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Abstract 

 

The distribution, morphology and function of the pacinian corpuscle was 

examined. The distribution in rat feet was recorded using both Magnetic 

Resonance Imaging (MRI) and dissection. The mechanical properties of the 

corpuscle were investigated using a theoretical model based upon previous 

work by (Loewenstein & Skalak, 1966). The model was used to examine how 

the corpuscle’s structure affects its function in healthy and diseased states. 

 

Distribution data gathered by dissection revealed the majority of corpuscles 

were restricted to the adipose tissue of each foot pad. Densest concentrations 

were in the rear foot pads. The remainder were located in the digits and in close 

proximity of bone via the interosseous membrane and wrist ligaments. 

Localisation near capillaries was common. MRI was not invasive and detected a 

greater number of corpuscles but held limitations in its ability to separate 

corpuscles in close proximity. Dissection was invasive and showed a lower 

number of corpuscles but greater confidence could be contributed to the correct 

identification of each corpuscle. 

 

The theoretical model was developed over three levels: (i) the original model 

(LSM) as described by Loewenstein and Skalak. (ii) the L2 model where a 

second order elastic force is added and finally (iii) the L3 model where the 

parameters are modernised based upon current literature. These models 

describe how mechanical force is transmitted through the structural components 

of the corpuscle. The L2 model shows the additional elastic forces overall 



 

 

 

3 

impact is relatively small. Adjusting the original model's parameters for the L3 

model shows decreased sensitivity of the corpuscle.  

Finally, the L3 model was applied to examine how the high number of lamellae 

layers associated with Dupuytren’s contracture and other pacinian pathologies 

reduces the amount of pressure felt at the core, thus providing a potential 

insight into the cause of loss of touch perception in patients.  
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1. Introduction to touch 

 

Tactile sense is crucial to survival, allowing a life form to not only interact with 

all aspects of its immediate external environment, but control basic internal 

bodily functions. Without it living things would not be able to obtain and 

consume food, interact with other living species, procreate, manipulate objects 

and respond to painful situations which may put the body at risk. Touch 

perception is achieved by the cumulative response of several sensory receptors 

responding to stimuli within or external to their host tissue. In comparison to the 

skin touch receptors which trigger our conscious ability to interact with our 

environment, deeper lying receptors often aid control of mechanical movement 

which may be required to respond to functions our conscious brains cannot 

control, such as moving food through the digestive system and aiding joint 

movement. Therefore, tactile sensation and perception is a network spread 

wide over the whole body linking the autonomic and somatic nervous systems. 

 

1.1 The importance of skin 

The skin provides a home to the majority of the receptive capability of our 

body’s tactile system. Not only this but it is a tool for interacting with the external 

environment, a defensive barrier for our internal chemistry and organs, an 

excellent thermoregulator which promotes cooling via evaporation and in some 

cases its corresponding fine muscular control allows us to express emotion in 

facial expressions. Variation in its texture and pigmentation further promotes 
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communication and survival in species which use skin for camouflage and 

warning systems. 

 

1.2 Structure of mammalian skin 

Mammalian skin is composed of two layers, the epidermis and dermis, 

connected via finger-like projections called dermal papillae. The epidermis is 

largely composed of squamous cells, however its surface differs slightly having 

enucleated cells. To accommodate its direct contact with the body’s external 

environment it is fortified with proteins to resist abrasion and coated in 

antifungal and antibacterial lipids and organic salts. 

Below the epidermis and nourishing it lies the dermis. Blood flow to the dermis 

is typically extensive and out of proportion to its nutritional needs. Its major role 

is to moderate body temperature and blood pressure by forming a peripheral 

shunt, an alternate route for the blood. However, this layer is crucial to touch by 

housing sensory nerve endings to alert us to pressure (touch), temperature and 

pain. 

 

1.3 Mammalian cutaneous receptors 

The connection between the skin’s stimulation and accurate perception by the 

brain is via uniquely structured sensory organs. These are capable of 

transducing various forms of physical, chemical and mechanical stimuli into 

electrochemical messages which can be sent to and read by the brain allowing 

it to respond appropriately. Touch receptors recognise and respond to a variety 
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of stimuli including pain, pressure, vibration, chemicals and temperature. This is 

achieved via multiple different touch receptors uniquely adapted to respond 

appropriately to its matching stimulus (see figure 1). 

Nociceptors and free nerve endings detect pain, chemoreceptors detect 

chemicals such as olfactory stimulus, hair follicle receptors detect touch, 

thermoreceptors detect temperature fluctuations and mechanoreceptors detect 

pressure and vibration. 

The receptor's distribution within the body and their structural morphology is 

perfectly adapted to respond to the associated stimuli. The collective output of 

each cutaneous receptor spread across the entirety of the body provides an 

accurate picture of an individual’s tactile environment. Therefore touch 

receptors cover a vast majority of the body in all species, although the skin is 

their most abundant location. 

It is generally thought that hairy skin has few or no specialized sensory endings, 

so tactile perception depends solely on the stimulation of free nerve fibres 

associated with the hairs. In comparison, glaborous skin houses a family of 

specially designed receptors to respond to a multitude of tactile sensations. This 

implies that animals predominantly covered in fur have limited touch receptors 

in their skin. More recent research suggests this is not the case with evidence of 

mechanoreceptors similar to those in glaborous skin (Li et al, 2011). In addition, 

different types of hair follicle have been attributed to sensing different forms of 

touch by acting as mechanical triggers to sensory receptors such as 

mechanoreceptors, nociceptors and free nerve endings. 
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Figure 1: Schematic of the various cutaneous touch receptors.  

A. Merkel corpuscle, B. Meissner corpuscle, C. Pacinian corpuscle, D. Free 

nerve endings, nociceptors and thermoreceptors, E. Ruffini corpuscle, F. 

Krause end bulb (cold receptor), G. Neuromuscular spindle, H. Golgi tendon 

organ. (Gartner et al, 2010). 

 

1.4 Mechanoreceptors 

Mechanoreceptors are just one of the receptors responsible for tactile 

perception. They are externally innervated by relatively large myelinated axons 

which ensure the rapid transmission of tactile information. The 

mechanoreceptors primarily reside in the skin of the hands and feet where 
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touch is most prominent and necessary for bodily function. They are, however, 

far from rare in other regions of the body. Their distribution relies heavily on 

their specific function within the boundaries of pressure and vibration, but they 

are common in the palms, toes, soles, hand, fingers, periosteum, periodontal 

ligament, facial planes and around joints, tendons, pancreas, along trunk 

nerves, near peripheral nerves, in the loose and fibrous tissue of the knee joint, 

in the adventitia of blood vessels, at the base of the nipples and in the external 

genitalia. 

There are four main types of mechanoreceptor, namely the pacinian corpuscle, 

meissner corpuscle, merkel corpuscle and ruffini corpuscle (see figure 2). 

 

 

Figure 2: Diagram of the presence and position of mechanoreceptors in 

mammalian hairy skin. The pacinian corpuscle resides in the deep 

subcutaneous tissue. Taken from the National Cancer Institute (Bliss, 2011). 
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The former two are sensitive to pressure and vibrations but differ in their 

optimum receptive ranges. The meissner corpuscle responds primarily to light 

pressure and vibrations in the frequency range of 50 - 100 Hz. In contrast, the 

pacinian corpuscle responds to deep pressure and vibrations primarily in the 

frequency range of 100 - 1000 Hz with an optimal frequency response at 250 

Hz. These two mechanoreceptors are rapidly adapting which means they 

respond to initial stimulation, prompting only a reaction to a change in the 

pressure input, such as when it is turned on and then off. The merkel and ruffini 

corpuscles also react to pressure and vibration but are slowly adapting, hence 

capable of continually responding to a static fixed pressure. The first of these is 

the most sensitive of the mechanoreceptors to low frequencies with a 

responsive frequency range of 5 - 15 Hz. Responses from this receptor have 

been recorded when the tissue surrounding it has been displaced by less than 1 

µm. Finally, the ruffini corpuscles are the slowest adapting mechanoreceptors 

which respond to pressure for as long as it is sustained. 

 

1.5 The pacinian corpuscle 

The pacinian corpuscle; the mechanoreceptor which is the focus of this study, is 

the largest of the mechanoreceptors. It is located in the subcutaneous layer of 

all mammalian species. Its distribution is wide throughout the body and location 

not restricted to mammals. It is normally ellipsoidal in shape and its length 

generally ranges from 200 µm to 1500 µm, depending on location, species, 

function, age and pathological afflictions (Gottschaldt, 1985). 
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The pacinian corpuscle has a unique structure (see figure 3) which consists of 

multiple concentric fluid filled layers called lamellae. It is encapsulated by a 

thickened outer coating called the capsule which is the first point of contact with 

an external stimulus from the tissue surrounding it. External pressure, 

compression or vibration on the corpuscle is filtered through the concentric rings 

until it reaches a central unmyelinated sensory nerve ending, or axon. The axon 

contains multiple stretch activated ion channels. As this area is deformed the 

ion channels open allowing an influx of Na+ to pass into the neuron. This 

produces a depolarisation called a generator potential of about 1mV across the 

membrane. If the generator potential exceeds a threshold it triggers the 

generation of action potentials at the first node of ranvier (first gap in the myelin 

sheath). Nerve impulses are then transmitted along the length of the sensory 

neuron to the central nervous system. 

 

Figure 3: Schematic of the pacinian corpuscle and its internal structure (Bell et 

al, 1994) 
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When the pressure stimulus is removed the corpuscle regains its normal shape. 

This produces another transitory deformation of the receptor membrane in the 

process and another brief generator potential, which will also generate action 

potentials to indicate the pressure has been removed. 

It still remains unclear as to how the stretch activated ion channels are opened. 

It is generally accepted that they open due to one of three mechanisms which 

are schematically represented in figure 4. These include direct activation due to 

lipid tension, direct linkage via intracellular and extracellular proteins and 

indirect activation via a second messenger system that activates the channel. 

 

 

Figure 4: Stretch activated ion channels located on the axon of a pacinian 

corpuscle may open via three methods a) lipid tension b) protein deformation c) 

second messenger system (Lin & Corey, 2005) 
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1.6 The somatosensory pathway of the pacinian corpuscle 

Information gathered by cutaneous receptors, including the mechanoreceptors, 

is carried to the brain via the somatosensory pathway. The first neuron leaving 

the corpuscle has its cell body in the dorsal root ganglion of the spinal cord. 

Here, the signal is passed to the second neuron in the chain which propagates 

the message generally to the thalamus but also the reticular system or 

cerebellum. At this connection point the third and final neuron will relay the 

message to the Ventral Posterolateral nucleus (VPN) of the thalamus ending in 

the postcentral gyrus of the parietal lobe; the primary somatosensory cortex. 

This pathway can be seen in figure 5. 

 

Figure 5: Schematic of the somatosensory pathway of touch reception by the 

pacinian corpuscle through the peripheral and central nervous system resulting 

in touch perception (Dalton, 2011). 
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1.7 The importance of touch research 

Tactile perception is crucial to our success on our planet. Without it all 

organisms would struggle to cope with their internal and external environments. 

An error in any aspect of the tactile system from receptor to brain to response 

can have drastic effects on the body. 

Given this it is surprising that the other senses have been a greater focus of 

research. However, recent advances are furthering our understanding of touch, 

not only in the realms of related pathologies and medical influences but also 

cybernetics and robotics. A better understanding of tactile neurophysiology will 

not only improve our understanding but develop a wealth of new engineering 

opportunities. These include advancements in robots and robotic tools, 

entertainment systems such as touch activated screens, vibration responses in 

hand held devices, video game apparel and virtual reality environments. 

Medical advances could include the development of improved prosthetic limbs 

with accurate touch facilities, simulation tools for various clinical situations 

which could be used for training purposes, remote surgery and patient 

rehabilitation. Less obvious applications include art and design, manufacturing 

of tactile products such as creams and fabrics, trading and military equipment 

and training facilities. 

 

1.8 Study overview 

This study focuses on the distribution, morphology and function of the pacinian 

corpuscle. The study is split into experimental work and theoretical work 

beginning with the former. The experimental work will use a combination of 
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dissection techniques with their associated histological and imaging tools and 

Magnetic Resonance Imaging (MRI). This will aim to provide a description of the 

distribution of corpuscles in the rat foot. The theoretical work will present an 

existing computational model of the pacinian corpuscle by (Loewenstein & 

Skalak, 1966). This model will be explored and called L1. The L1 model will 

then be enhanced over two levels. The first will incorporate additional elastic 

forces and will be called L2. The second will modernise the parameterisation of 

the LSM. The LSM with modernised parameterisation and the additional forces 

will be labelled L3. All models will be compared. Model L3 will be used to 

explore how the various structural components of the corpuscle contribute to its 

function. Finally the L3 will be applied to examine how disease structure 

variations may lead to a loss of touch sensation. 
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2. Investigation of the distribution of the pacinian corpuscle in 

the rat foot. 

 

2.1 Introduction 

The overall aim of the experimental work was to demonstrate and validate the 

use of Magnetic Resonance Imaging (MRI) to detect the pacinian corpuscle. 

The technique is rarely utilised for imaging at <300 µm resolution. However, its 

ability to analyse soft tissue offers the possibility of obtaining information on the 

composition and geometry about a corpuscle’s surrounding tissue. It might also 

allow the influence of local mechanics to be examined. 

Such non-invasive methodology as MRI would be invaluable in future studies on 

tactile perception in humans if it was to successfully image corpuscles. The 

present study investigated the distribution of pacinian corpuscles in the rat limb.  

The results of MR imaging were compared with pacinian corpuscle distribution 

as revealed by direct dissection. 

 

 

2.2 Background 

The literature regarding the distribution of the pacinian corpuscle mainly focuses 

on humans and non-human primates. Here, corpuscles have been found in the 

palms of hands, toes, soles of feet (Bell et al, 1993), throughout the hand 

(Cauna & Mannan, 1958), fingers (Stark et al, 1988), periodontal ligaments 

(Cash & Linden, 1982), periosteum, facial planes, joints (Skoglund, 1956; Zimny 
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& Wink, 1991), tendons (Rauber, 1865), pancreas, along trunk nerves, near 

peripheral nerves (Shanthaveerappa & Bourne, 1963), in the loose and fibrous 

tissue of the knee joint (Halata et al, 1984), in the adventitia of blood vessels, at 

the base of the nipples and in the external genitalia (Roberts, 1959; 

Winkelmann, 1960; Shehata, 1970). Several observers categorically state that 

they are not to be found in human hairy skin (Weddell, 1961), however proximity 

to capillaries is common (Cauna & Mannan, 1958). 

Whilst it is assumed that all mammals have pacinian corpuscles, only the 

following species have been studied; cat (Kumamoto et al, 1992; Halata, 1976), 

dog, raccoon, elephant (Bouley, 2007), rat (Leem, 1999), shrew (Kato et al, 

1993) and mouse. Within these species, corpuscles have been recorded in the 

paw (Kumamoto et al, 1993) specifically the claw folds, the knee joint capsule 

(Halata, 1976), urinary bladder (Kuru, 1965), cat mesentery (Roberts, 1959) and 

in proximity to hair follicles, pancreatic ducts and blood vessels (Kumamoto et 

al, 1993). Surprisingly, in view of their common laboratory usage, reports on the 

distribution in rodents are sporadic and inconsistent. In 1993, Kato et al 

reported corpuscles bilaterally along the digital nerves in the phalanges 

connective tissue of the House Musk Shrew. This supports earlier work by 

(Cauna & Mannan, 1958) on the human finger. In contrast Leem et al in 1993 

could find no pacinian corpuscles in the digits, with sightings restricted to the 

palmar region of the rear foot of the rat. Kato et al 1993 explains that 

discrepancies between rodent species exist. In their study virtually no 

corpuscles were located in the fore and rear feet of many rodents with none 

found in the digits of many species except the house musk shrew were they 

found large concentrations in the digits. These differences could be an example 
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of evolutionary phylogeny or a difference in the behavioural needs of each 

species. 

The studies described above show how the number and distribution of 

corpuscles can vary dramatically between individuals and species. Several 

studies have suggested that the distribution of corpuscles determines their 

function and therefore variations between species is necessary.  The form of 

tissue preparation does appear to affect the quality of the data dramatically. 

 

 

2.3 Methods 

2.3.1 High resolution Magnetic Resonance Imaging 

Six small (96 g - 150 g) male rats, euthanased in the School of Medicine, 

University of Bristol, for purposes unconnected with this study were immediately 

snap frozen in liquid nitrogen and transported to Exeter. In our laboratory intact 

fore and rear feet were amputated transversely through the radius/ulna and 

tibia/fibula respectively and allowed to defrost at room temperature. All limbs 

were mounted on a clear plastic petri dish adapted to prevent movement of the 

foot during imaging. 

Imaging was performed on a Philips 1.5 Tesla whole-body MRI scanner 

equipped with high resolution coils dedicated to examining the human finger. 

Images were obtained both with and without a water fat shift of 5.672 pixels. By 

suppressing the fat the corpuscles became more readily identified as they were 

no longer 'hidden' amongst the adipose tissue. With the help of Dr Abdelmalek 

Benattayallah of the Exeter MR research centre some time was spent 



 

 

 

28 

optimizing the best T2-weighted scanner sequence to maximise image quality 

and pacinian identification. Corpuscles were defined as possibly clustered, 

ovoid structures in the range of 350 µm to 800 μm visible with fat suppression.  

 

2.3.2 Gross dissection 

As with the MRI, six small (96 g - 150 g) male rats, euthanased in the School of 

Medicine, University of Bristol, for purposes unconnected with this study were 

immediately snap frozen in liquid nitrogen and transported to Exeter. In our 

laboratory intact fore and rear feet were amputated transversely through the 

radius/ulna and tibia/fibula respectively and allowed to defrost at room 

temperature. Feet were placed on the stage of a dissecting microscope and the 

epidermis was detached from the underlying muscle in sections. Tendons were 

severed and all muscles removed to visualise the extensions of the plantar and 

sular nerve network tracing them back to the right hind limb. The sural or plantar 

nerve was separated from adjacent tissues and cut proximally at its junction 

with the sciatic nerve. Phosphate Buffer Saline (PBS) was used as a lubricant 

and to prevent the tissue from drying out when required. The approximate 

location of each possible corpuscle was noted and the putative corpuscles were 

removed, stained with methylene blue and examined on a confocal microscope. 

The distinctive lamellae structure and size of the removed structure provided 

the proof of identity. If the structure resided in a cluster this provided further 

proof for successful identification. In both MRI and gross dissection the size of 

the structure was used a guidance to identification only.  
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2.4 Results 

Pacinian corpuscles were widely distributed throughout the fore and rear feet of 

rats. Both gross dissection and MR imaging proved suitable techniques for 

locating them, both revealing ovoid or elliptical structures. There were merits 

and disadvantages to both techniques. The MR imaging was non-invasive but 

there were often difficulties distinguishing the corpuscles from the surrounding 

structures. The gross dissection was invasive but provided unequivocal proof 

that the structures were corpuscles. 

 

 

Figure 6a (left) and 6b (right): Example MR images of the rear rat foot, 

illustrating the capabilities for high resolution imaging of a pacinian corpuscle. 

As demonstrated, fat suppressive sequencing techniques were utilised (6(b)) to 

minimise error identification. The red circle indicates clearly a pacinian 

corpuscle residing in the left thenar eminence which is in slice 27 of 40. Image 

is 50.80 x 50.80 pixels. 
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Figure 6 shows two images of a rat’s rear foot. Both images are of the same 

location within the foot however figure (b) shows the foot where adipose tissue 

has been suppressed. In both figures the red circle indicates a pacinian 

corpuscle part of a cluster of four which span above and below the visible 

corpuscle. The corpuscle is identifiable in both images as an ovoid shaped 

structure with the size dimensions of a typical corpuscle. The corpuscle shown 

in figure 6(b) is slightly smaller than that visible in figure 6(a). This is due to the 

presence of fat surrounding the corpuscle in figure 6(a) being removed in figure 

6(b). 

 

Figure 7a (left) and 7b (right): Example MR images of the fore rat foot, 

illustrating the capabilities for high resolution imaging of a cluster of pacinian 

corpuscles. The circled region shows two corpuscles in the proximal interdigital 

eminence. Figure 7a uses a sequence which shows fat with a high signal Figure 

7b shows a fat suppressed sequence being used. 
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Figure 6 demonstrates that although the presence of adipose tissue in the 

image may not prevent the initial identification of a corpuscle it can lower the 

accuracy when measuring its size. Figure 7 shows two example images 

obtained through MRI which illustrate that the presence of adipose tissue may 

also influence the identification of a corpuscle. Both images are of the same 

location within the same fore foot taken with different MRI sequences. Figure 

7(b) shows the fore foot with all adipose tissue removed from the image. The 

red circles indicate the presence of two corpuscles. These were identified by 

size, shape and their residence in a cluster. Figure 7(a) illustrates the 

importance of utilising the sequence as set out in the method. Although the 

corpuscles are visible they cannot be distinguished from the rest of the tissue 

Although no comparison was made between the number and size of corpuscles 

found using a sequence with fat suppression and without, it is evident from 

figures 6 and 7 that the visibility of pacinian corpuscles was reduced when no 

fat suppression sequence was utilised.  

Both gross dissection and MRI revealed a number of pacinian corpuscles in the 

rat foot. The MRI offered a greater capacity for finding corpuscles that were 

either in deeper tissue beyond the palm region or smaller corpuscles in the 

digits. However it suffered from difficulties in accurate identification of the 

corpuscle and when multiple corpuscles gathered together in a cluster it was 

difficult to distinguish between them if they overlapped. This was due to the 

identification specifications which involved defining a corpuscle as within a 

length of 300 µm - 1000 µm and having an ovoid structure. Gross dissection 

offered better identification as size dimensions, shape and internal structures 

could be used as further identification guides. However, when dissecting, being 

sure all corpuscles in the foot where accounted proved difficult. Smaller 
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corpuscles and those in small clusters were harder to distinguish from the 

surrounding fat tissue. A combination of both dissection and MRI would be 

useful in future as the MRI provided a guide to locating the corpuscles for 

dissection and dissection would provide accurate identification. Whether the 

cost involved in MRI is worth this is debatable considering its identification 

limitations. 

 

 Figure 8: Red dots represent the mean total of corpuscles found from 6 rear 

rat feet using gross dissection. The blue line is a sketched based upon the 

outline of the rat foot in reference to the corpuscles found. The figure is a rough 

sketch based on the outline of the foot (blue line) at its largest point for one of 

the feet sampled using MRI. Therefore, dimensional differences between the 

feet and the corpuscles within them are not accounted for. 
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A mean total of 16 corpuscles where found using gross dissection in the rear 

foot of the 6 rats feet used (see figure 8). In the fore foot a mean total of 22 

corpuscles where found over the 6 rats feet used (see figure 9).  

 

 

Figure 9: Red dots represent the mean total of corpuscles seen from 6 fore rat 

feet using gross dissection. The blue line represents the outline of the foot at its 

largest point in reference to the corpuscles found. The figure is a rough sketch 

based on the outline of the foot (blue line) at its largest point for one of the feet 

sampled using MRI. Therefore, dimensional differences between the feet and 

the corpuscles within them are not accounted for. 

 

All corpuscles found using gross dissection were limited to the subcutaneous 

tissue of the palmar region. Here, corpuscles were located in all of the foot pads 
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of both feet. In the rear foot the thenar and hypothenar foot pads (rear foot 

pads) were most densely populated with 60% +/-2 of the total population. The 

forefoot differed, with the rear foot pads containing 62% +/-3 of the corpuscles. 

The dissection revealed that all corpuscles were innervated by the plantar nerve 

and it was noticeable that the immediately surrounding tissue was heavily 

vascularised.  

Although all rat's feet were sourced from the same origin (University of Bristol), 

stored via the same process (snap frozen in liquid N2) and every attempt was 

provided to ensure the gender, age and weight of the rat was similar, the rats 

used for dissection were different from those used in MRI. This was decided 

because the MRI sequence developed to image the corpuscles required an 

overnight running time. Dissecting the tissue so long after defrosting affected 

the results as many of the corpuscles had either deteriorated or at least reduced 

in size. Other methods for storing the tissue were tried. These included 

standard freezing at approximately -20oC and using fresh tissue. No corpuscles 

could be found after freezing at -20oC in any rat’s feet. Although corpuscles 

could be found using fresh tissue it proved difficult to collect and work with the 6 

feet in the short space of time to ensure freshness. For this reason snap 

freezing in liquid N2 proved to be the best form of storage. 

A total mean number of 29 corpuscles were identified by MRI in the 6 rear rat 

feet sampled (see figure 10). There were a mean number of 13 more 

corpuscles found in the rear rat foot via MRI than gross dissection. A 

comparison between the corpuscles found by MRI and gross dissection in the 

rear foot of the rat can be seen in figure 12. The corpuscles found by MRI were 

located primarily in the foot pads, the digits and nestled near the bones to the 

rear of the foot (ossa tarsi). As with the gross dissection the majority of 
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corpuscles were found in the subcutaneous tissue of the foot pads where a 

mean total of 22 corpuscles were located. Similarly, the majority (mean total of 

16) were located in the rear foot pads opposed to those nearest the digits. MRI 

showed corpuscles in the second and fourth digits (digitus annuláris and digitus 

secundus manus) of 4 rats which accounted for a total mean number of 4 

corpuscles. These corpuscles were smaller than those found in the foot pads 

and were either found alone or in a pair. The small size may have contributed to 

the difficulties finding them in digits via gross dissection. Interestingly the MRI 

located a mean total of 4 corpuscles nestled in the ligaments and fibrous tissue 

connecting bone to the rear of the foot. This was a hard area to access by gross 

dissection which may explain the difficulties finding them in this area. Finally a 

mean total number of 4 corpuscles were found deep in the interdigital foot pad 

tissue. Traditionally dissection of the rat foot is performed by accessing from the 

palm side.  No corpuscles were found by dissection in these locations by 

accessing from the palmer aspect. This method of dissection may have 

attributed to the lower number of corpuscles found by gross dissection. It was 

difficult to glean any information about the surrounding tissue of the corpuscles 

by MRI. The image quality was not enough. The fat suppression technique in 

comparison with not suppressing fat did define the dimensions of adipose tissue 

around the corpuscles well and it was possible to estimate the distance from 

bones but unlike gross dissection it did not provide any evidence of innervation 

and it did not illustrate whether the surrounding tissue was heavily vascularised.  
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Figure 10: Green dots represent the mean total of corpuscles seen from 6 rear 

rat feet using MRI. The blue line represents the outline of the foot at its largest 

point in reference to the corpuscles found. The figure is a rough sketch based 

on the outline of the foot (blue line) at its largest point from one of the feet 

sampled by MRI. Therefore, dimensional differences between the feet and the 

corpuscles within them are not accounted for. 

 

A total mean number of 23 corpuscles were identified by MRI in the 6 fore rat 

feet sampled (see figure 11). Each individual fore foot had 22+/-2 corpuscles. 

This can be compared to the total mean number of 22 corpuscles found by 

gross dissection (see figure 13). The difference between the total number of 

corpuscles found by dissection and MRI in the fore foot is much smaller than 

the discrepancy between the two in the rear foot. This may be due to the fact 

that the majority of corpuscles in the fore foot were subcutaneous and located in 

the foot pads which are easier to dissect. As with the rear feet, examination 
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using both MRI and gross dissection revealed the majority of the corpuscles in 

the fore foot (mean total of 7 from all 6 rat fore feet sampled) were located in the 

subcutaneous tissue of the rear foot pads. However, there was not as large a 

difference between the quantity in the rear and front foot pads as seen in the 

rear feet. The front foot pads showed a mean total of 5 corpuscles. In addition 

to the foot pads the MRI showed smaller corpuscles in the first and fourth digits 

(digitus maximus and digitus minimus) and deep within the fore foot below the 

subcutaneous tissue inaccessible from the palmar aspect.  

 

 

Figure 11: Green dots represent the mean total of corpuscles seen from 6 fore 

rat feet using MRI. The blue line represents the outline of the foot at its largest 

point in reference to the corpuscles found. The figure is a rough sketch based 

on the outline of the foot at its largest point for one of the feet sampled using 

MRI (shown in blue). Therefore, dimensional differences between the feet and 

the corpuscles within them are not accounted for. 
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Figure 12 shows a rough comparison of the mean locations where corpuscles 

were found using gross dissection and MRI in the rear rat foot. It is clear that 

MRI detected a greater mean number of corpuscles than gross dissection. This 

was the case for all 6 rats sampled. There were a total mean number of 13 

more corpuscles found by MRI than gross dissection.  

 

 

Figure 12: The rough sketch above shows a comparison of the mean total of 

corpuscles found by gross dissection and mean total of corpuscles found by 

MRI in the rear rat foot. The red dots represent the corpuscles found by gross 

dissection. The green dots represent the corpuscles found by MRI. The figure is 

a rough sketch based on the outline of the foot at its largest point for one of the 

feet sampled using MRI. Therefore, dimensional differences between the feet 

and the corpuscles within them are not accounted for.  

 



 

 

 

39 

The corpuscles located by gross dissection were restricted to the palmar aspect 

of the feet and were all found in the subcutaneous tissue of the foot pads. MRI 

detected a mean total of 19 corpuscles in the foot pads compared to a mean 

total of 16 corpuscles found in the foot pads by dissection. MRI also detected 

corpuscles in the digits, intereosseus membrane, ligaments and fibrous tissue 

connected to bone and deep below the subcutaneous tissue.  

Figure 13 shows a rough comparison of the mean locations where corpuscles 

were found using gross dissection and MRI in the fore rat foot. The difference in 

the number of corpuscles found by gross dissection and MRI is not as great as 

the results from the rear foot. The total mean number of corpuscles found using 

gross dissection in the fore foot was 22 and the total mean number of 

corpuscles found using MRI was 23. One possible reason for this is that the fore 

foot is easier to dissect as the corpuscles remain fairly close to the surface. In 

direct contrast to the rear foot the total mean number of corpuscles found in the 

foot pads by gross dissection (20) was much higher than that found her by MRI 

(12). One possibility is that the MRI failed to identify individual corpuscles from a 

group as they overlapped. However, similarly to the rear foot, MRI found 

corpuscles in areas outside of the foot pads, either in the digits, intereosseus 

membrane or deep below the subcutaneous layer out of access from entrance 

by the palm. 
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Figure 13: The rough sketch above shows a comparison of the mean total of 

corpuscles found by gross dissection and mean total of corpuscles found by 

MRI in the fore rat foot. The red dots represent the corpuscles found by gross 

dissection. The green dots represent the corpuscles found by MRI. The figure is 

a rough sketch based on the outline of the foot at its largest point for one of the 

feet sampled using MRI. Therefore, dimensional differences between the feet 

and the corpuscles within them are not accounted for. 

 

As figures 6 through 13 show corpuscles were frequently found in groups. The 

size of clusters had a larger range in the fore feet with clusters ranging from 2 to 

7 corpuscles in size (see figure 15). The rear feet had clusters ranging from 2 to 

5 in size (see figure 14). The size of the cluster was not dependant on the 

location within the foot in all cases bar the digits, where cluster size always 

remained at 2 corpuscles. 
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The overall range of mean cluster sizes were the same between MRI and gross 

dissection (2 corpuscles to 7 corpuscles in size). However, the highest cluster 

sizes (7) were only found in the fore feet. 

 

 

Figure 14: Bar chart showing the mean number of corpuscles arranged in each 

group throughout the 6 rear rat feet sampled. Red represents the group sizes 

when corpuscles were found by gross dissection. Blue represents the group 

sizes when corpuscles were found by MRI.  

 

The number of corpuscles per cluster via MRI in the rear foot ranged from 2 to 5 

corpuscles. The number of corpuscles per cluster via gross dissection in the 

rear foot ranged from 3 to 4 corpuscles. Therefore the cluster size discovered 

by MRI was larger than that found by gross dissection (see figure 14). 

The cluster size range found in the fore foot were the same (2 – 7 corpuscles) 

via gross dissection and MRI (see figure 15). However the number the MRI 
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traced a higher quantity of small groups (2 corpuscles in size) compared to 

gross dissection. 

 

Figure 15: Bar chart showing the mean number of corpuscles arranged in each 

group throughout the 6 fore rat feet sampled. Red represents the group sizes 

when corpuscles were found by gross dissection. Blue represents the group 

sizes when corpuscles were found by MRI. 

 

 

2.5 Discussion 

Magnetic resonance imaging (MRI) is rarely utilised at the high resolution 

capabilities required for pacinian corpuscle imaging. However, with the aid of 

high resolution microscopy coils designed for the human finger, it has proven to 

be a novel and useful procedure which overcomes some of the complications 

involved in gross dissection. MR imaging of pacinian corpuscles is non-invasive 
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and reasonably accurate given the correct sequence, however it is possible to 

record multiple corpuscles as one as it is difficult to recognise when corpuscles 

overlap. Gross dissection still proves a useful technique with many merits 

regarding detailed analysis of the local environment, number of corpuscles 

attributed to each cluster, size and minimal error in identification. Because the 

rat is widely used by investigators of the somatosensory system, there is 

increasing demand for information about their sensory receptors, however, 

literature on the subject is limited. Information on the distribution of pacinian 

corpuscles in the rat will provide quick and easy access to the corpuscles for 

experimentation. 

A previous study reported a total of 17 pacinian corpuscles in the palmer region 

of a single rear rat foot via afferent nerve analysis (Leem et al, 1993). Gross 

dissection data in the current study found a similar mean number of 16 

corpuscles in the subcutaneous region of the rear rat foot. The forefoot, which 

has not previously been studied, contained a higher number of 22 by gross 

dissection. In both the fore and rear foot MR imaging revealed more corpuscles 

than via gross dissection, perhaps demonstrating its capacity to reveal deeper-

lying or more difficultly accessed corpuscles by dissection. The MRI showed a 

mean total of 29 corpuscles in the rear foot and a mean total of 23 in the fore 

foot. Although, as with the gross dissection data the majority of corpuscles were 

located in the foot pads on the palm, a number of corpuscles were found 

outside these regions using MRI, including the digits and deeply embedded in 

the interosseus membrane of the metatarsus which was difficult to dissect 

manually even when accessing the foot from the dorsal aspect. More 

corpuscles were found in the fore foot opposed to the rear foot. From gross 

dissection these additional corpuscles were discovered amongst the dense 
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capillary network of the rear foot pads. Although MR imaging may be a more 

sensitive method for defining corpuscles densely surrounded by other tissue the 

spatial resolution seems inadequate to resolve all individual corpuscles in a 

cluster. Distinct corpuscle distribution patterns are evident in both the fore and 

rear feet. In the latter, subcutaneous corpuscles were primarily restricted to the 

dome-like eminences of the skin (foot pads). Compositionally these are 

composed of adipose tissue, suggesting touch perception may rely on the 

mechanical properties of fat. Densest concentrations were in the thenar and 

hypothenar (rear) foot pads of the palm. Many reside on the underlying muscle 

and the remainder, deeper still, proximal to periosteum in the interoseuss 

membrane, suggesting a role in monitoring balance and posture during 

locomotion. Digital corpuscles were present, although only seen by MRI. The 

digits they were found in were different in the fore and rear feet. In the fore foot 

the corpuscles were only found in the distal phalanges of the digitus maximus 

and digitus minimus. In the rear foot the corpuscles were only found in the distal 

phalanges of the digitus secundus manus and digitus annularis. The highest 

densities of corpuscles were found in the foot pads closest to the hairy skin 

engulfed in a mass of capillaries. This could possibly suggest these corpuscles 

have some role in haemodynamic sensing. Alternatively it may be that the 

corpuscles need a blood supply to provide nutrition (Kumamoto et al, 1993). 

There are several possible explanations for how the distribution of the corpuscle 

in the rat foot may contribute to anatomical functions. The fact that the 

distribution in the digits were different between the fore and rear feet may 

correspond roughly to the functions of the hands and feet of bipedal mammals. 

Alternatively the distribution in these areas may be due to the fact these digits 

have the greatest contact with the surface. This makes sense as the majority of 
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the corpuscles located throughout both feet were attributed to regions with high 

surface contact (foot pads and digits). The foot pads are considered to play 

many roles which rely on their high contact with the ground below. These 

include shock absorption (Weissengruber et al, 2006) and monitoring of stance 

and balance (Maurer et al, 2001; Do et al, 1990; Perry et al, 2000). The fact that 

corpuscles were found over a much wider range of depths in the foot pads than 

previously reported suggests that corpuscles may potentially contribute to the 

functions of the foot pads in these processes. 

Alternatively, the corpuscles location in the foot pad may be due to the high 

concentration of adipose tissue in these areas. The majority of corpuscles found 

were surrounded by high quantities of adipose tissue. This was particularly 

reflected in the benefit of using fat suppression MRI sequences to accurately 

identify the corpuscles from their surrounding tissue. Their location in this tissue 

may reflect their need for its mechanical properties to filter or transport any 

stimulus through the foot to the surface of the corpuscle. 

The gross dissection carried out in the study witnessed a densely vascular 

region near the corpuscles of the foot pads. This supports work by (Montagna, 

1971) that showed the foot pads have an abundant blood supply. Similarly 

(Yamamoto, 1990) observed arteries that aided blood flow to the foot pad when 

it was exposed to external pressure. The close proximity of corpuscles to these 

regions may suggest that they either play a part in blood flow monitoring or 

simply require a good blood supply for nutrients. It has been suggested that the 

complex network of blood vessels in the subcutaneous tissue might help to give 

the pads elasticity alongside the abundant connective tissue in the area. This 

complicates the situation further by implying the corpuscle may reside in the 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Weissengruber%20GE%5Bauth%5D
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foot pad to both reach a good blood supply and benefit from its properties for 

removing mechanical stress. 

The discussion reveals multiple reasons why pacinian corpuscles are 

predominantly located in the foot pads. They could reside there for the rich 

source of adipose tissue which acts as a shock absorber and aids appropriate 

mechanical transmission of stimulus to the corpuscles surface. Similarly they 

may reside there to aid in balance and stance control. 

Not all pacinian corpuscles were located in the foot pads. They were often 

associated with bone in the periosteum, intereosseus membrane of long limbs 

and joints, particularly the knee (Halata, 1976; Skoglund, 1956; Zimmy & Wink, 

1991) and wrist (Petrie et al 1997). The current study found corpuscles both 

directly associated with the interosseous membrane and fibrous tissue 

connecting to the bone of both rear and fore feet. Interosseous corpuscles 

where scattered down the length of the fore and rear feet. All of these areas 

were corpuscles were found are highly sensitive to mechanical stimuli, in 

particular vibrotactile disturbances. This implies that the corpuscles in these 

regions are predominantly used to detect vibration of bones due to external 

impacts. 

Corpuscles were also located close to ligaments. These were more common in 

the fore foot and closest to the hairy skin at the rear of the foot. Corpuscles 

have previously been recorded in the three palmar wrist ligaments of humans, 

each in close proximity to bone (Petrie et al, 1997). It is thought that 

ligamentous pacinian corpuscles might have a sensory role in multiple joints 

within the body, possibly preserving the mechanical stability of the joint (Day et 

al, 1985; Boyd, 1954) or for allowing the optimal control of movement (Guharay 
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& Sachs, 1984). Comprehensive literature exists regarding the ligamental 

corpuscles in the knee joint. The corpuscles are entirely inactive when the knee 

is at rest, becoming active only at the onset or cessation of movement of the 

joint. This suggests the corpuscles are involved in acceleration, quick 

movements and vibration (Zimny & Wink, 1991) for example responding to a 

reflex. One study suggests that the function of ruffini endings in these areas 

complements the action of the pacinian corpuscles (Zimny, 1988) but it is 

impossible to confirm in this study as ruffini endings were not counted.  

Other studies imply the corpuscle’s role in these areas is more minor with 

stimuli responses limited to only rotation of the joint (Macefield, 2005). These 

corpuscles are often reported to be extremely small in size when compared to 

other body regions and species (Halata, 1976). Bone related corpuscles found 

in rodents are less documented, although existence in the mouse knee joint on 

the flexor side has been reported (Takahashi, 1995). 

The potential reasons for corpuscles being distributed throughout the 

interosseous membrane, ligaments and fibrous tissue connected to the bone as 

seen in this study are numerous although they do appear to have a different 

function in the tissue to corpuscles located in the foot pads. Possible functions 

include preserving the mechanical stability of the joint, allowing the optimal 

control of movement in line with rotation, quick movements and vibration and 

monitoring blood supply.  
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3.  Models of the pacinian corpuscle 

This chapter develops a theoretical and computational model of the pacinian 

corpuscle to examine its behaviour in response to various mechanical stimuli. 

Firstly the chapter details the structure of the corpuscle and potential 

pathologies that can arise from its abnormal morphology. A mechanical model 

as developed by (Loewenstein & Skalak, 1965) is described. This model is 

referred to as L1. The L1 is then enhanced to add additional elastic forces and 

labelled L2. Finally the parameterisation is modernised. This, alongside the 

additional elastic forces, is called L3. Finally, the L3 model will be used to 

examine the influence of corpuscle morphology on the generation of the 

symptoms of the disease Dupuytren's contracture. 

 

3.1 Background 

The pacinian corpuscle is the largest of the mechanoreceptors. It filters and 

transduces mechanical force via a complex structure composed of multiple 

interconnected fluid filled lamellae layers surrounding a central nerve fibre 

called the neurite. The neurite is perforated by stretch activated ion channels 

which open in response to mechanical force. The outer lamellae create a 

thickened capsule surrounding the surface of the corpuscle. As mechanical 

force is distributed through the fluid filled lamellae it activates the stretch 

activated ion channels at the central nerve fibre to generate an action potential 

which is sent to the brain triggering the feeling we know as touch. The capsule, 

lamellae layers, fluid contained within the lamellae layers and the neurite are 

the main anatomo-functional components of the corpuscle. 
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One of the first studies of the structure of the pacinian corpuscle was carried out 

using a light microscope (Quilliam & Sato, 1953). The publication generated 

excellent information regarding the corpuscle’s morphology but the low 

resolution of light microscopy limited the specific measurements gained, 

especially in reference to the inner core region of the corpuscle. Later, (Pease & 

Quillam, 1956) used the Transmission Electron Microscope (TEM) to gather 

more accurate measurements of the various components of the corpuscle and 

its overall morphology. It is from this study that (Lowenstein & Skalak, 1966) 

gathered a lot of their parameters for their theoretical model which describes 

how mechanical force distributes through these structures. Since, studies have 

further still improved the accuracy of measurements of the corpuscle’s structure 

(Malinovsky et al, 1990; Andrea et al 1995). 

Although much data describes accurate measurements of the corpuscle’s 

structural components, the structure is still highly variable. The structural 

dimensions can change with age naturally, can vary between different species 

and can alter with disease. For this reason it is useful to think of the 

measurements of the corpuscle as having a range rather than a finite value. 

Although the corpuscle is adept at maintaining its function with quite dramatic 

variations in its dimensions, its ability to carry out its function optimally is 

influenced.  

The function of the pacinian corpuscle is to respond to vibration such as moving 

your finger across a rough surface and deep pressure such as a being poked. 

The vibration and pressure a corpuscle may respond to can be from objects we 

come into contact with on the skin’s surface as well as contact with structures 

found inside the body. The former contribute to our conscious perception of 
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touch (LaMotte & Srinivasan, 1991; Hollins & Risner, 2000; Bensmaïa & Hollins, 

2003, 2005). The latter contribute to physiological processes such as 

proprioception which is the ability to maintain stance (Gilman, 2014). 

Pacinian corpuscles are known to detect a range of vibration frequencies from 

40 – 1000 Hz (Talbot et al, 1968) with a peak sensitivity in human’s at 250 Hz 

(Bell et al, 1994). Other studies have shown that corpuscles can detect 

frequencies as low as 10 Hz (Bolanowski & Zwislocki, 1984; Brisben et al, 

1999) but these frequencies are more likely to be useful in other species such 

as the elephant (Bouley et al, 2007).  

 

 

Figure 16: Schematic of the rapid adaptation function of the pacinian corpuscle. 

As a fixed, static stimulus is turned on the corpuscle will respond with only a few 

spikes (action potentials) before ceasing. The same applies to the initial 

pressure being removed as the corpuscle reads this as a change in pressure 

(University of Calgary, 2012). 

 

http://www.jneurosci.org/content/26/20/5582.full#ref-26
http://www.jneurosci.org/content/26/20/5582.full#ref-17
http://www.jneurosci.org/content/26/20/5582.full#ref-1
http://www.jneurosci.org/content/26/20/5582.full#ref-1
http://www.jneurosci.org/content/26/20/5582.full#ref-2
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Pacinian corpuscles are well suited to responding to vibration stimuli because 

they are rapidly adapting receptors. This means they do not generate an action 

potential in response to continuously fixed static pressures. Their layered 

structure filters pressure so that the structure only responds to the initial 

compression (see figure 16). This means that any deep pressure that activates 

the corpuscle will only do so at its initial compression e.g. unless the pressure is 

adjusted or replaced the corpuscle will cease to generate a response. 

 

 

3.1.1 Structure and function of the pacinian corpuscle 

Pacinian corpuscles were first noted to exist by (Lehmann, 1741), but it was not 

until almost a century later that (Pacini, 1840) gave an account of their 

histological components. Since this time multiple publications have recorded the 

dimensions and morphology of the corpuscle in greater and greater detail.  

Calculating the length of the corpuscle is considered difficult to determine due to 

the problems associated with imaging preparation (such as fixation and 

shrinkage artefacts from microscopy which may emphasise values). In 1955 

Quilliam & Sato recorded the average length of a corpuscle in the newborn 

human to range from 500 to 1500 µm. They recorded the size to increase 

throughout life reaching 3 to 4 mm at full maturity before regressing to a smaller 

length in the elderly. Three years later (Cauna & Mannan, 1958) found an 

average length of 500 to 700 µm in newborn babies also increasing to between 

3000 µm and 4000 µm with age. Both (Quilliam & Sato, 1955) and (Cauna & 

Mannan, 1958) used a light microscope to gather their measurements. 
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Corpuscles reaching 4000 µm (Otelin et al, 1976) and 8000 µm in the length 

have also been reported (Roset-Llobet & Domenech-Mateu. 1991) but these 

are rarer.  

 

Figure 17: Growth curves of length and width of pacinian corpuscles. Each 

point represents the mean +- standard error of measurements of 30 corpuscles 

from three rats (Zelena, 1978). 

 

The length of the corpuscle in other species varies with monkeys measuring 

similar to humans ranging from 156 µm to 2025 µm (Kumamoto et al, 1993), 

cats ranging 500 µm to 1500 µm (Hunt, 1974) and rats approximately half the 

length of cats (Zelena, 1978).  

The width of the corpuscle also varies significantly between individuals, species 

and with age. In 2004, Ehrmantant et al recorded the corpuscles with a width as 

high as 780 µm. However, the majority of studies measure the width much 

smaller. In 1978, Zelena recorded corpuscle widths ranging from approximately 
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50 µm to 200 µm (see figure 17). Similarly (Kumamoto et al, 1993) found 

smaller corpuscles in the fingers (width 229.5 ± 98.9 µm) than the palm (376.9 ± 

178.7 μm). 

The average shape of the pacinian corpuscle is oval unless they are interfered 

with by nearby structures such as sweat glands or joints were they would be 

slightly irregular. Inside the corpuscle are multiple fluid filled lamellae layers 

which wrap concentrically around a central nerve fibre called the neurite. The 

number of fluid filled layers within the corpuscle can vary. Using electron 

microscopy (Pease & Quilliam, 1957) always counted 30 or more layers in the 

mesentery of cat. However, a range of 13 to 60 layers have been reported by 

several other studies measuring healthy corpuscles (Fraitag et al, 1994, Zelena, 

1978, Ehrmantant et al, 2004). Even higher values can be associated with 

pathologies such as Dupentryns contracture where in extreme cases the 

number of lamellae layers can reach 78 (Ehrmantant et al, 2004). 

The lamellae layer itself is composed of single or multiple cells densely packed 

to create a barrier. The cells that construct the layer overlap each other so there 

is complete cellular continuity across each layer. The cells that make the layer 

have cytoplasm which is particularly thin (Cauna & Mannan, 1958).  The 

thickness of the layer varies between studies, however this could be due to the 

processing required to prepare tissue for imaging such as fixation. Each layer is 

composed of lamellae cells which overlap to create an impervious barrier 

constructed 1-3 lamellae cells thick. The thickness of each lamellae cell in the 

cat mesentery has been recorded to range between 0.03 µm and 0.32 µm with 

a mean width of 0.15 µm (Malinovsky et al, 1990). Similarly, (Pease & Quilliam, 

1957) record the thickness of the lamellae cells as approximately 0.02 µm – 
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0.03 µm. As each cell ranges from potentially 0.02 µm to 0.32 µm and every 

layer has 1-2 cells (Pease & Quilliam, 1957) it seems logically to assume that 

the thickness of each layer ranges from 0.02 µm to 0.64 µm. 

All literature agrees that the spacing between the lamellae layers increases 

towards the surface of the corpuscle. However, the only publication found which 

provides measurements of the spacing width is (Malinovsky et al, 1990) who 

report the width to range from 0.15 µm to 0.82 µm. 

Beneath the multiple fluid filled lamellae layers is a primarily unmyelinated nerve 

fibre perforated with stretch activated ion channels. The nerve fibre is often 

called the neurite or the core. To prevent confusion this region will consistently 

be referred to as the core in the results of this section. As with the other 

dimensions of the corpuscle, the radius of the core varies often with the size of 

the corpuscle (Quilliam & Sato, 1955). In 1878 Ranvier observed a sleeve of 

connective tissue 20 µm in diameter entering the mammalian myelinated nerve 

fibre of the corpuscle. Since, other studies have suggested the radius may be 

much smaller and highly dependent on both the size of the corpuscle and the 

point along the length of the neurite that is measured. (Gernandt & Zotterman, 

1946) and (Rexed, 1944) found that the diameters of these fibres varied 

between 6 and 10 µm. Similarly (Glees et al, 1949) recorded a diameter range 

of 8 to 10 µm. Both of these are slightly in excess of the values reported by 

(Quilliam & Sato, 1955) who found the core radius to be highly variable with a 

range of 2.3 µm and 8.5 µm differing between corpuscles and the position 

within them. 

The neurite or core is responsible for the generation of an action potential which 

allows the brain to generate the sense of touch. It is this structure that is the 
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only region of the corpuscle that is directly responsible for the conversion of 

mechanical pressure into an electro-chemical response. The remaining 

components of the corpuscle above constitute a coupling element between the 

external stimulus and this neurite sensor. For this reason the response of the 

corpuscle depends directly on the mechanical properties of these coupling 

components. Each of these morphological components and their dimensions 

will influence the transmission of mechanical energy and therefore the 

corpuscles ability to function optimally.  

 

 

3.1.2 Pathologies of the pacinian corpuscle 

Diseases and pathologies related to the pacinian corpuscle are fairly rare. The 

most commonly quoted of these is Dupuytren’s disease, also referred to as 

Dupuytren’s contracture. This is a genetic disease triggered by factors such as 

smoking, certain medications and diabetes. The disease is fairly common, 

affecting men more than women and the elderly more than children. It causes a 

thickening of connective tissue in the palm which draws the fingers towards the 

palm (see figure 18). Accompanying this is a significant increase in the size and 

number of pacinian corpuscles. Initially this is commonly restricted to one area 

which develops into a benign nodule, eventually spreading throughout the 

remainder of the hand into cords of tissue. When nodules form without the 

bending the disease is referred to as palmar fibromatosis. Neither palmar 

fibromatosis, nor Dupuytren’s are severe diseases and sufferers often do not 

require treatment. However, if the condition is severe it can dramatically 
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interfere with normal functioning of the hand. In these cases treatment usually 

consists of surgery or radiation therapy and medication. 

 

Figure 18: Medical image of the cord and finger bend associated with 

Dupuytren’s disease (Bupa, 2011). 

 

The pacinian corpuscles are so numerous in Dupuytren’s patients that the 

cellular outgrowth from them is thought to generate the cells that develop into 

the nodules. Histological sections of pacinian corpuscle specimens from 

patients were compared with a non-diseased control group (Ehrmantant et al, 

2004). The study found that when measured microscopically the disease 

corpuscles average length and width was 2.0 x 1.1 mm. The number of lamellae 

totalled 64 +/- 14. Corpuscles also congregate in larger clusters than in the 

healthy patient. The perception of touch is often severely deteriorated in 

patients of Dupuytren’s (Redmond et al, 2012) and may be due, at least in part, 

to the change in structure of the pacinian corpuscle. (See below, section 3.4.4, 

for modelling of an increase in the number of lamellae.) 
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Other pathologies related to the pacinian corpuscle similarly focus on its 

increase in size (hypertrophy) and number (hyperplasty). In the few cases that 

exist corpuscles reach diameters of 3.2 mm. The most common of these (but 

still exceptionally rare) is pacinian neurofibroma. This is characterised by 

corpuscle like structures forming in the lobules of a tumour. 

 

 

3.2 Previous modelling 

There are several theoretical models of the pacinian corpuscle (Grandori & 

Pedotti, 1982; Loewenstein & Skalak, 1966; Holmes & Bell, 1990; Surve et al, 

1995; Biswis et al, 2013).  The majority of these model the process of 

mechanotransduction at the site of the neurite (Grandori & Pedotti, 1982; Surve 

et al, 1995; Biswis et al, 2013). The only two that model how force distributes 

through the lamellae layers are (Loewenstein & Skalak, 1966) and (Holmes & 

Bell, 1990).  These will be described below. 

 

 

3.2.1 Loewenstein & Skalak  

The Loewenstein & Skalak model (LSM) analysed the transmission of 

mechanical force through the pacinian corpuscle’s fluid filled lamellae layers. 

The lamellae and their interconnections provide the elastic elements of the 

model and the inter-lamellae fluid provides the viscous elements.  
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The parameters the LSM use are taken from older measurements of the 

dimensions of the corpuscle (Pease & Quilliam, 1957; Hubbard, 1958). Several 

more recent studies have provided alternative parameters for the corpuscle’s 

dimensions (Malinovsky et al, 1990; Kumamoto et al, 1993; Hunt, 1974; Zelena, 

1978). Often these newer studies demonstrate the dimensions fall into large 

ranges, for example the length of the corpuscle has been recorded to range 

from 500 µm to 4000 µm in healthy humans (Quilliam & Sato, 1955; Cauna & 

Mannan, 1958; Otelin et al, 1976). The LSM does not model how the lamellae 

response to stimulus may differ given these variations in their structure. Other 

parameters which describe the dimensions of the corpuscle in the LSM have 

since been repeated using more advanced techniques and with greater sample 

sizes. For example, whereas the LSM uses a set value of 1 µm for the thickness 

of the lamellae layer more recent work has found this to be a fairly large 

example of lamellae thickness with the majority of values falling between 0.03 

µm and 0.64 µm (Pease & Quilliam, 1957; Malinovsky et al, 1990). 

 Regardless, the LSM is still currently a leading model for the description of 

mechanical transmission through the layers of the pacinian corpuscle and has 

had many citations. The way the lamellae move in response to the dynamic and 

static forces placed upon them are in broad agreement with those observed in 

experiments. Overall, the LSM provides a neat overview of how the corpuscle 

responds to static, sinusoidal and transient stimulation but its parameterisation 

could be modernised to fit more recent measurements. 
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3.2.2 Holmes & Bell 

In 1990 Holmes & Bell presented a different model for describing mechanical 

transmission in the pacinian corpuscle. The LSM describes the corpuscle as a 

1D cyclinder with terminal plates. In contrast, the Holmes & Bell model (HBM) 

utilises equations based on Flugge's theory to describe transmission through a 

2D spherical corpuscle. The LSM assumes the central neurite to be rigid 

whereas the HBM more appropriately gives the same mechanical properties to 

the neurite as the lamellae, making it only distinguishable from the rest of the 

corpuscle by radial position. 

The increased complexity of the HBM provides a more realistic model than the 

LSM, but there are still gaps in the HBM which could be filled. These especially 

apply to the lamellar layers themselves. For example Holmes & Bell did not 

account for changes in the width of the lamellar layers or for a thickened outer 

capsule. 

 

 

3.3 Method 

The theoretical work in the present study consists of three stages. Firstly the 

original LSM is examined and some results are presented to show a 

comparison of the techniques used in this study and the LSM. Secondly, an 

enhanced version of the LSM is shown which includes an additional elastic 

term. Lastly, modifications to the parameterisation are included to reflect the 

improved understanding of the corpuscle since the LSM was published (in 



 

 

 

60 

1966) which also includes the enhanced elastic term. To clarify results and 

prevent confusion these three levels of model are labelled as L1 (the original 

LSM), L2 (the original LSM with additional elastic forces), and L3 (the enhanced 

parameterisation and additional elastic forces).  

 

 

3.3.1 Loewenstein & Skalak model 

In the LSM the pacinian corpuscle is composed of a series of n concentric 

lamellae layers surrounding a rigid cylindrical central core (see figure 19). Each 

lamellae layer is filled with an incompressible fluid with a similar viscosity to 

water. The rigid cylindrical neurite and concentric lamellae rings are sealed at 

each end by plates which maintain the fluid volume as fixed at all times. 

Adjacent lamellae are linked by uniformly distributed weak radial springs, 

however, these connections have no physical substance and therefore do not 

impede fluid flow. The LSM utilises a series of differential equations to calculate 

how externally applied pressure dissipates through this unique multi-layered 

structure. 
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Figure 19: Schematic of the pacinian corpuscle as described by Loewenstein & 

Skalak, 1966. 

Loewenstein and Skalak performed calculations using the corpuscle dimensions 

shown in table 1. 

Parameter Notation used Value and unit 

Total length b 700 µm 

neurite radius a0 20 µm 

Outer lamella radius an 255 µm 

Number of lamellae n 30 

Thickness of lamellae di 1 µm 

Table 1: Pacinian corpuscle parameters utilised in LSM. 

 

The lamellar spacing is such that the radii of successive lamellae, ai, and ai+1, 

are related by 
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𝑎𝑖+1 = 𝛾𝑎𝑖                 (1) 

 

where 𝛾 = 1.083 for the first twenty lamellae and 1.10 for the last ten. 

Loewenstein & Skalak suggest these parameters for gamma recreate the 

typical spacing of a corpuscle as measured by (Hubbard, 1958). The fluid layer 

thickness between lamellae was taken as the difference of adjacent lamella 

radii minus 1 µm, the assumed lamella thickness. 

The LSM calculates how applied external pressure dissipates throughout the 

fluid filled layers of the corpuscle. The model represents this through either 

determining the displacement of each lamella or the pressure in each inter-

lamellae space in response to a particular form and strength of pressure input. 

The LSM examines the effects of static compression, sinusoidal stimulation, 

transient pressure and decompression (where a load is placed on the external 

surface of the corpuscle and then suddenly released). These external pressure 

inputs are applied symmetrically to the surface of the corpuscle with respect to 

the plane 𝜃 = ±
1

2
𝜋 (see figure 19). This means that when pressure is applied to 

the surface of one side, the same is assumed to be applied to the other side. 

Pressure distributions are assumed to take the form 

 

𝑃 = 𝑃0 +  𝐴𝑖 cos(2𝜃) cos (𝜋
𝑥

𝑏
)          (2) 
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where 𝐴𝑖represents the maximum value of pressure and P0 is a uniform 

hydrostatic pressure equal to the mean of P and representing the pressure felt 

by the corpuscle in its environment in the body. For this reason this term is 

assumed to have no influence on the activation of the central nerve ending. 

The dynamics of a particular lamella of the corpuscle are represented by a 

differential equation reliant on the adjacent lamellae. The differential equation 

for the ith lamellae takes the form 

 

𝐵𝑖

𝐾𝑖
=  𝑅𝑖+1 (�̇�𝑖+1 − �̇�𝑖) +  

𝐵𝑖+1− 𝐵𝑖

ℎ𝑖+1
𝛼𝐸 −  𝑅𝑖(�̇�𝑖 − �̇�𝑖−1) −  

𝐵𝑖− 𝐵𝑖−1

ℎ𝑖
 𝛼𝐸                   (3) 

 

where 𝐵𝑖 represents the amplitude of the displacement of the ith lamella 

(defined as the change in radius of the lamellae from its normal position). 𝐾𝑖  is 

the compliance of the ith lamella, i.e. the elastic deformation of the lamellae in 

response to the applied force. It is measured in cm3/dyn and 𝑅𝑖 is the viscous 

resistance of the corpuscle. Ki and Ri are determined from the physical 

dimensions and parameters of the corpuscle i.e.   𝑅𝑖 =  
12𝜇𝑏2

ℎ𝑖
3𝜋2 (1 +  

4𝑏2

𝜋2𝑎𝑖
2)  ,and 

𝑘𝐼 =  
𝑎𝑖

2

𝐸𝑑𝑖
(

4𝑏2

𝜋2𝑎𝑖
2)

2 where µ = fluid viscosity (dyn sec/cm2), h = spacing of the ith 

lamellae (cm), a = radius of the ith lamellae (cm) and b = length of the corpuscle 

(cm). 

The elastic modulus of radial springs linking adjacent lamellae is taken to be αE, 

where E is a typical Young modulus for tissue and α is an arbitrary scaling 
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factor. The terms on the right-hand-side of equation 3 can be separated into 

elastic forces between adjacent lamellae (from the radial spring) 

 

(𝐵𝑖+1−𝐵𝑖)

ℎ𝑖+1
𝛼𝐸 −

(𝐵𝑖−𝐵𝑖−1)

ℎ𝑖
𝛼𝐸                           (4) 

and resistive fluid forces (from fluid movements produced by the changing inter-

lamellae separation) 

 

𝑅𝑖+1(�́�𝑖+1 − �́�𝑖) − 𝑅𝑖(�́�𝑖 − �́�𝑖−1)                 (5) 

 

Please refer to (Loewenstein & Skalak, 1966) for full derivations. 

 

 

 3.3.2 The LSM with additional elastic components (the L2 model) 

The flexibility of modern software means that it is easy to incorporate additional 

features into the modelling. Here, the LSM is enhanced to include additional 

elastic forces producing greater connectivity between lamellae layers.  In a 

similar manner to that in equation 4, these second order elastic forces can be 

described as 
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𝛼𝐸𝑎′

ℎ𝑖+1+ℎ𝑖+2
(𝐵𝑖+2 − 𝐵𝑖 ) −

𝛼𝐸𝑎′

ℎ𝑖−1+ℎ𝑖
( 𝐵𝑖 − 𝐵𝑖−2)          (6) 

 

where notation follows its normal meaning and α’ is included as an arbitrary unit 

less scale factor. However, second order elastic forces are incorporated via the 

inclusion of the α’ coefficient. As previously stated E is intrinsically tied with the 

constant scaling factor α, which is significantly smaller than one to 

accommodate the fact that the radial springs are thin and soft. The addition of 

α´ in equation 6 allows the strength of the second order connections to be 

scaled appropriately with α´=0 recovering the original LSM model (L1). It is also 

noted here that it is open to debate whether the denominator should include the 

thickness of the lamella as well. The region undergoing the elastic distortion is 

the spacing between the lamella with the walls assumed to have no contribution 

to this (thus the denominator consists of hi+hi-1). If the walls were to be included, 

the denominator would be increased by a small fixed amount (hi + hi + di). 

However, as the wall in these second order forces does not take part in the 

elastic distortion we do not include the term here. The effect of its inclusion is 

negligibly small and has no major effect on the overall results as the dominating 

effect of α´ masks it. A schematic of this effect is shown in figure 20. 
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Figure 20: Schematic of the additional forces included in the enhanced models 

(L2 and L3). 

 

 

3.3.3 Modernising parameterisation 

In table 2 the modernised parameterisation can be found alongside the 

parameters used in the LSM model. The reasons for replacing the parameters 

are justified. In the LSM the number of lamellae layers is set at 30 layers. 

Although it is generally accepted that the pacinian corpuscle has 30 concentric 

lamellae layers several studies have recorded the number in healthy candidates 

to be much more variable. The LSM uses 30 layers based on a small sample of 

electron microscope images reported by (Pease & Quilliam, 1957). 
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Parameter Symbol  LSM value Enhanced value Enhanced Justification 

Number of 

lamellae 

n 30 30 

 

(Pease & Quilliam, 1957; 

Fraitage et al; Zelena, 

1978; Ehrmantant et al, 

2004). 

Thickness 

of each 

lamellae 

layer 

d 1 μm 0.31 μm  

 

(Malinovsky et al, 1990).  

 

 

Corpuscle 

length 

b 700 μm 1000 μm (Pease & Quilliam, 1957; 

Quilliam & Sato, 1955; 

Cauna & Mannan, 1958; 

Kumamoto et al, 1993; 

Hunt, 1974; Zelena, 

1978). 

Core 

radius  

ao 20 µm 6.61 µm (Gernandt & Zotterman, 

1946; Rexed, 1944; 

Glees, Mohiuddin & 

Smith, 1949; Quilliam & 

Sato, 1955) 

Elastic 

modulus 

E 5x106 

dyn/cm2 

5×106 dyn/cm2 An elastic modulus which 

mimics the arterial walls 

(McDonald, 1960). 

Spacing 

between 

lamellae 

h Exponential 

Two values 

of gamma 

depending 

on layer 

number, 

arbitrary. 

Exponential, 

gamma=(8.2/1.5)1/

29 

(Malinovsky et al, 1990)  

 

 

Table 2: Justification of the modernised parameters used in model L3. 
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They stated that no corpuscles where discovered with less than 30 lamellae 

layers. Other studies have suggested the range of layers spans as much as 13 - 

60 concentric lamellae rings. In 1994 using light microscopy and histology 

Fraitage et al found healthy corpuscles had between 13 - 15 concentric layers. 

Similarly, (Zelena, 1978) reported corpuscles had 25 - 30 layers in adults. In 

contrast (Ehrmantant et al, 2004) recorded healthy corpuscles to have between 

31 - 49 layers. Patients with pathologies of the pacinian corpuscle tend to have 

greater numbers of layers. For example (Ehrmantant et al, 2004) reported the 

number of layers to reach as high as 78. Although the number of lamellae used 

in the LSM is an acceptable value, it is obvious from literature that the value is 

highly variable. Exploring the effects of varying this number on how the 

corpuscle functions is examined in this study, however, ultimately the enhanced 

model agrees with LSM and utilises 30 concentric lamellae layers (see table 2). 

The LSM sets the length of the corpuscle at 700 µm. The model does not state 

where this parameter has been sourced. Several studies exist which record the 

corpuscle's overall length. In 1955 Quilliam & Sato used a light microscope to 

record the average length of a corpuscle in the newborn human to range from 

500 to 1500 µm. This increased to 3000 to 4000 µm in adults and regressed in 

the elderly. An average length of 500 to 700 µm in newborn babies and 3000 

µm to 4000 µm was recorded by (Cauna & Mannan, 1958) also using a light 

microscope. Corpuscles reaching 4000 µm (Otelin et al, 1976) and 8000 µm in 

the length have been reported (Roset-Llobet & Domenech-Mateu. 1991) but 

these are rarer. Length in other species varies with monkeys measuring similar 

to humans ranging from 156 µm to 2025 µm (Kumamoto et al, 1993), cats 

ranging from 500 µm to 1500 µm (Hunt, 1974) and rats approximately half the 

length of cats (Zelena, 1978). Although the LSM does not reference the source 
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of its value for corpuscle length the value does match literature, however the 

value set of 700 µm tends to be more associated with newborns than adults. 

The enhanced model increases the length of the corpuscle to 1000 µm to 

represent adult corpuscles (see table 2).  

The width of the corpuscle is approximately 500 µm in the LSM. Although the 

source of this value has not been cited it does fit broadly with experimental 

studies that, as with other parameters suggests the width of a corpuscle is 

highly variable. Values for the width of a corpuscle tend to be lower than the 

value set by the LSM. For example, (Zelena, 1978) recorded corpuscles ranging 

from approximately 50 µm to 200 µm in width (see figure 17). Similarly 

(Kumamoto et al, 1993) found small corpuscles in the fingers (width 229.5 ± 

98.9 µm) and the palm (376.9 ± 178.7 μm) of monkeys. There are, however, 

studies that provide measurements as high as 780 µm (Ehrmantant et al, 2004). 

For this reason the width used by the LSM is acceptable. The L3 uses a value 

of 140 µm which also fits within the range of healthy individuals. 

The LSM sets the thickness of each lamellae layer at 1 μm. It is difficult to 

decipher what experimental study this is based on or whether an error is in the 

LSM with regard to this parameter. The LSM states it obtains its value for 

thickness from (Pease & Quilliam, 1957). However examination of this 

publication shows it does not state the value of thickness as 1 μm. The study 

records the thickness of a single lamellae cell as between 0.02 µm and 0.03 

μm. The study suggests layers are composed of 1 - 2 lamellae cells. Given this 

possibility the thickness of the whole layer would still only be a maximum of 

0.06 μm and not that used by the LSM (1 µm). Since the LSM, further work has 

suggested the value may range from 0.03 µm to 0.32 µm with a mean of 0.15 
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µm (Malinovsky et al, 1990). These values seem more appropriate as although 

0.03 µm has been recorded as the thickness at times it is an extremely small 

value when compared with the standard sizes of cells. The enhanced model 

(L3) utilises 0.3 µm as the thickness of each lamellae layer (see table 2). This 

value is used because it represents the mean value for the thickness of a 

lamellae cell as define by (Malinovsky et al, 1990) and multiplied by 2 to 

represent a lamellae layer as being two cells thick (Pease & Quilliam, 1957). All 

literature agrees that the spacing between the lamellae layers increases 

towards the surface of the corpuscle. However, the only publication found which 

provides actual measurements of the spacing width is (Malinovsky et al, 1990) 

who report the width to range from 0.15 µm to 0.82 µm. The LSM (L1) sets its 

smallest spacing closest to the core as 1.6 µm gradually increasing to its largest 

spacing closest to the surface as 32 µm. These values are significantly higher 

than those measured in literature. For this reason the L3 model sets spacing as 

0.15 µm at its smallest value closest to the core and 0.82 µm closest to the 

surface.  

The LSM sets the value of the core radius at 20 µm. Although the source of this 

value is debateable as no references are cited for it in the LSM, it may have 

originated from (Ranvier, 1878). The study reported an observation of a sleeve 

of connective tissue 20 µm in diameter entering the mammalian myelinated 

nerve fibre of the corpuscle. This rather dated study was later eclipsed by 

several others which gave a multitude of values for core radius dependant on 

the position internal and external to the corpuscle. In slightly more recent 

studies (Gernandt & Zotterman, 1946) and (Rexed, 1944) found that the 

diameters of these fibres varied between 6 and 10 µm. Similarly (Glees et al, 

1949) recorded a diameter range of 8 to 10 µm. Both of these are slightly in 
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excess of the values reported by (Quilliam & Sato, 1955) who found the core 

radius to be highly variable with a range of 2.3 µm and 8.5 µm differing between 

corpuscles and the position within them. 

In the LSM the specification and interlinking of the radii, spacing, thickness and 

core radius parameters poses substantial limits on the model as altering one of 

these variables can alter the other three. This presented a problem for the L3 as 

it prevents the modernising of these parameters with ease. To avoid these 

issues the spacing is defined as  ℎ𝑖+1 = 𝛾ℎ𝑖,  and the radius as  𝑟𝑖 = ℎ𝑖 + 𝑟𝑖−1 +

𝑑𝑖 where di is the thickness, 𝑟𝑜 is the core radius, 𝛾 =
ℎ𝑛

ℎ1

1
𝑛⁄
, n is the number of 

layers, ℎ1 is the minimum spacing size (0.15 µm) and  ℎ30 is the maximum 

spacing  size (8.2 µm).  This gives for an n = 30 corpuscle a diameter of 140 

µm. 

 

 

3.3.4 Computational method 

The original LSM used a ladder method to solve equation 3. This is 

computationally unwieldy when one introduces additional forces. Instead it is far 

more efficient to solve this using matrix operations, were equation 3 is rewritten 

as 

 

�́� × �́� = �́�               (7) 
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where �́� is an n by n matrix, �́� is a vector array of displacement and �́� is a 

vector array connected with the dynamical pressure on each layer. The LSM 

was originally replicated using the ladder method which involved iteratively 

solving equation 3 through a series of simultaneous equations. The LSM was 

also converted into the new computational form described above along with the 

enhanced model. This form is then solved using a simple matrix inversion 

technique.  Computationally, several packages are available for performing 

these operations, but in this case, LAPACK coding library was used (Anderson 

et al, 1999).  The full code for this study can be provided upon request. 

 

 

3.4 Results 

This results section consists of a replication of key graphs selected from the 

Loewenstein & Skalak paper using the new implementation of their model as 

described in section 3.3.4. The results will be briefly described for their 

significance. Enhancements and adaptations to the LSM are explored to 

illustrate the capabilities of the modelling software. 

 

 

3.4.1 Replication of Loewenstein & Skalak 

Loewenstein & Skalak stimulate the corpuscle with static, sinusoidal and 

transient pressure input.  They examine the effects on a combination of 
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lamellae displacement and lamellae pressure. The following sections will guide 

the reader through these three variations. 

 

 

3.4.1.1 Displacement in response to static compression 

Static displacement is defined as a change in the radius of any lamellae from its 

normal position when the corpuscle is subjected to a compression which is held 

fixed for a long time or is applied at a very slow rate allowing the lamellae to 

equilibrate. The static displacements computed for various amounts of total 

compression of the corpuscle are shown in figure 21. Each value is equal to the 

maximum displacement of any point on a given lamella. The theoretical curves 

in figure 21 are in good qualitative agreement with the experimental 

measurements of lamellae displacement reported by (Hubbard, 1958). 

Displacement is proportional to applied compression and decreases rapidly with 

radius. The static displacement nearly reaches zero in the range of radii close to 

the core. In this range the displacement are too small to be measured with 

Hubbard’s techniques which may account for their being reported as zero in 

(Hubbard, 1958). 
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Figure 21: Computed static lamellae displacement in response to varying 

compressions. Calculated using the L1 model. 

 

The greater the compression placed on the corpuscle the greater the 

displacement of the outer lamellae layer. However, displacement of lamellae 

layers closer to the core is less variable with the majority of external 

compression being filtered by the outer lamellae. This implies that regardless of 

the amount of external compression the displacement close to the core will not 

change. 

 

3.4.1.2 Pressure in response to static compression 

As well as examining the displacement of lamellae layers in response to 

stimulation, Loewenstein & Skalak study how static pressure is distributed 
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throughout the corpuscle. The final response of the corpuscle to externally 

applied static pressure is the stretching of ion channels at the central nerve 

fibre. This action is directly responsible for the mechano-chemical transduction 

which generates an action potential capable of passing messages to the brain. 

Any pressure transmission or displacement of lamellae outside the core region 

are generally of little interest to Loewenstein & Skalak as they simple participate 

in pressure transmission rather than contribute to potential mechano-chemical 

transduction. Figure 22 shows how much pressure is felt at the core of the 

corpuscle in response to a static compression. 

 

 

Figure 22: Core pressure against radius for a static compression of 20 µ 

applied to the outermost lamellae. Calculated using the L1 model. 
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The graph shows that static pressure on the core is only a small fraction (3%) of 

that administered to the outermost lamella. This demonstrates that for a fixed 

external pressure, the pressure at the core lowers before reaching equilibrium. 

 

3.4.1.3 Pressure in response to sinusoidal stimulation 

Loewenstein & Skalak place a sinusoidal wave on the outer lamellae of the 

corpuscle and examine how the frequency of the wave affects the pressure felt 

at the core (see figure 23). 

 

 

Figure 23: Core pressure against sinusoidal stimulus frequency. Computed 

core pressure resulting from sinusoidal displacement of the outermost lamellae 

at constant peak pressure of 100 dyn/cm2. 
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The value for 0 Hz represents the static case. The graph shows that increasing 

the frequency of the input sine wave to approximately 100 Hz will increase the 

pressure. Increasing the frequency to 300 Hz will continue to increase the 

pressure felt at the core. This fits with experimental data which states the 

optimal frequency response of the corpuscle is 250 Hz (see section 1.4). At 

frequencies higher than this the pressure which reaches the core equilibrates at 

90% or more of the applied pressure. Most of the pressure transmitted is due to 

the viscous action of the inter-lamellae fluid. 

 

 

3.4.1.4 Pressure in response to decompression 

Loewenstein & Skalak attempt to mimic the on-off response witnessed by (Gray 

& Sato, 1953) where a pacinian corpuscle suddenly released from a 

compressed state will generate a response similar to that produced during the 

dynamic phase of compression. Figure 24 shows core pressure during a 

millisecond of 20/s uniformly applied pressure before being suddenly released. 

After release the corpuscle tends to return to its circular cross-section under the 

action of the elastic forces generated by the lamellae and their radial 

connections. However, directly after release from compression the pressure at 

the core will become negative. The negative pressure develops with sufficient 

velocity so that the rate-limiting factor of motion is that given by the passive 

elastic return of the lamellae. 
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Figure 24: Pressure at core against time for a sudden release from a total 

compression of 20 µm. Negative sign stands for reversal in direction of total 

pressure. 

 

This graph clearly matches certain physiological processes in which an 

electrical on-off response is required. Qualitatively, this behaviour is similar to 

that modelled by (Hodgkin and Huxley, 1952), who modelled the propagation of 

an action potential in giant squid axons. For comparison, the results of Hodgkin 

& Huxley are shown in figure 25. 
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Figure 25: Comparison between a calculated membrane action potential (top 

graph) and an experimental one (lower graph), (Hodgkin & Huxley, 1952). 

 

 

3.4.2 Additional modelling 

Presumably because of constraints from the available hardware and software in 

the 1960s, Lowenstein and Skalak presented only a limited set of results from 

their modelling. With current technology it is possible to easily improve this 

situation. Figures 26 and 27 present new results for pressure and displacement, 

respectively, at different positions in the corpuscle for sinusoidal stimulation.  
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Figure 26: Pressure amplitude at different positions in the corpuscle for 

sinusoidal stimulation at various frequencies.

 

Figure 27: Displacement amplitude at different positions in the corpuscle for 

sinusoidal stimulation at various frequencies. 



 

 

 

81 

3.4.3 The effect of an additional elastic force (or comparison between L1 

and L2 models). 

The L2 model is now utilised to calculate and formulate the same graphs as 

replicated above for the LSM. This will initially illustrate the fundamental 

differences between the two models with visible direct comparisons to 

Loewenstein & Skalak’s results.  

Figure 28 shows displacement of lamellae layers as a function of depth in 

response to three different static compressions on the outer layer. Calculations 

are provided for both the LSM and the enhanced model. The enhanced model 

shows that displacement throughout the corpuscle is more even in response to 

applied static compression with compression being shared between all lamellae 

rather than predominantly the outer lamellae. 
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Figure 28: Comparison between the LSM (L1) and the model enhanced by 

additional springs (L2) showing how all lamellae displace as a function of depth 

in response to various external static compressions. The figures in the legend 

refer to compression of the corpuscle diameter – the external radius changes by 

half of these values. 

 

The two models show similar behaviour for the surface layers. This is to be 

expected as the additional force introduced does not exist in this case as there 

is no connection between the n-1 and n+1 layer as the n+1 layer does not exist. 

This suggests that the corpuscle is more sensitive to external compression than 

implied by the LSM. This is due to the additional elastic forces included in the 

enhanced model, so a static compression of 20 µm (figure 28) requires a further 
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108 dyn/cm2 pressure to be applied to the corpuscle’s outer surface to achieve 

the same amount of displacement. The overall response of the corpuscle for 

both models in figure 29 is, however, of a similar shape – the pressure falls with 

decreasing radius and then flattens off. However, the additional springs also 

have two other noticeable effects.  As the displacement per layer is lower 

 

 

Figure 29: Computed static pressure on the core against radius for a static 

compression of 20 µm applied to the outermost lamellae. Calculated using LSM 

(L1) and the model enhanced by additional springs (L2). 
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Figure 30: Pressure at core in response to various static input pressures. A 

comparison between the LSM model (L1) and enhanced elastic model (L2). 

 

Figure 31: A comparison between the LSM (L1) and enhanced model (L2) the 

pressure on the core felt by the corpuscle for a fixed compression, followed by 

release. 
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Figure 31 demonstrates that the enhanced model (L2) shows a greater 

pressure on the core in response to a fixed external compression. This can 

again be explained by the increased elastic forces which means there are more 

radial springs and therefore the stronger corpuscle bends more in response.  

However, the more interesting feature is that the response time to the release of 

compression is faster in the L2 case than the L1 case.  This is a direct result of 

the additional elastic force. 

 

Figure 32: The strength of the second order elastic constant (α’, i..e. the 

strength of connections) on pressure felt at core in response to static load of 

100 dyn/cm2. 
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Here, as expected, the original LSM model (L1) results are retrieved as α´ goes 

to 0. As α´ increases the pressure at the core increases linearly. This is to be 

expected as connections improve the distribution of pressure, suggesting that 

more of the corpuscle contributes to mechanical transportation through the 

structure. A similar effect can be witnessed using the arbitrary scaling factor α in 

the LSM. Figure 33 shows the effect of varying α on core pressure in response 

to a static compression of 100 dyn/cm2. The relationship between α and core 

pressure is non-linear, with core pressure increasing as α increases. This is to 

be expected as the elastic force tends to zero, the fluid forces dominate and the 

behaviour is the same for either the L1 or the L2 levels of modelling. As α 

increases the corpuscle’s tendency to deform increases which in turn induces 

greater pressure at the corpuscle’s centre. Interestingly, the relationship 

between pressure and α has a steeper gradient when α > 4.0x10-4 implying that 

the effects of α on pressure in this lower range is more influential.  
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Figure 33: Effect of varying α on core pressure in response to a fixed pressure 

of 100 dyn/cm2 (calculated using the L3 model). 

 

3.4.4 The effect of parameter modernisation (or comparison between L1 

and L3 models). 

 

3.4.4.1 Varying the number of lamellae 

As discussed earlier the number of lamellae layers is highly variable from that 

set in the LSM (30). Here the effect of changing the number of lamellae 

parameter (n) is examined using the LSM (L1) and L3.   
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Figure 34: Pressure at core (dyn/cm2) in response to varying the total number 

of concentric lamellae layers in the pacinian corpuscle. Calculated for three 

input static pressures of 10 (green), 20 (purple) and 40 (red) dyn/cm2 using the 

enhanced parameterisation and elastic forces model (L3). 

 

Initially, the effect of changing the total number of lamellae layers on core 

pressure was examined under three different static input pressures (see figure 

34). Overall, regardless of input pressure strength, as the total number of 

lamellae decreases the pressure felt at the core increases. This prevents rapid 

adaption as pressure still exists on the nerve at equilibrium. When the total 

number of lamellae reaches 40 and above the pressure felt at the core is 

minimal. This suggests the total number of lamellae should not exceed 40 

concentric rings to function optimally. 
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Figure 35: Pressure at the core in response to varying the total number of 

concentric lamellae layers in the corpuscle. Calculated for three static input 

pressures of 10 (green), 20 (blue) and 40 (pink) dyn/cm2 using the LSM (L1). 

 

Figure 35 shows equivalent results from the LSM. By comparing figures 34 and 

35 it is clear that more pressure is felt at the core in the enhanced model than in 

the LSM. This suggests the enhanced model is more sensitive due to its 

increased connectivity between lamellae layers. The additional second order 

elastic forces mean that greater external pressures are required to generate the 

same displacements in the enhanced model compared to the LSM. 

Interestingly, both models illustrate that when the total number of lamellae 

reaches above 40, minimal pressure is felt at the core. This may relate to 

experimental results that suggest the maximum total number of concentric rings 
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is 60. The enhanced model suggests that the optimal number of lamellae layers 

for a corpuscle to effectively sustain pressure at the core whilst maintaining its 

essential rapidly adaptive function lies below 40 lamellae.  

Figure 36 has been plotted to examine in more detail this critical range from 

figure 35 (L3). 

 

 

Figure 36: Pressure at core in response to varying the total number of lamellae 

at three different pressures. 

 

 

The more lamellae are included in the corpuscle, the greater the attenuation of 

static pressure from surface to core. However, it should be noted that it is 
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possible to compensate for the effect of increasing the number of lamellae by 

changing other parameters, for example by increasing the stiffness of the inter-

lamellae connections, as described in section 3.4.3.  

 

 

3.4.4.2 Total corpuscle length 

 

 

Figure 37: Pressure at core when the total length of the corpuscle is altered. 

Calculated using LSM (L1) and enhanced model (L3) with an input pressure of 

100 dyn/cm2. 
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Figure 37 shows how the pressure at the core increases with length of the 

corpuscle.  It is clear that for corpuscles less than 600 µm the LSM and L3 

model both break down.  This is to be expected as the cell is modelled as a 

cylinder and this assumption becomes increasingly untrue with small length 

cylinders.  However, as shown in table 2 and section 3.3.3 the corpuscle’s 

length is typically 700 µm or greater.  As the length increases the elastic force 

becomes increasingly dominant as the fluidic force (determined by Ri) tends to 

a constant value with increasing length.  This suggests that the inclusion of 

additional elastic forces and improved parameterisation results in a far more 

dominant role for elastic forces than previously suggested.  Alternatively, it 

suggests that the scale parameter (α) would need readjusting to reduce the 

effect of these elastic forces.  

 

3.4.4.3 Thickness of lamellae 

The effect of changing the thickness in the original LSM model can lead to the 

breakdown of the model.  This occurs when the thickness is greater than the 

difference in the radii of two concentric shells thus leading to negative spacing.  

This may seem obvious, but as the spacing also depends on the core radius the 

thickness also needs to be decreased with core radius to avoid this error. 
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Figure 38: Pressure at core (dyn/cm2) in response to increasing the thickness 

of lamellae layers. Calculated using the L3 enhanced model.  

 

Changing the thickness has a direct effect on the compliance of the system (Ki) 

and the spacing (hi). Thus, it also has an indirect effect on both Ki and Ri via the 

spacing.  For this reason decreasing the lamellae thickness increases the 

amount of pressure transmitted to the core and therefore reduces the amount 

that the lamellae absorb. 

 

 

3.4.4.4 Core radius  

 

The effect of changing the core radius (as shown by figure 39) is simply 

summarised by its effect on increasing the effective distance the pressure is to 

be transmitted. Taking lower values for the core radius results in a greater 

pressure being transmitted. It is important to note that changing the core radius 
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changes the total radius of the corpuscle although the spacing and thickness of 

the lamellae remain fixed.   

  

 

  

 Figure 39: Pressure on the core in response to changes in radius of the core 

under external static input of 100 dyn/cm2. Calculated using the L3 model.  

 

A larger corpuscle has greater compliance, hence, the corpuscle’s stiffness 

increases and less pressure is felt at the core. However, the difference between 

core pressure in response to fairly large changes in core radius is small. The 

more recent experimental measurements for core radius (Malinovsky et al, 

1990) and the core radius set by the LSM only causes a 0.14 dyn/cm2 decrease 

in pressure felt on the core. This both supports the statement that the second 

Core radius as measured 

by experiments 

Core radius as 

set by LSM 
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order forces in the enhanced model have improved the accuracy of the results 

and core radius has minimal effect on the corpuscles ability to function.  

  

 

3.5 Discussion of the L3 model 

 

Although several studies state the spacing between lamellae layers increases 

towards the surface of the corpuscle, the only study found to record the actual 

spacing between layers is (Malinovsky et al, 1990) who measures them 

between 0.15 µm and 8.2 µm. In an effort to modernise the parameters a series 

of values between 0.15 µm and 8.2 µm was set for the spacing.  In contrast, the 

largest spacing in the LSM is 32 µm which is much higher than the values 

measured by (Malinovsky et al, 1990) and (Pease & Quilliam, 1957). In the L3 

the core radius was also reduced to 6.61 µm from 20 µm to support studiesthat 

recorded the core region to range between 2.3 µm and 10 µm in radius 

(Gernandt & Zotterman, 1946; Rexed, 1944; Glees et al, 1949; Quilliam & Sato, 

1955). Due to the mechanism for calculating the spacing, thickness, radius and 

core radius, lowering the core radius inherently reduced the overall size of the 

corpuscle by 36 µm in diameter (detailed description can be found at the end of 

section 3.3.3), however it still remained a size (1 mm length and 0.14 mm width) 

which lies in the boundaries of a normal healthy host (Kumamoto et al, 1993; 

Zelena, 1978; Hunt, 1974). 

 

An advantage to the L3 approach for calculating spacing outlined in section 

3.4.4 is that one can change the size of the corpuscle by changing the number 

of layers in the system without creating very large spacing between layers.  For 
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reference, if the original LSM were extended to 50 layers the spacing would 

become very unphysical (>100 µm). The L3 approach avoids this issue by 

preventing spacing becoming overly large.  

 

The literature surrounding the dimensions and measurements of the internal 

structures of the corpuscle demonstrates that there is a dramatic variation in 

corpuscles. Variations may exist due to age, anatomical location, species 

and/or health. However, there is still much evidence to suggest they vary 

significantly between each other naturally in healthy individuals. The corpuscle 

parameters set out in table 2 section 3.3.3 were an attempt to modernise the 

parameters used by Loewenstein & Skalak with measurements taken with more 

advanced or reliable methods. However, development of the L3 has 

demonstrated that the selection of parameters is limited by the constrictions of 

the model. In particular, a better approach would be to use the physical 

geometries of a particular corpuscle and manually set the radii of each 

individual lamella rather than try to describe the entire ensemble using a 

mathematical relation. 

 

It is obvious however that, in general, the overall trends seen in the previous 

sections can be seen from the LSM, the L2, or L3 model regardless of 

whichever parameterisation is taken. This does demonstrate how highly 

variable the corpuscle’s structure can be and still perform its function 

successfully which fits with the literature that shows such a wide variety of 

measurements for the corpuscle’s components. 
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4. Using the L3 to help explain the effect of Dupuytren’s 

disease on the pacinian corpuscle’s function. 

 

4.1 Background 

Dupuytren’s contracture is the most common pathology of the pacinian 

corpuscle. A primary symptom of the disease is the gradually loss of touch 

sensation. Pacinian corpuscles in disease patients have much larger number of 

lamellae layers which increase over time reaching as high as 64 +/- 14 

(Ehrmantant et al, 2004) from the normal range of 13 - 60 (Pease & Quilliam, 

1957; Fraitag et al, 1994, Zelena, 1978, Ehrmantant et al, 2004). A more 

detailed description of the disease can be found in section 3.1.2. 

 

4.2 Method 

To model the onset of the disease the number of lamellae layers was increased 

gradually (and thus the total radius of the corpuscle also) to represent the 

increasing lamellae number associated with Dupuytrens. A fixed 250 Hz 

sinusoidal pressure wave was applied to the surface and all other parameters 

were fixed at those values shown in table 2 in section 3.3.3. 
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4.3 Results 

 

Figure 40 shows clearly that increasing the number of lamellae layers 

decreases the pressure detected at the core and the amount of pressure felt is 

exponentially smaller with the radius of the corpuscle.  It can be suggested from 

this that the structural changes which occur due to Dupuytren’s disease reduce 

the ability of the corpuscle to function dramatically. This result supports medical 

literature which states advanced Dupuytren’s disease results in significant 

deterioration of touch perception. The advancement of the disease is generally 

associated with increased lamellae number in the range of 64 ± 12 lamellae 

layers. Figure 40 shows the difference in potential touch perception 

deterioration in different stages of the disease based on the mutations seen in 

lamellae number. 
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Figure 40: Pressure at the core in response to a sinusoidal stimulation of 250 

Hz. Calculated for different stages of diseased corpuscles. Early stage has 52 

lamellae layers. Intermediate stage has 64 lamellae layers and advanced 

represents 76 layers. 

 

As Dupuytren’s advances the touch perception decreases as expected. 

Interestingly, the jump between the early and intermediate stage of the disease 

has greater effect on touch perception than between intermediate and 

advanced stages. 
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4.4 Discussion 

The structural changes which occur due to Dupuytren’s disease reduce the 

ability of the corpuscle to function dramatically by decreasing the pressure 

reaching the central sensory nerve fibre. As the disease advances the number 

of lamellae layers tends to increase. As the disease progresses the pressure 

felt at the core in response to the usually optimal vibratory stimulus of 250 Hz 

decreases. Touch perception appears to deteriorate very early in disease onset 

and then slow down into the advanced stages. This shows that the LSM model 

(and its enhanced derivatives) support the deteriorated touch perception 

witnessed in patients. 
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5. Conclusions and suggestions for future work 

 

 

5.1 Experimental conclusions 

 

The distribution of pacinian corpuscles was investigated in the fore and rear feet 

of the common rat, Rattus norvegicus using both gross dissection and high 

resolution Magnetic Resonance (MR). Preliminary results using a combination 

of gross dissection and MRI located corpuscles in the subcutaneous tissue of 

the palmer region. Furthermore, MRI extended the ability to detect corpuscles in 

anatomical regions inaccessible from the palm region by dissection. The mean 

average number of corpuscles in the fore foot was 22 using gross dissection 

and 23 using MRI. For the rear foot, the mean number of corpuscles was found 

to be 16 and 29 using gross dissection and MRI respectively. The majority of 

subcutaneous corpuscles were restricted to the adipose tissue of each foot pad. 

Densest concentrations were in the thenar and hypothenar (rear) foot pads. The 

remainder were located in the distal phalanges of the digits and in close 

proximity of bone via the interosseous membrane and wrist ligaments. 

Localisation near capillaries was common. 

 

Pacinian corpuscles may reside in the foot pads for the rich source of adipose 

tissue which acts as a shock absorber and aids appropriate mechanical 

transmission of stimulus to the corpuscles surface. They may also reside here 

to aid in balance and stance control. The potential reasons for corpuscles being 

distributed throughout the interosseous membrane, ligaments and fibrous tissue 

connected to the bone are numerous including preserving the mechanical 
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stability of the joint, allowing the optimal control of movement in line with 

rotation, quick movements and vibration and monitoring blood supply. 

Gross dissection correlated well with high resolution MR imaging demonstrating 

the usefulness of both techniques for recording the distribution of corpuscles in 

the rat foot.  MRI is non-invasive and reasonably accurate given the correct 

sequence, however it is possible to record multiple corpuscles as one as it is 

difficult to recognise when corpuscles overlap. Gross dissection still proves a 

useful technique with many merits regarding detailed analysis of the local 

environment, number of corpuscles attributed to each cluster, size and minimal 

error in identification. 

 

 

5.2 Theoretical conclusions 

 

The LSM (L1) is a good model which broadly fits with experimental data on how 

static, transient and sinusoidal forces are distributed through the lamellae layers 

of the pacinian corpuscle. The LSM was enhanced by modernising the dated 

parameters and increasing the sensitivity of the corpuscle by adding additional 

elastic forces.  These forces mimic the effect of interconnections between 

lamellae two layers away.  As expected, the forces overall impact is relatively 

small, and could be included by adjusting the α parameter.  However, the effect 

on the response time of the lamellae could not be included simply by adjusting 

this parameter.  Similarly, the results showing the adjustments of the 

parameters show that whilst overall sound, the up to date parameters can have 

important effects such as the decreased sensitivity with increasing number of 

lamellae.  This is a fairly critical factor as the number of lamellae layers ranges 
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dramatically from approximately 15 to 80 and suggests that this value is critical 

for what pressures reach the core.  In addition, as an interesting side line the 

LSM/L3 was applied to explain the symptom of reduced touch perception in 

patients with Dupuytren’s disease and other pathologies such as pacinian 

hypertrophy, pacinian hyperplasty and pacinian neurofibroma. Generally these 

pathologies cause an increase in the number of lamellae layers. Results from 

modelling the effect of increasing the number of lamellae showed that core 

pressure was significantly reduced possibly giving some insight into these 

pathologies.  

 

 

 

5.3 Suggestions for future work 

 

The current distribution study used a total of 12 rats (6 for MRI and 6 for 

dissection). To make the study more statistically stable the project could be 

extended to include a larger sample of rats. The MRI technique could also be 

applied to humans. Images of the human finger were developed in the process 

of rediscovering the suitable MRI sequence to visualise corpuscles in the 

human after a colleague (Dr Natalie Garrett) previously imaged corpuscles. As 

no sequence could be optimised and the original sequence was unavailable no 

formal distribution values were recorded. It would be interesting to pursue this 

further however. 

 

To extend the project further theoretically both the model could be improved 

and its applications explored further. For the former this may include removing 
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the dependency of the corpuscle to be cylinder shaped as assumed by the 

LSM. Other models such as that by (Holmes & Bell, 1990) use a spherical 

geometry of the corpuscle. It would be useful to remove both of these 

dependencies and replace with a finite element modelling method based on real 

structural data. This could easily be done with the present modular code, which 

could be extended to any geometry. As well as removing limitations to the 

corpuscle’s shape, the addition of further forces would benefit the accuracy of 

the model. The current model included additional elastic forces. It would be 

interesting to include more complex patterns of viscoelastic coupling between 

layers. This would be particularly interesting in light of the recent discussions in 

fluid mechanics regarding the effect of the interaction with a wall and the rapid 

changes this causes in viscosity (Michaelides 2007). The addition of extra fluid 

mechanical effects would also be possible. Drag forces on the cells lining the 

lamellae layers may be important in transduction, as they are known to be, for 

example, in endothelial cell biology. It would also be interesting to include 

electrokinetic effects: the generation of streaming currents and potentials by the 

flow of ions across the surface which are known to be involved in 

mechanotransduction, especially close to the core. 

 

Many biological questions could also be explored using the theoretical models. 

For example it was obvious the LSM oversimplified the core which was 

represented by a rigid cylinder. Altering the radius of this proved to have 

minimal effect on force transmission and corpuscle activation. However, no 

other parameters bar its radius were explored. This was due to the simplified 

structure presented in the LSM. Biological experiments show this structure is 

highly complex and composed of lamellae layers similar to those found in the 
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outer zone but divided longitudinally by clefts. Designing the core to match 

actual measurements and morphology would allow the exploration of other 

parameters and may yield interesting results.  

A completely unexplored question is the contribution of force transmission in the 

tissue surrounding the corpuscle. Corpuscles reside primarily in subcutaneous 

tissue but also have been evident around areas of bone and mesentery. Each 

of these environments has distinct biomechanical properties which would 

influence the propagation of stimuli to the surface of the corpuscle. An accurate 

model of the whole finger including the pacinian corpuscles would provide a 

complete picture of how various stimuli result in touch perception. This was 

explored with an MPhys student in a 10 week summer project. Magnetic 

resonance images of the author’s finger were obtained using the same facilities 

as set out in chapter 2 and used to develop a finite element model of the human 

finger using ABAQUS and Simpleware software (courtesy of Prof Philippe 

Young, University of Exeter). Biomechanical properties of the various tissue 

layers were gathered from experimental literature and the effects of point 

pressure stimulus were explored. The project ceased due to lack of sufficient 

computing power. It would be interesting to pursue this further.  

 

Finally, although the parameters were explored in the LSM it would be 

interesting to examine how each of the corpuscles structural components 

contributes to its optimal function. An introduction to this work has been 

completed and presented at the Scottish Neuroscience Group conference 2011. 

The poster is provided for viewing in appendix A. 
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