
Broad Spectrum (3-250 Hz) Vibratory Stimulation of the Plantar Surface Targeted to Activate 

Different Subpopulations of Cutaneous Mechanoreceptors Induces Directionally-Specific 

Whole Body Postural Adjustments 

by 

Christopher Hayes 

 

A Thesis 

Presented to 

The Faculty of Graduate Studies 

of 

The University of Guelph 

 

 

In partial fulfilment of the requirements 

for the degree of 

Master of Science 

in 

Human Health and Nutritional Science 

 

 

Guelph, Ontario, Canada 

©Chris Hayes, February, 2014 



ABSTRACT 

Broad Spectrum (3-250 Hz) Vibratory Stimulation of the Plantar Surface Targeted to Activate 

Different Subpopulations of Cutaneous Mechanoreceptors Induces Directionally-Specific 

Whole Body Postural Adjustments 

 

Christopher S. Hayes        Advisor: 

University of Guelph, 2013       Dr. Leah R. Bent 

 

Cutaneous afferent information undoubtedly contributes to the control of upright posture in 

man but exactly how the different subpopulations of cutaneous mechanoreceptors are involved 

in the regulation of bipedal stance remains unclear. The present work was designed to further 

elucidate whether subpopulations of cutaneous mechanoreceptors induce postural responses 

following broad spectrum vibratory stimulation of the sole of the foot. Specifically, there were 

two goals for this thesis. The first goal was to develop a method of delivering vibratory stimuli 

(3-250Hz) to the plantar surface (heel and forefoot) of upright subjects as they stood on a force-

platform.  The second goal was to conduct a study examining the effects of the vibratory stimuli 

on postural control. Stimuli were delivered at intensities just supra-threshold for perception 

and that were designed to activate specific mechanoreceptor populations. Healthy, young adult 

subjects (n = 9) were tested while standing upright with a narrow base of support and their 

eyes closed. Measures of Centre of Pressure and Centre of Mass displacement were calculated 

using an AMTI force plate and Optotrak 3020 kinematic system. The results showed that 



directionally specific, whole-body, postural adjustments away from the site of stimulation could 

be elicited following each frequency of vibratory stimulation (3, 15, 60, 250Hz). The postural 

adjustments following stimulation at the heel were greater than those elicited following 

stimulation at the forefoot. Interestingly, there were no significant differences in amplitude of 

sway following different frequencies of stimuli. These results suggest that mechanical 

indentations of different parts of the plantar surface, across a wide range of frequencies, 

induce reproducible responses. All of these responses, across each frequency, were aligned to 

be away from the site of stimulation. This is consistent with the view that the sole of the foot 

serves as a dynamometric map. What we have added is that postural responses can be elicited 

across the full spectrum of frequencies that could be encountered in normal postural 

perturbations. This work thus contributes to the accumulating evidence of the importance of 

cutaneous feedback in postural control and provides indirect evidence that each 

mechanoreceptor population is involved in the control of standing posture. 
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1.0 Introduction 

 

1.0.1 General Introduction  

 

Skin covers the entire body and has multiple functions including protection from environmental 

pathogens, support, thermoregulation and tactile sensation. Tactile sensation from the bottom 

of the feet is an important contributor to the body's postural control mechanisms although 

exactly how is this is accomplished is not fully understood (Magnusson et al., 1990; Maurer et 

al., 2001). Much of what we know about tactile sensation comes from studies investigating 

properties of skin of the hand and upper arm, using microneurography, a technique that 

involves insertion of small electrodes into a nerve allowing for recording of individual afferents 

in awake human subjects  (Knibestol and Vallbo, 1970; Vallbo and Hagbarth, 1968; Johansson 

and Vallbo, 1979). This has enabled the properties of cutaneous afferents to be analyzed using 

various animal and human models. Microneurography, in combination with histological and 

anatomical studies, have identified four specialized sensory units that act as tactile receptors 

(Iggo and Ogawa, 1977; Macefield, 2005).  

1.1. Classification of Cutaneous Sensory Units 

 

Each of the four sensory units is made up of a type Aβ afferent and specialized low threshold 

mechano-receptive ending. There are four different types of mechano-receptive endings in 

humans responsible for encoding sense of touch; Merkel disks, Meissner corpuscles, Ruffini 

endings and Pacinian corpuscles (Macefield, 1998). These receptors are associated with 
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afferents that are classified into two functional groups based on their rate of adaptation to 

sustained indentation, fast (FA) or slow (SA), and the size of the receptive field, small (Type I) or 

large (Type II).The fast adapting type I (FAI) afferents are associated with Meissner corpuscles, 

the fast adapting type II afferents are associated with Pacinian corpuscles, the slowly adapting 

type I (SAI) afferents are associated with Merkel discs, and the slowly adapting type II (SAII) are 

associated with Ruffini endings(Macefield, 1998). 

Findings from psychophysical studies have complemented neurophysiological, anatomical, and 

histological studies, by investigating the interpretation of tactile stimulation (Chambers et al., 

1972; Geischeider et al., 2004; Johansson et al., 1982; Iggo and Ogawa, 1977). Similarities in 

tactile discrimination exist between these fields and have been correlated.  Psychophysical 

studies have identified four sensory channels that mediate human tactile perception which are 

akin to the four sensory units found in neurophysiological studies with the use of 

microneurography (Bolanowski et al., 1988).  Using perceptual tests, these channels have been 

revealed through different techniques such as selective masking, modification of the skin 

surface temperature, and testing cutaneous sensitivity over a wide range of vibratory 

frequencies (Geischeider et al., 2004). It appears that each of the four channels mediate specific 

portions of the overall threshold frequency tuning curve (Bolanowski et al., 1988). It also 

appears from psychophysical studies, and correlations with previous neurophysiological data 

and their frequency-derived characteristics, that each channel has its own physiological 

substrate (see Table 1 for summary) (Geischeider et al., 2004). These channels partially overlap 

in their absolute sensitivities making it likely that suprathreshold stimuli, similar to what would 

be experienced in day to day scenarios, may activate two or more channels at the same time. 
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Perceptual qualities of touch may thus be determined by the combined inputs of multiple 

channels (Bolanowski et al., 1988). 

 

Table 1.1 Classifications of Cutaneous Sensory Units and Channels Summary 

 

1.1.2 Merkel’s disks (SAI) 

 

Merkel’s disks are found in the basal layer of the superficially located epidermis, are associated 

with the bottom layer of papillary folds, and are oriented perpendicularly to the skin (Iggo and 

Muir, 1969). Their receptive fields have discrete borders. Merkel disks have a semi-rigid 

structure that does not accommodate a constant stimulus, which results in a sustained, slowly 

adapting response. The sustained, irregular discharge is likely due to the multiple sources of 

signal generators housed within a single sensory unit (Iggo and Muir, 1969). This also results in 

the SAI having a high dynamic sensitivity to indentation stimuli. Upon micro-stimulation of the 

SAI afferent, the sensation of sustained pressure can be elicited (Macefield, 1990).  SAI 

Receptor 
Ending 

Afferent Type Abbreviation Psychophysical 
Correlate 

Meissner’s 
Corpuscle 

Fast Adapting Type I FAI (RAI) NP I 

Merkel Disc 
Receptor 

Slow 
Adapting 

Type I SAI NP III 

Pacinian 
Corpuscle 

Fast Adapting Type II FAII P Channel 

Ruffini’s 
ending 

Slow 
Adapting 

Type II SAII NP II 
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receptors are often suggested as main contributors in sensing dynamic changes of pressure 

distribution beneath the foot during standing due to this elicited percept (Kavounoudias et al. 

1999).  

1.1.3 Ruffini ending (SAII) 

 

Ruffini endings are located deep in the dermis and have large receptive fields with diffuse and 

undefined borders (Chambers et al., 1972; Macefield, 2005). They have the unique ability to 

encode direction specific skin stretch, in proportion to the degree of stretch. Additionally, SAII 

respond preferentially to tangential forces applied to the skin and not normal forces (Edin and 

Johansson, 1995). Microstimulation of SAII afferents doesn’t often elicit sensation but in the 

cases where it has, joint-movement and pressure have been reported (Macefield, 1990).   

 

1.1.4 Pacinian corpuscle (FAII) 

 

Pacinian corpuscles are large oval-shaped receptors with a capsule that consists of connective 

tissue lamellae that surround a nerve ending.  These receptor endings are located deep in the 

dermal and subcutaneous layers within the skin, and have a broad receptive field (Macefield, 

1998). FAII respond to rapid indentation (vibration) but not steady pressure, since the capsule 

which is flexibly attached to the skin will deform under pressure, accommodating the stimulus, 

and therefore stop the nerve from firing.  Because of this organization, the FAII are extremely 

sensitive to brief, mechanical events. For example, blowing over the receptive field will cause 

the afferent to fire due to the friction of airflow passing over the skin.   
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1.1.5 Meissner corpuscles (FAI) 

 

Meissner corpuscles are globular structures filled with fluid and flattened epithelial cells, 

located in between, and associated with, papillary folds (Iggo and Ogawa, 1977). Because the 

receptor ending is mechanically coupled to the papillary ridge with thin strands of connective 

tissue, when the ridges deform, the receptor also deforms and causes the nerve to fire. The 

receptive field size of the Meissner corpuscle is small, with discrete borders, which lends itself 

well to encoding 2 point discrimination. FAI afferents respond particularly well to light stroking 

across the skin, responding to the local shear forces and slips within the receptive field.  

Microstimulation of FAI afferents elicits the sensation of tapping, flutter, vibration, or tingling 

(Macefield, 1990). 

1.1.6 Sensitivity to Vibration 

 

While each type of mechanoreceptor preferentially encodes a different stimulus modality, all 

receptors are capable of encoding mechanical vibration (Macefield, 1998). Furthermore, each 

mechanoreceptor type is able to encode mechanical vibration over a wide range of frequencies. 

However, there are certain frequency ranges where a receptor is most sensitive i.e. able to 

respond in a ratio of 1 action potential for indentation. Johansson et al. (1982) noted that SAII 

optimally encode vibration at frequencies less than 8 Hz, SAI encode vibration between 2 and 

32 Hz, FAI between 8 and 64 Hz, and FAII greater than 64 Hz. Similar frequency sensitivity 

characteristics were confirmed later by Bolanowski et al. (Bolanowski et al., 1982).  Although 

these “tuning curves" were generated from studies investigating the skin of the hand, it has 



6 
 

been noted that the overall mechanoreceptive mechanisms transmitting the vibrotactile 

information from the sole of the foot are similar to those responsible for the vibrotactile 

sensitivity of the human hand (Kekoni et al., 1989). An important exception is that the 

threshold to vibration is higher on the foot sole than the hand (Kekoni, 1989). As of yet, no 

studies have comprehensively examined the skin of foot sole for their neural response to a 

wide range of vibratory stimulation i.e. tuning curves, although some characteristics have been 

noted for the lateral border of the foot and lower leg (Vedell and Roll, 1982).   

1.2 Factors Affecting Vibratory Perception Threshold 

 

The characteristics of the morphology and location of the sensory unit have been discussed 

along with their sensitivity to vibration; however, there are additional factors that need to be 

considered when measuring receptors' sensitivity to vibration.  These factors include, but are 

not limited to, temperature, contactor size and shape, and location of application.  The effect of 

temperature has been described in a study where it was shown that cooling only affects high 

frequency Vibration Perception Threshold (VPT), likely by acting on the Pacinian corpuscle 

through an unknown mechanism (Green, 1977).  Bolanowski et al. (1982) confirmed the 

temperature effect on the P channel, and expanded on previous temperature studies by noting 

that the NP (I) channel was unaffected over a wide range (25 – 40 degrees), but below 25 

degrees there was an increase in threshold (Geischeider et al., 2004). Contactor size also 

appears to have a preferential effect on higher frequencies, while the lower frequencies appear 

to be less or not affected (Verrillo, 1963).  The convergence point between the “low” and “high” 

frequencies appears to be around 40 Hz. In fact, Geischeder et al. (2004) used the differential 
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effect of the area of stimulation on different channels to help elucidate the sensitivity ranges of 

the different channels, i.e. by minimizing the contactor size and thereby reducing P channel 

sensitivity the experimenters were able to more accurately target the NP channels. The location 

of stimulation also modifies VPT. Kekoni et al. (1989) found that the threshold curves for 

different regions of the foot sole formed the same general shape as in the hand i.e. flat with a 

“U-shaped” region at 250 Hz (Kekoni et al., 1989).  Most importantly, the threshold of 

perception is higher on the foot sole than on the hand, with the heels slightly higher than the 

forefoot. This relationship was confirmed in a pilot experiment for the current study 

(unpublished).  

 

1.3 Plantar Surface Forces 

 

Plantar indentation forces (vertical) or shear forces (horizontal) that occur during quiet stance 

(postural sway), and activate the different cutaneous afferent populations, have a complex 

time-varying form. Spectral decomposition of these waveforms or the induced excursions of 

CoP or CoM, using Discrete Fourier Transforms, show the frequency bandwidth to be in the 0-6 

Hz range (Winter et al., 1998). When movement of body segments occurs there are additional 

inertial forces transmitted through the feet which modify the vertical and horizontal ground 

reactions forces and change the form of the power spectrum. When external perturbations 

occur, or when the moving foot makes contact with a static surface, as at the heel strike of 

walking or running, the spectral composition of the forces acting on the plantar surface again 

change, and higher frequency components become more evident (Shorton 1992).  
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Postural disturbances, generated internally by respiration, heartbeat, or limb motion, or 

externally by impact forces, thus have unique signatures in terms of their spectral composition. 

How the various sub populations of cutaneous receptors respond to the unique and time 

varying spectral composition of the forces on the plantar surface has yet to be identified. Given 

that the different subpopulations of cutaneous receptors themselves have different tuning 

curves, in their responsiveness to mechano-vibratory stimuli of different frequencies, one might 

speculate that individually they are insufficient to generate the necessary postural feedback for 

all postural contingencies but collectively they may. In this case, one might further speculate 

the postural corrections they drive, or at least inform, should be vectorially similar, i.e. aligned 

synergistically to induce an appropriately directed postural correction.  

 

1.4 Postural Control  

 

Many activities of daily living require humans to stand on two feet. Even standing still on two 

feet is a complex task that requires the central nervous system to constantly manage the 

changing dynamics of gravitational and inertial forces (e.g. when standing on a moving base of 

support). Most studies of upright posture use a measure of body sway to characterize 

performance. The implicit underlying assumption in the measure of body sway is that the 

body’s centre of mass (CoM) is regulated in the gravitational environment i.e. the controlled 

variable. The CoM is controlled by the centre of pressure (CoP), i.e. the controlling variable, 

which can be measured as the sum of all ground reaction forces from the support surface 

(Winter et al., 1998). The CoM must stay within the base of support (BOS) to maintain 
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equilibrium. Since there is no single sensory receptor or modality that can directly measure 

body CoM, a complex pattern of sensory input has to be processed. 

  

1.5 Postural Control Strategies and Incorporation of Sensory Feedback 

 

A small departure of any segment of the body’s kinematic chain from an upright position results 

in a torque due to gravity and inertial forces that accelerates the body away from the upright 

position. This destabilizing torque must be countered, at least partially, by a corrective torque 

exerted by the feet against the support surface. How the corrective torque is generated is the 

focus of extensive study. The torque generated is in part through the action of a feedback 

control mechanism (Horak et al., 1996; Johansson et al., 1991) in concert with the inherent 

visco-elastic properties of the muscle (Winter et al., 1998). In addition, where the perturbation 

to the body’s equilibrium is predictable, feed-forward muscular torques are generated to 

minimize the postural instability. There is no question that active torques generated by 

feedback control mechanisms are significant contributors to quiet stance control and conform 

to the optimal estimation theory (van der Kooij et al., 1999). Optimal estimation theory enables 

the modelling of multisensory integration in human stance control. In the model, all delayed 

sensory information is integrated in such a way that a best estimate of body orientation is 

obtained. This modelling approach agrees with the notion that the goal of human balance 

control is to achieve effective weighting of all sensory information to maintain a stable vertical 

and horizontal alignment of the body with respect to the individual’s intent, experience, 

instruction and environment (van der Kooij et al., 1999).  
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1.6 Sensory Contribution 

 

Human postural equilibrium is maintained through the integration of feed-forward control 

commands and visual, vestibular, somatosensory feedback (Dietz, 1996; Horak et al. 1990). The 

relative contribution of each system is dependent upon the task, the phase of the task and the 

availability of sensory information (Zehr et al., 1997). Moreover, each system can generate a 

postural correction in isolation, but there is also redundancy among systems i.e. one or more 

systems are able to compensate for a reduction in another. For example, in normal two foot 

stance a galvanic vestibular stimulation (GVS) signal would elicit very little if any sway response, 

but if the subject’s eyes are closed (no vision) a larger sway response would be seen.  

Additionally, sensory perturbations can evoke direction specific responses, for example GVS can 

elicit medial lateral (ML) sway or anterior-posterior (AP) sway depending on head position 

(Lund and Broberg, 1983).  

 

Somatosensory feedback includes input from muscle spindles, tendon organs, articular and 

cutaneous receptors. While much has been learned about feed-forward control, muscle spindle 

and joint receptor input, less is known about the role played by cutaneous afferents originating 

from the sole of the foot. Studies investigating cutaneous contributions have used a variety of 

paradigms including foot sole cooling (Magnusson et al., 1990; McKeon and Hertel, 2007; Perry 

et al., 2000) anesthetics (Thoumie and Do, 1996; Meyer et al., 2004; Do et al., 1990), support 

surface modifications (Wu and Chiang, 1997; Vuillerme and Pinsault, 2007; Maurer et al., 2001), 



11 
 

cutaneous electrical stimulation (Zehr et al., 1997), ridged insoles (Perry et al., 2008), vibrating 

insoles (Priplata et al., 2003; Galica et al., 2009), ischemic cuffs (Horak et al., 1990; Thoumie and 

Do 1996), as well as information gained from studies of pathologic states (Priplata and Collins, 

2005; Bergin and Zeppenfeld, 1995). Many of these have found that cutaneous receptor 

sensitivity augmentation, or input augmentation, also results in changes to normal sway, 

whether it is a general increase in amplitude of sway or a change in direction (Hamalainen and 

Kekoni 1992; Kavounoudias et al., 1999).   

Several studies have suggested possible roles played by cutaneous feedback in maintaining 

postural equilibrium (Magnusson et al., 1990; Maurer et al., 2001; McKeon and Hertel, 2007). 

Firstly, from studies of mechanoreceptor properties in the hand, it has been proposed that the 

skin of the foot would be responsible for coding tangential and shear forces beneath the foot 

indicating slipping or sliding across the surface (Ribot-Ciscar et al., 1989; Magnusson et al., 

1990). In this context, they would also provide information about the occurrence, direction and 

velocity of foot indentation forces that occur during movement- induced changes in posture or 

in response to external perturbations. Extero-receptive cutaneous feedback involves the 

deciphering and relaying of support surface properties such as texture and quality.  Additionally 

it could be used to determine support surface boundaries and help relay boundary relevant 

information. While some argue that this is the main or only function of cutaneous feedback, 

others add it to one of the many roles that cutaneous feedback plays (Maurer et al., 2001; 

Magnusson et al., 1990). An additional view for the role of sensory information from the foot 

soles is that it sets the relevant background muscle activity for a given posture and support 

surface characteristic (Meyer et al., 2004; McKeon and Hertel, 2007). Finally, cutaneous 
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feedback has been most often associated with pressure distribution and pressure changes 

beneath the feet (Kavounoudias et al., 1998, 1999, 2001).  This view postulates that the special 

functional properties of mechanoreceptors allow the coding of the spatial distribution, the 

amplitude and the rate of changes in amplitude of a pressure exerted on the skin.  

 In a series of studies by Kavounoudias and colleagues the role of cutaneous receptors was 

investigated (Kavounoudias et al., 1998, 1999, 2001). It was hypothesized that because 

cutaneous information has sufficient spatial relevance, it can inform the CNS about the body 

position with respect to the vertical reference and consequently induce adapted regulative 

postural responses. Kavounoudias et al. (1998) observed spatially oriented whole body tilts for 

every subject. The direction of postural adjustments depended on the foot area stimulated and 

the response was always directed away from the site of vibration where there was a simulated 

pressure increase.  When co-stimulated, the various cutaneous messages followed a vector 

addition mode. They concluded that tactile inputs from the main foot supporting areas tell the 

CNS continuously and precisely how much mechanical pressure are spatially and sequentially 

distributed on the skin.  

The vibration given to the skin area of the sole probably simulates a local pressure increase, as 

when the body is actually tilted in this direction and applying pressure. As pressure sensations 

are typically thought of as being mediated by the SAI receptor types, Kavounoudias et al. 

suggested that SAI were likely the main contributors of feedback during their vibration testing 

(Kavounoudias et al., 1998). Thus the foot sole was described as a “dynamometric map” where 

co stimulation of multiple sites on the plantar surface of the foot resulted in a postural 

response that is appropriate to the vectorial sum of the responses of those areas when 
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stimulated separately. This indicated that the tactile information from various plantar regions is 

probably permanently co processed and integrated by the CNS. Vector addition law has also 

been reported for muscle and vestibular proprioception in order to describe the sensorimotor 

integration of those sensory messages. Overall, the sensory modalities involved in balance 

control would act to convey directional input through vector summation of each sensory input.  

1.7 Limitations of Existing Research 

 

To date researchers have not targeted threshold level stimulation with the goal of minimizing 

interactions between multiple channels or receptors. Because of this interplay of sensory 

channels at suprathreshold stimulus levels, it is hard to compare and predict with a great 

degree of accuracy which channel(s) and how many channel(s) are activated; it is still likely that 

in these studies multiple channels were activated by stimulating at the chosen amplitude. 

Another limitation is the restricted range of frequencies that have been used in the past to 

stimulate the foot sole. The series of Kavounoudias et al. studies used a frequency range of 20- 

100 Hz (see Figure 1.7). These frequencies are in the sensitive ranges of the FAI and FAII 

receptors. Although it is possible for SAI receptors to respond in a 1:1 fashion up to and beyond 

these levels of frequency, it is likely that FA receptor type are also contributing significantly, 

especially at the amplitudes used. Therefore, to differentiate between which types of receptors 

are contributing to the postural adjustments seen following cutaneous stimulation, a stimulus 

with an appropriate amplitude and frequency must be used to minimize activation of multiple 

sensory channels. 
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Figure 1.7 Shows the potential implications of maintaining relatively consistent stimulus amplitude while 

altering the frequency. The white box represents the range of stimuli (200 – 500 µm, converted to a dB 

scale) used in a series of studies by Kavounoudias et al. (1998, 1999, 2001), the data points have been 

estimated and reproduced from Bolanowski et al. (1988). This displays the potential for multiple sensory 

channels to interact in these previous studies investigating cutaneous stimulation and postural 

adjustments; limiting the ability to make conclusions on which receptor type is providing the most 

influence. The light grey shading represents a combination of frequency and amplitude of mechanical 

stimulation where human perception is mediated primarily by one, optimally firing, sensory channel. 

Darker grey area is a region where two sensory channels are able to fire optimally, and are likely 

mediating human perception. The hashed area is a region where 3 or more sensory channels are 

thought to mediate human perception.  P, NPI, NPII, NPIII are psychophysical terms that are correlated 

with the neurophysiological terms FAII, FAI, SAII, and SAI respectively. The sensitivity ranges to 

mechanical vibration for the sensory units described in neurophysiological terms (FAI, FAII, SAI, SAII) are 

also illustrated. This is a modified image from Bolanowski et al. (1988).  
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1.7 Objectives of the thesis 

The primary objective of the work undertaken in this thesis was to further elucidate the role of 

cutaneous afferent feedback in the control of balance. In particular the work sought to 

characterize the postural adjustments in response to mechanical vibratory stimulation of the 

plantar surface, using frequencies of stimulation that would be predicted to selectively target 

different subpopulations of receptors. In order to accomplish this it was first necessary to 

design and construct an apparatus capable of delivering vibratory stimulation to the plantar 

surface while subjects stood erect on a force platform. The two objectives of this work were 

therefore 

1) To contribute to the design, construction and programming of an apparatus that is 

capable delivering vibratory stimulation of different frequencies, at specific 

amplitudes, to the heel and metatarsal surface of the foot, while subjects stood on a 

force platform. An important element of this was to establish the measurement 

properties of this new apparatus. 

2) To characterize the postural adjustments in terms of CoP and CoM in response to 

mechanical vibration of the plantar surface, at frequencies chosen to selectively 

activate different sub populations of cutaneous receptors.  
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1.8 Hypotheses 

 

The primary hypotheses of this paper are that,  

1) Following vibratory stimulation to the sole, the excursions of the centre of pressure and 

centre of mass will be directed away from the site of stimulation 

 2) The excursions of the centre of pressure  and centre of mass will yield frequency-dependent 

differences in the amplitude of response, i.e. the postural adjustment will differ depending on 

the population of receptors activated.  

3) Stimulation targeting the SAI receptor class will induce the largest amplitude postural 

responses.  
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Chapter 2.0 - General Methods 

 

Prior to examining the effect of vibratory stimulation to the plantar surface on postural 

responses, it was first necessary to design and construct an apparatus capable of delivering the 

required vibration stimuli to the sole of the foot as the subject stood upright. The essential 

factors of this apparatus were a) to develop a foot plate, with a matrix of holes through which 

vibratory mechanical stimuli could be delivered to the sole of the foot; a mechanical vibration 

exciter / shaker was coupled to probes that protruded through the foot plate to deliver 

vibratory indentation forces to the plantar surface and b) to align the foot plate with a force 

platform, to enable transduction of ground reaction forces in the orthogonal planes, from 

which measures of postural adjustments could be made.  

2.0.1 Design Considerations and Measurement Properties of Apparatus 

 

The necessary design and operating features of the apparatus were:  

 to be sufficiently robust that subjects could stand, supported, on the force plate,  

 to deliver vibratory stimulation to the sole of the foot at select frequencies 3, 15, 60, 

250 Hz, at specific amplitudes.  

 to monitor the CoP excursion representing the postural adjustments to the stimulation.  

Fig 2.0.1 illustrates the essential design features of the apparatus which was constructed in the 

machine shop at the Department of Nuclear Physics at the University of Guelph.  
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Fig 2.0.1 A shows a schematic lateral view of the foot plate supported on pillars and mounted 
on the force platform. Beneath the foot plate is a magnetic vibration exciter, affixed to a plate 
and two matrices of probes which, when activated, protrude through the holes in the foot 
plate. B shows the top surface of the foot plate; with a schematic of footprint over the holes 
(not to scale). C is a photograph of the mechanical exciter with probes indenting the forefoot. D 
is a schematic showing the location of probes indenting either the forefoot (metatarsal head) or 
heel.  
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The foot plate (47 cm x 51 cm x 1.905 cm, constructed of aluminum) contained a 30 x 36 cm 

matrix of holes, 5 mm in diameter, with 2 mm inter-hole distance. The 8 centremost holes 

within the matrix were filled to add support to the structure. The foot plate, upon which the 

subjects stood, was attached at four corners, by pillars, to a force platform. Through these 

supports, changes in the pressure distribution under the foot on to the foot plate were 

transmitted into the force plate.  

Cutaneous vibratory stimulation was delivered through brass probes. Each brass probe was 

50.8 mm in length, 2 mm diameter with a round, convex top. Probes were secured to an 

aluminum plate (30.8 cm x 36.4 cm) by 3 hex nuts, and were arranged into 3 x 4 (heels) and 2 x 

6 matrices (forefoot). Each matrix of probes protruded 2 mm above the height of the foot plate. 

This level of pre-indentation was measured with a linear potentiometer, accurate to25 µm, 

mounted on the foot plate. The probes were moved vertically into the foot sole by a magnetic 

vibration exciter (Type 4808, Bruel and Kjaer, Denmark), here forth referred to as the shaker. 

The shaker has a 6 mm peak to peak operating range.  

The force platform upon which the apparatus was superimposed was an AMTI-OR6 (Advanced 

Medical Technology Inc, Watertown, USA). The platform uses strain gauge technology to record 

orthogonal forces in the vertical (Fz), and two horizontal (Fy, Fx) directions and their respective 

moments (Mz, My, Mx). From these forces and their moments it was possible to derive 

measures of the centre of force distribution i.e. centre of pressure and its excursions in 

response to stimulation of the plantar surface.    
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Testing of the operating characteristics of the apparatus:  

a) Confirmed absence of transfer of mechanical vibration from the shaker to the foot 

platform and force plate. Thus the absence of contamination of the CoP excursions by 

the vibration stimulation and the absence of vibratory transmission to the foot sole 

through the foot platform. Please refer to Appendix for details of the FFT protocols 

employed. 

b) Identified a need to correct the standard equation for deriving CoP to accommodate the 

change in point of contact from the supports of the force plate. The foot platform was 

raised 0.416 m above the surface of the force plate. 

c) Calibration of the CoP (Y) location from the plate and force platform recordings showed 

that measures of sway that tracked the movement of a swinging oscilloscope were 

within ± 0.1 mm of each other.  

Further details of the instrumentation and testing procedure are in the Appendix (page 70).  
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2.1 Study of vibration induced postural adjustments 

 

2.1.1 Overall design of the study 

 

The study consisted of two components. The first component was to establish the VPT for each 

subject at each site and for each frequency of vibratory stimulation for later use in the 

calculation of the amplitude of stimulation for the experimental protocol. The second 

component was to use mechanical vibration at an equivalent perceptual intensity across four 

different frequencies to induce postural responses. The testing procedure took 2.5 hours and 

was divided into three blocks. The first block involved the subjects filling out the questionnaire 

and waiver form, familiarizing them with the setup and protocol, and the completion of the 

vibration perceptual test.  The second block involved a 30 minute break, where the subjects 

rested comfortably in the laboratory. The third block was 1 hour long and was comprised solely 

of cutaneous stimulation, with breaks provided between every trial at both sites. 

2.1.2 Testing Environment 

 

All data collection took place in the Animal Science and Nutrition building at the University of 

Guelph. Ambient room temperature was maintained at 23.1◦ C. Due to the effect of 

temperature on mechanoreceptor thresholds (Bolanowski et al., 1988), temperature 

measurements of the foot sole were taken periodically throughout testing with a thermometer 

(Thermoworks, USA).   A portable heater was utilized to maintain the foot sole temperature 

within a range of ± 1 ◦C from individual baseline reading.  
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2.1.3 Participants 

 

Nine healthy young adults (five men and four women, age 21 – 26 years) recruited from the 

University of Guelph student population participated in this study. The participants were naïve 

to the protocol and expected outcomes of the study. All participants completed a questionnaire 

used to ensure that each subject was free of peripheral neuropathy, musculo-skeletal 

impairment, diabetes, and were not pregnant at the time of testing. The research protocol was 

approved by the University of Guelph Research Ethics board, in conformity with the Declaration 

of Helsinki.  

2.2 Experimental protocol 

2.2.1 Participant Stance 

 

All participants stood comfortably on top of the foot-plate platform, in an upright quiet stance 

position, with their hands at their side (Fig 2.3) (Guerraz and Day, 2005). During testing the 

participants closed their eyes to challenge stability and increase reliance on sources of input 

other than vision, including skin input, to stabilize balance (Day and Severac Cauqil, 1997). For 

each condition participants were required to align their feet (parallel, narrow stance width) 

over two of four specified matrix arrays that protruded through the foot plate. The two 

matrices that stimulated the forefoot site were separated by 2 cm. The two matrices that 

stimulated the heel site were separated by 5 cm. At both sites the separation between medial 

malleoli and between metatarsals was measured to be 1 cm.  Once a comfortable position was 

reached, an outline was traced around the participant’s feet to enable them to quickly return to 
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the same foot position following a break in testing, for both sites of stimulation i.e. forefoot and 

heel. During vibration participants were instructed to stand in a relaxed position and not to 

resist any urges to sway (Kavounoudias et al., 1999). Finally, noise-reducing headphones were 

worn to reduce the sound of the large shaker during high frequencies of stimulation.  

 

2.2.2 Vibration Perceptual Threshold (VPT) 

 

Prior to testing, VPTs were determined for each participant using a binary search method 

(Perry, 2006). Two locations on the foot sole were tested, heel and forefoot. At each 

stimulation site two trials were performed for each frequency (3, 15, 60, and 250 Hz). Each trial 

consisted of 11 iterations, of which each iteration is a two second burst of vibration. The inter-

iteration duration ranged from 5-10 seconds; this was randomized by the experimenter so that 

subjects would not predict the occurrence of the vibratory burst based on a repeated pattern. 

The subjects were instructed to press down on a hand held trigger and hold for approximately 1 

second as soon as they were 90% confident they could perceive a stimulus. The same verbal 

instructions were given to all subjects prior to the start of vibration testing. Subjects were asked 

to; firstly, close their eyes while remaining as attentive as possible to the site being stimulated; 

secondly, press the trigger as soon as the stimulus was felt, hold the trigger down for 1 second 

and then release the trigger. The subjects were informed that the length of each iteration 

would be two seconds in duration, and that they needed to respond within that window for the 

trial to be successful. Each subject was told that there would be a 5- 10 second interval 

between iterations and that they should remain focused during this period until the 
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experimenter noted that the trial was complete.  Activation of the trigger provided a “true” 

response while not pressing the trigger provided a “false” response. During testing, if the 

subject pushed the trigger between iterations (when no vibration was being applied) then the 

experimenter noted this as a catch trial. Evaluation of these catch trials was obtained visually by 

watching the subject hold the trigger during testing and by listening to an audible click made by 

the trigger when pressed. If the subject pressed the trigger between iterations on multiple 

trials, then they were reminded of the instructions (to push the trigger when they were 90% 

confident they had felt a vibration) and another trial of the given frequency/site was 

performed. Four practice iterations (one of each frequency) were conducted prior to testing to 

reduce any anxiety about the novelty of the new stimulus. VPT was performed twice for each 

frequency at each location on the sole 

Each trial, for each frequency of stimulation, began with a suprathreshold stimulus; the 

amplitude was determined from previous work to evoke a level of stimulation that would be 

perceptible (Perry, 2006). If the first iteration was not perceived, then the trial restarted. The 

second iteration had no amplitude, and was treated as a catch trial. The third iteration was 

always half the intensity of the first iteration. The subject’s response, from this point on, would 

determine the next amplitude of vibration. A perceived iteration would result in an intensity 

decrease to halfway between the last perceived trial and the most recent false iteration.  A 

non-perceived vibration trial would result in an intensity increase to a level halfway between 

the last trial and the most recent perceived iteration. The same pattern was used until the 

completion of the 11th  iteration.  
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Between trials, i.e. a group of 11 iterations, the noise cancelling headphones were removed, 

the subject was asked to step to the side of the foot plate and was informed that the testing at 

this frequency was complete. The subjects were asked to share any comments, or ask any 

questions at this point. Subjects were informed that some of the vibrations would be above 

their threshold for perception while others would be below their threshold for perception. 

Finally, subjects were notified that the first two iterations of some trials may include general 

vibratory percepts across the entire foot sole (due to the tendency for high amplitude, 

transferring noise throughout the entire foot plate, not just the probes-only observed on initial 

trials at 60 and 250Hz), that this feeling would pass as they progressed through the trial and 

that they should remain focused on the perception of vibration induced by the probes. 

2.2.2 Cutaneous Stimulation Testing 

 

Temperature was recorded at the beginning of cutaneous stimulation testing. The testing order 

of sites was randomized.  Four trials were applied per block; including one of each frequency (3, 

15, 60 250 Hz). The order of the frequencies presented within each block of four trials was 

randomized by randomly drawing numbers out of a hat. This guaranteed each frequency to be 

chosen only once during a block of four trials. Ten blocks of trials were performed at each site 

for a total of 10 stimuli of each frequency at each site (Kavounoudias et al. 2001). If a mistrial 

due to noise, hardware malfunction or other occurred, then the trial type (frequency) was 

written down and performed at the end of that site.  

Each trial contained a baseline measure of sway along with a 10 second vibratory stimulation 

profile. The amplitude of a given vibratory stimuli was applied at a level 3 dB greater than the 
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subjects' VPT for a particular site and frequency. Therefore each subject had 8 unique vibratory 

stimuli. Each vibratory stimulation profile included a 2 s ramp up, 6 s hold, and 2 s ramp down. 

Between trials there was a 10-15 second period of no vibration. Once the subject closed their 

eyes, the experimenter waited approximately 20 seconds, or until the subject was consistently 

below the horizontal markers set for their baseline sway ranges, before initiating the first trial 

of the block of cutaneous stimuli. Each successive trial within a block was triggered 10 seconds 

after the completion of the last. After each block of trials, the subject always opened their eyes, 

and moved around on top of the foot plate to stay alert and prevent fatigue. The temperature 

of the foot sole was taken at the beginning and end of testing at each site. If the subject’s 

temperature started to drop, a portable heater was used to bring the foot sole temperature 

back up to +/- 1 degree.   

 

 

 

 

 



27 
 

2.3 Data Acquisition 

.  

 

Figure 2.3 is a schematic flow chart showing the instrumentation involved in data acquisition. It 

shows that all experimental protocol was controlled through a single computer with an 

additional computer used to record kinematic data. The master computer was used to 

administer and collect data from the VPT program. Secondly, the master computer was used to 

administer the vibratory stimulation, and monitor the kinetic and acceleration profiles online, 

and to cue the secondary computer to collect kinematic data.   

 

 

2.3.1 Acceleration Data 

 

Acceleration data (1000Hz, model 2221D, Endevco, CA, USA) were collected, in addition to the 

outgoing voltage to the large shaker (power amplifier, Type 4808, Bruel and Kjaer, Denmark), 

and incoming voltage from the hand-trigger (custom made). The acceleration was further 

processed into displacement through a custom made program in MatLab for later use to assess 

the VPT.  
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2.4 Postural Adjustments 

2.4.1 Centre of Pressure Excursions 

 

An AMTI-OR6 (Advanced Mechanical Technology Inc., Watertown MA) force plate was used to 

assess the postural adjustments in response to plantar stimulation.  Force plate data were 

sampled at 2000 Hz (Spike 2 version 7) and amplified using an AMTI MSA-6 strain gauge mini 

amplifier. Forces and moments were recorded in the x, y and z planes. The factors for 

conversion from voltages to Newtons and Newton*Metres is presented below. 

Fx = 37.3848 
Fy = 37.4872 
Fz = 290.88 
Mx = 59.96 
My = 60.02 

Mz = 7.5378 
 

Centre of Pressure (CoP) in the sagittal plane was calculated using a virtual channel. At the start 

of testing, two horizontal cursors were added to estimate the boundaries of resting sway, 

assisting the experimenter in assessing the participants return to steady state. The virtual 

channel was configured in Spike 2, with a correction factor (0.416 m) for the height of the foot 

plate (dz), prior to testing. CoP displacement in the anterior-posterior direction was the main 

force-plate measure and the focus for further analysis.  

CoPy= ((Mx)-(dz*Fy))/Fz 

Force Plate data were filtered offline using Spike2 Finite Impulse Response (FIR) filters. The FIR 

filter was set to 6 Hz low pass. FIR filters mathematically replicate the characteristics of the 
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traditionally used Butterworth filters but have a finite impulse response. The FIR filter induces 

no phase lag. Only one pass of the filter was used.  

 

2.4.2 Centre of Mass Excursions: 

 

Kinematic data were collected with the aid of an Optotrak 3020 video capture system (Optotrak 

3020, NDI, Waterloo, On., Canada). Three cameras, stacked vertically, within one camera bank 

were used. The camera bank was raised 46 cm from the ground, secured in place with a custom 

built mount, and positioned 2 meters away from the leading edge of the foot plate. At this 

distance the camera volume was 1.905 m vertically. The Optotrak 3020 system recorded 

infrared light emitted from two rigid bodies fixed to the head and chest. The head and chest 

rigid bodies each had 3 non collinear markers. The rigid bodies were custom built, used 

previously within the department, and were re-calibrated prior to each collection. 

Marker power was set to 90%, with an RMS error of 0.5 mm and sampling rate was 100 Hz. 

Digitization was performed within NDI first principles. The left and right ears were used to 

define the head segment. The left and right coracoid process along with the xyphoid process 

defined the upper chest segment. These digitized points were based from a modified model 

described by Winter (Winter et al., 1998), using the calculations: 

 Head Mass Fraction: 0.081 (0.081/0.217 = 0.373) 

 Left Ear + Right Ear / 2. 

 Trunk Mass Fraction: 0.136 (0.136/0.217 = 0.626) 
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 Right Coracoid + Left Coracoid + Xyphoid /3 

o CoM AP =  0.373*((LEarx + REarx)/2)+0.626*((RCorax + L Corax + Xyphx)/3) 

 

 

Figure 2.4.2. A representative CoP trace from subject 4 showing the important stimulus epochs including 

onset of baseline recording (time 0), where the control peak was measured from (4 – 5 s), the stimulus 

ramp up of intensity (5 -7 s), the hold portion of the stimulus where maximum postural adjustment 

values were measured from (7 – 13 s), and ramp down of the stimulus (13 – 15 s). Additionally, the 

points where the baseline control and stimulus postural adjustment values would be measured from are 

highlighted with a circle around the appropriate point.  

 

2.5 Data Analysis and Statistics 

Video capture data were processed in Kin Analysis and Excel, with interpolation performed in 

Visual 3D (C-Motion, USA) over a 20 ms window when needed and filtered with a 4th Order 

Butterworth Filter. Force plate data were sampled at 2000 Hz and low pass filtered at 6 Hz using 
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an FIR filter modelled after a 4th Order Butterworth. The data were then down sampled to 100 

Hz and further analyzed within Microsoft Excel.  For CoP and CoM, each trial was zeroed to the 

average position in the anterior posterior plane for the one second before the stimulus onset.  

Sway responses were examined during the 6 second hold portion of the stimulus and during the 

1 second of baseline sway immediately prior to the stimulus onset. The average position over 

50 ms of the largest excursion during the hold portion and during the 1 second pre-stimulus 

baseline portion, were recorded as the peak amplitude (maximum or minimum) and averaged 

across all 10 similar iterations.   

Multiple t-tests, for samples with unequal variances (Welch’s T Test), were used to compare 

mean VPT’s across frequencies. Alpha level was set at 0.05 and a Bonferroni correction was 

applied to account for the multiple tests (0.05/6 = 0.0083). The influence of different 

frequencies and sites of stimulation on the amplitude of the postural responses was tested 

using a two-way repeated measures ANOVA (2 site x 4 frequency). A nonparametric sign test 

was used to test for the direction-specific nature of the postural adjustments. Alpha level was 

set a priori at 0.05. Welch’s T test was used again to compare the magnitude of postural 

adjustment following stimulation compared to baseline (alpha level was set at 0.05/4 = 0.0125).  
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 Chapter 3.0 Manuscript 

 

3.1 Abstract 

 

 BROAD SPECTRUM (3-250Hz) VIBRATORY STIMULATION OF THE PLANTAR SURFACE 

TARGETED TO ACTIVATE DIFFERENT SUBPOPULATIONS OF CUTANEOUS 

MECHANORECEPTORS INDUCES DIRECTIONALLY-SPECIFIC WHOLE BODY POSTURAL 

ADJUSTMENTS 

 

Christopher S. Hayes, Leah R. Bent 

 

Cutaneous afferent information undoubtedly contributes to the control of upright posture in 

man but exactly how the different subpopulations of cutaneous mechanoreceptors are involved 

in the regulation of bipedal stance remains unclear. The present work was designed to further 

elucidate how subpopulations of cutaneous mechanoreceptors induce postural responses 

following broad spectrum vibratory stimulation of the sole of the foot. Stimuli were delivered at 

intensities just supra-threshold for perception and designed to activate specific 

mechanoreceptor populations. Healthy, young adult subjects (n = 9) were tested while standing 

upright with a narrow base of support and their eyes closed. Measures of Centre of Pressure 

and Centre of Mass displacement were calculated using an AMTI force plate and Optotrak 3020 

kinematic system. The results showed that directionally specific, whole-body, postural 

adjustments away from the site of stimulation could be elicited following each frequency of 

vibratory stimulation (3, 15, 60, 250Hz). The postural adjustments following stimulation at the 
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heel were greater than those elicited following stimulation at the metatarsals. Interestingly, 

there were no significant differences in amplitude of sway following different frequencies of 

stimuli. These results suggest that mechanical indentations of different parts of the plantar 

surface, across a wide range of frequencies, induce reproducible responses. These responses 

were aligned to be away from the site of stimulation. This is consistent with the view that the 

sole of the foot serves as a dynamometric map. What we have added is that postural responses 

can be elicited across the full spectrum of frequencies that could be encountered in normal 

postural perturbations. This work thus contributes to the accumulating evidence of the 

importance of cutaneous feedback in postural control and provides indirect evidence that each 

mechanoreceptor population is involved in the control of standing posture. 

 

3.1 Introduction   

It is widely accepted that cutaneous afferent information, particularly from the soles of the 

feet, plays a prominent role in maintaining balance and locomotion (Magnusson et al., 1990; 

Maurer et al., 2001). Cutaneous receptors have been classified into type I or II, and fast (FA) or 

slowly (SA) adapting based on their receptive field size and response to sustained indentation, 

respectively (Macefield V., 1998). Each receptor class provides unique sensory information, 

about skin contact, tangential forces (FAI), indentation pressure (SAI), slips and velocity (FAII) 

and skin stretch (SAII) (Macefield V., 1998). Cutaneous receptors in the sole of the foot have 

been shown to contribute to the body’s postural control by providing detailed information 
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about pressure distribution between the feet and contact surface (Magnusson et al., 1990; 

Maurer et al., 2001; Perry et al., 2000). 

Microneurographic and psychophysical studies have demonstrated that each of the various 

types of cutaneous receptors have different operating characteristics; a range of frequencies 

where they respond most effectively to mechanical stimulation. SAII optimally encode vibration 

at frequencies less than 8 Hz, SAI encode vibration between 2 and 32 Hz, FAI between 8 and 64 

Hz, and FAII greater than 64 Hz (Johansson et al., 1982). In a series of studies, direction-specific, 

whole body tilts were observed, following superficial mechanical vibration to the foot sole.  The 

amplitude and velocity of the responses varied linearly according to the frequency and were 

directed away from the site of stimulation (Kavounoudias et al., 1998; 1999; 2001). The ability 

of SA receptors to relay pressure sensation was implicated as a possible mechanism for the 

postural adjustments. However, in these studies the stimuli presented were in the range of 20 – 

80 Hz and 0.2 – 0.5 mm amplitude, which likely activates multiple cutaneous afferent pathways 

including FA receptors at their most sensitive ranges, thereby limiting the ability to elucidate 

which cutaneous mechanoreceptor subtype(s) is contributing to the postural adjustment 

(Bolanowski et al., 1988).    

The present study was designed to further elucidate the role of all cutaneous receptors in the 

sole of the foot in effecting postural adjustments to mechanical (vibratory) stimuli. To do so, 

barely perceptual supra-threshold vibration was applied to the sole of the foot of healthy 

subjects at frequencies expected to selectively activate the different populations of cutaneous 

receptors. In the absence of clear a priori information about how the different receptor 
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populations would influence postural adjustments in response to marginally suprathreshold 

stimulation, it was hypothesized that excursions of the centre of pressure (CoP) and centre of 

mass (CoM) would be away from the site of stimulation and yield frequency-dependent 

differences in the amplitude of response i.e. the postural adjustment would differ depending on 

the population of receptors activated. In this case, the low frequency stimulation would be 

expected to induce the largest postural adjustment, due to the activation of the SA receptors.  

3.2. Methods  

3.2.1 Subjects 

Nine healthy young adults (five men and four women, age 21 – 26 years) recruited from the 

University of Guelph student population participated in this study. The subjects were naïve to 

the protocol and the expected outcomes of the study. All subjects completed a questionnaire to 

ensure that each subject was free of peripheral neuropathy, musculo-skeletal impairment, 

diabetes, and were not pregnant at the time of testing. The research protocol was approved by 

the University of Guelph Research Ethics board, in conformity with the Declaration of Helsinki.  

3.2.2. Data Collection 

Mechanical stimulation of the plantar sole was performed while the subjects stood relaxed and 

barefoot, within a traced outline on a foot-plate, at an inter-malleolar distance of 

approximately 1 cm. Subjects stood with their hands at their sides, with their eyes closed, while 

wearing noise-reducing headphones. They were instructed to stand relaxed and not to resist 

any urges to sway in response to a mechanical vibration to the sole of the feet. Mechanical 

vibratory stimuli (3, 15, 60 and 250 Hz) were applied separately to the heels and forefoot 
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regions through a 2 x 6 brass pin matrix (13 mm x 45 mm) (Figure 3.2.2). To generate skin 

contact, pin pre-indentation was set at 2 mm (pin diameter 2 mm, convex tops) and vibration 

was applied through holes in a moveable plate. The pin matrices were attached to a plate 

mounted on a magnetic vibration exciter (shaker) (Bruel and Kjaer 4808). The shaker was 

attached to a custom platform coupled to the force plate (AMTI OR6-7) and foot platform (see 

Figure 3.2.2). An accelerometer was secured to the probe plate to enable displacement 

calculations used in the calculation of vibration perception threshold. 

 

  Fig 3.2.2. A shows a schematic lateral view of the force plate supported on pillars and 
mounted on the force platform. Beneath the foot plate is a magnetic vibration exciter, affixed 
to a plate and two matrices of probes which, when activated, protrude through the holes in the 
foot plate. B shows the top surface of the foot plate; with a schematic of footprint over the 
holes (not to scale; holes are 5 mm in diameter and space 3 mm apart).  
 

Two rigid bodies, each with three non collinear markers were fixed at the head and chest of 

each subject to measure Antero-Posterior body displacement (Optotrak 3020), sampled at 100 

Hz using NDI First Principles and further processed with Visual 3D software (C-Motion). Five 
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digitized points from the head and upper-trunk were used to derive the estimated whole body 

CoM based on an anthropometric model (Winter et al., 1998). Centre of pressure (CoP) 

excursions were calculated using force and moment data (Fx, Fy, Fz, Mx, My, Mz), sampled at 

2000Hz using Spike 2 software (Cambridge Electronics Design) obtained from a force plate 

(AMTI OR-6; corrected for foot plate height of 46 cm).  COP data were filtered with an FIR filter 

modelled after a 4th Order Butterworth and COM data were filtered with a 6 Hz dual (zero lag) 

low-pass Butterworth filter.  

3.2.3 Vibration Perceptual Threshold (VPT) 

Cutaneous testing took place at a vibration level that was suprathreshold to the established 

vibration perception threshold (VPT). In order to establish VPT for each frequency of vibration, 

subjects stood upright on the foot plate, eyes closed, while holding a trigger in their right hand. 

Subjects were instructed to activate the trigger when they were 90% confident they could 

perceive the stimulus being applied to the sole of their foot; they had a two second window 

from the onset of the stimulus to press the trigger. Each stimulus lasted two seconds, equal to 

the duration of the trigger response window. Perceptual thresholds to mechanical vibration at 

the heel (both heels) and forefoot (both forefeet) were recorded at four different frequencies 

(3, 15, 60 and 250 Hz) using a modified binary search method. Two locations were tested; both 

heels or both forefeet. The order of locations tested was randomized across subjects and the 

order of frequencies presented within a block were also randomized (all frequencies completed 

at a site before moving to the next).  Each trial consisted of 11 iterations; each iteration within a 

trial had amplitude doubled or halved based on previous response of no or yes respectively. 
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The smallest amplitude of stimulation successfully perceived was considered the threshold for 

that trial.  This test was performed twice for each frequency at each location on the sole.  

Temperature measurements of the sole were taken before and after each trial. A portable 

heater was used to keep the sole within a +/- 1°C range for the duration of the test (Bolanowski 

and Verillo, 1982). Ambient temperature in the room was maintained at 23.1°C +/- 1°C.  

3.2.4 Cutaneous Vibration 

Following perceptual testing subjects rested for 30 minutes. Cutaneous testing was then 

performed with the subjects in the same position as VPT testing.  Stimulus intensity was 

adjusted to 3 dB above the subjects' VPT for each particular site and frequency in order to 

address differences in perceptual thresholds. This is a methodology which is unique to this 

study. Each trial consisted of 5 s recording of baseline body sway immediately followed by a 10 

s vibratory stimulus. The stimulus profile consisted of a 2 s ramp up, 6 s hold, and 2 s ramp 

down. Four trials, including one of each frequency (3, 15, 60 250 Hz), were applied per block.  

Ten blocks were collected before changing sites, for a total of ten stimuli at each frequency, per 

site. The order of sites and frequency within a block were randomized. Subjects had the chance 

to open their eyes and stretch between each block of four trials. Temperature measurements 

of the right foot sole were taken at the start and finish of each site.  

3.2.5 Data Analysis  

Video data were processed in a custom LabView program (Waterloo, Can) and Excel, with 

interpolation (when needed) performed over a 20 ms window in Visual 3 D (C-Motion, USA). 

For CoP and CoM, each trial was zeroed to the average position (over 1000 ms) in the anterior-
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posterior plane during the one second before the stimulus onset.  Peak Amplitude responses 

were examined during the last second of the baseline sway and the 6 s hold portion of the 

stimulus. The 50 ms average around the largest excursion of CoP or CoM during each of the 

baseline and the hold portion of the stimulation were recorded as the peak amplitude and 

identified as directed anteriorly or posteriorly. The peak values were averaged across all 10 

trials for each condition (regardless of direction).   

3.2.6 Statistics 

Multiple t-tests, for samples with unequal variances (Welch’s T Test), were used to compare 

mean VPTs across frequencies. Alpha level was set at 0.05 and a Bonferroni correction was 

applied to account for the multiple tests (0.05/6 = 0.0083). The influence of different 

frequencies and sites of stimulation on the amplitude of the postural responses was tested 

using a two-way repeated measures ANOVA (2 site x 4 frequency). A nonparametric sign test 

was used to test for the direction-specific nature of the postural adjustments. Alpha level was 

set a priori at 0.05. Welch’s T test was used again to compare the peak amplitude of postural 

adjustment during stimulation and during the last second of baseline sway immediately prior to 

the onset of stimulation (alpha level was set at 0.05/4 = 0.0125).  

3.3 Results  

3.3.1 Vibratory Perception Threshold 

Perceptual threshold to vibration was shown to decrease with increasing frequency (Fig. 3.3.1). 

This decreasing monotonic trend of VPT averaging 23.5 dB (±2.2), 17.2 dB (±2.6) , 9.7 dB (±2.0), 



40 
 

and 8.1 dB (±4.1) over the 3, 15, 60 and 250 Hz stimulation frequencies respectively, confirms 

previous reports of heightened perception at higher frequencies (Bolanowski et al., 1988).  

Mean VPT was significantly different at each frequency except between 60 and 250 Hz (Welch’s 

Test, P < 0.008).    

 

Figure 3.3.1. This figure shows the average of all subject’s VPT, and the projected intensity of 
the stimulus, calculated as a 3 dB increase relative to the subject’s VPT, applied across each 
different frequency. The stimuli provided in previous studies are shown for comparison 
(values estimated from the reported parameters) (Kavounoudias et al., 1998; 1999; 2001). 
Note the broader range of frequencies in the current study that cover all four 
mechanoreceptor sensitive ranges. Additionally the stimuli were applied at an amplitude that 
was tailored to the perceptual threshold. Amplitude is presented in a log scale of the 
amplitude elicited by the vibratory stimulus relative to 1 µm, i.e. 0 dB = 1 µm, 3 dB = 2 µm, 24 
dB = 256 µm. Stimuli were presented at 3, 15, 60 and 250 Hz. For comparison, VPT scores 
when converted from dB to µm result in means of 199.5, 52.5, 9.3 and 6.5 µm for 3, 15, 60 
and 250 Hz respectively.  
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3.3.2 Magnitude and direction of postural adjustments relative to baseline measure of CoP 

and CoM excursions  

To investigate the magnitude of the postural adjustment following heel and forefoot 

stimulation the data were pooled (absolute values), and compared to the baseline condition. 

The peak magnitudes of CoM movement, for each frequency, were shown to be significantly 

greater than their respective baseline (Welch T Test, p < 0.01).  The magnitude of postural 

response following vibration was also significantly greater relative to baseline for CoP 

excursions (Welch T Test, p < 0.0125). 

The variance associated with the baseline measures of CoP and CoM excursion  conditions was 

small relative to the variability of these measures in the stimulation conditions, the assumption 

of homogeneity of variance that underline the ANOVA would have been violated. For this 

reason a non-parametric sign test was used to confirm the direction specific nature of the 

response, this revealed that the peak amplitudes of CoP and CoM excursions during the hold 

phase of stimulation were directed away from the site of stimulation in over 70% of trials (Sign 

test, p < 0.05) when data were pooled across all frequencies. This direction specific nature of 

response was evident at both sites of stimulation i.e. heel and forefoot.  As expected, no 

significant difference in the direction of peak amplitudes was found for CoM or CoP baseline 

measures (Sign test, P > 0.05). 

3.3.3 Effects of site and frequency of stimulation on postural adjustment 

 All subjects responded to the cutaneous vibration, with CoM response magnitudes at the heel 

averaging  7.5 mm (±2.0), 7.6 mm (±2.1), 7.2 mm (±1.8), 6.9 mm (±2.6) at the 3, 15, 60 and 250 
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Hz vibrations respectively (see representative trace of subject responding to 3 Hz stimuli in Fig 

3.3.3.A) and CoM response magnitudes at the metatarsals averaging 3.3 mm (±0.8), 3.8 mm 

(±1.4), 4.0 mm (±1.4), 2.7 mm (±0.9) at the 3, 15, 60 and 250 Hz vibrations respectively. Similar 

response magnitudes were measured in CoP (see Fig 3.3.3.B).  A two way ANOVA (2 sites x 4 

frequencies) found no main effect for frequency indicating there were no significant differences 

between the amplitudes of postural adjustments across frequencies of stimulation for either 

CoP (p=.98) or CoM (p=0.92). Interestingly, a significant (p=0.029) main effect was found for site 

of stimulation for the amplitude of CoP excursions, where stimulation at the heel site evoked 

larger amplitude responses (7.3 mm ± 2.0) than did stimulation at the metatarsals (4.5 mm ± 

1.1). Similarly, a significant effect of site of stimulation was observed for CoM excursions (p = 

0.022.). The main effect of site and lack of frequency effect was maintained once the baseline 

variability was removed and is illustrated in Figure 3.3.3 D and E.            
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Figure 3.3.3. Response to 3 Hz Heel stimuli for CoP (A) and CoM (B) in a representative 
subject. (C) Shows the timing of the ramp and hold phase of the vibratory stimulation. (D and 
E) Illustrate the significant (p < 0.05) difference in peak amplitude (+S.E.) between sites 
(heels: black; forefoot: grey) of the postural adjustments to various frequencies of 
stimulation. There was no significant effect of frequency on the amplitude of CoM or CoP 
sway measures (CoM: P=0.91, CoP: P=0.97).  
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3.3.4 Frequency effect 

Finally, there was limited statistical power due to the small sample size in the present study 

(n=9). A post hoc power analysis with the program G*Power (Erdfelder et al., 1996) revealed 

that for the study design we used, we could detect an effect size as small as 0.342 (Given 0.8 

Power) and using the pooled standard deviation of the means from each frequency of 

stimulation (CoM) this would result in an ability to detect a mean difference of 1.68 mm.  

 

3.5 Discussion 

The goal of the present study was to further elucidate the role of cutaneous receptors in the 

sole of the foot on human bipedal postural control. Specifically we sought to characterize the 

postural adjustments elicited following vibratory stimulation of the foot at different frequencies 

designed to target individual subtypes of mechanoreceptors. It was found that subjects 

exhibited postural adjustments in the sagittal plane away from the site of stimulation, over a 

broad but select range of frequencies. The postural responses to vibratory stimulation at the 

heel were greater than those elicited following stimulation of the forefoot. Postural 

adjustments were directed away from the site of stimulation, whether the stimulation was 

applied to the heel or forefoot, showing that activation of these receptors via vibration is 

indeed contextually appropriate for maintaining equilibrium.  Our results were obtained with 

stimulation intensities that were only marginally (2x) above VPT, confirming the robust yet 
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sensitive nature of the responses, and most interestingly, the amplitude of postural adjustment 

was not frequency dependent, which is in contrast to previous work [9].  

3.5.1 Which receptors are involved in the postural response? 

A new observation emerged from the present study; reproducible postural adjustments 

reflected in displacement of CoP and CoM were elicited at very low and very high vibratory 

stimulation frequencies i.e. 3, 15 and 250 Hz.  These frequencies of stimulation when applied at 

near threshold amplitudes are believed to selectively activate SAII, SAI and FAII receptors 

respectively [4].  While SA receptors have been highlighted previously as the receptors 

responsible for eliciting the postural adjustments (Kavounoudias et al., 1998; 1999; 2001), the 

stimulation frequencies and amplitudes used in previous studies were not designed to isolate 

particular subpopulations of receptors; the overall feedback contributed from the foot sole 

would likely have had contributions from several receptor types. In fact the frequencies of 

stimulation employed in previous studies (Kavounoudias et al., 1998; 1999; 2001) were likely to 

be targeting fast adapting receptors based on their frequency range of stimulation (range 20-

100Hz and 200-500 µm). Use of vibration at 3Hz in the current study was novel, and designed to 

target slowly adapting receptors to assess their specific potential contribution to the control of 

posture. The stimulation amplitude at 3 Hz in the present study, which is comparable to 

amplitudes used in previous work at higher frequencies (based on 3dB x VPT), generated a 

postural adjustment of a magnitude that is consistent with those previously reported. We 

believe this provides true support for the assertion that SA are involved in relaying balance 

relevant cues from the foot sole (Kavounoudias et al., 1998; 1999; 2001), a finding that is 
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perhaps not surprising given the role of SA receptors in sensing pressure, as supported 

elsewhere (Ribot-Ciscar et al., 1989). 

Evidence for directionally specific postural adjustments following low amplitude vibration at 60 

and 250 Hz (believed to activate FAI and FAII) has not been shown before. While a frequency of 

60Hz has been targeted previously (Kavounoudias et al., 1999), the amplitude was not 

calibrated to VPT, which is important to selectively target FA receptors (Johansson et al., 1982). 

By using a very small amplitude of stimulation at 60 and 250 Hz, we believe it was possible to 

minimize the contribution of SA receptors in the current study. Based on what has been 

reported for the tuning curves for FA and SA receptors in the hand (Johansson et al. 1982). SA 

receptors are least sensitive at high frequencies and would therefore require a large amplitude 

of indentation to be activated at these high frequencies. With the assumption that receptors in 

the foot are physiologically similar to those in the hand (and share frequency tuning curves), 

the evoked postural sway at high frequencies indicates, for the first time, that FA receptors are 

able to induce direction specific postural adjustments.  

3.5.2 Why would stimulation at the heels evoke larger corrective responses? 

CoP excursions were shown to be larger in response to heel vibration than to vibration over the 

forefoot. The reason may reside in the sensory (and/or perceptual) illusion that was created 

and the anatomical relationship between the site of applied indentation forces and the actual 

location of CoM. Vibratory stimulation at the heel, and therefore the sense of increased plantar 

indentation forces, would be interpreted as a posterior shift in CoP. The location of heel 

vibration is further from the actual location of the CoM, which is typically centred 5 – 6 cm 



47 
 

anterior to the ankle joint axis of rotation; the site of forefoot stimulation at the metatarsal 

heads is located closer (Weijers et al., 2003). Thus stimulation at the heel would likely initiate a 

reduction in the activation of the triceps surae muscles eliciting a posterior shift in CoP and a 

resultant anterior displacement of CoM. Vibration under the forefoot would create the sense of 

cutaneous input in the forefoot region, slightly anterior to the CoM, and would initiate a 

smaller corrective postural adjustment, as the mismatch between the site of stimulation and 

the actual location of CoM would be less. The attempt to restore a more stable posture in this 

case could be affected by an increased activation in the triceps surae. Clearly 

electromyographic studies would be needed to test these hypotheses. 

3.5.4 Why are equivalent postural responses evoked across a wide range of vibratory 

frequencies? 

The present results raise some interesting considerations with respect to the concept that the 

plantar surface serves as a “dynamometric map”, where activation of cutaneous inputs 

integrate in a vector addition mode and result in a contextually appropriate postural response, 

adjusted in direction and magnitude (Kavounoudias et al., 1998). In the current study we found 

that individuals employ a comparable amplitude of postural response across a range of 

frequencies, from 3 to 250Hz, which is different from previous work which noted the frequency 

dependence of the response. By adjusting the amplitude of vibration to match each subject’s 

VPT, and finding a similar response amplitude in the postural adjustment, we have provided 

new evidence that the “dynamometric map” is a) operational across a wide range of 

frequencies and b) also amplitude dependent. Dependence on both frequency and amplitude 
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of vibratory stimulation has also been described in studies investigating perceptual intensity 

(Bensmaia 2008).  

We believe the ability of the body to respond equally across a wide range of mechanical 

vibration frequencies suggests that the postural response (internally or externally driven) is able 

to be matched to the spectral composition of the perturbation. Any mechanical perturbation 

such as from heel strike in running, slip across a surface, skin activation from the inside of a 

shoe or sock, would have its own unique power spectral composition. We have shown that the 

discrete and collective subpopulations of cutaneous receptors are equally able to generate 

compensatory postural adjustments, and can therefore be aligned to the frequency 

composition of the disturbance.   

3.5.4 Investigating the frequency response 

One of the most relevant sensory messages beneath the feet in standing balance appears to be 

pressure sensation (Magnusson et al., 1990). Pressure sensation is typically thought of as being 

mediated by SA receptors based on micro-stimulation studies that have been able to evoke 

pressure percepts from these afferents, in addition to their graded firing response to sustained 

mechanical indentation over the receptive field.  Based on these characteristics, when using 

mechanical vibration to stimulate SA receptors it was expected that a greater amplitude of 

postural adjustment would result. Interestingly, and unlike previous reports, the present study 

did not yield evidence of frequency-dependent changes in the magnitude of postural response.  

In previous work, the increase in response amplitude at higher frequencies of stimulation may 

have been accounted for by the magnitude of stimulation relative to vibration perception 
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threshold. There is a clear relationship of decreased threshold for perception with increasing 

frequency. Therefore, a constant amplitude of vibration across frequencies relative to VPT 

results in greater relative inputs at high frequencies. At increased levels of stimulation it is 

possible that there may be additive effects of stimulation within and across sensory channels 

(Kavounoudias et al., 1998; 1999; 2001; Bolanowski and Verrillo 1982, Geischeider et al., 2004). 

If the results of these previous studies are examined in terms of perceived intensity, then a 

minimally perceived intensity of stimulus evokes a minimal postural adjustment while a large 

perceived intensity evokes a larger amplitude of postural adjustment. 

The observation, in the current work, of equal response across cutaneous subtypes, when 

calibrated to VPT suggests firstly, that information from all receptor subpopulations are able to 

evoke postural adjustments (likely through different functional channels). That each of the 

cutaneous mechanoreceptors are able to evoke postural adjustments may not be surprising, as 

it has been shown previously that strong synaptic coupling exists between each of the four 

cutaneous mechanoreceptive afferents and spinal motoneurons (Fallon et al., 2005).   Secondly, 

that the amplitude of these responses is likely to be scaled to their magnitude of sensory input, 

though further investigation of this idea is warranted.  

3.5.5 Conclusion 

In summary, the significant point of departure from previous work is the methodology 

employed herein in that the magnitude of vibratory stimulus was matched across all 

stimulation frequencies to a level relative to VPT. In previous work (Kavounoudias et al., 1999) 

the magnitude relative to VPT would likely have varied appreciably across stimulus frequencies. 
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This raises the question as to whether the amplitude of response is solely frequency-dependent 

or is also dependent upon the magnitude of the vibration stimulation and/or its relationship to 

VPT.  The present study has further elucidated the roles played by select subpopulations of 

cutaneous receptors in the sole of the foot in maintaining upright postural equilibrium.  Both FA 

receptors were shown to contribute to the postural response in much the same way as has 

been described, and confirmed here, for the SA receptor sub populations. The purported 

contribution from FA receptors to dynamic balance control is reasonable, given their dynamic 

firing patterns and their density in the foot sole (Kennedy and Inglis, 2002). These results add to 

the properties of the dynamometric map proposed by Kavounoudias et al. (1998) and highlight 

the ability of the foot sole skin to match and respond appropriately to the spectral composition 

of a range of potential disturbances.  
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Chapter 4.0 General Discussion  

4.1 Goals of this work and the principle outcomes 

 

This thesis had two main goals; to create a method for targeted cutaneous stimulation of the 

plantar surface in subjects as they stood upright in a bipedal stance and to conduct an 

experiment examining the influence of different frequencies of stimulation on postural 

adjustments using this apparatus. The first goal of designing, constructing and testing the 

instrumentation to sensitively measure postural adjustments and deliver vibration at different 

frequencies to people in an upright stance was successful. The measurement properties of this 

system, i.e. the calibrated amplitude and frequency of mechanical vibrations and calibrated 

measures of CoP and CoM excursions proved to be eminently suited to the protocol of the 

study that followed.  Argument for the validity of the research paradigm has been introduced in 

Chapter 1, with additional information about the calibration of the setup provided in the 

appendix.  

4.2 Limitations of the study 

 

There are several limitations to the present study that should be acknowledged. First, with 

respect to the sample of subjects that were studied, it is noted that this was a sample of 

convenience i.e. not random, and as such the generalizability to the population of all students 

as a whole is constrained. Secondly, by studying only student age subjects the results cannot be 

extrapolated to young children or older adults. While the fundamental physiological response 

to cutaneous afferent stimulation may be similar across age groups, there are age-related 
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differences in postural control thought to involve immature central processing, in the case of 

very young children (Berger et al., 1985 ) and altered receptor properties and peripheral nerve 

function in the elderly (for review: Shaffer and Harrison, 2007). How the mechanical vibratory 

stimuli delivered at different frequencies would influence their postural responses remains to 

be determined. The same limitation holds true for the limited generalizability of the present 

results to individuals with known impairment in cutaneous afferent transduction and 

processing, as in the case of individuals with diabetes (Liu et al., 2002). Given the selective 

impairment of subtypes of cutaneous receptors / afferent conduction, it is feasible that quite 

different results would be obtained from this clinical population (Mackel 1989). Since this study 

is the first of its kind, where a customized and targeted cutaneous vibratory stimulation was 

given, a highly controllable population type (young, healthy subjects) was utilized. Further study 

of the specialty subpopulations is now warranted.  

The small number of subjects examined also raises the question of whether there was sufficient 

power in the study design and analytic procedures to detect small differences in the postural 

responses across the different stimulation frequencies. Certainly the demonstration of 

statistically significant departures from baseline for CoM and CoP measures attest to the power 

to detect large treatment effects. Inspection of the means of the postural responses across 

different stimulation frequencies reveals only small diffuse changes across frequencies 

(certainly not monotonic i.e. linearly related to frequency of stimulation) thereby suggesting 

that there was in fact no meaningful differences in the amplitude of response across the four 

different frequencies of vibratory stimulation.    
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The use of vibratory stimulation frequencies based upon tuning curves derived from micro-

neurographic studies of the glabrous skin of the hand raises the question as to the relevance of 

these frequencies to the subpopulations of cutaneous receptors of the sole of the foot. There 

are reported differences in stimulation threshold and receptive fields between the cutaneous 

afferent receptors in the hand and the foot, however, the fundamental anatomy and physiology 

of the receptors themselves do not vary appreciably. The limited evidence that speaks to 

comparability of functioning of the receptors in different limbs, extrapolated from studies 

investigating responses from the lateral border of the foot (Ribot-Ciscar et al., 1989), suggests 

that using the tuning curves determined from studies investigating the glabrous skin of the 

hand may not have been a significant constraint in the interpretation of the present results.  

Finally, a potential limitation to the present results involves consideration of the dimensions of 

the foot plate apparatus and in particular the height of the pedestal upon which the subjects 

stood. The height was approximately 46 cm above the floor level, and the plate dimensions 

were 44 by 46 cm. It is unknown whether standing on this surface would have induced a sense 

of instability characterized by reflex hypersensitivity i.e. exaggerated cutaneous reflex 

responsiveness that would have influenced the present results. The exaggerated cutaneous 

reflex could result from changes in αmn sensitivity (measured with H reflex). However, in 

previous work when measuring αmn sensitivity at heights of 0, 0.4  and 1.6 m, changes in  αmn 

sensitivity  were only found when elevations were raised to 1.6 m, and with eyes open, 

therefore making exaggerated cutaneous reflexes due to αmn hypersensitivity unlikely in the 

current study (Carpenter et al., 1999).  Another plausible effect of the raised platform, but one 

that would yield an opposite outcome, is the possibility that  a postural rigidity characterized by 
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contraction of agonist and antagonist muscle groups crossing the ankle, knee and hip, inducing 

an increased “stiffness” may have limited the need for postural adjustment to the relatively 

modest vibratory stimulus applied. Indeed, Carpenter et al. (1999) and Adkin et al. (2000) 

showed that postural control is scaled to the level of postural threat induced by raised surface 

heights. However, the surface height used in our study most closely matches the lowest 

elevation used in these studies (0.4 m), where minimal differences in postural rigidity were 

noticed.  The experimental set up, with two spotters nearby and a step-off platform positioned 

close to the apparatus would likely have lessened any sense of insecurity or instability 

experienced by the subjects, but the possibilities of the height of the apparatus influencing the 

results cannot be definitively ruled out.    

 

4.3 Recommendations for further studies 

 

The design, results and interpretation of the present study bring into consideration some 

suggestions for future work in this area. 

 In the present study the stimuli were applied at just supra-threshold for VPT; it remains 

to be seen whether higher above-threshold stimulation intensities would in fact induce 

frequency-dependent response amplitudes. This could be readily accomplished 

experimentally and, in fact, a single subject pilot study conducted in preparation for the 

present study established the feasibility of doing this with the current apparatus. 

 There is only poor experimental evidence available about the power spectral 

composition of perturbing forces (for example, such as stepping on a stone with bare 
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feet) causing indentations of the plantar surface in contexts other than the bipedal 

postural sway of quiet stance. Some evidence exists regarding the spectral composition 

of heel strike forces in running (Shorton 1989), but these were measured at the level of 

the shank where appreciable damping would likely have occurred in the soft tissues of 

the plantar surface as well as the complex bony structures of the ankle joint. 

Understanding the spectral composition of postural perturbations, as they are seen by 

the foot sole, might allow a greater ability to tease out the properties and functioning 

of the subpopulation of cutaneous receptors.  

 Investigation into the attenuation of vibratory stimulation through shoe cushioning and 

inserts. It may be that in our attempt to reduce impact forces during movement in 

shoes we have also attenuated key sensory signals being transferred to the foot sole. 

Perhaps experimentation with different shoe materials would allow for an improved 

transfer of the power spectra experienced at the shoe-ground interface to the skin-

shoe interface.  

 It is known that cutaneous afferent reflex responses can be modified according to 

context (Hagbarth and Finer, 1963); how context dependence would influence the 

response to mechanical vibratory stimuli at different frequencies is unknown and may 

shed further light on the adaptability of the central processing of cutaneous afferent 

input in the preservation of equilibrium and other balance tasks.  

 Given that diabetes (and potentially other peripheral neuropathies) can selectively 

impair the functioning of different sub populations of cutaneous afferents (Mackel et 

al., 1989), it raises the question as to how diabetic patients would respond under the 
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present experimental conditions. In particular it raises the question whether there is 

sufficient redundancy or overlap in the tuning curves of receptor firing to effectively 

compensate for deficiencies in any one of the subpopulations. 

 

4.4 Conclusions 

 

 New instrumentation has been developed for the purpose of stimulating the bottom of 

the foot and monitoring postural responses. Using this apparatus, a study of the postural 

responses to mechanical vibratory stimulation at frequencies targeted to receptor 

subpopulations revealed that direction specific postural adjustments could be elicited following 

broad range, yet selective, cutaneous vibratory stimulation and that these postural adjustments 

were not frequency dependent. Collectively these results add to the evolving body of 

knowledge that cutaneous receptors in the sole of the foot contribute to the “dynamometric 

map”, and its role in maintenance of equilibrium.  
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Chapter 6. Appendix  

6.1 Fast Fourier Transform analysis to validate new equipment 

The purpose of this analysis was to confirm that the stimulation intended (3 Hz, 15 Hz, 40 Hz 

and 250 Hz) with the Spike2 program was being delivered at the correct frequency and that it 

was not passing too much vibration through to the force plate. The shaker’s optimal operating 

range is from 5 – 2000 Hz, therefore confirming that the 3 Hz stimulation was possible was also 

important. To satisfy these concerns, the output values from the power amplifier to the shaker, 

the accelerometer from the probe plate and the force plate were all recorded. The power 

amplifier output was recorded to confirm that the correct output was being delivered. The 

accelerometer from the probe plate was recorded, and double differentiated using Spike2, to 

confirm that the voltage was being correctly interpreted by the shaker and was being delivered 

through a full range of amplitudes. The force plate data were recorded to confirm that there 

would be little noise introduced while operating the shaker, with the 3 Hz frequency being the 

most important as it was below our filter cutoff.  

I used a custom LabView vibration program to generate four frequencies (3, 15, 40, 250 Hz) at a 

range of intensities (differing only in amplitude). Using preliminary findings from another 

project in our lab, I divided the range of stimulus intensities used in the customized LabView 

program into three general groups. Group 1 included the first two iterations of a given 

frequency’s trial (11 iterations per trial) as they were consistently perceived by each subject 

and was named “MAX”.  The second grouping included the range of amplitudes for a given 

frequency where subjects were likely to miss their first trial and this was named “Middle”. The 
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third grouping included stimuli that were very likely to be sub threshold for all subjects and this 

was named “Light”.  

I collected 1 trial of 11 iterations for each frequency. Then I grouped the iterations into Max, 

Middle and Light and analyzed their spectral composition using the FFT (Fast Fourier Transform) 

analysis feature within Spike2. The force plate was sampled at 1000 Hz, the power amplifier 

output and the accelerometer input were both sampled at 2000 Hz.  

Power Amplifier Output  

The power amplifier was able to output a sinusoidal voltage that was exactly the frequency that 

had been programmed, and throughout a range of intensities, with the max intensity spectral 

compositions illustrated in Figure 6a.  

 

 

 

 

 

 

 

 

 



64 
 

 

 

 

 

 

 

 

 

 

 

Figure 6.1a shows the spectral composition of the power amplifier output for four different frequencies 
of stimulation (3, 15, 40 and 250 Hz) at the max intensity level.  A greater magnitude (y-axis) around a 
certain frequency (x-axis) reveals the dominant frequency in the signal.  For each frequency of 
stimulation the dominant frequency in the signal matches the intended frequency.   
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Acceleration Input 

The shaker was able to interpret and deliver the 3, 15, 40 and 250 Hz sinusoidal voltage inputs 

from the power amplifier through a range of stimulus intensities (Figure 6.1b).  

 

 

 

 

 

 

 

 

 
 
 
Figure 6.1b shows the spectral composition of the power amplifier output for four different frequencies 
of stimulation (3, 15, 40 and 250 Hz) at the max intensity level.  A greater magnitude (y-axis) around a 
certain frequency (x-axis) reveals the dominant frequency in the signal.  For each frequency of 
stimulation the dominant frequency in the signal matches the intended frequency. Note, there were 
considerable contributions from resonant frequencies when stimulating at 250 Hz. These reduced with 
the intensity of stimulation.    
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Force-plate Feedback 

At 3 Hz and 15 Hz the power spectrum of the FFT indicated that none, or very little, of the input 

to the shaker was transferred to the force plate at all levels of intensity (max, medium and 

light).  With 40 Hz vibration, there was evidence of contamination of the signal, with multiple 

frequencies being present. This contamination was more apparent at the max and middle 

intensity levels. At 250 Hz, there was a moderate amount of contamination of the signal at the 

max intensity level which was reduced when the intensity of stimulation was reduced to middle 

or light intensity levels. 
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Figure 6.1 c shows the spectral composition of the power amplifier output for four different frequencies 
of stimulation (3, 15, 40 and 250 Hz) at the light (left column) and max (right column) intensity levels.  A 
greater magnitude (y-axis) around a certain frequency (x-axis) reveals the dominant frequency in the 
signal. In this case, the optimal spectrum would be concentrated at 0 Hz.  At all intensity levels for 3 and 
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15 Hz stimulation there was no vibration passed to the force plate. At 250 Hz there were vibrations 
passed through to the force plate, but only at the max intensity level which would be attenuated 
through the use of a filter. The 40 Hz stimulation transferred a significant amount of vibration to the 
force plate at the middle intensity level (not shown), and was therefore changed to 60 Hz to reduce this 
effect.  
 

Summary 

The goal of this analysis was to determine whether the intended frequencies of stimulation 

were actually being delivered, and whether they would affect the force plate measurement. 

Through examination of the voltage output by the power amplifier and examination of the 

probe plate accelerometer feedback we found that each frequency was indeed being delivered 

as intended, and through a range of intensities, by the shaker. Through analysis of the signals 

present in the force plate while the shaker was being driven at each frequency, and each 

intensity, we noticed that there was some vibration being passed through the supports into the 

foot plate at 40 Hz. This resulted in the change in methodology to 60 Hz stimuli; this reduced 

the amount of noise being transferred to the force plate (and likely foot plate).  

 

6.2  Calibration of the Foot Plate Stand 

 

A correction was made to the calculation for center of pressure due to the change in the point 

of contact from the supports of the foot plate.  The corrected equation is shown below. 

  CoPy= ((Mx)-(0.416*Fy))/Fz 
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To confirm that the force plate would still be able to accurately measure the sway inherent in 

human standing, calibration trials were performed. First a pendulum was placed on the force 

plate, moved to a 45◦ angle, and then left to oscillate on top of the force plate. The average of 

the first 10 peak-peak displacements was calculated to give a baseline value. Then, the foot 

plate was attached to the force plate. The oscilloscope was again placed on top of the foot 

plate, raised to a 45◦ angle, and then left to oscillate on top of the foot plate. The average of 10 

peak-peak displacements were calculated again, with the correction for height of the foot 

platform applied. Force plate measures were compared with and without the foot plate 

attached and with and without the correction (Table 6.2). 

Table 6.2 The value of the peak to peak displacement (m) during the movement of an oscilloscope 
placed on top of a force plate and on top of a foot plate attached to a force plate.  
   Trial         Without      With  
         Foot Plate  Foot Plate 

  

  

  

 

1 0.101 0.093

2 0.106 0.102

3 0.098 0.094

4 0.09 0.1

5 0.098 0.094

6 0.101 0.098

7 0.097 0.099

8 0.101 0.1

9 0.091 0.093

10 0.099 0.097

Average 0.0982 0.097

T Test 0.462036
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6.3 Subject Questionnaire 

 

Participant Name 

 

 

Participant Screening Questionnaire 

Please answer the questions below in the spaces provided 

 

Age_________ 

Sex (circle one)      M           F 

Weight_______ 

Height_______ 

Shoe size ______ 

 

Have you had any injury to your feet or ankles? (Circle one)            Yes         No 

If Yes, please fill out the following: 

Type of injury__________________________________________________________________________ 

How it occurred________________________________________________________________________ 

Right or Left Side_______________________________________________________________________ 

When the injury occurred_________________________________________________________ 

 

Have you ever experienced any balance disorders? If so, please explain below (type of balance issue, 

when it occurred, if the cause was known etc.)  

 

Do you have any known neuropathy of the foot (ie. diabetic)? If so please explain below: 
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Do you have any disabilities or have you sustained any concussions within the past year? 

 

 

 

 

 

 

 

Please list the amount of exercise per day, number of days a week, and type of exercise 

 

 

 

 

 

 

 

I _____________________________________(please print) certify that the information given is true,  

 

correct and complete to the best of my knowledge. 

 

 

 

 

(Initial of participant) 

 

 


