foot sole (Cuaderes et al. 

2009). Durometers determine hardness by measuring the penetration of an indenter into 

the skin, which gives a reading of increasing hardness from 1 to 100 (arbitrary units, au). 

To assess creep, a reading was taken within the first second of contact, followed by a 

second reading 10 seconds after sustained application. This was done twice per site. 

There were no significant differences between the initial and final durometer readings 

(p=0.658); therefore all four measurements were averaged to give a single measure of 

hardness (au) at each site.  

Epidermal thickness (measured to the nearest 0.01mm) and stretch response 

(pseudo-stiffness; maximum cumulative lateral displacement of the epidermis expressed 

as a % of a 10mm applied pull) were obtained using high-frequency (40MHz) B-mode 

ultrasound (Ultrasonix RP, Burnaby BC). Images were taken with an L14-5/38 

ultrasound transducer sectored to 50%, resulting in a 19mm wide image, centred over the 

test site in line with the long axis of the foot. The transducer was held by hand and 

positioned on a 5mm thick agar standoff pad to reduce interference at the transducer 

contact interface and to optimize the focal zone at the level of the epidermis. Image depth 

was set to 2cm with a single focal zone at the level of the epidermis which appears as 

bilaminar, parallel hyperechoic lines (Figure 4.2 B) (Wortsman 2012). At each site, three 

epidermal thickness measurements were taken and averaged using Image Tool 3.0 
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software for Windows (Image Tool version 3.0, The University of Texas, Health Science 

Center, San Antanio, TX). With the ultrasound transducer held stationary, a 10mm 

8.3mm/s anterior pull, parallel to the long axis of the foot was applied to the skin using a 

MultiTest-i machine (Mecmesin, Sterling, VA).  String conveyed the pull from the 

MultiTest-i through a plastic tab (2cm wide, 5cm long) glued 1cm anterior to each test 

site (Figure 4.2 A). A consistent preload of 1.9-2.1N was used to remove any slack in the 

line prior to each pull. Ultrasound data were processed with a custom program 

(MATLAB 7.1, The MathWorks Inc., Natick, MA). Displacement of the epidermal 

tissue was determined from the “raw” ultrasound radio frequency data using cross-

correlation techniques (Ophir 1991; Konofagou and Ophir 1998; Langevin et al. 2011) 

with custom software written in MatLab (Natick, MA).  A region of interest (1 X 1.5cm) 

was defined within the approximate centre of each ultrasound frame (Figure 4.2 

B).  Motion occurring between successive frames of radio frequency data was 

accumulated over the duration of the stretch testing to yield a cumulative displacement 

value. The epidermal stretch response represents the maximum cumulative lateral 

displacement divided by the applied pull (10mm) and expressed as a percentage. 

Epidermal thickness and stretch response measurements were taken after MF, VPT and 

hardness testing to avoid any potential effects of skin hydration on perceptual threshold 

or hardness that may have been caused by the moist agar stand-off pad. Skin hydration 

has been shown to have a nominal effect on VPT, but does influence spatiotemporal 

acuity as well as epidermal structure (Warner et al. 2003).  

4.3.4 Ranked Data  

 To further investigate sensitivity and mechanical property relationships across the 

foot sole, each perceptual threshold test (3, 40, 250Hz VPT and MF) and the mechanical 

property measurement (hardness, thickness, stretch response) were ranked across test 

sites for each subject. For each perceptual threshold test, sites were ranked 1-to-5 with 1 

indicating the site with the lowest perceptual threshold, and 5 being the highest 

perceptual threshold. Likewise, the softest and thinnest sites, as well as sites with the 

smallest stretch responses were given a rank of 1, while the hardest, thickest and sites 

with the largest stretch response were given a rank of 5. The ranks for the perceptual 



 

45  

threshold tests and mechanical property measurements were averaged across subjects to 

highlight the site order relationship for these measures.  

4.3.5 Analysis   

Outliers, defined as a large deviation from the mean (±3SD), were removed from 

the data set (VPT: 3 of 330 data points, and MF: 4 of 110 data points). Technical issues 

during data collection resulted in an additional 10 missing VPT data points. Residuals 

were tested for normality (Shaprio-Wilk) and homogeneity of variance (Brown and 

Forsythe) and data were corrected with a log transformation when necessary. One-way 

repeated-measures analysis of variance (ANOVA) with post hoc comparisons (Tukey-

Kramer) were used to compare foot sole perceptual threshold and mechanical property 

measures across foot sole sites. To account for between subject variability, data were 

normalized to subject mean foot sole values (site thresholds, thickness, hardness were 

expressed as a percentage greater or less than the mean). Linear regression (Pearson’s 

product) analysis was used to calculate the coefficient of determination (R2) between 

foot sole site perceptual thresholds (VPTs and MF) and mechanical properties (skin 

hardness, epidermal thickness and stretch response) for both raw and normalized values 

across all subjects. Individual subject correlations were further examined to determine 

the direction and strength of subject correlations within the population. Ranked 

perceptual threshold and mechanical property measurements were evaluated for foot sole 

site differences using a Kruskal-Wallis test and Dunn’s post hoc analysis for 

nonparametric data. SAS statistical software version 9.3 (SAS Institute, Cary, NC) was 

used for all parametric statistical analysis and Prism5 was used for nonparametric 

analysis (GraphPad Prism version 5.0c for Mac OS X, San Diego CA). For all tests, 

significance was determined at a type-I error rate of p<0.05.  
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Figure 4.1: A) Foot sole test sites. The Heel location was marked 15% anteriorly along 
the length of the foot. The MedArch and LatArch locations were marked 15% along the 
width of the centre of the arch from the medial and lateral borders respectively. The 
5thMet location was 15% of the length along the metatarsals from the lateral border. The 
GT location was centred on the pad of the distal phalange. B) Vibration perception 
testing set up. Vibratory stimuli (3, 40, 250Hz) were delivered with a mini-shaker 
through a 6mm diameter probe positioned perpendicular to each test site with 2N of 
preload. Threshold values are reported in micrometers of displacement, which were 
recorded with a displacement sensor. 
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Figure 4.2 A) Ultrasound and skin stretch set up. Ultrasound transducer location (i.) for 
the LatArch test site, with the image site outlined by a white dashed line. A plastic tab 
(ii.) glued to the skin facilitated 10mm of pull (iii.). B) B-mode ultrasound image 
including the standoff pad (iv.), epidermis (v.) and dermis plus subcutaneous tissue (vi.). 
Three measurements of epidermal thickness (arrows) were taken and averaged at each 
test site.  
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4.4 Results  

Average foot sole temperature was 25.6°C with a range of 23.4-28.6°C, which is 

normal for this population (Sun et al. 2005). There were no sex differences present for 

any perception threshold or mechanical property tests (p>0.05). Male and female 

subjects were combined for data analysis.  

4.4.1  Perception Threshold Tests 

Vibration perception threshold significantly decreased (sensitivity increased) with 

increasing frequency (p<0.0001). Hence, the ability to detect a vibration was 

significantly greater at 250Hz (2.9µm) than at 40Hz (15.5µm) and greater at 40Hz 

compared to 3Hz (218.5µm), across all foot sole sites. A significant main effect of site 

was found for VPT, but only for vibration at the 250Hz frequency (p<0.0001) (Figure 

4.3). Significant site differences were also found for MF testing (see below). Post-hoc 

analyses indicated that the GT had the highest vibration threshold at 250Hz (5.0µm); 

significantly higher than all other sites across the foot sole (p<0.0001), while the heel 

was the second least sensitive at 250Hz with a threshold of 2.8µm. The MedArch had 

significantly lower vibration threshold at 250Hz (2.0µm) compared to all sites (p<0.05) 

except for the LatArch (p=0.068). At 250Hz, the MedArch was found to be the most 

sensitive site in 58% of subjects, while the GT and Heel were never the most sensitive.  

Neither of the lower frequencies, 3Hz or 40Hz, demonstrated significant site differences 

for VPT.  

For MF testing, the Heel had the highest threshold (1.46g), followed by the 

5thMet (1.16g) and GT (1.09g). Following statistical analysis, the Heel and 5thMet were 

shown to have significantly higher MF thresholds compared to both the LatArch (0.57g) 

and the MedArch (0.40g, p<0.0001). The GT MF threshold was also significantly higher 

than the MedArch (p=0.0002, Figure 4.3 D). The relationship between perception 

threshold and test site is presented in Table 4.1.  

4.4.2 Mechanical Property Measurements 

Skin hardness and epidermal thickness showed significant site differences 

(p<0.05) (Figure 4.4), while there were no sites differences in epidermal stretch response 
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(p=0.31) (Table 4.1). The Heel was both the hardest (mean 45.5au, range 38.5-51.5au) 

and thickest (mean 1.32mm, range 0.90-1.70mm) site, while the MedArch was the 

softest (mean 33.8au range 22.0-40.3au) and thinnest (mean 0.76mm range 0.62-

0.90mm). The 5thMet, GT and LatArch were found to have intermediate hardness and 

thickness. Skin mechanical property measurements for all sites are presented in Table 

4.1.  

4.4.3 Correlations  

Hardness and thickness showed a positive correlation to each other (R2=0.8327 

p=0.0307) while neither were significantly correlated with stretch response (hardness 

R2=0.3736 p=0.5357, thickness R2=0.5798 p=0.3056). Correlations between (non 

normalized) foot sole sensitivity and mechanical property measurements did not reveal 

any significant relationships (Figure 4.5).  Normalized MF thresholds did, however, 

show moderate positive correlations with hardness (R2=0.4224, p=<0.0001) and 

thickness (R2=0.4333, p<0.0001) (Figure 4.6). Out of the 20 subjects, 19 had positive 

correlations between MF threshold and hardness (40% with an r >0.7) and 20 of 20 had 

positive correlations with thickness (60% with an r >0.7). Normalized VPT did not 

correlate with normalized mechanical properties.  

4.4.4 Ranked Responses Across Sites  

 There was sizable variability in vibration perception thresholds both between and 

within subjects. After outliers were removed (±3SD, VPT 3 of 330 data points), VPT 

range remained large, with maximum vibration thresholds calculated as 5, 6 and 9 times 

larger than the minimum values for 3Hz, 40Hz and 250Hz VPT respectively. In contrast, 

the ranges for thickness (0.76mm-1.32mm) and hardness (33.8au-45.5au) across sites 

were relatively small. As such, a relationship to site mechanical properties may have 

become lost due to minimal room for variation of the dependent variables hardness and 

thickness.  

As an attempt to standardize the perceptual responses and mechanical changes 

across the foot sole, data were ranked. Ranked perceptual threshold tests and mechanical 

property measurements show a similar relationship across the foot sole (Figure 4.7). 

Perceptually, the MedArch had significantly lower ranked thresholds compared to all 
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sites except for the LatArch (p<0.05). The MedArch was also the lowest ranked site for 

mechanical properties (p<0.05). In contrast, the GT and Heel were the two highest 

ranked sites for perceptual thresholds (p<0.05) and the Heel was ranked highest for 

mechanical properties compared to all sites (except for the 5thMet (p<0.05). The GT was 

ranked in the middle, significantly higher than the MedArch but lower than the Heel 

(p<0.05). The ranked responses highlighted that with the exception of the GT, sites with 

low perceptual thresholds always had relatively low mechanical property values.   
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Figure 4.3: Mean vibration and monofilament perception thresholds across the foot sole 
with standard error.  No significant differences were found across site at 3Hz (A) or 
40Hz (B) VPT. Significant differences were found at 250Hz VPT (C) and MF (D). # 
indicates a significantly higher threshold of the GT compared to all other sites and * 
denotes a significant difference (p<0.05). 
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Figure 4.4: Mean skin thickness and hardness across the foot sole with standard error. 
Circles represent the test site.  G, M, L and H denote significantly lower mechanical 
property measures than the GT, 5thMet, LatArch and Heel respectively (p<0.05). 
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Figure 4.5: Correlations between raw perception threshold and mechanical property 
measurements. There were no significant relationships between site vibration or 
monofilament perception threshold with skin hardness and site thickness (p>0.05).  
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Figure 4.6: Normalized monofilament threshold compared to (A) hardness and (B) 
thickness. Values are plotted as percentages greater (positive) or less (negative) than 
subject mean values. Trend lines are plotted for individual subjects, which show a 
majority of positive correlations. Combined, significant linear correlations were found 
between normalized MF and hardness and thickness.  
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Figure 4.7: Foot sole sites ranked by perceptual threshold (A) and mechanical properties 
(B). For each subject, a rank of 1 was given to the site with the lowest, and a rank of 5 to 
the site with the highest perceptual threshold or mechanical property measurement. 
Ranks were averaged across subejects for each foot sole site. Error bars represent the 
standard error of the mean.  L, M, H and G denotes a significantly lower ranking of that 
site than the LatArch, 5thMet, Heel and GT respectively (p<0.05)  
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Table 4.1: Foot sole test site mechanical properties and perceptual threshold rankings 
with mean test values 
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4.5 Discussion  

The aim of this study was to investigate if differences in skin sensitivity across 

the foot sole are influenced by variations in the mechanical properties of the skin, as has 

been suggested in the literature (Kekoni et al. 1989; Kowalzik et al. 1996; Kennedy and 

Inglis 2002). Skin hardness, epidermal thickness and stretch response were directly 

compared to vibration and monofilament perception thresholds across five foot sole sites. 

Sites that were harder, thicker and stiffer were expected to be less sensitive compared to 

softer, thinner and more compliant sites, and perceptual thresholds were expected to 

show a positive linear relationship with mechanical property measurements. Ranking 

foot sole sites on sensitivity and mechanical property measurements demonstrated that in 

most instances, sites that were relatively sensitive also had softer and thinner skin 

compared to less sensitive sites. In following with previous literature, the MedArch was 

found to be the most sensitive site, while the Heel was the least sensitive with the 

exception of the GT at 40Hz and 250Hz (Kekoni et al. 1989; Nurse and Nigg 1999).  The 

MedArch was also the softest and thinnest site, while the Heel was the hardest and the 

thickest. Despite this trend, the results were unable to establish causality between the 

mechanical properties of the skin and vibration and MF sensitivity. It appears that small 

differences in foot sole skin mechanics observed in young healthy adults do not have an 

observable influence on vibration sensitivity, and only a moderate influence on MF 

sensitivity. When normalized to subject mean values, MF thresholds did show positive 

correlations with normalized hardness and thickness suggesting that increases in skin 

hardness and epidermal thickness may elevate MF threshold. These data suggest that the 

mechanical properties of the skin could have a moderate, yet significant, influence on the 

ability to perceive light touch through MF testing, however larger ranges in hardness and 

thickness are likely required to evoke a meaningful change in vibration sensitivity.  

4.5.1 Skin mechanical properties influence stimulus transmission  

Mechanical properties of the skin have frequently been proposed to account for 

sensitivity differences between the glabrous skin on the foot and hand and between 

different sites across the foot sole (Kekoni et al. 1989; Kowalzik et al. 1996; Kennedy 

and Inglis 2002). To date, the majority of studies have used computer and animal models 
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to address the influence of skin mechanics on afferent and perceptual thresholds. Using a 

biomechanical fingertip model, the mechanical properties of the skin have been shown to 

influence the transmission of mechanical vibrations to the underlying mechanoreceptors 

(Wu et al. 2006a). Low frequency vibrations (< 31.5Hz) were shown to induce dynamic 

strains most effectively in superficial skin layers, while higher frequencies (63-250Hz) 

penetrate deeper to depths where the FAII receptor endings reside (Wu et al. 2006a). 

Additionally, a complex ratio of force to velocity has been used in both animal and 

human models to describe mechanical impedance (resistance to indentation) of the skin 

and its relationship to stimulus transmission. The variance in stimulus transmission has 

been suggested to account for differences in FAI afferent firing thresholds in the rat hind 

paw (Devecıoğlu and Güçlü 2013), and for the differences in sensitivity thresholds at 

40Hz across the human fingertip (Güçlü and Bolanowski 2005). In the current study, 

while we have not measured cutaneous afferent responses directly, our observations of 

reduced MF sensitivity are thought to relate to a reduced ability to activate primary 

afferents (through reduced stimulus transmission) at harder and thicker sites. Increased 

epidermal thickness creates a greater separation between the mechanoreceptors and 

external stimuli, which may have a meaningful impact on afferent firing at perceptual 

threshold. Additionally, skin hardness and stretch response can influence the way skin 

deforms in response to indentation and stretch stimuli (Takei et al. 2004; Staloff and 

Rafailovitch 2008). Ultimately the ability to transmit force to activate mechanoreceptors 

may be affected by skin hardness and thickness, and the ability to activate the 

mechanoreceptors is essential to evoke afferent firing and to create a percept.   

To further examine the mechanical characteristics of the skin, the epidermal 

stretch response was investigated. This measure provided a novel pseudo-stiffness 

variable to better understand the shearing forces exhibited at the epidermal-dermal 

interface at different foot sole sites. During gait, the acceleration and deceleration phases 

subject the foot sole to large shearing forces (Tappin and Robertson 1991). The ability of 

the skin to deform in response to stretch will influence afferent firing, notably SAII 

afferents which are particularly sensitive to skin stretch (Kennedy and Inglis 2002). 

Counter to the hypotheses, and unlike skin hardness and thickness, no significant site 

differences were observed for stretch, and stretch response measures did not correlate 
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with any perceptual threshold tests. The lack of correlation between stretch response and 

perceptual threshold is attributed to the small range of stretch response found across test 

sites (1.28-1.80mm) and high variability (standard deviation 1.29mm). Perhaps more 

importantly, however, SAII afferents, whose firing is most greatly influenced by lateral 

skin stretch, are least sensitive to the perpendicular MF stimuli investigated in the current 

study (Johansson et al. 1982). As such, a measurable change in the stretch response 

across sites (if present), while it will differentially activate SAII afferent firing, is 

unlikely to correlate well to SAII threshold response to MF or vibration. 

4.5.2 Skin mechanical properties influence MF perception  

We believe that skin hardness and epidermal thickness contribute to the 

significant site MF threshold differences in the present study, as a result of altered 

stimulus transmission to, and subsequent activation, of the underlying mechanoreceptors. 

The influence of skin mechanics on tactile perception appears to be dependent on the 

type of sensory test used and the tactile afferent population targeted. For example, 

increased foot sole hardness in diabetic patients as well as in healthy controls 

corresponded to increased monofilament thresholds across the foot sole (Thomas et al. 

2003). While in two additional studies by subsequent authors, foot sole skin thickness 

did not influence two point discrimination (Kowalzik et al. 1996) and was not able to 

explain site differences in the perception of electrical stimulation and afferent electrical 

activation thresholds (Frahm et al. 2013). The results of the latter two studies do not 

follow a similar causal trend to our work, which may not be surprising given that spatial 

information (two-point discrimination) and electrical stimulation thresholds are 

perceptually different from light touch (MF). Two point discrimination is suggested to be 

mediated by SAI afferents, and electrical stimulation targets A-delta nociceptive fibres, 

both of which are thought to not be significantly influenced by skin mechanics 

(Kowalzik et al. 1996; Craig 1999; Frahm et al. 2013). In contrast, MF threshold is 

mediated by baseline activity of FAI afferents (Johansson and Vallbo 1979a). Our 

present data suggest that the influence of skin mechanics on altering perceptual threshold 

in young healthy adults is limited to MF stimuli, which are known to target activation of 

FA afferents.  
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4.5.3 Skin mechanical properties do not influence VPT  

Contrary to the hypothesis, there was no significant correlation between thicker, 

harder and stiffer foot sole sites and elevated VPT thresholds across any frequencies 

tested. Similar to MF thresholds, 250Hz VPT were found to be significantly different 

across the foot sole; however unlike MF threshold, correlations of VPT with skin 

thickness, hardness and stretch response did not reveal any relationships. This is thought 

to reflect the small range of mechanical property measurements observed in the present 

study. These small ranges are expected to result in afferent firing patterns that do not 

differ across the foot sole, which would conceal any relationship between mechanical 

properties and VPT if present. Additionally, in the present study, VPT testing involved 

2N of preload combined with a 6mm diameter probe. This may have led to both SA 

afferent adaptation and increased spatial summation (greater afferent contribution) at the 

contact site, which could have masked any influence of skin mechanics on VPT. 

Differences in contact area, pre-load, stimulus quality and subject expectations also make 

comparisons between MF and VPT difficult. In contrast to VPT, MF thresholds reflect 

minimal activity in (potentially just single) FAI afferents where subtle differences in 

firing threshold (because of few afferents) may have a meaningful influence on 

perception (Johansson and Vallbo 1979a). Due to the large baseline of firing with VPT 

(6mm probe), a greater absolute change in afferent firing necessitates greater differences 

in skin mechanics to alter VPT compared to MF thresholds across the foot sole.  

4.5.4 The role of cutaneous afferent classes in mediating perceptual 

threshold  

MF and vibration perception threshold is set by the capability of the most 

sensitive afferents to provide a meaningful response (percept). In this way, vibration 

perception threshold testing is thought to allow the sensory contributions of the different 

cutaneous afferent classes (FAI, FAII, SAI, SAII) to be selectively investigated 

(Johansson et al. 1982; Bolanowski et al. 1988; Kekoni et al. 1989). While reported in 

the hand (Johansson et al. 1982), individual cutaneous afferent vibration tuning curves 

have not been established in the foot sole. As a consequence, afferent firing thresholds at 

different frequencies across the foot sole are not well understood. Based on the hand 

literature, the test frequencies in the present study are thought to target the SAI (3Hz), 
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FAI (40Hz) and FAII (250Hz) afferents, however overlap in afferent class firing is 

expected (Löfvenberg and Johansson 1984; Bolanowski et al. 1988). In the current work 

we found significant differences in 250Hz VPT across foot sole sites, which are believed 

to be attributed to FAII firing. 250Hz VPT amplitudes are small (mean 2.9µm), and 

therefore a change in threshold of 1 µm across foot sole sites amounts to a 34% increase 

or decrease, and subsequently a significant perceptual difference. In contrast, a 1 µm 

difference in amplitude at 3Hz and 40Hz VPT is only a 0.5% and 6% change in VPT 

respectively. The lack of site differences for 3Hz and 40Hz VPT found in the present 

study indicates that small changes in SAI and FAI afferent firing across sites is not able 

to evoke detectable changes in perception due to the inherently large threshold 

amplitudes at 3Hz (218 µm) and 40Hz (15.6 µm). Although it is not clear how cutaneous 

afferent firing varies across the foot sole in density and sensitivity, the frequency specific 

VPT differences in the present study are in agreement with previous work which found 

high frequency VPT to show more regional differences across the foot sole compared to 

low frequencies (Kekoni et al. 1989; Nurse and Nigg 1999). The present data do not 

support that these regional differences at 250Hz VPT across foot sole sites are due to 

hardness and thickness.  

Monofilaments measure light touch threshold, which is suggested to reflect the 

activity of a small number, or perhaps even single, FAI afferents (Johansson and Vallbo 

1979a). The current study found MF threshold to be significantly different across the 

foot sole, and when normalized to individual mean values, to show a moderate, positive 

correlation with skin hardness and epidermal thickness. This supports a potential 

influence of skin mechanics on FAI firing threshold at perceptual threshold levels. 

Micro-stimulation studies have shown that activity in single FAI afferents can lead to 

meaningful percepts (Ochoa and Torebjörk 1983; Macefield et al. 1990). In some cases 

single impulses from FAI afferents innervating the fingertips were detected as taps. In 

contrast, electrical stimulation of FAII afferents required temporal summation and 

stimulation frequencies >10Hz to evoke sensations of vibration in the hand (Ochoa and 

Torebjörk 1983). Monofilaments apply very light localized pressure, and threshold 

stimuli require only minimal afferent spatial or temporal summation to evoke a percept. 

In this way, MF testing may provide information, albeit indirect, about FAI afferent 
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sensitivity. Although the relationship between primary afferent firing and skin hardness 

and thickness in the foot sole have not been investigated directly, reduced local skin 

deformation in harder sites and increased separation between stimulus and 

mechanoreceptor in thicker sites is thought to contribute to the observed differences in 

MF across the foot sole.  

4.5.5 Additional factors that may influence foot sole sensitivity  

The mechanical properties of the skin are just one of a number of factors which 

can impact vibration and light touch threshold. Afferent density and distribution, central 

mechanisms as well as the physical dimensions of the stimulation site may all convey 

some influence on perceptual threshold. In the glabrous skin of the hand, there is an 

increasing proximal-distal gradient in FAI and SAI afferent density (Johansson and 

Vallbo 1979b). This corresponds to better spatial acuity (grating orientation 

discrimination) (Craig 1999) and vibratory perceptual thresholds in the fingertips 

compared to more proximal locations on the finger and palm (Löfvenberg and Johansson 

1984). The current literature however, does not indicate a denser innervation of afferents 

in the arches compared to the Heel or GT and therefore cannot explain the observed 

sensitivity differences across the foot sole (Kennedy and Inglis 2002; Fallon et al. 2005; 

Lowrey et al. 2013). Moreover, afferent density gradients, when present, may not be 

important in all aspects of tactile sensitivity. Monofilament and light touch perception 

thresholds are not influenced by afferent spatial summation and increased afferent 

density would have little influence in these tests (Johansson and Vallbo 1979a). 

Interestingly, in the Johansson 1979 study, primary afferent firing thresholds in response 

to light touch did not differ between the fingertips and palm; which lead the authors to 

suggest that tactile feedback arising from the fingertips could be deemed more 

significant by the CNS, and is therefore weighted more heavily centrally, leading to 

lower perception thresholds. In the hand, it is clear that feedback from the fingertips 

serves a functionally more important role compared to the palm, and central mechanisms 

are thought to have a significant influence on perceptual threshold between these regions. 

The same case is not as strong in the foot sole where location specific cutaneous 

feedback demands are less obvious. A comparison between afferent firing and perceptual 

thresholds across the foot sole has not been done and central mechanisms, which may 
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help explain potential afferent-perceptual threshold discrepancies, are not clear. This 

does not rule out the potential of the CNS to favour feedback from different foot sole 

sites, however future work is needed to clarify the degree of cutaneous afferent and 

perceptual sensitivity variability across the foot sole to better understand additional 

central and peripheral factors. 

4.5.6 The great toe 

The GT was unique compared to the other foot sole sites in that it demonstrated 

the highest 250Hz VPT despite having only moderate thickness and hardness 

measurements. The shape of the GT creates a confined surface area, and has a limited 

potential for spatial summation. This is thought to result in relatively less afferent 

activation for a given stimulus compared to the other test sites. This is particularly 

relevant at 250Hz VPT as spatial summation is known to play a role in high frequency 

perception, mediated by FAII afferents. Increasing probe size has been shown to reduce 

high frequency VPT, but not at lower frequencies (Bolanowski et al. 1988; Kekoni et al. 

1989; Gu and Griffin 2013).  In the current study, it is believed that afferent summation 

constraints as a consequence of the physical dimensions of the GT, played a larger role 

in dictating 250Hz VPT than skin hardness or epidermal thickness compared to the other 

foot sole sites. The inclusion of information from additional toes, with different sizes, 

may help determine the impact of physical constraints on VPT in future studies.  

4.5.7 Ordered relationship between perceptual threshold and mechanical 

properties  

When foot sites for each subject are ranked for sensitivity and mechanical 

property measurements, it is evident that sites with the smallest mechanical property 

measurements (soft, thin, compliant) were most often the most sensitive sites. Ranking 

permits each perception and mechanical property test to be grouped, which provides a 

broad look at the relationship between sensitivity and mechanical properties across the 

foot sole. The MedArch consistently had the lowest perceptual thresholds while being 

the softest, thinnest and most compliant site. In contrast the Heel had relatively high 

perceptual thresholds paired with relatively large hardness, thickness and stretch 

response measurements compared to the other test sites. Although between-site 
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differences in foot sole sensitivity and mechanical properties may be small and variable, 

the ranked data reveal that the order of these measurements is generally conserved. 

Ultimately, our data show that this relationship is more complex at the individual level 

and is heavily influenced by factors other than skin mechanics.  

4.5.8 Limitations  

  The experimental procedures used in the presented study warrant mention of 

potential limitations in the interpretation of the results. Most notably, the resolution of 

the displacement sensor (0.5µm) was close to 250Hz VPT levels.  As a result 250Hz 

VPT values <0.5µm reflect an average of three trials and not actual measurement 

resolution. The displacement sensor was however shown to be reliable and calibrated in 

0.5µm steps. In addition, because the vibration probe size was constant and static 

surrounds and masking stimuli were not employed, the interpretation of specific afferent 

class contributions to VPT is limited. Future work is needed to create vibration tuning 

curves for afferent classes to in the foot sole to strengthen such comparisons.   

4.5.9 Conclusions  

  In summary, skin mechanics seem to play a role in tactile sensitivity across the 

foot sole, however this relationship may only be meaningful at perceptual threshold 

levels, when targeting specific afferent classes (FAI). For a young healthy population, 

mechanical properties (hardness, thickness, and stiffness) of foot sole skin were not 

found to have a measureable influence on vibration perception threshold. This novel 

finding reveals that our VPT differences across foot sole sites, which are in agreement 

with previous work, cannot be accounted for by variability in skin mechanics. In 

addition, the current work supports a moderate, yet significant influence of skin hardness 

and thickness on the ability to perceive light touch through MF testing. We believe that 

the MF foot sole sensitivity differences found across sites represent regional variations in 

FAI afferent activation caused by the variability in the mechanical properties of the skin. 

A better understanding of the relationship between primary afferent firing and perceptual 

thresholds would help to strengthen this conclusion. Such insight along with our current 

findings will benefit future investigations that link perceptual thresholds with receptor 

function.  
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4.6 Bridge Summary  

Experiment I demonstrated that tactile sensitivity across different foot sole 

regions is partially influenced by skin thickness and hardness. Increases in skin thickness 

and hardness is thought to impede the transmission of tactile stimuli to underlying 

mechanoreceptors, which elevates their firing thresholds, and ultimately reduces 

perceptual tactile sensitivity. The influence of skin mechanics on tactile perception was 

found to be limited to light touch (monofilament thresholds), while vibration perception 

was not significantly impacted. Based on previous single unit recordings in the hand 

(Johansson and Vallbo 1979a), FAI afferents are proposed to mediate monofilament 

perceptual thresholds; and therefore location specific variability in FAI afferent firing 

threshold is thought to account for the observed differences in monofilament perceptual 

thresholds across the foot sole in Experiment I. In agreement with previous studies 

(Kekoni et al. 1989; Nurse and Nigg 1999; Hennig and Sterzing 2009), Experiment I 

found the medial arch to consistently be the most sensitive site, while the heel and great 

toe were the least sensitive. To address these sensitivity differences across the foot sole 

we need a better understanding of the relationship between afferent firing and perception. 

The relationship between cutaneous afferent firing and tactile perception has not been 

investigated in the foot sole, and the role of the different afferent classes in mediating 

monofilament and vibration perception is unknown. Understanding the neural 

mechanisms of monofilament perception threshold across the foot sole was the primary 

objective Experiment II. Experiment II builds upon the findings of Experiment I by 

linking monofilament perception with the firing patterns of the underlying cutaneous 

afferents. Receptive field hardness was also measured to further explore the influence of 

skin mechanical properties on tactile perception.  



 

66  

 
Chapter 5 Experiment II: Thresholds of cutaneous 
afferents related to perceptual threshold across the 

human foot sole  

(Published in the Journal of Neurophysiology 114:2144-2151, 2015)  

5.1 Abstract 

  Perceptual thresholds are known to vary across the foot sole, despite a reported 

even distribution in cutaneous afferents. Skin mechanical properties have been proposed 

to account for these differences, however, a direct relationship between foot sole afferent 

firing, perceptual threshold and skin mechanical properties has not been previously 

investigated. Using the technique of microneurography, we recorded the monofilament 

firing thresholds of cutaneous afferents and associated perceptual thresholds across the 

foot sole. In addition, receptive field hardness measurements were taken to investigate 

the influence of skin hardness on these threshold measures. Afferents were identified as 

Fast Adapting; FAI (n=48), FAII (n=13), or Slowly Adapting; SAI (n=21) or SAII 

(n=20), and were grouped based on receptive field location (Heel, Arch, Metatarsals, 

Toes). Overall, perceptual thresholds were found to most closely align with firing 

thresholds of FA afferents. In contrast, SAI and SAII afferent firing thresholds were 

found to be significantly higher than perceptual thresholds and are not thought to mediate 

monofilament perceptual threshold across the foot sole. Perceptual thresholds and FAI 

afferent firing thresholds were significantly lower in the Arch compared to other regions, 

and skin hardness was found to positively correlate with both FAI and FAII afferent 

firing and perceptual thresholds. These data support a perceptual influence of skin 

hardness, which is likely the result of elevated FA afferent firing threshold at harder foot 

sole sites. The close coupling between FA afferent firing and perceptual threshold across 

foot sole indicates that small changes in FA afferent firing can influence perceptual 

thresholds.  
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5.2 Introduction  

It is well established that cutaneous feedback from the soles of the feet is 

fundamental in the control of upright stance. Previous work has shown foot sole 

cutaneous feedback to play a role in standing balance (Roll et al. 2002), gait (Perry et al. 

2001; Eils et al. 2004), automatic postural adjustments (Inglis et al. 1994; Perry et al. 

2000), as well as in the modulation of  lower (Fallon et al. 2005) and upper limb (Bent 

and Lowrey 2013) muscle activity and vestibular reflexes (Muise et al. 2012). What 

remains unclear is the capacity of individual types of foot sole cutaneous afferent classes 

to transmit distinct tactile cues to the central nervous system (CNS) and what impact this 

feedback has on balance control.   

  Tactile sensibility from the glabrous skin of the foot sole and hand arises from 

four classes of low threshold cutaneous mechanoreceptors located in the dermal and 

epidermal layers of the skin. Each class is sensitive to unique features of tactile stimuli 

and demonstrate distinctive firing characteristics in response to indentation forces, skin 

stretches, textures, and vibrations (Johansson et al. 1982; Johnson and Hsiao 1992; 

Aimonetti et al. 2007). Cutaneous afferent firing characteristics as well as receptive field 

properties establish the classification of each subtype as fast adapting (FA) or slowly 

adapting (SA), and type I (small, distinct borders) or type II (large, undefined borders). 

The development of microneurography by Vallbo and Hagbarth in the 1960s allowed for 

the direct comparison between primary afferent activity and perceptual experience 

(Hagbarth and Vallbo 1967). Pioneering work in the hand found light touch perceptual 

threshold to most closely resemble the firing thresholds of FA afferents (Johansson and 

Vallbo 1979a). In the most sensitive hand regions (fingers and lateral border), a small 

amount of activity from FAI afferents, even single spikes, were capable of evoking a 

percept. Further support for a one-to-one relationship between afferent firing has been 

demonstrated through the electrical micro-stimulation of individual cutaneous afferents. 

Using this technique, researchers have demonstrated that specific tactile sensations can 

be evoked from the activity of single cutaneous afferents; e.g., flutter (FAI), vibration 

(FAII), and pressure (SAI) (Ochoa and Torebjörk 1983; Macefield et al. 1990). These 

findings are in line with the lower envelope principle, in that perception can be set by 

minimal activity in the most sensitive afferents (Parker and Newsome 1998).  
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  Previous work that has investigated tactile perception has focused almost 

exclusively on cutaneous feedback from the hand. The fingers have been shown to have 

lower perceptual thresholds compared to the palm, despite similar afferent firing 

thresholds between these regions (Johansson and Vallbo 1979a). This led the authors to 

postulate that cutaneous feedback is not weighted equally across the body, and that 

central mechanisms may integrate input from the fingertips with more fidelity than the 

palm of the hand. The higher density of afferents in the finger tips may increase the 

probability of activating highly sensitive afferents leading to the disparity in perception 

between these regions. However, Johansson and Vallbo (1979) argued this was not the 

case since sub sensory stimuli at the palm still evoked firing in cutaneous afferents. Their 

investigation suggests that perceptual threshold can be set by the firing capacity of the 

most sensitive primary cutaneous afferents in some regions (e.g., in the fingers); while 

additional factors may raise perceptual threshold in less sensitive skin regions (e.g., in 

the palm).  

The soles of the feet are not as sensitive as the hands, where in the feet, both 

perceptual thresholds (Hennig and Sterzing 2009) and cutaneous afferent firing 

thresholds (Kennedy and Inglis 2002) are reportedly higher. Perceptual threshold 

differences have been reported across the foot sole (Kekoni et al. 1989; Hennig and 

Sterzing 2009; Strzalkowski et al. 2015c); while mechanoreceptor density is thought to 

be evenly distributed (Kennedy and Inglis 2002). A direct comparison between foot sole 

cutaneous afferent firing and perceptual sensitivity has not been made at the foot sole, 

and the neural mechanisms underlying regional differences in perceptual threshold are 

not well understood.  

Mechanical properties of the skin have been shown to differ across the sole of the 

foot (Strzalkowski et al. 2015c) and between the foot sole and hand (Hoffmann et al. 

1994). The ability of skin to deform and transmit force will presumably impact afferent 

firing, and differences in skin properties have been proposed to account for disparities 

between cutaneous afferent firing and perceptual thresholds between these regions 

(Kekoni et al. 1989; Kowalzik et al. 1996; Kennedy and Inglis 2002). While an attempt 

has been made to link mechanical properties with afferent firing in the glabrous skin of 

raccoons (Pubols & Pubols 1983), and with perceptual threshold in the foot 
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(Strzalkowski et al. 2015c), the influence of skin mechanics on the actual firing of foot 

sole cutaneous afferents has not been investigated.   

  The aim of the present study was to investigate the relationship between tactile 

perceptual threshold and cutaneous afferent firing thresholds across the human foot sole.  

Skin hardness within each afferent’s receptive field was also investigated to better 

understand the potential influence of skin mechanics on afferent firing and perceptual 

threshold. In following with previous work in the hand, FA afferents were expected to be 

more sensitive to light touch (i.e., fire at lower forces) compared to SA afferents, and 

have firing thresholds most similar to perceptual thresholds across the foot sole. Afferent 

firing thresholds are expected to increase with skin hardness and, at least partially, 

account for perceptual threshold differences across the foot sole. 

5.3 Materials and methods 

5.3.1 Subjects  

Fifty-nine recording sessions were performed on 21 healthy subjects (12 male 

and 9 female, mean age 24, range 20-27). None of the participants had any known 

neurological or musculoskeletal disorders. All subjects gave written informed consent to 

participate in the experiment. The protocol was approved by the University of Guelph 

research ethics board and complied with the declaration of Helsinki.  

5.3.2 Microneurography  

Microneurography was used to identify and record the firing patterns of single 

cutaneous afferents from the right tibial nerve. Subjects lay prone on an adjustable table 

with both legs straight, and supported with Versa Form positioning pillows. The path of 

the tibial nerve and microelectrode insertion sites were located at the level of the 

popliteal fossa using transdermal electrical stimulation (1-ms square wave pulse, 1Hz 0-

10mA, Grass S48, SIU-Isolation Unit, Grass Instruments). A low impedance reference 

electrode (uninsulated, tungsten, 200µm diameter; FHC Inc. Bowdoinham, ME, USA) 

was inserted percutaneously to a depth of 0.5cm, 2cm medial to the predetermined 

recording site. A recording electrode (insulated 10MΩ, tungsten, 200µm diameter, 1-2 

µm recording tip, 55mm length; FHC Inc.) was then inserted at the recording site and 
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manipulated by hand to penetrate the nerve and to isolate single units. Electrode 

manipulations were guided by subject sensations as well as audio feedback of the neural 

activity initiated by mechanical activation (light tapping, stroking and stretching) of the 

foot sole skin. Neural recordings were amplified and band-pass filtered (gain 104, 

bandwidth 300Hz-3kHz, model ISO-180; World Precision Instruments, Sarasota, FL), 

digitally sampled (40kHz), and stored for analysis (CED 1401 and Spike2 version 6; 

Cambridge Electronic Design). Spike morphology was used to generate templates for the 

visual classification of single units. The sample of cutaneous afferents through 

microneurographic recordings is thought to be random, and the ratio of afferent classes 

and distribution of receptive fields in the present study are thought to reflect a 

representative sample of the cutaneous population in the foot sole.    

5.3.3  Cutaneous mechanoreceptor identification  

Single afferents were classified as fast adapting type I (FAI) or II (FAII), and 

slowly adapting type I (SAI) or II (SAII) based on previously described criteria 

(Johansson 1978; Kennedy and Inglis 2002). Briefly, FA afferents adapt quickly to 

sustained indentations and are highly sensitivity to dynamic events. In contrast, SA 

afferents respond throughout sustained indentations, and demonstrate a firing rate 

proportional to the magnitude of skin displacement. Type I afferents typically have small 

receptive fields with distinct borders and multiple hotspots, while type II afferents have 

large receptive fields with less well defined borders and a single hotspot.    

5.3.4  Afferent firing and perceptual threshold testing  

After a single afferent was isolated, Semmes-Weinstein monofilaments (Touch 

Test®, North Coast Medical Inc, Gilroy, California) were used to measure afferent firing 

thresholds (AFT), perceptual threshold, and to measure receptive field location and size. 

AFT was defined as the minimum monofilament force (mN), which reliably (100% 

confidence of unit identification) evoked an afferent discharge in at least three of four 

applications. AFT was determined at the most sensitive receptive field location (hotspot) 

for each identified cutaneous afferent. Perceptual threshold was also measured at each 

afferent’s receptive field hotspot following single unit recordings. The AFT test site was 

marked with a pen to ensure perceptual threshold was measured at the same location. A 
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modified 4-2-1 search method was employed (Dyck et al. 1993), and subjects were 

instructed that there would be multiple catch trials in which no monofilaments would be 

applied. Subjects were instructed to answer with a simple yes/no response when they 

were at least 90% confident that they perceived the tactile stimulus. Perceptual 

thresholds were determined to be the lowest monofilament force (mN) correctly 

perceived on at least 75% of applications. It is notable that perceptual threshold is the 

perception of force within an identified region (RF). Given the nature of 

microneurography, where we are recording from one single afferent, it may be possible 

for perception threshold to be lower than AFT when we are not recording from the most 

sensitive afferent.  

5.3.5 Receptive field characteristics 

Afferent receptive fields were measured with monofilaments that applied a force 

4-5 times greater than AFT, and were drawn on the skin using a fine tip pen (Figure 1). 

Receptive fields were always oval or circular in shape, and the major and minor axes 

were used to calculate receptive field area (mm2) (Table 1). Efforts were made to identify 

and map all isolated single afferents, however searching was focused to the foot sole, and 

only afferents with their receptive field in the plantar surface were included in AFT and 

perceptual threshold analyses. 

Hardness measurements were taken at the receptive fields of each identified 

cutaneous afferent using a handheld durometer (Type 1600-OO, Rex Gauge, Brampton, 

Ontario, CAN). The durometer had a 2mm diameter column-shaped indenter, which is 

ideally suited for skin measurements (Kissin et al. 2006). Durometers provide hardness 

measurements in arbitrary units (au) between 1 (softest) and 100 (hardest), based on the 

penetration depth of the indenter. Two measurements of hardness were taken at each 

receptive field and averaged. Hardness measurements were not taken at some toe sites 

(10 of 30) due to the receptive field being too close to the nail, or an inability for the 

durometer to fit on the toe.  

5.3.6 Data analysis  

  The dependent variable assessed for both afferent firing threshold and perceptual 

threshold was the applied monofilament force level (mN) necessary to evoke an afferent 
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discharge or a percept, respectively. Analysis of variance (ANOVA) procedures were 

conducted on log-transformed AFT and perceptual threshold data to correct for 

violations of normality and homogeneity. A one-way ANOVA was used to determine if 

AFTs differed between afferent classes (FAI, FAII, SAI, SAII). Significant effects were 

followed up with a Gabriel post hoc analysis. Additionally, a mixed design ANOVA was 

performed to determine if there were differences between afferent class firing threshold 

and associated perceptual thresholds (within factor), and if these differences were present 

at different foot sole locations (between factor). Significant effects were followed up 

with one-way ANOVAs and a Gabriel post hoc test.  

  Pearson’s product-moment coefficients were calculated to measure the 

relationship between afferent class firing thresholds and associated perceptual thresholds. 

Relationships between receptive field hardness and AFT as well as receptive field 

hardness and perceptual threshold were also explored using Pearson’s correlations.  

  The cumulative probabilities of afferent firing and the generation of a percept 

were calculated across monofilament force levels. These data demonstrate the proportion 

of afferents within each class that reached threshold, as well as the proportion of percepts 

evoked, at a given monofilament force application.  

5.4 Results  

One hundred and two afferents were successfully identified with receptive fields 

in the plantar surface of the foot sole. These included 48 FAI (47%), 13 FAII (13%), 21 

SAI (20%) and 20 SAII (20%) (Figure 5.1). An additional 9 units were identified in the 

nail bed, dorsum and back of the ankle (nail bed: 2 SAII, dorsum: 1 SAII, ankle: 1 FAI, 2 

FAII, 1 SAI, 2 SAII), however all non-foot sole units were excluded from analysis. 

Cutaneous afferent class characteristics are presented in Table 5.1. 
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Figure 5.1: Afferent class receptive field distribution. Grey ovals indicate the relative 
size and location of cutaneous afferent receptive fields identified across the foot sole. 
FAI (fast adapting type I), FAII (fast adapting type II), SAI (slowly adapting type I), 
SAII (slowly adapting type II), and the combined total (All) of each afferent class. These 
represent the receptive fields for all afferents included in the current study. 

  

FAI FAII SAI SAII All 
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Table 5.1: The number and percent of each afferent class identified as well as the 
monofilament threshold and receptive field area (mean and range) 

  

Afferent class  Number  
(% of Total) 

Threshold (mN) Receptive field area (mm2) 

Mean (Median) Range  Mean (Median) Range  

FAI 48 (47%) 13.2 (5.9) 0.7 – 78.5 56.9 (47.1) 11.8 – 226.2 

FAII 13 (13%) 12.0 (3.9) 0.4 – 98.1 701.4 (132.7) 39.3 – 2686.1 

SAI 21 (20%) 49.6 (39.2) 3.9 – 255.0 61.3 (50.3) 12.6 – 179.1 

SAII 20 (20%) 222.5 (122.6) 13.7 – 980.7 394.5 (249.0) 88.0 – 1345.5 

Total  102 
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5.4.1 Afferent class firing threshold  

  One-way repeated measures ANOVA revealed that there was a significant 

difference in afferent firing threshold between afferent classes (p<0.001) (Figure 5.2). 

Post hoc analysis indicated that AFT did not significantly differ between FAI (mean 

13.2mN) and FAII (mean 12.0mN) afferents (p=0.498), and that both FAI and FAII 

afferents had significantly lower thresholds compared to SAI (mean 49.6mN) and SAII 

(222.5mN) afferents (all p-values <0.001). In addition, SAI AFT was significantly lower 

than SAII AFT (p=0.001).  

  Across foot sole locations, FAI AFTs were found to be significantly different 

(p=0.005), while location differences were not found for FAII (p=0.174), SAI (p=0.143), 

or SAII (p=0.964) afferent classes (evaluated using one-way repeated measures 

ANOVAs). It should be noted that FAI afferents were the most abundant (n=48), thus the 

relatively lower sample size of the other classes may have contributed to the absence of 

observed differences in AFT across foot sole locations. Post hoc analysis revealed FAI 

AFTs to be significantly lower at the Arch compared to the Heel (p=0.019) and Toes 

(p=0.043), and there was a trend toward a lower threshold at the Arch in comparison to 

the Met (p=0.073) (Figure 5.3 A).  

5.4.2  Perceptual thresholds 

  Perceptual thresholds significantly differed across foot sole locations (p<0.001; 

One-way repeated measures ANOVA). Similar to FAI AFT, the Arch displayed the 

lowest perceptual thresholds; post hoc analysis revealed that perceptual threshold at the 

Arch was significantly lower in comparison to the Heel (p<0.001), Met (p=0.003) and 

Toes (p=0.007) (Figure 5.3 B). 

5.4.3 Relationship between afferent firing threshold and perceptual threshold  

  Overall, perceptual threshold (mean 14.63mN) was found to be most similar to 

both FAI (mean 13.2mN) and FAII (mean 12.0mN) AFTs (Figure 5.2). Two-way mixed 

ANOVA results indicated that across the foot sole, there were no significant differences 

between perceptual threshold and FAI or FAII AFT (p>0.05) (Figure 5.4). In contrast, 

SAI and SAII AFTs were found to be significantly higher than perceptual threshold (SAI 

p=0.004, SAII p=0.001), (Figure 5.2). Post hoc analysis showed that SAI AFT at the 



 

76  

Toes was significantly higher compared to perceptual threshold (p=0.011), with a similar 

trend at the arch (p=0.073), and an opposite trend of lower SAI AFT compared to 

perceptual threshold at the Heel (p=0.053) (Figure 5.4). SAII AFTs were significantly 

higher than perceptual threshold at the Arch and Met (p<0.001) (Figure 5.4). Minimum, 

maximum and median threshold values across foot sole sites are represented in Table 

5.2. The small sample sizes at some locations (one FAII and SAII at the Heel, and one 

SAII at the toes) limited the comparisons that could be made.  

  The cumulative probability of afferent firing and perceptual threshold across 

monofilament forces (mN) is presented in Figure 5.5. These data demonstrate differences 

in the proportion of afferents recruited in each class across monofilament force levels. 

FAII afferents were shown to be the most sensitive, exhibiting a higher percentage of 

recruitment at lower forces compared to the other classes. By 1mN of force, 40% of FAII 

afferents reached threshold whereas 20% of FAI, and 0% of SAI and SAII afferents were 

firing. The proportion of trials perceived increased with larger monofilament force and 

most closely related to the recruitment of FA afferents. Perceptual threshold was reached 

in 10% of trials before any SAI or SAII afferents reached firing threshold. At 

approximately 6mN of force, 50% of monofilament applications were perceived, while 

only 14% of SAI and 0% of SAII afferents reached threshold. In contrast 56% of FAI 

and 63% FAII were recruited by 6mN of force. These data demonstrate that FAI and 

FAII afferent firing thresholds are lower than perceptual threshold in some instances, and 

that perception threshold is likely reached in the absence of SAI and SAII firing. 

Furthermore, a significant correlation was found between FAI AFT and perceptual 

threshold (r=0.489, p=<0.001). In contrast, significant correlations were not found 

between perceptual threshold and AFT for any other afferent classes (Table 5.3). 

5.4.4 Receptive field hardness influences FA afferent firing threshold and 

perceptual threshold 

 Receptive field hardness was found to significantly correlate with perceptual 

threshold (r=0.433, p=<0.001). Similarly, receptive field hardness was found to 

significantly correlate with FAI AFT (r=0.357, p=0.018), as well as FAII AFT (r=0.758, 

p=0.007) (Table 5.3). No significant correlations were found between SAI or SAII 

receptive field hardness and AFT, although a trend was found for SAII afferents (SAI: 
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r=-0.109, p=0.678, SAII: r=0.422, p=0.064). These data suggest that the effects of skin 

hardness on perceptual threshold parallel the effects of skin hardness on FA afferent 

firing.      
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Figure 5.2: Mean (±SD) monofilament perceptual threshold (hashed bar) and afferent 
class firing thresholds (black bars). FAI and FAII afferent firing thresholds were 
significantly lower than SAI and SAII (all p-values <0.001) but were not different than 
perceptual threshold (p>0.05). SAI afferent firing threshold was significantly lower than 
SAII (p=0.001) and both SAI and SAII afferent firing thresholds were significantly 
higher than perceptual threshold (SAI p=0.004; SAII p<0.001). The letters a, b and c 
identify threshold categories that significantly differ from each other. 
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Figure 5.3: (A) Mean (±SD) FAI afferent firing thresholds at the Heel, Arch, Met and 
Toes. FAI AFTs were significantly lower at the Arch compared to the Heel (p=0.019) 
and Toes (p=0.043). (B) Mean (±SD) perceptual thresholds at each foot region. 
Perceptual thresholds were lowest in the Arch compared to all other sites (p<0.05). 
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Figure 5.4: Mean (±SD) afferent firing and perceptual threshold at the Heel, Arch, Met 
and Toes for each afferent class (FAI, FAII, SAI, SAII). There were no significant 
differences between FAI or FAII afferent firing (AFT) and perceptual threshold at any 
foot sole location. SAI AFTs were significantly higher than perceptual threshold at the 
Toes (p=0.011) and SAII AFTs were significantly higher than perceptual threshold at the 
Arch and Met (p-values<0.001). 
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Figure 5.5 Cumulative probability of afferent class firing and perceptual threshold. This 
demonstrates the proportion of percepts evoked and afferent firing thresholds reached at 
a given monofilament force level. Lines represent FAI (single black line), FAII (double 
black line), SAI (single grey line), SAII (double grey line) and perception (dotted line). 
These data demonstrate that some FAI and FAII AFTs were lower than perceptual 
threshold, and perceptual threshold was reached in 60% of trials in the absence of 
substantial SAI and SAII contributions. 
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Table 5.2: Afferent firing threshold (AFT) values across foot sole locations (mN). Data 
represented are minimum (Min), maximum (Max) and Median values. 
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Table 5.3: Correlation data for comparisons between afferent firing threshold and 
perceptual threshold, afferent firing threshold and receptive field hardness, and 
perceptual threshold and receptive field hardness. * Denotes a significant correlation 
p<0.05. 
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5.5 Discussion  

 The present study examined the relationship between cutaneous afferent firing 

thresholds and perceptual thresholds across the human foot sole. We have demonstrated 

that monofilament perceptual threshold is mediated by the activity of fast adapting 

afferents, and, in turn, that both fast adapting afferent firing and perceptual thresholds 

may be influenced by skin hardness. Across all foot sole locations, perceptual thresholds 

did not significantly differ from the firing thresholds of FAI and FAII afferents. The 

Arch was perceptually the most sensitive region and also contained the most sensitive 

FAI afferents. In contrast, SAI and SAII afferents were significantly less sensitive than 

perceptual threshold across the foot sole and are thus not thought to mediate 

monofilament perceptual threshold.  

5.5.1 Psychophysical Detection  

Cutaneous afferents are the fundamental units that convey tactile feedback to the 

central nervous system. The lower envelope principle postulates that perceptual 

thresholds are set by the most sensitive afferents, and predicts that perceptual variability 

can be accounted for in the variability of individual afferent firing (Parker and Newsome 

1998). Alternatively, afferent temporal or spatial summation may be required for tactile 

stimuli to have perceptual significance. In such pooling-models, the relationship between 

perception and afferent firing thresholds is expected to be small, as fluctuations in the 

activity of single neurons would have a minimal impact on whether cutaneous activity is 

perceived (Parker and Newsome 1998). Microneurography provides a tool to obtain 

single unit recordings from awake human subjects, and thus permits the relationship 

between cutaneous afferent firing and perception to be directly examined. This is the first 

study to link the activity of single cutaneous afferents to perceptual threshold across the 

foot sole. 

5.5.2 Afferent and perceptual thresholds across the foot sole  

 Previous reports of foot sole cutaneous afferent firing thresholds exhibit a range 

in median values, which are similar to the threshold ranges measured in the present 

study. In all cases FAII afferents were found to have the lowest monofilament thresholds, 

with median values reported from 0.73-4mN (3.9mN in the present study). In most cases 
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FAI afferents had the second lowest thresholds (3.84-11.8mN, 5.9mN present study), 

followed by SAI (4.08-35.6mN, 39.2mN present study) and SAII afferents (1.42 – 

115.3mN, 122.6mN present study) (Kennedy and Inglis 2002; Fallon et al. 2005; Lowrey 

et al. 2013; Bent and Lowrey 2013). Collectively, these median values demonstrate that 

large ranges in afferent firing thresholds may exist within classes, however, these 

afferent firing thresholds are averaged across the foot sole and not distinct by region.  

We made the link between afferent location and firing threshold because it is an 

important measure to identify factors contributing to both AFT and perceptual threshold.  

FAI AFT was found to be significantly lower at the arch compared to the Heel and Toes, 

while SA afferents did not show significant differences in threshold across the foot sole.  

Interestingly, perceptual threshold was also found to be lowest in the Arch region 

compared to the Heel, Met and Toes, which is in agreement with previous work (Nurse 

and Nigg 1999; Eils et al. 2002; Hennig and Sterzing 2009; Zhang and Li 2013). In 

general, we found that across the foot sole, regional perceptual threshold differences 

closely mirrored the firing thresholds of FAI and FAII afferents; the force required to 

activate these fast adapting afferents was not significantly different from those required 

to reach perceptual threshold. Although the relative perceptual contributions between 

FAI and FAII afferents cannot be determined from the present data, our results provide 

strong evidence that only FA, and not SA, afferent firing contributes to monofilament 

perceptual thresholds across the foot sole. 

5.5.3  Regional differences: Receptive field hardness  

 The ability of cutaneous afferents to fire is set by the capacity of the skin and 

surrounding tissue to deform and transmit force to the mechanoreceptor endings. 

Mechanical property differences between the hands and feet and across the foot sole 

have been suggested to account for perceptual and afferent firing differences between 

these regions, however, this relationship has not been previously investigated (Kekoni et 

al. 1989; Trulsson 2001; Kennedy and Inglis 2002). Significant differences in hardness 

were found across the foot sole regions investigated in the current study. Additionally, 

we found significant correlations between both FAI and FAII AFT with receptive field 

hardness, which supports an influence of skin hardness on FA AFT. Perceptual 

thresholds were also found to correlate with receptive field hardness. As a whole, these 
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correlational data suggest that across the foot sole, higher FA AFTs may be the result of 

harder skin, and as a consequence, perceptual thresholds are increased. These data cannot 

make this link unequivocally, but when considered along with the significant regional 

differences observed in FAI AFT and perceptual thresholds, it appears that indeed, 

receptive field hardness has an influence on these measures. These data suggest that 

regional differences in foot sole hardness may partially explain the consistent regional 

differences in foot sole monofilament thresholds reported in the literature.  

5.5.4 Afferent characteristics between the hands and feet  

  The hands and feet purportedly contain the same classes of mechanoreceptive 

afferents, despite serving distinct functional roles. Tactile feedback from the feet aids in 

the control of posture and upright stance by providing information about sway and 

weight distribution under the feet (Kavounoudias et al. 1998). In contrast, the hands are 

commonly used to manipulate objects and require high tactile acuity. It is therefore not 

surprising that firing thresholds of afferents in the hands are reported to be lower than 

those in the feet (Johansson et al. 1980; Kennedy and Inglis 2002). Median 

monofilament afferent firing thresholds of RA (equivalent to FAI), FAII, SAI and SAII 

afferents in the hand have been reported to be 0.58, 0.54, 1.3 and 7.5mN respectively 

(Johansson et al. 1980); these are 7-30 times more sensitive than the median afferent 

class thresholds found in the present study and in other studies examining cutaneous 

receptors in the feet (Kennedy and Inglis 2002; Fallon et al. 2005; Lowrey et al. 2013; 

Bent and Lowrey 2013). Elevated thresholds across the foot sole may reflect a peripheral 

adaptation of foot sole afferents that enables them to optimally function under loaded 

conditions. Despite these observations of overall elevated thresholds in the foot sole, the 

relative thresholds between afferent classes appear to be preserved in the feet; in both the 

hands and feet, FAII afferents are typically the most sensitive to perpendicular light 

touch followed by FAI and SAI afferents, while SAIIs characteristically are the least 

sensitive (Johansson et al. 1980; Kennedy and Inglis 2002).  

 Previous seminal work in the hand investigated the mechanisms behind the 

perception of light touch in the glabrous skin of the palm and fingers (Johansson and 

Vallbo 1979a). These authors found FAI and FAII afferent firing thresholds to mirror 

perceptual thresholds in the fingers and lateral boarder of the hand; which is similar to 
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the relationship we found in the foot sole. However, while we found FA AFT and 

perceptual threshold to correlate across the entire foot sole, they found a discrepancy in 

the palm of the hand, where FA afferent firing thresholds were considerably lower than 

perceptual thresholds. This disparity suggests that perception at the palm of the hand 

may be limited by noise or processing inefficiencies within the central nervous system. 

Such a discrepancy between AFT and perceptual threshold was not found in any regions 

of the foot sole. The alignment of FA afferent firing thresholds with perceptual 

thresholds in the most sensitive regions of the hands (fingers and lateral boarder) are 

consistent with the lower envelope principle and with the present observations across the 

foot sole whereby minimal input from a few afferents is able to generate a percept. 

5.5.5  Functional implications   

  This study extends the large body of work that has investigated cutaneous 

afferent firing and sensory perception in the hand and the foot sole. Considering the 

importance of detailed tactile feedback from the fingers, it makes functional sense that 

minimal afferent input from the fingers would have a significant impact on perception 

(Johansson and Vallbo 1979a). It may then be a surprise that a similar relationship, albeit 

at elevated thresholds, is present in the foot sole where high tactile discrimination may 

not be necessary for the control of standing balance. Research has identified a large 

proportion of FAI afferents in the foot sole, which highlights skin’s important role in 

dynamic balance (Kennedy and Inglis 2002, Fallon et al 2005). The transmission of FAI 

afferent information, with minimal firing and low signal noise, would ensure the fidelity 

of cutaneous dynamic input for balance and locomotor tasks. In the present study, the FA 

afferent-perceptual correspondence supports that small changes in FA afferent firing 

thresholds can have a significant impact on perceptual threshold, and potentially on 

balance control. In support of this concept, low amplitude white noise vibration applied 

to the foot sole has been shown to improve balance control in stroke and diabetic patients 

(Priplata et al. 2005). These vibrations are thought to increase the detection of weak 

cutaneous signals from the soles of the feet. Therefore, small changes in FA afferent 

firing are thought to impact both tactile perception, and balance control.  

While the current study was conducted in a young healthy population, these data 

can help inform clinical assessments of tactile sensitivity. Diabetic neuropathy, which is 
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present in 80% of both type 1 and 2 diabetics, is commonly diagnosed and assessed with 

monofilament testing (Valk et al. 1997; Collins et al. 2010). In these patients, the 

standard which is used to diagnose sensory neuropathy is a threshold of 10g (98mN) or 

higher, typically in the plantar surface of the great toe (Kumar et al. 1991; Lambert et al. 

2009). The current data suggests that monofilament thresholds in the foot sole are 

mediated by the activity of FA afferents, and monofilament testing does not provide a 

measure of SA afferent function. Clinically, monofilaments remain a simple tool to 

assess tactile sensibility, however, other techniques, such as vibration, grating orientation 

tasks and temperature thresholds are needed to understand the function of the complete 

peripheral sensory system. 

5.5.6 Limitations    

 Microneurography is a powerful technique in that it provides a comparison 

between afferent activity and perception in human subjects. A limitation of studying 

single neurons is the inability to measure population behaviour at different levels within 

the nervous system. The number of afferents responding to each monofilament 

application is unknown, but almost certainly includes more than the individual afferent 

being recorded. Consequently, the influence of spatial summation on these monofilament 

threshold outcomes remains unknown. Additionally, foot sole location and afferent class 

comparisons would be strengthened with large sample sizes, however microneurography 

does not permit the selection of skin units based on class or foot sole location.  

Perceptual threshold is a relatively simple psychophysical measure, and may only be 

mediated by FA afferents. Understanding the perceptual contributions of SAI and SAII 

afferents could be achieved with different tactile stimuli and associated psychophysical 

tasks; such as stimulus intensity threshold, location, and texture perception (Johnson and 

Hsiao 1992).   

5.5.7 Conclusions  

  The current findings indicate that minimal FA afferent input from the foot sole                   

can give rise to tactile percepts. These findings are in agreement with the lower envelope 

principle in that perception is set by the activity of the most sensitive FA afferents. SAI 

and SAII afferents were found to have elevated firing thresholds compared to FA 
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afferents, and their firing did not contribute to foot sole light touch perceptual thresholds. 

Additionally, regional differences in receptive field hardness appear to relate to, and 

influence, the firing thresholds of FA afferents; this is thought to contribute to regional 

differences in perception across the foot sole.     

5.6 Bridge summary  

The results of Experiment II demonstrate that monofilament, light touch 

perceptual thresholds are mediated by the firing of FA cutaneous afferents. The firing 

thresholds of SA afferents were higher than perception across the foot sole and 

correlations between SA afferent firing and perceptual thresholds were not observed. 

This is in agreement with previous research in the hand that found FAI afferents to 

mediate light touch perception (Johansson and Vallbo 1979a). Monofilament and 

vibration threshold testing are common clinical tests for tactile sensitivity, and 

understanding the neural mechanisms of tactile perception can have clinical significance 

(Feng et al. 2009; Gandhi et al. 2011). Experiment II highlights the neural mechanisms 

that underlie monofilament perception threshold testing across the foot sole, while the 

capacity of foot sole cutaneous afferents to provide vibration feedback, and mediate 

vibration perception is explored is Experiments III and IV.  

Previous work has demonstrated distinct vibration tuning curves for the 

cutaneous afferent classes innervating the hand (Johansson et al. 1982), and that each 

class contributes to vibration perception over distinct frequency ranges (Bolanowski et 

al. 1988). This work however has not been replicated in the foot sole, and the neural 

mechanisms mediating foot sole vibration perception are not well understood. The 

primary objective of Experiment III was to explore the capacity of cutaneous afferents to 

fire in response to vibration stimuli. Vibration provides a dynamic stimulus that can be 

manipulated in both frequency and amplitude parameters. Understanding how vibration 

feedback is transmitted by foot sole cutaneous afferents is important in the formation of 

sensory models of postural control and the design of tactile enhancement interventions. 

Experiment III provides a preliminary investigation of foot sole vibration signalling that 

is comparable to previous work in the hand (Johansson et al. 1982). The hands and feet 

are used for functionally distinct roles, and the firing characteristics of cutaneous 
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afferents are expected to be different between regions. Experiment III extends the 

investigation of foot sole cutaneous afferent firing characteristics initiated in Experiment 

II, contributes a neural mechanism to the vibration perception findings of Experiment I, 

and established a foundation to link afferent firing with vibration perception, which is 

addressed in Experiment IV.  
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Chapter 6 Experiment III: Response of foot sole 

cutaneous afferent classes to vibration stimulation 

(In preparation for submission to the Journal of Neuroscience) 

6.1 Abstract 

The firing characteristics of the four classes of cutaneous afferents (FAI, FAII, 

SAI, SAII) innervating the human foot sole were recorded using single unit 

microneurography in response to perpendicular sinusoidal vibratory stimuli. A variety of 

frequency (3-250Hz) and amplitude (0.001-2mm) combinations were applied to afferent 

receptive fields though a 6mm diameter probe. Afferent firing response parameters were 

measured over one second of vibration, which included: the average impulses per cycle 

(ImpCycle), the average instantaneous firing rate (AvgSec), the average rate of the 

maximum three discharges (AvgMax), the afferent firing threshold (AFT), the afferent 

entrainment threshold (AET), the percent of afferent firing at a given frequency-

amplitude combination (%firing), and the percent of afferents firing at, or greater than, 

one impulse per cycle (%≥1:1). The results demonstrated that all afferent classes had 

increased firing rates with larger vibration amplitudes. FAII afferents had the lowest 

AFT and AET across frequencies. An optimum entrainment range was not apparent for 

FAII afferents as they had similar entrainment thresholds across frequencies. FAI, SAI, 

and SAII afferent classes each demonstrated optimal entrainment to frequencies below 

20Hz, but SA afferents had elevated thresholds compared to FAI. Each foot sole afferent 

class demonstrated unique vibration tuning characteristics, however the high sensitivity 

of FAII afferents across frequencies makes isolating other afferent classes through 

vibration stimuli unlikely.  

6.2 Significance statement  

The present experiment provides the first analysis of the vibration response 

characteristics of cutaneous afferents in the glabrous skin of the human foot sole. Tactile 

feedback from the feet is known to play a role in the control of standing balance and gait, 
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and the present findings expand upon how the foot sole is viewed as a sensory structure. 

The vibration tuning curves in the present experiment support previous work in the hand 

that demonstrated unique vibration tuning of the four cutaneous afferent classes 

(Johansson et al. 1982). This work provides a mechanistic look at the capacity of foot 

sole cutaneous afferents to provide vibration feedback, which may aid in the 

development of models of sensorimotor control and design of balance enhancement 

interventions. 

6.3 Introduction  

Skin feedback from the feet and ankles plays an important role in standing 

balance and the control of gait. It is well established that cutaneous afferents from the 

foot sole and dorsum can modulate lower (Fallon et al. 2005) and upper limb (Bent and 

Lowrey 2013) motor neuron excitability, evoke posturally relevant reflexes (Zehr and 

Stein 1999), in addition to providing proprioceptive (Collins 2005; Aimonetti et al. 2007; 

Lowrey et al. 2010) and exteroceptive (Kavounoudias et al. 1998) feedback about body 

orientation and interactions with the environment. This understanding has led to a 

growing interest in improving postural control through the enhancement of foot sole 

cutaneous feedback (Priplata et al. 2005; Perry et al. 2008; Zehr et al. 2014; Lipsitz et al. 

2015). Facilitatory shoe insoles, which employ suprathreshold (Novak and Novak 2006) 

and subthreshold (Priplata et al. 2005; Galica et al. 2009; Lipsitz et al. 2015) vibrations, 

have been shown to improve balance and gait parameters in older adults and clinical 

populations. The benefits of these subthreshold insole vibrations are believed to manifest 

themselves by lowering the activation threshold of cutaneous receptors, thus making 

natural inputs suprathreshold, and able to generate viable and appropriate balance 

responses. Vibration has been shown to induce sensations of whole body lean in 

restrained subjects (Roll et al. 2002) and evoke postural sway away from stimulated sites 

during quiet stance (Kavounoudias et al. 1998; Kavounoudias et al. 1999; Roll et al. 

2002) suggesting the central nervous system (CNS) uses cutaneous feedback from the 

soles of the feet to deduce spatial body position. The sensitivity of foot sole cutaneous 

afferents and their ability to provide vibration feedback has direct consequences on 

standing balance. 
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To comprehend the contributions of foot sole cutaneous feedback in postural 

control, it is imperative to have an accurate understanding of the firing properties of the 

four primary cutaneous afferent classes in response to vibration (i.e. when and how do 

they respond?). Previous work has investigated cutaneous afferent firing characteristics 

in the leg and dorsum of the foot (Ribot-Ciscar et al. 1989), and specific afferent class 

tuning curves have been created for afferents innervating the glabrous skin on the hand 

(Johansson et al. 1982). Although these studies have provided valuable insight into the 

general firing properties of cutaneous afferents, the firing properties of the specific 

afferents classes innervating the skin of the foot sole remain unknown. 

The purpose of the present study was to investigate the vibration response 

characteristics of cutaneous afferents in the glabrous skin of the foot. As an experimental 

tool, vibration provides a controllable stimulus that can be used to investigate how and 

when different cutaneous afferents fire. Previous work in the hand has identified the 

frequency ranges over which each cutaneous afferent class (FAI, FAII, SAI, SAII) is 

most sensitive (ability to entrain, fire 1:1 to a vibration stimulus) (Johansson et al. 1982). 

FA afferents were found to be most sensitive at high frequencies; specifically FAIIs 

between 64Hz and 400Hz, and FAIs between 8-64Hz. In contrast SA afferents were most 

sensitive at low frequencies; SAIIs below 8Hz and SAIs between 2 and 32Hz. In order to 

evaluate the contribution of cutaneous input in postural control, it is essential to have an 

understanding of the capability of individual foot sole cutaneous afferents to contribute. 

6.4 Materials and Methods  

6.4.1 Subjects  

Fifty-nine recording sessions were performed on 21 healthy subjects (12 male 9 

female, mean age 24, range 20-27). None of the participants had any known neurological 

or musculoskeletal disorders. Following an explanation of the protocol, each subject 

gave written informed consent to participate in the experiment. The protocol was 

approved by the University of Guelph research ethics board and complied with the 

declaration of Helsinki. 
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6.4.2 Experimental setup  

Subjects lay prone on an adjustable treatment table. Both legs were straight with 

the right, test leg supported with a Versa Form positioning pillow at the level of the 

ankle. All recordings were performed in the right tibial nerve. The path of the tibial nerve 

was located at the level of the popliteal fossa using transdermal electrical stimulation (1-

ms square wave pulse, 1Hz 0-10mA, SIU-C Grass stimulus isolation unit and a S88X 

Grass stimulator; Grass Instruments Astro-Med, West Warwick, RI). Stimuli were 

applied through a handheld probe with a reference surface electrode (Ag/AgCl) attached 

to the patella of the right knee. The tibial nerve location was established by observable 

muscle twitches in the plantar flexor muscles, paired with subject reported sensations of 

parasthesia in the foot and leg (representative of the tibial innervation zone). The location 

for insertion was established as the location with the largest response at the lowest 

current. A low impedance reference electrode (uninsulated, tungsten, 200µm diameter; 

FHC Inc. Bowdoinham, ME, USA) was inserted through the skin ~2cm medial to the 

recording site at a depth of ~5mm. The recording electrode (insulated 10MΩ, tungsten, 

200µm diameter, 1-2 µm recording tip, 55mm length; FHC Inc.) was then inserted at the 

predetermined tibial nerve recording location. Using audio feedback of the neural 

activity, the tibial nerve was located and penetrated through manipulations of the 

recording electrode. Mechanical activation (light tapping, stroking and stretching) of the 

foot sole skin was then applied to help guide fine manipulations of the electrode to 

isolate single afferents. Neural recordings were amplified (gain 104, bandwidth 300Hz-

3kHz, model ISO-180; World Precision Instruments, Sarasota, FL), digitally sampled 

(40kHz), and stored for analysis (CED 1401 and Spike2 version 6; Cambridge Electronic 

Design). 

6.4.3 Cutaneous mechanoreceptor classification 

Single afferents were classified as fast adapting (FAI or FAII) or slowly adapting 

(SAI or SAII) based on previously described criteria (Johansson 1978; Kennedy and 

Inglis 2002). FA afferents are sensitive to dynamic events and adapt quickly to sustained 

indentations. In contrast, SA afferents respond throughout sustained skin deformation, 

and their firing rate is proportional to the magnitude of deformation. FAI and SAI 

afferents typically have small receptive fields with multiple hotspots (locations of highest 
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sensitivity) and distinct borders, while FAII and SAII afferents have large receptive 

fields, a single hotspot and less well-defined borders. To improve classification accuracy, 

additional tests were performed to identify units, such as stretch of SAII afferent 

receptors, blowing across the receptive field of FAII afferents, and calculations of the 

instantaneous frequency (SAII regular, SAI irregular). Semmes-Weinstein 

monofilaments (North Coast Medical Inc, Gilroy, California) capable of applying 

~0.078-2941mN of force, were used to calculate receptive field size, monofilament firing 

threshold, and hotspot location (site of maximum sensitivity). Receptive fields were then 

determined with a monofilament 4-5 times afferent firing threshold and drawn on the 

skin with a fine tip pen. Only units whose receptive fields fell within the plantar surface 

of the foot sole were included in this study. 

6.4.4 Vibration protocol  

Sinusoidal vibrations were delivered through a 6mm diameter probe driven by a 

vibration exciter (Mini-shaker type 4810, Power amplifier type 2718, Bruel & Kjaer, 

Naerum, Denmark) secured on an adjustable arm (143BKT, LinoManfrotto, Markham, 

Canada). The probe was positioned perpendicular to the receptive field hotspot, and 

2mm of pre-indentation was applied with a manual displacement gauge. Probe 

acceleration was recorded with an accelerometer (sampled at 2kHz; 4507 B 002; Bruel 

and Kjaer, Germany), and used in a closed-loop system to control stimulus frequency (3, 

5, 8, 10, 20, 30, 60, 100, 150 and 250Hz) and amplitude (0.001, 0.0025, 0.005, 0.0075, 

0.01, 0.025, 0.05, 0.075, 0.1, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2mm) combinations 

(VR8500 Vibration Controller, VibrationVIEW v. 7.1.4; Vibration Research corporation, 

Jenison MI). A single frequency was tested at a time; delivered though a vibration ramp 

that consisted of multiple two-second vibration bursts of increasing amplitudes. There 

was a two-second pause between vibration bursts. Force was measured with a force 

transducer (load cell model 31, Honeywell, MN, USA) placed in series with the probe. 

Force feedback was used to monitor the probe position and to ensure consistent contact 

with the foot sole. The number of amplitudes (vibration bursts) varied between 

frequencies and ranged from 7-to-15. Not every frequency-amplitude combination was 

possible due to an acceleration feedback requirement of the closed loop system necessary 

for the accurate control of peak-to-peak probe displacement. As a result, some low 
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frequency-small amplitude and high frequency-large amplitude combinations were not 

possible. The order of frequencies tested was pseudo-randomly selected. Depending on 

the stability/quality of the neural recording 1 to 10 ramps (representing 1 to 10 different 

frequencies) were delivered to each afferent. 

6.4.5 Data analysis  

Recorded afferent signals were analyzed using Spike2 (version 6; Cambridge 

Electronics Design). Spike morphology was used to generate a template for the visual 

classification of single units. Recordings, in which a single afferent could not be 

confidently identified, without interference from multiple units or excessive signal noise, 

were excluded from analysis.  

In post collection analyses, afferent firing characteristics were calculated from a 

representative one-second of each two-second vibratory burst. The one-second period 

was selected at the end of each vibration burst just before the vibration amplitude 

decreased. This period was selected to standardize the analysis period, and to limit the 

influence of an amplitude overshoot present at the beginning of some vibration bursts 

(visible in the acceleration profile of the 30Hz and 100Hz bursts in Figure 6.1). The 

impulses-per-cycle (ImpCycle), the average instantaneous firing frequency (AvgSec), 

and the maximum firing response (AvgMax) were calculated from each vibration burst. 

The impulse-per-cycle response is the number of discharges divided by the stimulus 

frequency, and indicates the ability of the afferent to entrain to the stimulus. An 

ImpCycle response of 1:1 signifies entrainment, where the afferent discharges once per 

probe indentation. Similarly, an ImpCycle response of 0.5:1 indicates that the afferent is 

firing on average once every other indentation. The ImpCycle response provides a 

normalized afferent response, which highlights the ability of the afferent class to encode 

the vibration across frequencies. The instantaneous firing frequency represents the 

average discharge rate over one second, and indicates a representative discharge rate of 

the afferent population. The maximum firing response is an average of the instantaneous 

firing frequency of the three spikes (or less if fewer then three spikes are present) with 

the highest firing frequency. The AvgMax represents the upper capacity of the afferent to 

fire. An example of raw FAI and SAI afferent firing responses to 5Hz, 30Hz, and 100Hz 

0.25mm vibratory bursts, are presented in Figure 6.1. The ImpCycle, AvgSec, and 
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AvgMax responses are presented along with the one-second period over which these 

firing characteristics were calculated.  

 At each frequency-amplitude combination, the percentage of afferents firing (% 

firing) and percentage firing at or greater than 1:1 (% ≥1:1) were calculated. 

Additionally, the minimum peak-to-peak amplitudes that evoked afferent firing (AFT), 

and afferent entrainment (AET; 1:1 firing), were determined across frequencies for each 

afferent class. One-way analyses of variance (ANOVA) with post hoc comparisons 

(Tukey-Kramer) were performed to compare AFT across frequencies within each 

afferent class, and average AFT between afferent classes. Statistical analyses were 

performed using SAS statistical software version 9.3 (SAS Institute, Cary, NC). 

Significance was determined at a type-I error rate of p<0.05.  
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Figure 6.1: Representative 0.25mm amplitude vibration bursts at 5Hz, 30Hz, and 100Hz 
for an FAI and SAI afferent. Each panel presents the afferent firing frequency, the 
vibration force and acceleration, and the neurogram over a 2-second burst. A 
representative 1-second period where the afferent firing response parameters (ImpCycle, 
AvgSec, AvgMax) were calculated is highlighted between the vertical dashed lines. At 
5Hz, both FAI and SAI afferents entrained to the 5Hz stimulus. At 30Hz, the FAI 
afferent maintained a 1:1 firing response, while the SAI afferent firing response 
decreased to 0.27:1. Neither the FAI afferent nor the SAI afferent entrained to 100Hz, 
yet the FAI afferent had a larger response compared to the SAI afferent (0.11:1vs. 
0.02:1).  
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6.5 Results 

Fifty-five cutaneous afferent recordings (out of 111 recordings in which an 

afferent was confidently identified) were in an appropriate location (plantar surface of 

foot sole), and the recording was stable enough to permit at least one complete vibration 

ramp to be applied. On average, five different frequency ramps, out of a possible ten, 

were tested on each afferent. The number of frequencies tested depended on the stability 

of the recording. The afferents tested included 20 FAI (36%), 10 FAII (18%), 14 SAI 

(26%) and 11 SAII (20%) afferents (Figure 6.2, Table 6.1). The location and distribution 

of the cutaneous afferent receptive fields are presented in Figure 6.1. Table 6.1 presents 

the average monofilament firing thresholds and receptive field sizes for each afferent 

class. Table 6.2 provides an overview of the number of afferents tested, and the 

percentage contributing (% firing) at different frequency-amplitude combinations.  
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Figure 6.2: A) Afferent class (FAI, FAII, SAI, SAII) receptive field locations  
B) Combination of all afferent class receptive fields  
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Table 6.1: Characteristics of cutaneous afferents identified and tested in the foot sole  
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Table 6.2: Cutaneous afferent class firing characteristics, percent firing (% firing) and 
percent firing at or greater than 1:1 (% ≥1:1) as well as the sample number (n) across 
select frequency-amplitude combinations 
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6.5.1 Fast adapting afferent impulses per cycle 

6.5.1.1. FAI afferents 

The average ImpCycle firing response of foot sole FAI afferents in response to 

3Hz to 250Hz vibration, at different vibratory amplitudes is shown in Figures 6.3 and 

6.4A. At most frequencies, >90% of FAI afferents were shown to respond in some 

fashion demonstrating a high capacity of FAI afferents to respond to vibrations presented 

across the foot sole (Table 6.2). ImpCycle responses were not found to deviate greatly 

between 8Hz and 60Hz at low vibration amplitudes at and below AET (0.1-1mm). This 

indicates a frequency range over which FAI afferents are tuned, in that small changes in 

vibration amplitude have minimal influence on the ability of FAI afferents to encode the 

vibration frequency. FAI afferent responses consistently increased at larger amplitudes. 

The largest responses (>2:1) were observed at low frequency (3-8Hz) high amplitude 

(≥0.75mm) vibrations. At 2mm peak-to-peak amplitude, 3Hz vibration evoked an 

average response of 2.6:1 compared to 1.3:1 at 30Hz (highest frequency stimulated at 

2mm). Average FAI ImpCycle responses greater than 1:1 were observed at frequencies 

up to 60Hz, and 1:1 firing was observed in individual afferents up to 150Hz (Table 6.2). 

This highlights the fast adapting nature of FAI afferents, and their potential to entrain to 

high frequency vibration. Low frequencies, 3Hz and 5Hz, were found to have the lowest 

AETs around 0.25mm. In contrast, average ImpCycle responses around 1:1 were evoked 

between 8-60Hz with stimulus amplitudes around 0.5-1.25mm. When averaged, the FAI 

afferent population did not reach 1:1 firing at 150Hz at the available amplitudes, 

although 43% of the individual FAI afferents tested did achieve 1:1 firing at the 

maximum available amplitude of 0.25mm (Table 6.2). These data show that as a 

population, FAI afferents most easily entrain, and have the largest ImpCycle responses at 

low frequencies (3-5Hz); while the most consistent ImpCycle responses were found 

between 8-60Hz, which indicates a frequency range over which FAI afferents optimally 

respond. High-frequency (100-250Hz) high-amplitude (>0.5mm) stimuli could not be 

tested due to the closed loop nature of the shaker system. 
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6.5.1.2. FAII afferents  

The average ImpCycle of FAII afferents across frequencies and amplitudes is 

presented in Figures 6.3 and 6.5A. As a population, FAII afferents were found to respond 

at most frequency-amplitude combinations delivered. Between 3Hz and 150Hz, all FAII 

afferents reached AFT between 0.075mm-0.5mm, and AET was reached in all afferents 

at amplitudes of 0.25mm or 0.5mm (except 100Hz 75% at 0.5mm and 250Hz 20% at 

0.075mm) (Table 6.2). At 250Hz one afferent (of five tested) did not respond at 250Hz, 

and one entrained to the stimulus. Similar to other afferent classes, higher ImpCycle 

responses were evoked with larger stimulus amplitudes. FAII afferents demonstrated the 

highest ImpCycle responses across all frequency-amplitude combinations compared to 

the other classes. Average ImpCycle responses >2:1 were observed between 3-30Hz and 

>1:1 firing was evoked up to 150Hz. Across frequencies two difference responses were 

present, a high amplitude (>0.5mm) response, where the ImpCycle responses were found 

to decrease with increasing stimulus frequency, and a low amplitude response (≤0.5mm) 

that evoked similar ImpCycle responses across frequencies. Within the frequencies 

tested, an optimal frequency or frequency range for FAII AET was not apparent. FAII 

AETs were found to fluctuate between 0.05-0.25mm without a clear relationship with 

frequency. AET at 10Hz could not be isolated because >1:1 firing was evoked at the 

smallest applied amplitude (0.05mm). The AET data suggest that FAII afferents are 

tuned to encode across a range of frequency vibrations. Overall, it is evident that as a 

population FAII afferents are able to both respond to and entrain at all the frequencies 

tested (except at 250Hz where an average AET was not observed).  
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Figure 6.3: The average ImpCycle (number of afferent discharges per indentation of the 
probe) responses of FAI, FAII, SAI, and SAII afferents at each vibration frequency-
amplitude combination. The legend on the right of the figure indicates the magnitude of 
afferent responses, ranging from <0.5:1 impulses per cycle (dark blues) to >4:1 impulses 
per cycle (dark reds). Open circles indicate vibration stimuli that were delivered but did 
not evoke an afferent firing response. These data provide an overview of firing responses 
evoked both within and between afferent classes. In most cases FA afferents are capable 
of firing across a wider range of frequencies, and at higher ImpCycle responses 
compared to SA afferents. FAII afferents are shown to have the largest ImpCycle 
responses across frequencies, while SAII afferents have the lowest ImpCycle responses.  
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Figure 6.4: Average FAI impulses per cycle (ImpCycle) responses across vibration 
frequency and amplitude combinations. 1:1 firing rate is highlighted by a dashed grey 
line (A). Individual afferent ImpCycle responses of select FAI afferents across vibration 
frequency at 1mm (B) and 0.25mm (C) amplitudes. The average of each group is 
represented by the grey stars and dashed line.  
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Figure 6.5: Average FAII impulses per cycle (ImpCycle) responses across vibration 
frequency and amplitude combinations. 1:1 firing rate is highlighted by a dashed grey 
line (A). Individual afferent ImpCycle responses of select FAII afferents across vibration 
frequency at 1mm (B) and 0.25mm (C) amplitudes. The average of each group is 
represented by the grey stars and dashed line.  
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6.5.2 Slowly adapting afferent impulses per cycle 

6.5.2.1. SAI afferents 

SAI afferents were allowed to fully adapt (no background firing) to the probe pre-

indentation before vibration testing. The average ImpCycle response of SAI afferents is 

shown in Figures 6.3 and 6.6A. As a population, SAI afferents were found to respond 

across the range of frequencies tested, but at elevated thresholds relative to FAI and FAII 

afferents. The largest SAI ImpCycle responses were observed at 3 and 5Hz (>2:1). 

Above 5Hz, there was a large reduction in the ImpCycle response that steadily decreased 

with increasing frequency (8-150Hz). In addition, with increasing frequency the number 

of SAI afferents that fired decreased (Table 6.2). The average AETs increased with 

increasing frequency up until 30Hz, above which an average population response of 1:1 

was not observed (Figure 6.6A). At 3Hz average SAI afferent AET was 0.1mm, which 

increased to around 1.25mm at 30Hz. An individual afferent (1 of 5) was found to 

entrain up to 100Hz however entrainment was not observed in frequencies above 30Hz 

in the majority of SAI afferents (Table 6.2). Despite being most responsive to low 

frequencies, a sample of SAI afferents still fired across frequencies up to 150Hz (Table 

6.2). These data demonstrate that as a population, SAI afferents preferentially encode for 

low frequencies below 30Hz, but in some circumstances can respond and entrain across a 

large frequency range.  

6.5.2.2. SAII afferents 

None of the SAII afferents recorded displayed background firing. SAII afferent 

background firing has been reported in the hand (Johansson et al. 1982), but not in the 

foot sole  (Kennedy and Inglis 2002). SAII afferents were allowed to adapt to the 2mm 

pre-indentation before vibration testing. Figures 6.3 and 6.7A displays the average 

ImpCycle responses of SAII afferents across frequencies at different stimulus 

amplitudes. SAII afferents were found to be insensitive to vibration, with a limited 

capacity to both respond and entrain to vibratory stimuli. SAII afferents displayed the 

lowest responses compared to the other afferent classes, demonstrated by smaller 

maximum ImpCycle responses at each frequency, and the near absence of firing at 

amplitudes below 0.25mm (Figure 6.3). Unlike the other classes, the magnitude of the 
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SAII ImpCycle responses did not always increase with stimulus amplitude. At 3Hz the 

largest response, 1.7:1, was achieved at an amplitude of 1.5mm, while 2mm evoked a 

lower response of 1:1. Average ImpCycle responses >1:1 were only achieved at 3Hz and 

5Hz, however average responses >0.5:1 were found up to 60Hz. Only one SAII (of five) 

was found to fire at 100Hz and none responded at 150Hz or 250Hz at the available 

amplitudes (0.001-0.25mm at 150Hz, and 0.001-0.075mm at 250Hz). Entrainment 

threshold was reached between 3-10Hz at high amplitudes (1-1.75mm). At 10Hz all five 

of the SAII afferents tested fired at 1.5mm, and 40% reached AET demonstrating the 

upper frequency at which SAII afferents were shown to consistently respond. Above 

10Hz 1:1 firing was not achieved even at 2mm (which could be tested up to 30Hz) 

(Figure 6.7A). In summary, SAII entrainment is only observed at amplitudes greater than 

1mm over a limited low frequency range (3-10Hz), which demonstrates a limited 

capacity of SAII afferents to entrain to vibratory stimuli, compared to the other afferent 

classes.   
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Figure 6.6: Average SAI  impulses per cycle (ImpCycle) responses across vibration 
frequency and amplitude combinations. 1:1 firing rate is highlighted by a dashed grey 
line (A). Individual afferent ImpCycle responses of select SAI afferents across vibration 
frequency at 1mm (B) and 0.25mm (C) amplitudes. The average of each group is 
represented by the grey stars and dashed line.  
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Figure 6.7: Average SAII  impulses per cycle (ImpCycle) responses across vibration 
frequency and amplitude combinations. 1:1 firing rate is highlighted by a dashed grey 
line (A). Individual afferent ImpCycle responses of select SAII afferents across vibration 
frequency at 1mm (B) and 0.25mm (C) amplitudes. The average of each group is 
represented by the grey stars and dashed line.  
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6.5.3 Afferent class firing thresholds 

Afferent class firing thresholds (AFT) across frequencies and classes are 

presented in Figure 6.8. On average, FAII afferents had the lowest AFT and SAII 

afferents the highest AFT (p<0.05). A significant difference between FAI and SAI AFT 

was not found (p=0.5047). There were no significant differences in AFT across 

frequencies for SA afferents (p>0.05). In contrast, FAI AFT at 5Hz was significantly 

higher than at 100Hz and 150Hz, and FAII AFT at 8Hz and 10Hz were significantly 

higher than 30Hz and 150Hz AFTs (p<0.05). In addition to these differences, FAI, FAII, 

and SAI AFTs were found to decrease with increasing frequency, while this trend was 

not apparent for SAII afferents.  

6.5.4 Afferent class instantaneous firing frequency 

The AvgSec responses of the four afferent classes are presented in Figure 6.9 and 

Table 6.3; and highlight the average firing frequencies of the afferent classes over one 

second of vibration. A clear division in the AvgSec response was found across afferent 

classes, where FA afferents, notably FAII afferents had larger responses at each 

frequency-amplitude stimulus compared to SA afferents. At 5 and 10Hz, the firing rate 

of FAII afferents increased dramatically with increasing stimulus amplitude, while the 

response of SAII afferents was found to plateau at a rate close to 1:1. In comparison, at 

30 and 60Hz, the AvgSec responses of SAII afferents continued to increase at larger 

amplitudes, but remained below entrainment and that of the other three classes. 

Conversely, FAII afferent firing rates were more consistent at 30Hz and 60Hz across 

amplitudes, although they continued to remain higher than the other classes. FAI and 

SAI AvgSec responses were consistently found between those of FAII and SAII 

afferents, while FAI had larger responses than SAI afferents (Figure 6.9).   
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Figure 6.8: Afferent class firing threshold (AFT) across frequencies (grey) and averaged 
(hatched) with standard deviation. FAII afferents had significantly lower and SAII 
afferents had significantly higher average (AFT) compared to the other afferent classes 
(hatched bars, #, p<0.05). FA afferents also demonstrated a significant difference in AFT 
across frequencies. 5Hz FAI AFT is significantly higher than 100Hz and 150Hz, and 
8Hz and 10Hz FAII AFT are significantly higher than 30Hz and 150Hz AFTs (*, 
p<0.05). Error bars represent standard deviation of the mean.   
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Figure 6.9: Cutaneous afferent class average instantaneous firing frequency (AvgSec) 
across different stimulus amplitudes at 5Hz, 10Hz, 30Hz, and 60Hz. A clear division in 
the AvgSec response was found across afferent classes, where FA afferents, notably 
FAII afferents, demonstrated the largest responses across frequency-amplitude 
combinations compared to SA afferents. SAII afferents are shown to entrain to the 5Hz 
and 10Hz vibration at most amplitudes. FAI afferents entrained to the 30Hz stimulus 
most faithfully compared to the other classes.   
  



 

115  

6.5.5 Firing variability of cutaneous afferent classes  

The cutaneous afferent vibration tuning and firing response data presented above 

display average values across afferent classes. These data provide an overview of the 

afferent class vibration firing characteristics across the foot sole; however in some cases 

the response of individual afferents differed greatly from the sample mean. The 

ImpCycle responses of individual afferents are presented in Figures 6.4-6.7, B and C, 

and highlight the variability of individual afferent firing within each class. This 

variability indicates that a given vibratory stimulus will activate a diverse response of 

activity both within, and across cutaneous afferent classes. The firing response variability 

across afferent classes is highlighted by the large standard deviations present in the AFT 

(Figure 6.8) and AvgSec (Table 6.3) responses. The data presented in figures 6.4-6.7 B 

and C, are limited to units that were tested at a minimum of three frequencies at 0.25 and 

1mm. We found that increasing the amplitude from 0.25 to 1mm increases both the 

average firing rate of the population and the spread of individual unit firing within the 

group.  

Table 6.3 presents the average (AvgSec), and maximum (AvgMax) firing 

responses, as well as the STDEV of the average responses for each afferent class. All 

three measures are shown to increase with larger stimulus amplitudes, in the majority of 

cases. As afferent firing rate increased so did the variability within the afferent 

population. As a result, the average class firing characteristics may not accurately 

represent individual afferent vibration sensitivity, but rather demonstrate the capability of 

the population as a whole. The gap between the average population response (AvgSec) 

and the maximum afferent firing response (AvgMax) increased with larger stimulus 

amplitudes. Similarly, the standard deviation (STDEV) of the average firing response, 

representing the response variability of the afferent sample, increased as stimuli evoked 

larger average firing rates. FA afferents typically had larger firing rates at a given 

frequency-amplitude vibration and subsequently had larger standard deviations 

compared to SA afferents. 

6.5.6 Limitations  

There are three things to consider when interpreting the average afferent firing 

characteristics presented here. The first is a limitation in the range of vibratory 
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amplitudes applied at each frequency. The closed loop vibration control system (VR8500 

Vibration Controller, VibrationVIEW v. 7.1.4; Vibration Research), which provided an 

accurate delivery of vibration stimuli, limited the amplitudes that could be delivered. 

Low frequency vibrations were limited to large amplitudes, while high frequencies were 

limited to low amplitudes. This confines some of the afferent firing comparisons that can 

be made across frequencies. Second, due to the unstable nature of microneurographic 

recordings and an effort to maximize the number of afferents contributing to average 

afferent responses, not all frequency-amplitude combinations were able to be delivered 

to each afferent. As a result, the number of afferents contributing to the average 

responses is not consistent across each frequency-amplitude stimulus (Table 6.2). Some 

of the variability observed in the population responses may result from these unique 

afferent contributions at each frequency. Last, afferent firing characteristics were 

calculated over one-second of vibration (except AvgMax). This provides an accurate 

depiction of afferent firing capability, but limits direct comparisons with previous work 

that averaged afferent firing over different time periods. Despite these considerations, 

one can expect that across the foot sole, the average afferent firing responses presented 

here represent the population behaviour of each cutaneous afferent class
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Table 6.3: Cutaneous afferent class average instantaneous firing rate (AvgSec), average 
maximum firing rate (AvgMax) and standard deviation (STDEV) of the AvgSec 
response reported in Hz across select frequency-amplitude combinations.  

  

* AvgSec and AvgMax represent the average and maximum firing rates (Hz) of units responding to 
each stimulus and their average values do not include units silent to the stimulus. In contrast, 
STDEV includes all units tested, including zero values to present the variation within each afferent 
sample. ∅ indicates cells in which no afferent firing was present  
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6.6 Discussion 

The purpose of the present study was to investigate the firing characteristics of 

the four classes of foot sole cutaneous afferents in response to vibratory stimuli. 

Cutaneous afferent firing characteristics have previously been investigated in animal 

models (Talbot et al. 1968; Mountcastle et al. 1972; Iggo and Ogawa 1977; Pubols and 

Pubols 1983; Hämäläinen and Pertovaara 1984; Leem et al. 1993), in the glabrous skin 

of the human hand (Vallbo and Johansson 1978; Johansson and Vallbo 1979a) and more 

recently in the leg and foot (Ribot-Ciscar et al. 1989; Trulsson et al. 2001; Kennedy and 

Inglis 2002; Aimonetti et al. 2007). Despite the functional role of foot sole cutaneous 

feedback in the control of postural and gait (Kars et al. 2009), few studies have made 

direct recordings from foot sole cutaneous afferents. We have identified class specific 

vibration tuning frequencies for foot sole cutaneous afferents, and demonstrated that 

ranges of individual afferent responses are present within each class. This study is the 

first to investigate the vibration responses of foot sole cutaneous afferents, which 

enhances the understanding of how cutaneous feedback may be used in tactile perception 

and importantly postural control.  

6.6.1 Vibration tuning of foot sole cutaneous afferents  

Across the foot sole FAII afferents were found to demonstrate the most robust 

firing responses. FAII afferents entrained at relatively low vibration amplitudes, and had 

the largest ImpCycle, AvgSec, and AvgMax responses across nearly all frequency-

amplitude stimuli combinations. In contrast to the ubiquitous firing of foot sole FAII 

afferents across frequencies, optimum, yet overlapping entrainment frequency ranges 

were present for the other classes. FAI afferents were found to have consistent ImpCycle 

responses between 8-60Hz, indicating a vibration range over which they most faithfully 

encode the frequency. As a population, SAI and SAII afferents most readily entrained to 

frequencies below 20Hz, where SAI afferents had lower AETs, and larger ImpCycle 

responses compared to SAII afferents. SA afferent ImpCycle responses were always 

lower than those of FA afferents. The high ImpCycle firing response of FAI and FAII 

afferents observed at low frequencies may be a spinoff of their tuning to higher 

frequencies. What is unknown from the present study is the functional significance, and 
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central weighting of low frequency signals from a FA afferent populations compared to 

SA afferents. A combination of low frequency feedback from SA afferents and high 

frequency feedback from FA afferents may together provide posturally significant 

feedback. Afferent class vibration entrainment ranges provide a clear indication of the 

capacity of cutaneous afferents to faithfully encode a given vibration stimulus, however 

the functional significance of vibration entrainment threshold is not clear. The afferent 

signal important in the modulation of muscle reflexes and postural control likely arises 

from a combination of afferent input, where external stimuli evoke a range of firing 

across classes.  

6.6.2 Comparison between body regions  

The foot sole vibration tuning curves established in the present study are in 

partial agreement with data from the hand (Johansson et al. 1982). Johansson and 

colleagues published optimum entrainment frequency ranges for hand cutaneous 

afferents, where they report SA afferents to most easily entrain (1:1 firing with the 

lowest vibration amplitude) to low frequencies (SAI 2-32hz, SAII <8Hz), while FA 

afferents were tuned to higher frequencies (FAI 8-64Hz, FAII >64Hz) (Johansson et al. 

1982). Based on these ranges and additional psychophysical data, they proposed that 

vibration perception is mediated by different afferent classes across frequencies, <4Hz 

SAI, 4-40Hz FAI and >40Hz FAII (Johansson et al. 1982). As expected, this low-high 

frequency tuning of SA and FA afferents was also apparent in the foot sole, despite a less 

clear segregation between classes. Foot sole SAI afferents were found to optimally 

entrain to frequencies below 20Hz, while FAI afferents most faithfully encoded 

frequencies between 8-60Hz. Foot sole FAII afferents demonstrated the largest firing 

responses across frequencies, while SAII afferents appear the least vibration sensitive, 

having the highest AFT and lowest ImpCycle responses. The relationship between 

afferent firing and perception is beyond the scope of the present study, however based on 

FAII firing characteristics it appears that these cutaneous afferents may set the lower 

limits of vibration threshold in the foot sole. FAII afferents were found to have the 

lowest entrainment thresholds, and perhaps more important to mediating vibration 

perception threshold, the lowest firing thresholds across frequencies.  
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In addition to vibration tuning, the foot sole and hands demonstrate differences in 

the number of spikes evoked across frequencies when exposed to similar amplitudes. 

Hand afferents appear to be more sensitive, discharging an increased number of spikes at 

a given frequency amplitude combination (Johansson et al. 1982). At 4Hz, 1mm peak-to-

peak vibration was shown to evoke an average firing rate of 4:1 in FAI afferents, and 5:1 

in FAII afferents. In contrast, 5Hz-1mm vibration in the present study evoked 2:1 and 

3:1 firing in FAI and FAII foot sole afferents respectively. Similarly, the firing rates of 

hand SA units were typically shown to double that of foot sole SA afferents across 

frequencies. It appears that cutaneous afferents in the hand have lower firing thresholds, 

entrain more easily, and discharge more spikes at a given amplitude compared to the 

same afferent classes in the foot sole. This disparity between the foot sole and hands may 

be due to distinct mechanoreceptor adaptations related to sensory function and skin 

mechanical property differences. The increased afferent firing in the hands relative to the 

feet may represent the requirement for texture and velocity perception necessary for 

handling objects. Conversely, the postural significance of foot sole feedback may not 

necessitate high individual afferent firing and rather rely on population characteristics 

across the foot sole. Future work is needed to evaluate foot sole cutaneous afferent firing 

characteristics under loaded conditions, seen during stance and gait. 

Vibration responses of cutaneous afferents have also been previously investigated 

to some degree in the lower limb. However, these data are limited to recordings from the 

lateral fibular (peroneal) nerve and observing units with receptive fields primarily in the 

leg and foot dorsum (Vedel and Roll 1982; Ribot-Ciscar et al. 1989). These early studies 

combined cutaneous afferents into FA and SA groups, and applied fewer frequency-

amplitude combinations (10-300Hz, 0.2 and 0.5mm amplitude, 1mm diameter probe) 

than the present study. Despite these methodological differences, there are some notable 

comparisons with the present foot sole date. Similar to the present data, FA afferents 

were found capable of entraining to higher frequencies compared to SA afferents. 

Interestingly, firing rates greater than 1:1 were not observed in leg and foot dorsum 

afferents at the largest 0.5mm amplitude (Ribot-Ciscar et al. 1989). In contrast, 0.5mm 

vibration amplitude evoked firing rates greater than 1:1 in all foot sole afferent classes in 

the current work at class specific frequencies (Table 6.2). The elevated thresholds of 
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afferents innervating the anterior portion of the leg and foot dorsum compared to the 

plantar surface of the foot sole may reflect the functional significance of foot sole 

cutaneous feedback in controlling standing balance compared to feedback from other 

lower limb regions.  

6.6.3 Functional implications of foot sole vibration 

It is well established that cutaneous feedback from the soles of the feet is 

important in the control of upright stance and gait (Hayashi et al. 1988; Kavounoudias et 

al. 1998; Meyer et al. 2004b; Kars et al. 2009). The application of subthreshold foot sole 

vibration, which is thought to increase the availability of foot sole feedback has been 

shown to improve standing balance and gait, evidenced by reductions in postural sway 

(Priplata et al. 2005; Lipsitz et al. 2015) and measures of gait variability (Galica et al. 

2009; Lipsitz et al. 2015). In addition, suprathreshold foot sole vibration has been shown 

to modulate postural sway, where the magnitude and velocity of sway increased with 

higher frequencies (Kavounoudias et al. 1999). The present data demonstrate that the 

vibration frequency (20, 60, and 100Hz) and amplitudes (0.2-0.5mm) employed by 

Kavououdias et al. 1999 (0.2-0.5mm) can cause robust firing across afferent classes. It is 

not clear how each afferent class response contributes to the observed postural responses, 

but these studies support the ability to modulate standing balance through augmenting 

foot sole cutaneous feedback via subthreshold and suprathreshold vibration.  

The present data show that in most cases, afferent firing rate increases with high 

vibration amplitude, however these data were collected with the foot sole unloaded 

(2mm probe pre-indentation), and it is unknown how cutaneous afferent firing is 

modified under loaded conditions. Standing balance likely evokes robust firing across 

foot sole afferent classes, and the relative contributions of each class depend on the 

postural context, but it quiet stance, recovering from a slip or across the gait cycle. The 

unique firing patterns of cutaneous afferent classes are thought to integrate to form a 

postural response. Future investigations of the integration of tactile feedback under these 

loaded conditions will enhance the understanding of the role foot sole cutaneous 

feedback plays in postural control.  
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6.6.4 Summary and conclusions  

We have demonstrated that cutaneous afferents in the foot sole display class 

specific tuning to vibratory stimuli, and that FAII afferents have the lowest firing and 

entrainment thresholds across frequencies. It does not seem possible to isolate the firing 

of individual afferent classes beyond FAII afferents at low amplitudes. Optimal 

entrainment frequencies for FAI, SAI, and SAII were found to overlap below 20Hz, 

where FAI afferents had the lowest AETs out of this group. Foot sole FAI afferents were 

tuned to faithfully encode frequencies between 8Hz and 60Hz, where similar ImpCycle 

responses were found at low vibration amplitudes. Within each afferent class sample, the 

firing characteristics of individual afferents often varied, demonstrating that vibration 

stimuli evoke a range of feedback within and between afferent classes. Vibrations 

associated with natural stimuli are expected to evoke complex patterns of afferent firing 

that combine to inform perceptual experience and motor control. Single unit recordings 

permit only a small sample of the foot sole population to be investigated. Within each 

sample the individual firing variability is thought to reflect that of the larger population, 

in that each afferent presented here reflects a larger group with similar characteristics 

across the foot sole. 

6.7 Bridge summary  

Experiment III provides an overview of the vibration feedback signalling of foot 

sole cutaneous afferents. These data permit comparisons to pioneering work done in the 

hand (Johansson et al. 1982), provide insight to the neural mechanisms underlying 

vibration perception (Experiment I), and help the understanding of foot sole vibration as 

a tactile intervention strategy (Kavounoudias et al. 1999; Hijmans et al. 2007). 

Experiment IV expands upon the findings of experiment III by linking the vibration 

firing thresholds of cutaneous afferents with vibration perception thresholds (VPTs). A 

subset of the cutaneous afferents identified in Experiment III was used in Experiment IV. 

Experiment IV applied identical vibration stimuli for neural and psychophysical 

measurements. Previous work in the hand has shown VPTs to be mediated by different 

afferent classes within specific frequency ranges (Bolanowski et al. 1988). This work 

employed vibrotactile masking to differentiate the different tactile channels, which is 
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different than the present experiment. In Experiment IV, vibration afferent firing 

thresholds were directly compared to perception thresholds values, similar to the 

investigation of light touch afferent and perceptual thresholds in Experiment II. 

Experiment IV provides a first look at the vibration tactile system in the foot sole.
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Chapter 7 Experiment IV: Vibration firing characteristics 
of cutaneous afferents compared to vibration perception 

threshold across the human foot sole   

(In preparation for submission to the Journal of Neurophysiology) 

7.1 Abstract  

 The four classes of cutaneous afferents found in the glabrous skin of the hands 

and feet are uniquely tuned to respond to mechanical skin vibrations. The perceptual 

experience and sensorimotor outcomes of skin vibration originate in the firing patterns of 

these primary afferents. The traditional understanding of the relationship between 

cutaneous afferent firing and tactile perception has come from studying the hands of 

humans and monkeys. The purpose of the present study was to explore vibration 

perception thresholds in the human foot sole by combining single unit recordings of 

cutaneous afferents and perceptual threshold measurements in response to identical 

vibration stimuli. Afferents were classified as FAI (n=13), FAII (n=6), SAI (n=9), and 

SAII (n=6), and their receptive field size and locations were mapped on the foot sole. 

Vibration stimuli (two second bursts) of different frequencies (3-250Hz) and amplitudes 

(0.001-2mm) were applied to each receptive field through a 6mm diameter probe. 

Afferent firing responses were recorded using single unit microneurography. The 

amplitude at which each afferent began to fire was recorded as the afferent firing 

threshold (AFT), and demonstrated the capacity of the afferent to respond across 

vibration frequencies. Subjects were asked to indicate when they could perceive the 

identical vibrations both during the microneurography recordings, and following the 

afferent recording with a more accurate perception protocol. Vibration perception 

thresholds (VPT) were found to decrease with increasing vibration frequency, and this 

most closely aligned with the AFT of FAII afferents at high frequencies (>10Hz). At low 

frequencies (around 20Hz and below) a specific afferent class mediating VPT was not 

apparent. There was a progressive disconnect between VPT and AFT with increasing 
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vibration frequency indicating the recruitment of more sensitive afferents that were not a 

part of the sampled population. 

7.2 Introduction  

 The sense of touch originates in the firing patterns of four classes of cutaneous 

afferents that terminate in specialized mechanoreceptors in the skin. Each class is 

distinguished by their adaptation properties [fast adapting (FA), or slowly adapting (SA)] 

and receptive field characteristics (type I or type II), and are tuned to specific features of 

tactile stimuli (Johansson and Vallbo 1979a; Johansson et al. 1982). Tactile sensibility 

arises from the interplay of cutaneous afferent feedback across these four classes (Saal 

and Bensmaia 2014).  

The neural mechanisms of sensation have previously been investigated through 

the combination of electrophysiology and psychophysical measurements in the hand. 

Electrophysiological recordings of primary afferents provide a measure of the neural 

signal being transmitted to the central nervous system (CNS). Psychophysical 

measurements highlight the relationship between tactile stimuli and perceptual sensation. 

Mountcastle and colleagues first explored the relationship between cutaneous afferent 

firing and perception by comparing the neural recordings of monkey hand cutaneous 

afferents with human tactile perception measurements of identical stimuli (Mountcastle 

et al. 1967; Talbot et al. 1968; Mountcastle et al. 1972; LaMotte and Mountcastle 1975). 

Through these studies, it was demonstrated that subject sensations of low frequency (2-

50Hz) flutter, and high frequency (60-400Hz) vibration were related to the tuning 

thresholds (1:1 firing) of monkey fast adapting type one (FAI) and type two (FAII) 

afferents respectively. In addition to these subjective sensations of flutter and vibration, 

simple perceptual thresholds of vibration were proposed to arise from the appearance of 

minimal (untuned) discharge in the most sensitive afferents (Mountcastle et al. 

1972).The discharge pattern of FAI and FAII afferents were therefore proposed to 

account for vibration sensibility in the human hand. The development of 

microneurography allowed these afferent tuning frequency ranges to be established in the 

human hand (Johansson et al. 1982). Vibration perception threshold in the hand is 

thought to be mediated by the activity of three classes of cutaneous afferents; SAI 
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afferents up to 4Hz, FAI between 4-40Hz and FAII afferent at frequencies greater than 

40Hz (Bolanowski et al. 1988). This understanding however comes from vibrotactile 

masking, and not direct cutaneous afferent recordings. The relationship between 

vibration perception and cutaneous afferent firing has not been investigated in the foot 

sole either through masking or afferent recordings.  

 Tactile feedback from the foot sole is important in the control of balance and gait. 

The application of foot sole vibration during quiet stance has been shown to evoke 

postural sway away from the stimulated area (Kavounoudias et al. 1999), which suggests 

that standing balance is monitored through cutaneous input and can be modulated by 

tactile enhancement. Moreover, subsensory white noise vibrating insoles have been 

shown to reduce postural sway and gait variability in older adults, purportedly due to 

vibration tactile enhancement (Priplata et al. 2005; Galica et al. 2009). Foot sole 

vibration sensitivity has been shown to decrease dramatically around the age of 70 (Perry 

2006), and facilitatory insoles may prove to be an effective intervention to improve 

balance in this population. Vibration sensitivity testing is an important screening tool to 

evaluate sensory decline in older adults (Shaffer and Harrison 2007), and understanding 

the relationship between cutaneous afferent firing and perceptual vibration sensitivity 

may lead to more targeted balance intervention strategies.  

 The purpose of the present study was to investigate vibration perception across 

the human foot sole of young healthy adults, through a combination of single unit 

recordings and psychophysical measurements of identical vibratory stimuli. It is 

hypothesized that the firing thresholds of SAI, FAI, and FAII afferent will be found to 

align with perception thresholds of low (3-5Hz), medium (5-30Hz) and high frequencies 

(>30Hz) respectively. Understanding the input-output relationship of the healthy 

somatosensory system informs both mechanistic questions about tactile sensation and 

allows for clinical tests to be designed to study tactile impairment.  
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7.3 Materials and methods  

7.3.1 Subjects  

Forty-one experiments were performed on 12 healthy subjects (7 male 5 female, 

mean age 24, range 20-27). The subjects represent a young healthy population, free from 

neurological and musculoskeletal disorders. Following an explanation of the protocol, all 

subjects gave written, informed consent to participate in the experiment. The protocol 

was in agreement with the declaration of Helsinki and approved by the University of 

Guelph research ethics board.  

7.3.2 Electrophysiological recordings  

 The technique of microneurography was used to identify and record the activity 

of single cutaneous afferents in the right tibial nerve of awake human subjects. The 

present experiment was conducted in parallel to experiments II and III, and an 

overlapping population of afferents were examined. Neural recordings were amplified 

(gain 104, bandwidth 300Hz-3kHz, model ISO-180; World Precision Instruments, 

Sarasota, FL), digitally sampled (40kHz), and stored for analysis (CED 1401 and Spike2 

version 6; Cambridge Electronic Design). The path of the tibial nerve, and insertion 

location for the recording electrode was determined at the level of the popliteal fossa 

using transdermal electrical stimulation (1-ms square wave pulse, 1Hz 0-10mA, SIU-C 

Grass stimulus isolation unit and a S88X Grass stimulator: Grass Instruments, Astro-

Med, West Warwick, RI). The stimulus amplitude was adjusted to evoke muscle twitches 

and sensation of paraesthesia in the foot and leg in the innervation region of the tibial 

nerve. The recording microelectrode (insulated 10MΩ, tungsten, 200µm diameter, 1-2 

µm recording tip, 55mm length; FHC Inc. Bowdoinham, Me, USA) was inserted 

percutaneously at the location where the lowest stimulus current induced paraesthesia 

and observable twitches the plantar flexor muscles. A low impedance reference electrode 

(uninsulated, tungsten, 200µm diameter; FHC Inc. Bowdoinham, ME, USA) was 

inserted 2cm medial to the recording site, to a depth of approximately 0.5cm and secured 

with tape. Fine, manual adjustments of the recording electrode were used to penetrate the 

nerve and to isolate single cutaneous afferents. Electrode adjustments were guided by 

subject reported sensations paired with visual and audio feedback of the neural signal. 
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Once in the tibial nerve, subjects often reported tingling sensations in specific foot sole 

regions (toes, heel, medial arch etc.). These sensations helped to direct the mechanical 

activation (light tapping, stroking and stretching) of the foot sole skin, and the 

subsequent isolation of individual afferent fibres.  

7.3.3 Cutaneous mechanoreceptor classification  

 Cutaneous afferents were classified based on previously established adaptation 

(fast or slow) and receptive field (type I or type II) criteria (Johansson 1978; Kennedy 

and Inglis 2002). Fast adapting (FA) afferents are most sensitive to dynamic events and 

adapt quickly to sustained skin indentations. In contrast, slowly adapting (SA) afferents 

maintain a firing rate throughout sustained skin indentations, with a discharge pattern 

related to the magnitude and direction of deformation. Type I afferents are classified by 

relatively small receptive fields with distinct borders, as well as the presence of multiple 

sites of maximum sensitivity (hotspots). Type II afferents are distinguished by large 

receptive fields with less well defined borders and a single hotspot. Afferent firing 

thresholds and receptive field characteristics were determined with Semmes-Weinstein 

monofilaments capable of applying ~0.078-2941mN of force (Touch Test®, North Coast 

Medical Inc, Gilroy, California). Afferent receptive fields were mapped using a 

monofilament that applied 4-5 times the afferent firing threshold, and were drawn onto 

the foot sole with a fine tip pen (Figure 7.1). Only afferents with their receptive field in 

the glabrous skin of the foot sole were included in the present study.  

7.3.4 Afferent vibration testing  

The vibration response characteristics of individual cutaneous afferents were 

determined across specific stimulus frequency (3, 5, 8, 10, 20, 30, 60, 100, 150 and 

250Hz) and amplitude (0.001, 0.0025, 0.005, 0.0075, 0.01, 0.025, 0.05, 0.075, 0.1, 0.25, 

0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2mm) combinations. One single frequency was tested at 

a time through ramps of consecutive two second vibratory bursts of increasing 

amplitude; each burst was followed by a three second pause before the consecutive burst. 

Vibration stimuli were delivered through a 6mm diameter probe driven by a vibration 

exciter (Mini-shaker type 4810, Bruel & Kjaer, Naerum, Denmark). A manual 

displacement gauge was used to apply 2mm of pre-indentation normal to the receptive 
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field hotspot. Probe accelerations were recorded with an accelerometer (4507 B 002; 

Bruel and Kjaer, sampled at 2kHz), and used in a closed loop control system (VR8500 

Vibration Controller, VibrationVIEW v. 7.1.4; Vibration Research). The acceleration 

feedback was used to govern the accurate delivery of probe frequency and peak-to-peak 

displacement. A gain requirement in the control system limited the capacity to deliver 

high frequency large amplitude, and low frequency small amplitude stimuli. The number 

of frequencies tested, per afferent, depended on the stability of the neural recording and 

ranged from one to ten.  

7.3.5 Vibration perceptual threshold testing  

 Vibration perception threshold (VPT) measurements were obtained both in 

parallel with, and following afferent vibration recordings. The VPT measurements made 

during the afferent recordings allowed for a direct comparison between afferent firing 

response and perception threshold but were limited to the pre-selected frequency-

amplitude combinations in the ramp profile. Participants were asked to focus on the 

probe, and verbally indicate as soon as they felt a vibration. Audio feedback of the neural 

recording was muted, and subjects were asked to close their eyes during VPT testing. 

The experimenter recorded the burst(s) perceived by the subject.  

The VPT measurements made following the afferent recordings provided a more 

accurate measure of VPT, as measurements were not restricted by time (electrode time in 

nerve limited to 60 minutes) or the specific pre-selected amplitudes delivered during the 

single unit recordings. To ensure that the location and pre-load were the same between 

afferent vibration and VPT testing, the probe position during the single unit recordings 

was traced on the foot sole, and probe force was recorded with a force transducer (load 

cell model 31, Honeywell, MN, USA). The probe force during afferent recordings was 

then used to deliver the same pre-load during VPT testing at the outlined stimulation site. 

The use of force feedback to align the pre-load between afferent and VPT trials allowed 

for real time monitoring of the pre-load throughout the VPT testing. VPT measurements 

typically took longer than the afferent recordings necessitating more frequent 

adjustments of the probe to maintain a consistent pre-load between trials. VPT 

measurements were obtained using a binary search method described previously (Perry 

2006; Lowrey et al. 2014; Strzalkowski et al. 2015c). Briefly, three trials, of 11 iterations 
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(iteration is a two-second vibratory burst followed by a 3-5 second pause), were 

presented for each stimulation frequency. Subjects were instructed to press a trigger as 

soon as they felt a vibration. A trigger press resulted in a decrease in vibration magnitude 

on the next iteration, while an iteration without a press resulted in an increase in stimulus 

amplitude. VPT was calculated as the average of the smallest perceived displacements 

(µm) over three trials. A displacement sensor (model RGH24Z, Renishaw, 

Glouscestershire, UK) was used to digitize the peak-to-peak displacement of the probe 

(1000Hz, 0.5µm resolution). 

7.3.6 Data analysis  

The recorded afferent signals were analyzed using Spike2 (version 6; Cambridge 

Electronics Design). The morphology of afferent spikes was used to generate templates 

for the visual classification of single units. Afferent firing thresholds (AFT), defined as 

the minimum peak-to-peak vibration amplitude that evoked at least one afferent 

discharge, were determined across frequencies for each afferent class, and were 

compared to corresponding VPTs.  
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Figure 7.1: Afferent class receptive field size and location. Grey ovals outline the 
receptive fields of identified and vibrated cutaneous afferents. Vibration perceptual 
thresholds were determined at each receptive field over the identified hotspot. 
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7.4 Results  

  Thirty-four foot sole low threshold cutaneous afferents were recorded along with 

their vibration firing responses and associated perceptual thresholds. These afferents 

included 13 FAI, 6 FAII, 9 SAI and 6 SAII (Figure 7.1). Afferent class count, 

monofilament firing threshold and receptive field size are presented in Table 7.1. The 

number of frequencies tested ranged from 1-10 and depended on the stability of the 

neural recording. On average six frequencies were tested for each afferent. Afferent 

firing thresholds (AFT) were not obtained for SAI and SAII afferents at frequencies 

above 100 and 60Hz respectively. At these frequencies, the AFTs for the SA afferents 

tested were greater than the maximum amplitudes that could be delivered by the control 

system. Moreover, at low vibration frequencies, some FA afferents responded at the 

lowest amplitudes that could be delivered. For FAI afferents this included: three afferents 

at 3Hz and two at both 5Hz and 10Hz. For FAII afferents this included: two afferents at 

both 3Hz and 10Hz, and one at 5Hz, 8Hz and 20Hz.  
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Table 7.1: The number and percent of each afferent class identified as well as the 
monofilament threshold and receptive field area (mean and range) 
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7.4.1 Relationship between afferent firing and vibration perceptual threshold  

 Afferent firing thresholds were found to decrease with increasing stimulus 

frequency. This was also observed in the corresponding vibration perceptual threshold 

(VPT) measures obtained following afferent testing (Figure 7.2). VPT at 3-5Hz was 

approximately 60 times higher than VPT at 150-250Hz. At low frequencies (3 and 5 Hz) 

VPT closely resembled AFTs, but this likeness became progressively uncoupled at 

higher stimulus frequencies (Figure 7.3). This uncoupling between afferent firing and 

perceptual threshold is most evident when looking at the widening ratios between AFT 

and VPT with increasing stimulus frequency (Figure 7.3). Across all afferent classes, 

AFTs are increased relative to VPT at high stimulus frequencies compared to low 

frequencies. In other words, at high frequencies subjects were perceptually more 

sensitive relative to the corresponding afferent recordings compared to low frequencies 

where VPT was similar to AFTs. With the exception of 10Hz, FAII AFT most closely 

coupled with VPT across frequencies, demonstrating the closest association with VPT 

across afferent classes in the majority of cases.  

The percentage of perceived trials and the percentage of the afferent class 

population firing across vibration amplitudes are shown in Figure 7.4. It is clear that as 

vibration amplitude increases, a higher proportion of trials reach perceptual threshold. 

Similarly, larger proportions of the afferent class population sampled begin to fire with 

increasing stimulus amplitude. When comparing across afferent classes, the largest 

proportion of FAII afferents was found to fire across vibration amplitudes (Figure 7.4 A). 

Across frequencies, all of the tested FAII afferents fired by 0.5mm of vibration 

amplitude, while larger amplitudes were required to achieve 100% firing in the other 

afferent classes. The percent of perceived trials with increasing stimulus amplitude was 

found to outpace the percent of afferents firing at high but not low frequencies (Figure 

7.4). This demonstrates a decoupling between AFT and VPT at high compared to low 

frequencies.   
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Figure 7.2: Perceptual (star) and afferent firing thresholds (FAI, closed circle; FAII, open 
circle; SAI, closed square; SAII, open square) across different stimulus frequencies. 
Perception and afferent firing thresholds are shown to decrease and become decoupled 
with increasing stimulus frequency. Both the afferent firing threshold and stimulation 
frequencies are plotted on a Log10 scale. 
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Figure 7.3: Afferent firing threshold to vibration perception threshold ratio across 
afferent classes and five select vibration stimulus frequencies (5Hz, 10Hz, 30Hz, 60Hz, 
100Hz). Negative values represent perception having a lower threshold compared to the 
associated afferent firing threshold. There is a progressive decoupling in the afferent-
perception threshold relationship with increasing stimulus frequency. At most 
frequencies, FAII afferent firing threshold is shown to most closely align with perceptual 
threshold. 
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Figure 7.4: The percent of trials to reach vibration perception threshold (VPT, dotted 
line), and percent of each afferent class population (FAI, solid black; FAII, double black; 
SAI, single grey; SAII, double grey) firing across vibration amplitude. A) represents all 
frequencies combined, B) 5Hz, C) 30Hz and D) 100Hz. With increasing stimulus 
amplitude, a larger proportion of trials reached perception and afferent firing thresholds. 
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7.5 Discussion  

 The results of the present study provide the first direct comparison between 

vibration perception threshold and cutaneous afferent firing thresholds across the human 

foot sole. Similar to previous work in the hand, VPT was found to decrease with 

increasing vibration frequency (Mountcastle et al. 1972), and paralleled similar decreases 

in AFT. Unlike the hand, specific afferent class frequencies ranges, where distinct 

afferent classes mediate the perception of different frequencies, were not apparent in the 

present data. Rather, FAII AFTs were found to most closely couple with VPT across 

most vibration frequencies. This coupling became progressively unlinked at higher 

frequencies, especially above 30Hz, as FAII AFTs decreased. The present data are 

limited by a low number of recordings, and it is not possible to link foot sole VPT to 

specific afferent classes with certainty; however FAII afferents were found to be the 

most vibration sensitive and are thought to be the primary afferent class to contribute to 

VPT in the foot sole across the frequencies tested.  

7.5.1 Vibration sensibility  

Previous work in the hand has demonstrated two different qualities of vibration 

perception, a low frequency flutter, and a high frequency vibration hum, that are 

mediated by FAI and FAII afferents respectively (Talbot et al. 1968; Mountcastle et al. 

1972). This seminal work combined afferent recordings in monkeys and sensory capacity 

of human observers to identical stimuli. The most sensitive monkey afferent fibres were 

found to account well for human perceptual threshold, and it was concluded that 

psychophysical performance is set by the most sensitive afferent to a given stimulus 

frequency. VPT in the glabrous skin of the human hand can therefore be described by the 

lower envelope principle, where the psychophysical performance is sent by the most 

sensitive individual afferents (Parker and Newsome 1998). Talbot, Mountcastle, and 

colleagues (1968) were the first to link sensory performance and neural mechanisms and 

highlight the importance of making these recordings in the same organism.  

The present study focused on vibration perception thresholds and did not 

investigate the subjective sensations of vibration stimuli directly (i.e. flutter, vibration). 

The present foot sole VPT and AFT data do however provide some support for the “two 
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thresholds in the human sensory experience” vibration model, previously demonstrated 

in the hand (Mountcastle et al. 1972). At low frequencies, around 20Hz and below, a 

single afferent class did not appear to exclusively mediate VPT in the foot sole. Rather, 

the firing thresholds, and the proportion of the population firing, were similar across all 

four afferent classes, and class AFTs closely resembled VPT. This suggests that trial-to-

trial, low frequency perception threshold may be set by activity from different afferent 

classes. In contrast, FAII afferents appear to mediate high frequency VPT, which is 

consistent with the hand literature (Mountcastle et al. 1972; Bolanowski et al. 1988; 

Yildiz and Güçlü 2013). A two afferent lower envelope model for vibration perception is 

not evident in the foot sole, rather a combination of firing between classes may mediate 

low frequency, and FAII afferent firing may mediate high frequency vibration 

perception.  

The viscoelastic nature of the skin facilitates the transmission of high frequency 

vibration more effectively than low frequencies (Wu et al. 2006a). The skin responds 

with more rigidity to the high indentation velocities associated with high frequencies. In 

this way, high frequency vibration waves spread further through the surrounding tissue 

thereby increasing the probability of recruiting the most sensitive neighbouring afferents. 

This mechanical vibration spread aligns with the locations of the underlying 

mechanoreceptors within the skin and subcutaneous tissue. Pacinian corpuscles (FAII) 

are found deep to Meissner corpuscles (FAI), which makes each ideally suited to sense 

high and low frequency vibrations respectively (Wu et al. 2006a). The present findings 

suggest that perception thresholds of high frequency vibration reflect the recruitment of 

FAII afferents, while low frequency perception is mediated by the activity across afferent 

classes. The low VPTs and decoupling between VPT and AFT at high frequencies is 

thought to reflect the recruitment of sensitive FAII afferents through the spread of high 

frequency vibrations in the skin.  

Disagreements between perceptual and afferent firing thresholds were observed 

in the present study; where VPT was lower than AFT at most frequencies. This is not 

surprising given the nature of single unit recordings, and the probability of recruiting 

multiple afferents with the vibration stimulus. VPTs in the present study are therefore 

thought to reflect the firing of afferents more sensitive than the ones contributing to the 
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AFT data. The progressive increase in the gap between perception and afferent firing 

thresholds with higher stimulus frequencies may be due to the increased vibration spread, 

and sensitivity of FAII afferents, to high frequency vibration. At higher frequencies it is 

more likely that VPT is being mediated by FAII afferents other than the one being 

recorded. In contrast, multiple afferents across classes may mediate low frequency VPT. 

This manifests in a relatively small VPT-AFT gap at low frequencies despite the actual 

threshold amplitudes being larger compared to high frequencies.  

Vibration perception threshold is a simple measure of tactile system function, 

while being a fundamental component underlying more complex stimuli. Understanding 

the firing thresholds of the different cutaneous afferent classes allows their sensory 

contributions to more complex stimuli to be postulated. More natural, multi-frequency 

stimuli will evoke a combination of firing across afferent classes, where the most 

sensitive class will mediate perception threshold. Within these complex stimuli, previous 

research in the hand suggests that low frequencies will be predominantly coded for by 

FAI afferents while FAII afferents signal high frequencies (Mountcastle et al. 1972). In 

the foot sole, the low frequency components of vibration may instead be coded for by a 

combination of firing across afferent classes. This heterogeneous feedback would be 

especially true during suprathreshold events such as standing and walking. Beyond 

simple tactile detection, the sensory experience of most natural stimuli will be shaped by 

different afferent firing patterns and an interplay between afferent classes, including SA 

afferents at suprathreshold amplitudes (Saal and Bensmaia 2014). Future work is needed 

to understand the firing characteristics of foot sole cutaneous afferent classes under 

natural, loaded conditions. Understanding the firing contributions of each class during 

standing balance and gait could lead to targeted intervention strategies to selectively 

enhance this feedback.  

7.5.2 Functional implications  

Understanding the neural mechanisms of vibration perception has applications for 

older adult populations where tactile sensitivity is reduced (Perry 2006; Deshpande et al. 

2008b). Vibration perception has previously been examined across the human foot sole 

of young healthy adults (Kekoni et al. 1989; Hennig and Sterzing 2009; Strzalkowski et 

al. 2015c), however this is the first study to directly compare the threshold of afferent 
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firing with the perception threshold of vibration. These previous studies found VPT to 

decrease with increasing stimulus frequency similar to the present findings. It is evident 

that FAII afferents mediate the transmission of high frequency stimuli and contribute to 

the corresponding high frequency perceptual thresholds. 100Hz VPT has been shown to 

be elevated with age (Perry 2006; Deshpande et al. 2008b), demonstrating a potential 

impairment within the FAII afferent channel in older adults. To date, the firing capacity 

of older adult cutaneous afferents have not been studied, however older adult tactile 

sensitivity and corresponding sensorimotor function may be enhanced by interventions 

that target the FAII afferent system. Alternatively, sensory impairment within the FAII 

channel may necessitate targeted enhancement of lower frequencies, where more afferent 

classes appear to contribute to perception. Further work is needed to explore the 

influence of ageing on the tactile system.  

The neural mechanisms underlying vibration perception threshold appear to be 

different than those underlying light touch (monofilament) threshold. Monofilaments are 

a common experimental and clinical tool, whose thresholds are thought to reflect 

minimal neural input, even activity within a single FAI afferent (Johansson and Vallbo 

1979a; Macefield et al. 1990). In contrast, the dynamic nature, and subject expectation of 

vibration stimuli likely requires temporal afferent summation to evoke a percept. In other 

words, the two-second duration of the vibration bursts will raise the subjective criterion 

for VPT compared to monofilament thresholds, to which subjects are primed to perceive 

a single tap on the skin. VPTs were found to most closely align with the firing thresholds 

of FAII afferents across most frequencies, and spatial summation has been shown to play 

a role in modulating vibrotactile perception within the FAII afferent channel 

(Bolanowski et al. 1988). Vibration spread at high frequencies may help lower VPT as 

more afferents reach firing threshold. The different neural mechanisms underlying 

monofilament and vibration perception testing should be considered in interpreting 

psychophysical data. Monofilament testing involves the application of a force to the skin 

though a small probe, while the vibration protocol in the present study included a 2mm 

pre-indentation of a 6mm diameter probe. Pre-indentation will evoke background 

afferent firing that introduces noise into the somatosensory system that is needed to be 

overcome for a stimulus to have perceptual significance. Vibration perception testing is a 
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valuable tool for evaluating the function of the tactile system as it evokes a different 

neural signal than light touch testing. Future work is needed to investigate if one form of 

feedback (light touch vs vibration) provides a better measure of the functional health of 

the foot sole tactile system.  

7.5.3 Limitations  

 The combination of single unit, microneurography recordings and psychophysical 

measurements gives insight into the principle neural mechanisms of tactile perception, 

but pose a number of experimental challenges. A limitation in making these comparisons 

is an inability to activate individual afferents, akin to microstimulation studies. Our 

vibration stimuli almost certainly activated multiple afferents in addition to the 

individual afferent being recorded. It is therefore impossible to assign a perceptual role 

to individual fibres; rather these data permit the relationship between afferent population 

(class) responses and perception to be evaluated. Microneurography is a lengthy and 

delicate technique, which constrains the amount of data that can be acquired. A small 

sample size in the present study limits the comparisons that can be made across foot sole 

regions, and the conclusions drawn from the frequency-amplitude stimuli. Every 

frequency-amplitude stimulus combination could not be tested due to the requirement of 

acceleration feedback in the closed-loop control system. A larger stimulus range 

including low amplitude low frequency and high amplitude high frequency vibrations 

would improve the present data set.  

7.5.4 Summary and conclusions   

 The present study provides a direct comparison between electrophysiological 

recordings of single afferents with associated vibration perceptual thresholds in the foot 

sole of human subjects. These data contribute to a large body of work that has previously 

investigated the neural mechanisms of vibration tactile perception in the hand. The 

current findings are in partial agreement with these previous studies in that two 

frequency regions may be distinguishable by afferent firing characteristics in the foot 

sole. Vibration perception within a low frequency range (≤10Hz) may be reached by the 

activity from different classes. In contrast, high frequencies are likely coded for 

exclusively by the activity of FAII afferents. A decoupling between VPT and AFT was 
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also observed with increasing stimulus frequency, suggesting an increased spread of 

vibration and afferent recruitment with increased stimulus frequency. 

7.6 Bridge summary 

Experiment IV provides a direct comparison between AFT and VPT across the 

foot sole, and highlights the role of FAII afferents in meditating vibration perception, 

especially at high frequencies. Many questions about the integration of afferent class 

feedback, frequency discrimination and influence of skin mechanics remain unknown. A 

larger sample of cutaneous afferents distributed across the foot sole would permit more 

comparisons of afferent firing and perceptual experience to be investigated. There are 

two notable questions in the literature that remain outstanding from the experiments 

presented in this dissertation. The first is the influence of skin mechanical properties on 

afferent and perceptual vibration thresholds, and the second is regarding the distribution 

of cutaneous afferents in the foot sole. These questions were omitted from Experiments 

I-IV due to the low sample of cutaneous afferents, and subsequent strength of the 

conclusions that could be drawn. Compared to the hand, there have been relatively few 

single unit recording of foot sole cutaneous afferents reported in the literature, and this 

dissertation contributes 102 cutaneous afferent firing and receptive field characteristics. 

Discussions about the relationships between skin hardness and afferent vibration 

sensitivity, as well as the implication of foot sole afferent distribution are presented in 

the following chapter.
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Chapter 8: Additional contributions  

8.1 Foot sole hardness and vibration sensitivity 

The dissertation would not be complete without an investigation of the 

relationship between the vibration thresholds of cutaneous afferent firing and perception 

with skin hardness. Experiment II revealed an influence of skin mechanics (receptive 

field hardness) on FAI and FAII afferent firing that related to monofilament perception 

threshold, and there is additional evidence in the literature to support a relationship 

between skin mechanics and stimulus transmission and vibration perception (Pubols and 

Pubols 1983; Güçlü and Bolanowski 2005; Wu et al. 2006b). These previous studies are 

limited, however, to fingertip models, and data obtained from racoons. In the present 

dissertation, Experiment I did not find a significant relationship between epidermal 

thickness or skin hardness on VPT. The purpose of this section is to present additional 

analysis of the relationship between foot sole afferent firing and perceptual threshold 

with receptive field hardness.  

The data presented below are not conclusive and are presented to highlight initial 

findings and to emphasize the need for continued work in this area. When divided by 

afferent class and foot sole location, the present dissertation offers a small sample of 

cutaneous afferent vibration firing data, which limit the statistical inferences that can be 

made. With that said, Figure 8.1 presents a novel comparison between foot sole afferent 

vibration firing threshold and receptive field hardness, and Figure 8.2 presents the 

analogous relationships between VPT (perception) and receptive field hardness. Figure 

8.1 presents data from all four afferent classes, and provides an overview of the 

relationship between skin hardness and AFT. These data indicate that there is no clear 

influence of skin hardness on cutaneous AFTs across the test frequencies. The only 

statistically significant correlation was found at 60Hz (r= -0.401, p=0.038), however this 

correlation is moderate, and corresponding correlations at 60Hz are not present within 

any of the individual afferent classes (Table 8.1). Three significant correlations were 

found between afferent class firing threshold and receptive field hardness: FAII at 10Hz 

(r= -0.9988, p=0.0315), SAI at 30Hz (r=-0.8608, p=0.0061), and SAII at 5Hz (r=-0.7699, 

0.0254) (Table 8.1). Low sample size (FAII n=3, SAI n=8, SAII n=8) limits the value of 
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these correlations, however they suggest the potential for a negative linear relationship 

between AFT and skin hardness across the foot sole. In these cases increased skin 

hardness was found to relate to reduced AFTs. This observation is contrary to the 

hypothesis, and findings of Experiments I and II, where increased skin hardness elevated 

monofilament perceptual and afferent firing thresholds. It may be that harder skin 

facilitates the transmission of mechanical vibration more effectively to underlying 

mechanoreceptors. More data is required before this conclusion can be made with 

confidence. 

Skin hardness was not found to significantly correlate with VPT, similar to the 

AFT-hardness data discussed above. This lack of a relationship between receptive field 

hardness and VPT is in agreement with the findings of Experiment I, and suggests that 

the range of skin hardness in the foot sole of young healthy adults may not have a 

meaningful influence on VPT (Figure 8.2). One interesting observation is the trend 

towards a significant positive correlation between VPT and receptive field hardness at 

150Hz, in combination with the overall positive correlations between VPT and receptive 

field hardness at high frequencies (20-250Hz). Experiments III and IV suggest that high 

frequency VPT may be mediated by the activity of FAII afferents, and Experiment II 

found skin hardness to influence FAII monofilament firing threshold. In addition, Table 

8.1 shows that FAII afferents are the only class to have positive correlations coefficients 

at frequencies between 30-250Hz. It is therefore reasonable to speculate that receptive 

field hardness may influence the firing response of FAII afferent to vibration stimuli, 

which can have an impact of VPT. These data a limited to a low sample and do not 

provide any definitive conclusions, but do provide preliminary findings and support the 

need for further research to fully understanding the relationship between AFT, VPT and 

skin hardness.   
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Figure 8.1: The relationship between afferent firing threshold and receptive field 
hardness across stimulus frequencies. All four cutaneous afferent classes are combined. 
The only significant correlation was for at 60Hz (r=-0.401, p=0.038). There is no clear 
relationship between receptive field hardness and vibration afferent firing threshold. 
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Figure 8.2: The relationship between vibration perception threshold (VPT) and receptive 
field hardness across stimulus frequencies. The VPT data are taken from the receptive 
fields of all the associated afferent classes recorded. There were no significant 
correlations found between receptive field hardness and vibration perception threshold; 
however positive correlations are seen across high frequencies (20-250Hz) and a trend 
towards a significant positive relationship is present at 150Hz.  
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Table 8.1: Correlation coefficient (r), p-value, and n for cutaneous afferent class firing 
thresholds and receptive field hardness comparisons across the foot sole. Low n 
prevented the calculation of some correlations, and limits the scientific value of others.  
* Indicates a significant correlation at p<0.05. 
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8.2 Distribution of foot sole cutaneous afferents 

 The distribution of cutaneous mechanoreceptors across the foot sole is not well 

established. The current view supported in the literature is for an even distribution, where 

the receptive fields for the four sub-classes of cutaneous afferents are equally likely to be 

found across the plantar surface of the foot. This understanding comes from the few 

studies that have made single cutaneous afferent recording from the foot sole (Kennedy 

and Inglis 2002; Fallon et al. 2005; Lowrey et al. 2013). In contrast, a proximal to distal 

increase in the density of type I afferents is well established in the glabrous skin of the 

hands (Johansson and Vallbo 1979b). This distribution allows the fingertips to provide 

high-resolution tactile feedback that is important for object detection and manipulation. 

The postural role of foot sole cutaneous feedback, in providing information about body 

position and movement, may not require such high densities and heterogeneous 

distribution of afferents as those found in the hand. This hypothesis, that the foot sole has 

an even distribution of cutaneous afferents, was explored here by examining the 

distribution of the 102 afferents identified and mapped in the current dissertation.   

Afferent receptive field distribution was calculated with the foot sole divided into 

nine regions; which included the heel (Heel), lateral arch (LatArch), middle arch 

(MidArch), medial arch (MedArch), lateral metatarsals (LatMet), middle metatarsals 

(MidMet), medial metatarsals (MedMet), toes 2-5 (Toes) and great toe (GT) (Figure 8.3). 

These regions delineated the location of the afferent receptive fields, and ultimately how 

the distribution of afferents across the foot sole was calculated. In order to normalize the 

different foot sole regions, foot sole area measurements were taken from six subjects (3 

men, 3 women), and the relative sizes of the nine regions of interest were calculated. 

Subjects stood on a piece of paper, and the plantar surface of their right foot was traced. 

The trace was divided into the nine regions by hand, and the area of each region, as well 

as the total plantar area was calculated. The areas of each region were averaged across 

subjects, and a relative size (percentage) of each region was calculated from the total 

plantar surface. These area percentages represent the expected percentage of afferents in 

each region based on the current estimates of an equal distribution of afferents across the 

foot sole (Kennedy and Inglis 2002). A χ2 test was used to determine whether the 

distribution of mechanoreceptors was even across the foot sole. Comparisons were made 
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between all nine regions, as well as grouped in a proximal to distal gradient (Heel, Arch, 

Met, Toes) and mediolateral gradient: (Arch + Met: Med, Mid, Lat). Odds ratios (OR) 

were calculated for all nine regions, which represent the probability of finding an 

afferent receptive field, of any afferent class, in each region compared to that of an 

expected even distribution. 

  χ2 analyses showed that mechanoreceptors (all classes combined) were not 

evenly distributed across the nine selected foot sole regions (χ2=20.43, p=0.009) (Table 

8.2). In particular, a large proportion of afferent receptive fields were found in the lateral 

border of the foot. Odds ratios, based on an even distribution (would expect an OR of 

1.0), show an increased proportion of receptive fields in the lateral border 

(LatArch=1.58, LatMet= 1.85) and smaller proportion in the medial border 

(MedArch=0.55, MedMet=0.48). χ2 analyses showed that this mediolateral distribution 

was significant (χ2 =12.81, p=0.002). In addition, ORs were found to increase from 

proximal to distal (Heel=0.55, Arch=0.98, Met=1.14, Toes=1.20); however this 

proximal-distal distribution was not found to be significant (χ2 =4.613, p=0.202). These 

distributions are evident when directly comparing the recorded to expected afferent 

distribution percentages (Table 8.2). The actual quantity of afferents found in the 

LatArch and LatMet was 58% and 85% percent higher than expected. In contrast, the 

MedArch and MedMet had 45% and 52% less afferents than expected. Together this 

demonstrates a distinct medial to lateral increase in afferent number compared to an 

expected even distribution. Additionally, the heel was found to have 45% less afferents, 

and the toes 39% more afferents than expected (Table 8.2). These data, although limited 

to a sample of 102, suggests that there may be an increased proportion of cutaneous 

afferents in the lateral border of the foot sole and toes compared to the rest of the foot. A 

meta-analysis that combines all available foot sole data would provide a more 

convincing conclusion. The functional significance of the distribution of foot sole 

cutaneous afferents observed in the present dissertation is addressed in the general 

discussion (section 9.1.4).   
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Figure 8.3: Receptive field distribution. Foot sole locations are highlighted in grey with 
afferent receptive field centres indicated by black dots  
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Table 8.2: The number and percentage of afferents in each location recorded and 
expected*. The odds ratio represents the probability of finding an afferent receptive field 
in each region compared to that of an even distribution. 

 
 

 

 

 

*Expected values are based on an assumption of an even distribution of afferents 
across all regions. χ

2
 analysis indicated that afferent distribution is not even across 

the foot sole (χ
2
=20.43, p=0.009).  
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Chapter 9: General discussion and future directions  

9.1  Summary of findings  

The goal of this dissertation was to investigate tactile perception across the 

human foot sole, with a focus on understanding the firing characteristics of the four 

classes of cutaneous afferents, and influence of the mechanical properties of the skin. 

This goal was met through four complementary experiments. Together, these 

experiments contributed five major conclusions to the literature. First, that the range of 

skin thickness and hardness across different foot sole locations can influence 

monofilament (MF) but not vibration perception thresholds in a young healthy 

population. Second, MF perceptual threshold is mediated by the activity of fast adapting 

(FA) afferents, where small changes in FA afferent firing can have significant perceptual 

consequences. Third, skin hardness can influence the firing thresholds of FA afferents, 

which is thought to account for the elevated MF perceptual thresholds observed at harder 

foot sole sites. Fourth, each cutaneous afferent class is uniquely tuned to vibration 

stimuli, however there is a limited capacity to isolate the firing of individual afferent 

classes beyond FAII afferents at low stimulus amplitudes and high frequencies. Fifth, 

foot sole vibration perception may be mediated by two neural mechanisms; a low 

frequency range mediated by a combination of afferent class firing, and a high frequency 

range mediated by FAII afferent activity. These conclusions were met primarily by 

relating sensory experience with peripheral neural events; a primary aim of sensory 

neurophysiology research (Mountcastle et al. 1972). This work provides a mechanistic 

foundation to help inform future neurophysiology experiments and aid in the 

development of tactile enhancement interventions strategies.   

9.1.1 Tactile perception across the foot sole 

The foot sole is an important sensory interface between the body and the ground, 

and provides feedback essential for the control of standing balance and gait. Tactile 

feedback from the foot sole provides information about the position and movement of the 

body over the feet and is used in maintaining an upright posture (Kavounoudias et al. 
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1998). The study of foot sole tactile perception is fundamental to understanding the foot 

sole as a sensory unit, and the neuromuscular mechanisms of postural control.  

The present dissertation investigated foot sole tactile perception in Experiments I, 

II, and IV. The results from these experiments are in agreement with previous studies 

that found tactile sensitivity to vary across the foot sole. The medial arch is consistently 

found to be the most sensitive plantar surface location, while the heel and great toe are 

relatively insensitive (Kekoni et al. 1989; Nurse and Nigg 1999; Wells et al. 2003; 

Hennig and Sterzing 2009). The heel and great toe are important structures during gait 

for the recognition of heel strike and toe off respectively; which makes their high 

perceptual thresholds appear surprising. The observed perceptual threshold differences 

across the foot sole may not however provide an accurate indication of the sensory 

significance of these locations. Unlike the hand, where the fingertips require more tactile 

sensitivity for the manipulation of objects than the palm (Vallbo and Johansson 1978), 

the functional requirement of tactile feedback across the foot sole may be more 

homogeneous. In addition, gait and standing balance place the foot sole under high loads, 

not accounted for in the present sensory perception tests. It is unclear how cutaneous 

afferents are tuned to different stimuli under natural, loaded conditions. Rather than 

being functionally relevant with respect to gait or balance, perceptual threshold 

differences across the foot sole may be better explained by afferent firing thresholds and 

skin mechanical properties, whereby skin hardness and thickness influence perception.  

9.1.2 Foot sole cutaneous afferent firing characteristics 

Tactile sensibility from the glabrous skin on the feet and hands originates in the 

firing patterns of four unique classes of cutaneous afferents innervating the skin. 

Previous electrophysiology and psychophysics research has resulted in a relatively 

comprehensive picture of the neuromechanics of tactile perception in the hand (Knibestöl 

and Vallbo 1970; Johansson and Vallbo 1979a; Johansson et al. 1982; Bolanowski et al. 

1988; Johnson 2001). These preeminent experiments defined the classification and 

sensory characteristics of the four classes of cutaneous afferents in the glabrous skin, 

which has informed more recent, preliminary studies in the legs and feet (Trulsson 2001; 

Kennedy and Inglis 2002; Aimonetti et al. 2007; Lowrey et al. 2013; Bent and Lowrey 

2013). The hands and feet are used for very different functional roles, and it is therefore 
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reasonable to expect different afferent firing and sensory characteristics between these 

regions. To date, few studies have investigated the firing characteristics of foot sole 

cutaneous afferents; however initial reports suggest that there are differences between the 

hands and feet that warrant further investigation (Trulsson 2001; Kennedy and Inglis 

2002). The experiments in this dissertation address this gap in the literature, and 

contribute to reshaping assumptions about the firing characteristics of foot sole 

cutaneous afferent. 

Previous work has established that foot sole cutaneous afferents do in fact behave 

differently from those in the hand. Higher monofilament firing thresholds have been 

reported across all classes in the foot sole (Kennedy and Inglis 2002), a finding that was 

confirmed in Experiment II. Monofilament afferent firing thresholds (AFTs) in 

Experiment II were found to be 7-30 times higher in the foot sole then those reported in 

the hand (Johansson et al. 1980). Despite these differences in firing threshold, the 

afferent classes in the foot sole and hand are found to have similar between class firing 

characteristics; FAII afferents are consistently found to be the most sensitive to light 

touch, followed by FAI, SAI, and SAII afferents (Kennedy and Inglis 2002; Lowrey et 

al. 2013; Strzalkowski et al. 2015b). The novel finding of Experiment II was the 

significant difference in FAI AFT at different foot sole locations. FAI afferents with 

receptive fields in the arch region were found to have significantly lower firing 

thresholds than those in the heel or toes. This finding is of interest because it provides an 

explanation for previous reports of a lower monofilament perceptual threshold at the arch 

compared to the Heel and Toes (Kekoni et al. 1989; Nurse and Nigg 1999; Wells et al. 

2003; Hennig and Sterzing 2009; Strzalkowski et al. 2015c), in addition to supporting the 

claim that FAI afferents mediate light touch threshold first demonstrated in the hand 

(Johansson and Vallbo 1979a). In summary, the findings of the dissertation support 

previous work that found foot sole cutaneous afferents to have elevated firing thresholds 

compared to the hand, and that these elevated afferent firing thresholds are in agreement 

with elevated perceptual thresholds observed in the foot sole. Similar to the hand, foot 

sole perceptual thresholds appear to be mediated by the activity of FA afferents, and this 

dissertation contributes the novel finding that differences in perceptual threshold across 

the foot sole are related to corresponding differences in FA afferent firing thresholds.  
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Mechanical vibration provides a relatively simple, dynamic stimulus to probe the 

firing characteristics of cutaneous afferents. Experiment III employed vibratory stimuli 

to establish the vibration tuning characteristics of the four classes of foot sole cutaneous 

afferents. This work parallels a similar study conducted in the hand, and provides a 

comparison of cutaneous afferent class vibration tuning between the hands and feet 

(Johansson et al. 1982). In both the foot sole and hand, FAII afferents were found to be 

the most vibration sensitive. In the hand, FAII afferents have been shown to have the 

largest vibration responses compared to the other classes, most notably at high 

frequencies, where optimum entrainment was found above 64Hz (Johansson et al. 1982). 

Similarly, foot sole FAII afferents demonstrated the largest responses and lowest 

entrainment and firing thresholds across all the frequencies tested (3-250Hz). This shows 

that at any given vibration stimulus, the largest response will be evoked in FAII 

afferents, and that FAII afferent feedback will presumably impact perceptual and motor 

control pathways in all cases. In contrast to the largely ubiquitous responses of FAII 

afferents across frequencies, FAI, SAI, and SAII afferents demonstrate frequency 

specific responses. Foot sole FAI, SAI, and SAII afferents were all found to have the 

lowest entrainment thresholds at frequencies below 20Hz. FAI afferents were found to 

entrain to 3-10Hz vibrations at amplitudes around 0.5mm while SAI and SAII afferents 

entrained around 1mm and 1.75mm respectively. In the hand, there was less overlap in 

the optimum afferent class frequency ranges. FAI afferents were found to optimally 

respond to frequencies between 8-64Hz while SAI afferents were found to uniquely 

respond at frequencies below 4Hz (Johansson et al. 1982). Comparatively, foot sole FAI 

afferents demonstrated similar impulses per cycle responses between 8Hz and 60Hz 

across vibration amplitudes, although larger amplitudes were required to reach 

entrainment than at lower frequencies. 8-60Hz highlights a frequency range that FAI 

afferents can faithfully encode in both the foot sole and hand. Therefore, at the primary 

afferent level, low frequency vibrations (<8Hz) can be transmitted faithfully by all 

afferent classes, first by FA afferent at low amplitudes and then by SA afferents at larger 

amplitudes. Middle range frequencies (8-60Hz) are most easily transmitted by FAI and 

FAII afferents, and high frequencies (>60Hz) appear to be the domain of FAII afferents, 

where they most easily entrain to the vibrations compared to the other classes.  
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Similar to light touch thresholds, there was a striking difference in the vibration 

sensitivity (discharge rate at a given amplitude) between the foot sole and hand. Hand 

afferents are reported to have larger firing responses at all frequency-amplitude stimuli 

compared to the present foot sole data (Johansson et al. 1982). The larger amplitude 

requirements to evoke foot sole afferent firing may reflect the loaded conditions under 

which foot sole feedback serves a functional role. Standing balance and gait places the 

soles of the feet under greater loads than experienced in the hands. It may be that the 

elevated firing thresholds observed in foot sole afferents reflects a peripheral response 

adaptation to standing postures. In view of the fact that the afferent firing responses in 

this dissertation were obtained with the foot sole unloaded, it is difficult to align the 

afferent firing characteristics to balance control. Standing balance is a large mechanical 

stimulus to the foot sole, and future work is needed to examine the firing responses of 

foot sole afferents under different loading conditions. 

9.1.3 Sensory influence of skin mechanics  

Skin mechanics are known to influence the spread of mechanical stimuli through 

the skin (Pubols and Pubols 1983; Takei et al. 2004; Wu et al. 2006b; Staloff and 

Rafailovitch 2008), and previous work has proposed that differences in skin mechanics 

may account for differences in tactile sensitivity observed between the hands and feet 

(Kekoni et al. 1989; Kowalzik et al. 1996; Kennedy and Inglis 2002). Experiments I and 

II were the first studies to investigate the relationship between tactile sensitivity and the 

mechanical properties of the skin across the human foot sole. These findings indicate that 

skin mechanical properties (thickness and/or hardness) can have a meaningful impact on 

foot sole tactile perception in a young healthy population, but that the magnitude of 

influence is small and depends on the type of sensory test used. Subtle differences in skin 

thickness and hardness at different foot sole locations were found to correlate with 

monofilament perception threshold within individual subjects. In support of this finding, 

receptive field hardness was found to positively correlate with the firing thresholds of 

foot sole FA afferents. Together, these findings indicate that within an individual, skin 

mechanics can have a significant role in mediating FA AFT, which results in 

monofilament perception threshold differences across the foot sole. These data support 

the consistent finding that the arch is perceptually more sensitive than the heel and great 
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toe (Kekoni et al. 1989; Nurse and Nigg 1999; Hennig and Sterzing 2009; Strzalkowski 

et al. 2015c); presumably because of differences in skin mechanics between these 

regions. This relationship between skin mechanics and perception threshold was not 

however observed for vibration perception threshold (VPT). Vibration perception is not 

thought to be as sensitive to subtle changes in afferent firing as MF perception. With that 

said, an interesting, yet preliminary positive linear relationship was found between VPT 

and receptive field hardness at high (notably 150Hz) frequencies (section 8.1). This 

initial analysis supports a potential influence of skin hardness on moderating FAII 

afferent firing and high frequency VPT. To more fully examine this relationship, future 

studies should directly examine skin calluses, and subject populations with larger ranges 

in skin mechanics to determine the range at which VPT impairment becomes detectable.  

The influence of skin mechanics on afferent firing and tactile perception has 

previously been explored in body regions other than the glabrous skin on the foot sole. 

The mean firing rates of FAI and SAI afferents innervating the hairy skin on the leg and 

foot dorsum to brushing stimuli have been shown to be reduced following skin hydration 

(application of a cosmetic moisturizer) (Lévêque et al. 2000). These authors postulated 

that hydration decreased the mechanical transfer of the stimuli through the epidermis, 

which resulted in the reduced afferent response. Interestingly, as reported in the same 

study, spatial acuity (two-point discrimination) measured on the cheek of older adults, 

was improved with skin compliance (hydration), in spite of the supposed reduction in 

afferent firing rates seen in the lower limb. The more compliant, hydrated skin was 

thought to facilitate the spatial isolation of the probes on the skin, resulting in the 

observed improvement in the spatial isolation (Lévêque et al. 2000). This conclusion is 

however at odds with earlier work that found two-point discrimination in the hands of 

young adults to be unaffected by skin thickness, and presumably compliance (Kowalzik 

et al. 1996). In agreement with this latter study, the firing rates of SAI afferents, which 

are thought to be primarily responsibly for mediating two-point discrimination, were not 

affected by changes figure tip compliance (ability of the finger pad to deform when 

subject to force) induced by venous occlusion (Hudson et al. 2015). This suggests that 

subtle difference in skin deformation may not have a significant impact of SAI firing 

rates. In contrast, increased finger tip compliance significantly reduced the ability of FAI 
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and SAII afferents to encode changes in object compliance (FAII afferents were not 

examined due to low sample number) (Hudson et al. 2015). The present dissertation 

similarly found SAI afferent firing thresholds to be relatively insensitive to changes in 

skin mechanics (hardness) compared to the FAI and FAII afferents (Strzalkowski et al. 

2015b). It is clear that afferent discharge rates are related to the mechanical transfer of 

tactile forces to the underlying mechanoreceptor endings, however these studies 

emphasize that the importance of skin mechanics on these responses differs across 

afferent classes, and depends on the type of tactile stimulus. 

9.1.4 Cutaneous afferent foot sole distribution  

The 102 cutaneous afferents mapped on the foot sole in the present dissertation 

show a non-uniform, medial-lateral increase in distribution across the foot sole. A 

medial-lateral increase in foot sole afferent density, if present, may serve a functional 

role; while at the same time, this questions how the medial arch is consistently found to 

be the most sensitive foot sole location. The afferent density within a skin location is 

expected to reflect both the tactile function and sensitivity of that location. It is 

paradoxical then that the medial arch is routinely found to be perceptually more sensitive 

than the supposedly more densely innervated lateral arch. One explanation could be 

differences in FA afferent firing thresholds, which have been observed at different foot 

sole locations (Strzalkowski et al. 2015b). FAI afferent firing thresholds were found in 

Experiment II to be lowest in the arch compared to other foot sole locations. The low 

sample size prevented reliable AFT comparisons between the medial and lateral arch, 

however lower medial arch AFTs, if present, would account for the lower perception 

thresholds routinely found at the medial arch. A small number or even single FAI 

afferents are thought to set monofilament perception threshold (Johansson and Vallbo 

1979a), and therefore afferent density may not play a significant role in this measure. 

Afferent density may however serve a larger, functional role not apparent in perceptual 

threshold measurements.   

The lateral border of the foot is an important sensory boundary that delineates the 

physical limits of postural stability. In both standing balance and gait, it is critical that 

the projection of the centre of mass (COM) remains within the lateral base of support 

(BOS). If the COM moves beyond the lateral BOS, a stepping reaction would need to 
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occur to prevent a fall. In contrast, a medial movement of the COM is relatively less 

threatening to balance due to the support of two legs. FAI afferents have been shown to 

have strong synaptic coupling to lower limb motor neurons (Fallon et al. 2005), and a 

relatively large increase in the volume of cutaneous feedback, due to a large population 

of cutaneous afferents in the lateral foot sole border, may help facilitate the reflexive 

control of balance. In fact, increasing cutaneous feedback from the foot sole border has 

been shown to increase the COM-lateral BOS stability margin in older adults (Perry et al. 

2008). This indicates a functional role of cutaneous feedback from lateral foot sole in 

controlling the COM during gait.  

Previous estimates in the glabrous skin of the hand report there to be tens to 

hundreds of afferents per cm2 (Johansson and Vallbo 1979b). This high density makes 

the 102 cutaneous afferents mapped in the present dissertation a relatively small sample. 

Despite this limitation, 102 afferents provides a preliminary look at the distribution 

across the foot sole, matched only by one previous study (Kennedy and Inglis 2002). The 

tibial nerve supplies the glabrous skin on the foot sole through three branches: the medial 

calcaneal, medial plantar, and lateral plantar nerves. This branching occurs distal to the 

microneurography recording site at the popliteal fossa, and single unit recordings are 

thought to reflect a random selection across nerves and innervation territories. Therefore 

the observed medial-lateral increase in afferent distribution warrants future investigation. 

More data are required to make any definitive conclusions about the distribution of foot 

sole cutaneous afferents.  

9.2 Future directions  

The mechanical stimulation techniques used in the present dissertation 

established the capacity of cutaneous afferents to respond to simple touch and vibration 

stimuli. These methods provide a mechanistic foundation to understand the capacity of 

foot sole cutaneous afferents to transmit simple vibration and touch feedback, and the 

associated impact on perception. Complex tactile stimuli, such as those associated with 

postural control, are composed of simpler components such as those applied in the 

present dissertation, and understanding these basic mechanisms of the tactile system 

permits more multifaceted sensorimotor questions to be explored. The present 
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experiments do not however fully capture the complex tactile environment encountered 

in daily living. Standing balance and gait loads, stretches, and accelerates the foot sole 

differently than the tested stimuli in the present laboratory setting. While the findings in 

this dissertation contribute to numerous research areas, they also stimulate many 

additional questions. From the multitude of related research fields, three complementary 

research directions stand out as areas that should be developed with respect to the firing 

characteristics of foot sole cutaneous afferents. These include single unit recordings of 

cutaneous afferents: i) under loaded, posturally functional conditions, ii) from different 

populations, notably older adults, and iii) under different footwear conditions.  

9.2.1 What is the influence of foot sole loading on cutaneous afferent firing 

and perceptual thresholds? 

The question of afferent feedback under loaded conditions has reoccurred 

throughout this dissertation, as it is addresses a fundamental component of sensorimotor 

control. The functional postural contributions of foot sole feedback will almost always 

arise under standing, loaded conditions. The mechanical structure of the skin and 

mechanoreceptors are expected to change under loaded conditions, which will alter 

afferent firing characteristics. To understand the functional significance of foot sole 

tactile feedback in modulating standing balance and gait, the firing characteristics of the 

foot sole cutaneous afferents must be explored under loaded conditions. This poses 

numerous technical challenges. To obtain stable microneurographic recordings, 

movement of the subject and electrode needs to be minimized. For this reason single unit 

recordings have not been attempted during gait or quiet stance. This challenge can be 

overcome by restraining the subject on a tilt table, or by applying a load to the foot sole 

with the subject in the traditional prone position. The ability of lower limb cutaneous 

afferents to modulate the firing of lower and upper limb motor neurons, which has 

previous investigated in unloaded postures (Fallon et al. 2005; Bent and Lowrey 2013), 

should be explored at different levels of loading (with subjects prone or tilted) 

normalized to body weight. These data would improve the understanding of how 

cutaneous feedback reflexively modulates muscle activity in different loading/postural 

conditions. Different tilt orientations would also change the vestibular feedback, 

allowing the interaction between cutaneous-vestibular feedback on motor neuron 
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excitability to be explored. Understanding the firing characteristics of foot sole 

cutaneous afferents under different loading conditions remains a fundamental 

outstanding research question critical to the interpretation of the foot sole as a posturally 

significant sensory structure. 

9.2.2 What are the afferent firing characteristics in different human 

populations?  

The ultimate intention of the experiments in this dissertation is to contribute to 

the larger body of research that seeks to improve quality of life in sensory impaired 

populations through the development of tactile enhancement interventions. A few of 

these target populations include Parkinson’s disease and diabetic neuropathy patients, 

older adults, and lower limb amputees. Impairments in postural control have been link to 

declines in tactile sensitivity associated with age and disease. Understanding the capacity 

of foot sole cutaneous afferents to respond in these populations will lead to targeted 

intervention strategies optimized with respect to the specific impairment. Depending on 

the degeneration of their cutaneous afferents, a sensory enhancement device for one 

population may not be appropriate for another. It is therefore clinically important to 

expand the present findings to populations with different forms of sensory decline. 

Advances in prosthetics and sensory substitution technology would benefit from 

understanding the characteristics of foot sole cutaneous feedback transmitted under 

different postural conditions. Sensory substitution is where tactile feedback from an 

injured or impaired area can be adapted to another site. Through neural plasticity, the 

substituted feedback can be integrated into appropriate neuromuscular control systems 

(Visell 2009). Such feedback would have functional benefits for lower limb amputees; 

where the capacity to receive tactile feedback from their prosthetic limb would improve 

their ability to interact with the environment, balance and locomote. Recent work has 

explored the use of sensors in prosthetic limbs to detect and deliver electrical or 

vibrotactile feedback to proximal skin or directly into the CNS (Tabot et al. 2014; Wu et 

al. 2015). To optimize the functionality of this feedback it is important to understand 

how cutaneous feedback is transmitted within the healthy tactile system.  
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9.2.3 How does footwear influence tactile feedback from the foot sole?  

The capacity of foot sole cutaneous afferents to respond under different natural or 

more common sensory conditions should be explored in combination with the traditional 

barefoot condition explored in this dissertation. In daily living, people typically wear 

socks and shoes while standing and walking. It is therefore functionally significant to 

understand the influence of footwear on cutaneous afferent firing. An interesting 

research direction is the investigation of foot sole cutaneous afferent firing characteristics 

in shod subjects undergoing foot sole loading and vibrating conditions. Understanding 

the firing threshold of cutaneous afferents in different footwear conditions could be used 

to design socks and shoes that optimize tactile sensitivity. Different insole textures 

should be explored that maximize both comfort and tactile coupling between the ground 

and skin. The present findings provide a baseline of unloaded barefoot cutaneous afferent 

firing sensitivity that can be referenced under different sensory conditions.  
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