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ABSTRACT 

 Advancements in movement restoration have accelerated in recent years while the 

restoration of somatosensation has progressed relatively slowly.  This dissertation 

attempts to partially correct this oversight by developing an electrotactile feedback 

system that might be used to restore the sense of touch. 

 Initially, the perceptual parameters of the skin regions likely to be used as a 

source of tactile information (the fingertip) and as a destination for electrotactile feedback 

(the back of the neck) were evaluated.  The perceptual parameters of tactile threshold 

sensitivity, spatial acuity, and gain scaling were collected from subjects for both regions 

of skin.  These same parameters were also gathered in response to electrotactile 

stimulation of the neck.  The threshold sensitivity and spatial acuity of the fingertip was 

found to be far superior to that on the back of the neck, yet the mechanical perceptual 

gain scaling parameters of the neck were similar to that of the finger tip.  Yet, the 

psychometric functions for electrical stimulation on the neck differed markedly in gain 

sensitivity from that of mechanical stimulation.  A mapping function between the two 

modalities was then calculated based upon the tactile and electrotacile characterization 

data that was collected. 

An electrotactile feedback system was then developed based upon the calculated 

mapping function, allowing conversion of force applied to an artificial sensor on the 

fingertip to a perceptually equivalent electrical stimulus on the neck.  The system proved 

to be quite effective: Subjects were able to effectively evaluate electrical stimulus that 
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was derived from application of force to the sensor on the fingertip.  The perceptual gain 

scaling for the feedback system matched that of natural mechanical stimulation.   

A grip force matching task was evaluated in test subjects under three conditions: 

a) normal tactile sensation, b) anesthesia of the fingers, and c) anesthesia of the fingers 

with restored tactile information via the electrotactile feedback system.  The relative loss 

in grip-force matching ability when tactile feedback was abolished by local anesthetic 

was mild, indicating a strong ability for individuals to generate target force levels using 

other forms of feedback.  Electrotactile feedback, therefore, offered only modest 

improvement when deployed in the anesthetized hand. 
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CHAPTER 1 - INTRODUCTION 
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 Tactile sensation is important to our daily lives.  Anyone who has attempted to 

find car keys in their pocket, or to button a shirt when their hands were frozen with cold 

knows that fine motor tasks are difficult to perform with impaired tactile information.  

Many individuals suffer from permanent tactile sensory loss: nearly 8% of individuals 

suffer from some form of peripheral sensory loss as they approach old age (Hughes 2002; 

Dyck et al. 1993), amputees currently number near 350,000, and spinal cord injured 

patients number near 250,000.   

 The extent to which loss of somatosensory information can be debilitating is 

illustrated in several case studies in which individuals who lack somatosensory feedback 

are completely unable to move or perform useful motor tasks without visual feedback and 

high levels of concentration (Rothwell et al. 1982; Sainburg et al. 1993; Cole 1995).   

In the normal case, motor commands are shaped by input from proprioceptive and tactile 

information (Rosén and Asanuma 1972; Lemon 1981).  It has been known since the 19th 

century that without this concurrent somatosensory information, nearly complete 

paralysis can result, even if the motor system is completely intact.  This was first 

demonstrated by Mott and Sherrington (1895) through lesion of the dorsal roots in 

monkeys.  The monkeys in which somatosensory information had been removed suffered 

complete paralysis of the associated limb. 

 In spite of the importance of proprioceptive and tactile feedback, major efforts 

have been made towards restoration of motor control using brain derived signals without 

incorporation of any feedback other than vision (Chapin et al. 1999; Wessberg et al. 

2000; Serruya et al. 2002; Taylor et al. 2002; Hochberg et al. 2006).  These systems 
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generally use ensemble recording of neurons from various regions of the cerebral cortex 

to calculate, in real-time, signals that control robotic devices, or the individual’s own 

limb via electrical stimulation of the paralyzed muscle (Hoffer et al. 1996; Ceney et al. 

2000; Lauer et al. 2000; Nicolelis 2001; Donoghue 2002; Schwartz 2004; Stein and 

Mushahwar 2005).  While visual feedback can be effective, it does have drawbacks.  For 

instance, maintaining proper grip force on fragile objects such as an egg is difficult with 

visual feedback.  Also the high degree of concentration needed to use visual feedback 

makes accomplishing other, simultaneous cognitive tasks difficult (Johansson and 

Westling 1984, 1987; Hoffer et al. 1996).   

The majority of sensory feedback efforts have been centered on auditory, speech, 

and visual processing (Kaczmarek et al. 1991, 1992; Kajimoto et al. 1999, 2001a, 2001b; 

Bach-y-Rita et al. 1998; Bach-y-Rita 2004).  Relatively few efforts have been made to 

incorporate somatosensory feedback into motor restoration systems (de Castro and Ciquet 

200a, 200b; Nohama et al. 1995; Lundborg et al. 1998). 

The goal of this dissertation was not only to develop an effective electrotacile 

feedback system, but also to lay a foundation for the theoretical aspects of transforming 

one form of sensory information into another for the purposes of rehabilitating 

individuals who lack various sensory functions. 

Characterization of a source and target region of skin (namely the fingertip and 

back of the neck) for tactile and electrical parameters of sensitivity threshold, spatial 

acuity and perception of gain scaling would allow for the creation of the framework 

necessary for development of a system that could properly map between the two regions 
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of skin, and the two sensory modalities in question: mechanical stimulation, and 

electrocutaneous stimulation.  Furthermore a psychophysical mapping function could be 

established that provides a mathematical basis for the creation of a viable electrotactile 

feedback system which could be further refined for clinical deployment. 

It is fully expected that the principles and methods developed in this dissertation 

will not only allow for further development of an electrotactile feedback system, which 

could be used to restore tactile information for use by individuals lacking 

somatosensation, and for incorporation into advanced motor control and motor 

restoration systems, but will also lay a theoretical foundation for future development of 

cross modality sensory substitution systems and methods. 

In the next chapter, the literature related to somatosensation, electrocutaneous 

stimulation, psychophysics, and some basic cortical processing of somatosensory 

information is reviewed.  In subsequent chapters, the fundamental mechanical and 

electrical characterization of the target regions of skin is described, followed by an 

evaluation of an electrotactile mapping function and feedback system which were 

developed based upon the information gathered from the characterization studies. 
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CHAPTER 2 - LITERATURE REVIEW
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The human sensory system is complex, allowing interaction with and 

manipulation of the environment.  In order to make decisions about, and to act upon our 

environment, it is necessary to gather information about that environment and to 

incorporate feedback as to the results of any physical manipulations.  The ability of the 

motor system to perform these tasks is highly dependent upon afferent input from various 

sensory systems.  Aside from vision, somatosensation, literally the sense of “body”, 

which includes the sense of touch and the awareness of how body parts are oriented 

(proprioception), is likely the most critical of our senses in its necessity for refined motor 

control (Johansson et al. 1992).  Without somatosensation, manipulation of objects 

becomes difficult and requires high levels of concentration that would not normally be 

necessary, for even the most mundane tasks (Johansson and Westling 1984, 1987; Hoffer 

et al. 1996).  Indeed, sudden loss of somatosensation results in complete loss of the 

ability to utilize associated limbs (Cole 1995; Mott and Sherrington 1895; Twitchell 

1954) 

Somatosensation 

Somatosensation incorporates a rich and diverse group of sensory receptors which 

underlie our ability to identify and manipulate objects in our daily lives.  The broad 

category of somatosensation can be thought of as encompassing four primary 

submodalities: Tactile sense, thermal sensations, pain, and proprioception.  Tactile 

sensation includes the ability to identify texture, pressure, and vibration elicited by non-

damaging deformation of the skin or hair follicles found in the skin, and is of primary 

importance in this disseration.  Thermal sensation provides the ability to identify ambient 
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temperature and the temperature of objects in direct contact with the skin.  Although 

important and interesting, thermal sensation will not be discussed at length in this 

dissertation as it is beyond the scope of the sensory restoration system discussed herein.  

The sense of pain is complex in that various types of pain may be elicited by a variety of 

stimuli, all of which are noxious and related to potential damage to the skin or other 

tissues.  Extremes in temperature, as well as application of certain noxious chemicals, 

may also produce sensations of pain.  Pain becomes relevant in the context of this 

dissertation as it provides an upper sensory boundary for any attempts at restoration of 

somatosensation because most tactile, temperature, and proprioceptive sensations become 

noxious as their intensities increase (Craig 1999).  Proprioception does not provide direct 

information about the environment; rather, proprioception provides information about the 

position and movement of body parts, something that could not otherwise be gathered 

without direct sight of a limb.  Although not a focus for this dissertation, proprioception 

is also of importance for basic limb control.  The following sections will discuss the 

various aspects of somatosensation in greater detail. 

Skin 

The skin serves as the substrate within which most tactile receptors are embedded.  

There are two major types of skin in humans: hairy and glabrous skin.  Hairy skin, so 

designated because of the presence of hair follicles throughout, accounts for 

approximately 95% of the skin on the body.  The other 5% is covered with glabrous skin, 

which is specific to areas of the body optimized for touch sensation.  Glabrous skin can 

be found covering the finger pads, palms of the hands, soles of the feet, and the lips 
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(Darian-Smith 1984).  Glabrous skin can be further identified by its thicker epidermis, 

lack of hair follicles, and ridged appearance.  These ridges, arranged in circular patterns 

are more commonly referred to as fingerprints.  Hairy skin has thinner dermal and 

epidermal layers as compared to glabrous skin.  The presence of hair follicles is also a 

clear indicator of the distinction between the two skin types.  Most importantly, the 

relative organization of tactile receptors in the glabrous skin differs from that of hairy 

skin (Darian-Smith 1984) (Figure 2-1).  Further explanation of these receptors can be 

found in the following sections. 
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Figure 2-1.  Diagram of Hairy and Glabrous Skin.  Receptors are located in the 
superficial skin, at the junction of the dermis and epidermis, and more deeply in the 
dermis and subcutaneous tissue.  The receptors of the glabrous skin are Meissner’s 
corpuscles, located in the dermal papillae; Merkel disk receptors, located between the 
dermal papillae; and bare nerve endings.   The receptors of the hairy skin are hair 
receptors, Merkel’s receptors (having slightly different organization than their 
counterparts in the glabrous skin), and bare nerve endings.  Subcutaneous receptors, 
beneath both glabrous and hairy skin, include Pacinian corpuscles and Ruffini endings.  
Nerve fibers that terminate in the superficial layers of the skin are branched at their distal 
terminals, innervating several nearby receptor organs; nerve fibers in the subcutaneous 
layer innervate only a single receptor organ.  The structure of the receptor organ 
determines its physiological function (Adapted from Kandel et al. 2000). 

Tactile Sensors 

In this section the various receptor types found in the human skin will be 

discussed.  Merkel cells and Meissner’s corpuscles are discussed in greater detail as they 

are the primary receptors involved in fine tactile ability and daily object manipulation.  

The other types of tactile receptors (i.e. Pacinian corpuslces and Ruffini endings) are 

discussed briefly for the sake of completeness. 
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Tactile sensors are also categorized based upon not only their receptor type and 

structure, but also upon the sensory axon or “afferent” that innervates the individual 

tactile receptors.  In general the sensory afferents innervate multiple sensory receptors 

creating a “receptive field” on the skin surface.  The receptive field varies by receptor 

type (Figure 2-2) and represents a region on the skin for which any stimulus will elicit 

activation of a single axon or “afferent”.  The receptive field types for sensory afferents 

may fall into one of two categories: Type I indicating small sharp bordered receptive 

fields, or Type II indicating large receptive fields with more obscure borders (Sinclair 

1981; Darian-Smith 1984).  The receptive field should not be confused with spatial 

acuity.  Though the receptive field size is directly related to spatial acuity, there is 

substantial overlap in receptive fields, and the spatial acuity is far greater than that 

suggested by the separation of receptive fields.  This phenomenon is a feature of cortical 

processing and will be discussed further in the section on central pathways.  The tactile 

afferents can also be categorized as either rapidly adapting (RA), indicating a response to 

fast phasic stimulus, or slowly adapting (SA), indicating a primary response to slow tonic 

stimulus (Iggo 1973; Anstis et al. 1978; Carterette and Friedman 1996; Darian-Smith 

1984).  Figure 2-3 shows the relative response characteristics of SA and RA receptors. 
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Figure 2-2.  Receptive Fields on the Hand.  Mechanoreceptors in glabrous skin vary in 
the size and the structure of their receptive fields.  Each shaded area on the hands 
indicates the receptive field of a different sensory nerve fiber in the human median nerve.  
(Adapted from Johanson and Vallbo 1983). 
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Figure 2-3.  Firing Response Properties of SA and RA Receptors.  Response of 
slowly adapting (SA) and rapidly adapting (RA) peripheral afferents to a sustained 
indentation of the skin surface is depicted.  SA afferents (A) respond with an early peak 
in activity and a lowered but sustained discharge that persists so long as the indentation 
continues (C).  In contrast, RA afferents (B) respond to the onset and termination of the 
stimulus and not to the continued indentation. (Adapted from Zigmond et al. 1999) 

Merkel Cells 

Merkel cells are usually located among the basal layer of cells of the glabrous 

epithelial glandular ridges in groups of 5-10 cells.  The Merkel cell is closely associated 

with the expanded afferent nerve branch endings otherwise known as a Merkel disk (Iggo 

1977) (Figure 2-4).  The overall Merkel afferent density varies throughout the body but is 
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highest in the glabrous skin of the hand, increasing in density from approximately 8 nerve 

fibers per cm2 in the palm up to 70-100 fibers per cm2 in the finger tip of the index finger.  

The associated nerve fibers are large and myelinated Aα or Aβ fibers (generally 7-12 μm 

in diameter, eliciting some of the faster conduction velocities of axons: 30-70 m/s) 

(Winkelmann and Breathnach 1973; Kandel et al. 2000; Darian-Smith 1984; Johansson 

and Vallbo1979b; Johnson 2001).  Merkel receptors have a high degree of spatial 

resolution (on the order of 0.5 mm in the fingertip) with receptive field sizes of 2-3 mm.  

The receptors are classified as slowly adapting type I (“SAI”) receptors.  SAI receptors 

respond to both tonic and phasic aspects of a mechanical stimulus while exhibiting very 

low background activity (Birder and Perl 1994).  This low level of background activity 

allows for a large signal to noise ratio making them more sensitive to small stimuli.  

Their responsiveness to phasic stimulus is in fact higher than that to tonic stimulus 

(Johnson 2001) (Figure 2-3) even though they are classified as slowly adapting receptors.  

The high sensitivity to phasic information allows for detailed texture perception during 

active scanning of the fingers across a surface (e.g. reading braille).  Merkel afferents in 

general have high sensitivity to points, edges, curvature, and are acutely sensitive to 

pressure and texture (Johnson 2001; Birder and Perl 1994).   

Merkel disks, while located both in glabrous and hairy skin, have slightly 

different organizations in each.  Whereas Merkel disks are freely distributed at a high 

density (Kandel 2000; Zigmond et al. 1999) throughout glabrous skin, they are organized 

into what is called a Merkel touch spot in the hairy skin of 0.2 mm to 0.5 mm in diameter 

(Darian-Smith 1984; Iggo and Muir 1969).   
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Figure 2-4.  Merkel Cell Diagram.  Diagram of Merkel disk nerve terminal and 
associated Merkel cell in hairy skin of cat.  The Merkel cell differs from other receptors 
in that it is closely associated with a nerve terminal but does not encapsulate it as is the 
case with other corpuscular receptors such as the Pacinian and Meissner’s corpuscle. 
(Adapted from Iggo and Muir; 1969). 
 

Meissner Corpuscles 

 Meissner’s corpuscles are primarily found in the glabrous digital skin and less 

commonly in the palmar skin.  They are not found in hairy skin (Konietzny and Hensel 

1977).  The Meissner’s corpuscles are mechanically attached to the edge of the papillary 
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ridge in between dermal papillae near the surface of the skin.  They are not quite as 

superficial as the Merkel disk.  This greater depth within the skin partially accounts for 

the slight broadening of receptive field size (3-5mm), and poorer spatial resolution 

compared to the Merkel disk, even though the afferent density is greater for Meissner’s 

corpuscles than Merkel disks (near 150 units per cm2 in the fingertip) (Johnson 2001, 

Darian-Smith 1984).  The Meissner’s corpuscle excels in features that are not met by 

Merkel disks.  The Meissner’s corpuscle is specialized for detection of phasic features of 

stimuli, forms of vibration known as “flutter,” and identification of motion across the 

skin (Darian-Smith 1984; Johnson and Lamb 1981; Darian-Smith and Oke 1980).  They 

are also thought to be primarily involved in detection of sudden force changes during 

grasping tasks and are likely a primary feedback mechanism to prevent slippage of held 

objects (Johnson 2001).  The phasic response of these receptors is due to their structure.  

Meissner’s corpuscles are ovoid sacks 100 μm in length.  Associated nerve fibers branch 

throughout and are encompassed by many fluid filled Schwann cell layers.  During a 

static force placed upon the corpuscle, the fluid filled layers compress and transfer that 

pressure to the underlying nerve fibers causing an action potential.  Similarly, when 

pressure is removed, decompression of the layers causes an action potential (Figure 2-5).  

The corpuscles act as mechanical filters, attenuating low and high frequencies while 

responding vigorously to a specific frequency band (Hubbard 1958; Johnson 2001; Birder 

and Perl 1994; Darian-Smith 1984).  Time constants associated with compression of the 

fluid layers are likely the cause of the frequency tuned (Figure 2-5) nature of both the 

Meissner’s and Pacinian corpuscles.   Meissner’s corpuscles respond to moderate skin 
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indentation depths (100 μm or greater) at frequencies of 2-300Hz with a peak response 

near 50 Hz.  Because of their phasic frequency dependent response properties, associated 

afferents are deemed rapidly adapting receptors (RA).  The axon that emerges from the 

Meissner’s corpuscle is relatively thick (Aα or Aβ fiber class designation) and therefore 

conducts action potentials rapidly (velocities of 30-70 m/s) (Birder 1994; Kandel 2000).  

Meissner’s corpuscles respond to skin indentations at frequencies of 2-300 Hz with a 

peak response near 50 Hz.  They are also sensitive to moderate indentation depths of 100 

μm or greater within the stated frequency range (Kandel 2000).  
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Figure 2-5.  Pacinian and Meissner’s Corpusles.  Receptor morphology influences 
adaptation in rapidly adapting mechanoreceptors.  The Meissner’s (panel B) and Pacinian 
(panel A) corpuscles are rapidly adapting mechanoreceptors located in the skin.  The 
receptor consists of concentrically arranged, fluid-filled lamellae of connective tissue that 
form a capsule surrounding the sensory nerve terminal.  Because of this capsule, the 
sensory endings specialize in the detection of motion and vibration. 
 
Panel C. The capsule of the corpuscle deflects steady pressure.  The receptor responds 
with one or two action potentials at the beginning and end of a pressure stimulus but is 
silent when the stimulus is constant in intensity.  When a stimulus first impinges on the 
skin, the capsule is deformed, compressing the nerve terminal.  The pressure pulse 
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activates stretch sensitive channels in the nerve terminal, producing the response to 
stimulus onset.  During steady pressure the capsule changes shape, reducing stretch of the 
nerve membrane.  The outer lamellae of the capsule are compressed, absorbing the static 
load and preventing the deformation from being transmitted to the inner core of the 
capsule and the nerve terminal.  When the pressure is removed, the capsule resumes its 
initial shape, and the resultant tissue movement stimulates the nerve terminal again, 
producing an “off” response. 
 
Panel D. Meissner’s and Pacinian corpuscles are sensitive to vibration.  Rapid 
movements are transmitted through the lamellae to the nerve terminal, generating a 
receptor potential and action potential for each vibratory cycle. (Adapted from Kandel et 
al. 2000; Darian-Smith 1984) 

Pacinian Corpuscles 

Pacinian corpuscles are another class of rapidly adapting receptors based upon 

fluid filled lamellae of connective tissue that are extremely sensitive to vibration.  These 

receptors are several orders of magnitude more sensitive than Meissner’s corpuscles, able 

to respond to only a few micrometers of vibratory indentation at their preferred frequency 

(Figures 2-5 and 2-6).  Pacinian corpuscles are more deeply buried in the skin between 

the deepest layers of the dermis in the subcutaneous fat.  They have large receptive fields, 

several centimeters in size, associated with poor localization that may include an entire 

digit, portion of the palm or both.  Due to their fast response and large receptive fields 

Pacinian corpuscle are deemed RAII receptors.  (Darian-Smith 1984; Kandel et al. 2000).  

Although Pacinian corpuscles have excellent vibration sensitivity, their poor spatial 

acuity makes them less relevant for object manipulation during daily tasks. 
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Figure 2-6.  Frequency Response of Pacinian and Meissner’s Corpuscles.  The 
threshold for detecting vibration corresponds to the tuning threshold of the 
mechanoreceptor.  The sensitivity threshold for Meissner’s corpuscles is lowest for 
frequencies of 20-50 Hz.  Pacinian corpuscles sense higher frequencies (Adapted from 
Mountcastle et al. 1972). 

Ruffini endings 

 Ruffini endings are another class of slowly adapting large receptive field 

receptors (designated SAII).  Ruffini endings are primarily sensitive to skin stretch and 

are anisotropic in their response.  The receptors consist of branching axons that spread 

throughout the dermis.  These receptors are extremely sensitive to skin stretch in their 

preferred direction and have receptive fields that are often several centimeters in length 

(Figure 2-2).  These receptors are thought to be involved with sheer stress evaluation 

during gripping tasks, but are thought to be secondary to RAI (Meissner’s) afferents. 
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They are thought to play a more substantial role in proprioception (Johansson and Vallbo 

1983; Kandel 2000; Johnson 2001). 

Hair Receptors 

There are some receptors specific to hairy skin that must also be mentioned, as 

hairy skin is a likely candidate for the location of an electrotactile feedback system.  

Afferent endings, which innervate hairs, are similar in morphology to Meissner’s and 

Merkel afferents.  As these afferents directly innervate the terminal of the hair follicles, 

they are exquisitely sensitive to minute movements of the hairs, i.e. light touch or 

vibration (Anstis et al. 1978; Darian-Smith 1984; Birder and Perl 1994). 

Thermal Sense 

There are two classes of thermal receptors: cool receptors and warm receptors.  

The cool receptors are innervated by small diameter myelinated Aδ fibers and the warm 

receptors are innervated by unmyelinated C fibers.  These warm and cool receptors are 

responsible for the sense of temperature on the skin surface.  Cool receptors are most 

responsive near 25 degrees Celsius and warm receptors are most responsive near 41 

degrees Celsius.  It should be noted that without tactile feedback, the ability to determine 

the location of a heating or cooling source is poor (Craig 1999).  Because motor functions 

are likely to be little affected by loss of thermal sense, there would seem to be little 

impetus to restore lost thermal sense. 



 33

Nociceptors 

Nociceptors are a class of receptors that respond to stimuli that have the potential 

to damage tissue, whether due to excessive force being applied to the tissue, chemical 

irritation, or extreme temperature.  Two basic categories of skin nociceptors exist, 

defined by the two axon types that innervate the nociceptors.  Aδ fibers are myelinated 

moderate diameter fibers with conduction velocities of 4-30 m/s and are associated with 

the sensation of sharp, “fast” pain.  C fibers, in contrast, are thin, unmyelinated axons that 

transmit action potentials at much lower speeds (0.2-4 m/s).  Accordingly, when a 

noxious stimulus is applied (e.g. hitting one’s thumb with a hammer) there is an initial 

sharp “fast” pain (mediated by Aδ fibers) followed by a more delayed, longer lasting 

aching or burning pain (mediated by C fibers).  Of primary concern for the design of 

electrotactile stimulation systems is to deliver stimulus pulses that minimize the 

activation of nociceptor afferents (Iggo 1973; Anstis et al. 1978; Brown 1989b). 

Proprioception 

Proprioception is the kinesthetic sense.  Along with the skin receptors, 

proprioception provides additional somatosensory information via deep receptors that 

elicit information about limb and joint position via joint angle receptors and muscle 

stretch receptors.  The major proprioceptors include muscle spindle afferents (responsive 

to muscle stretch), Golgi tendon organs (responsive to muscle tension), joint afferents 

(responsive to joint angle) and skin stretch receptors (responsive to joint angle changes in 

strain of skin).  Although not a specific focus of this dissertation, restoration of 
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proprioceptive feedback in patients with nerve or spinal cord injury should be considered 

an important direction for future research. 

A summary of the different receptor types and the properties of their associated 

afferents is presented in tables 2-1 and 2-2 for reference. 

 
Table 2-1.  Afferent fiber groups in peripheral nerves.  Fiber diameters and 
conduction velocities are shown for the various cutaneous afferent types (Adapted from 
Kandel et al. 2000). 
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Table 2-2. Receptor Types Active in Somatosensation. (Adapted from Kandel et al. 
2000). 

 

Central Pathways 

Once a somatosensory receptor has been activated, that information must be 

transmitted to the cerebral neocortex where it can be processed and contribute to 

perception.  There are two main pathways by which somatosensory information is 

transmitted to the cortex.  Information from tactile and proprioceptive receptors is 

conveyed along the dorsal column-medial lemniscal pathway (Figure 2-7).  Large 

myelinated primary afferent fibers associated with touch and proprioception travel 

ipsilaterally in the spinal cord to the medulla where they synapse directly onto second 
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order neurons in the dorsal column nucleus.  These second order neurons then project to 

the contralateral (ventral posterior lateral portion) thalamus neurons.  From this region of 

the thalamus, neurons project to the primary somatosensory cortex, which is a medial-

lateral strip of cortex immediately posterior to the central sulcus (Jones and Powell 1978; 

Burton and Sinclair 1996).  These areas consecutively process somatosensory 

information in hierarchically more complex and paralleled fashions (Kaas 1983; Werner 

and Whitsel 1978).  The primary somatosensory cortex is segregated into four parallel 

and somatotopically organized regions: areas 3a, 3b, 1, and 2.  Each area is thought to 

process different aspects of somatosensory information.  Area 3a is primarily associated 

with processing of deep receptors including proprioception, while areas 3b and 1 are 

thought to process tactile information (Tanji and Wise 1981; Mountcastle 1984; Kaas 

1983).  There is also a hierarchical organization of these cortical areas.  The receptive 

fields of areas 3, 1, and 2 are progressively larger and respond to more complex stimulus 

such as certain shapes or stimulus movement (Sur 1980; Kass 1983), suggesting a general 

progression of sensory convergence and complexity. 
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Figure 2-7.  Touch and Pain Cortical Pathways.  Sensory information from the limbs 
and trunk is conveyed to the thalamus and cerebral cortex via two ascending pathways, 
the dorsal column medial leminiscal system (pain and temperature) and the anterolateral 
system (pain and temperature (Adapted from Kandel et al. 2000). 
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 Pain and temperature information, carried on small diameter Aδ and C fibers, is 

conveyed along a different pathway.  Pain nociceptors and temperature receptors transmit 

information along a combination of small diameter myelinated Aδ fibers, and even 

smaller diameter, unmyelinated C fibers.  The pain and temperature pathway follows a 

contralateral route in the spinal cord. Sensory afferents, upon entering the spinal cord, 

terminate on second order neurons and project to the contralateral side of the spinal 

column where they ascend to the thalamus.  Beyond the thalamus it is not entirely clear 

how pain is processed.  A specific cortical region solely responsible for perception of 

pain has not as of yet been identified (Perl and Kruger 1996; Hilgard 1973). 

Sensory Coding 

With the variety of somatosensory receptors present throughout the body, it is 

important to consider by what means different stimulus modalities (e.g. temperature, 

touch, pain) are encoded by the nervous system, how the location of the stimulus is 

identified,  and what neural mechanisms are thought to underlie the intensity of the 

stimulus. 

Modality 

The ability to discriminate between various types of stimulus energy (modality) 

(i.e. light touch, temperature, pain) is specific to the receptor types within the skin and 

their associated afferents.  For instance, if a probe indents the skin, mechanoceptors 

sensitive to skin deformation will activate sending discharges down their particular 

mechanoreceptive afferent types.  If the probe happens to be warm, thermoceptors will 
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also activate, sending impulses down their associated thermoceptive afferent pathways.  

This specificity theory is also known as the labeled line theory since afferents are 

associated with a specific modality, thus the afferents can be labeled according to 

stimulus type.  Modality depends only upon which group of afferent endings and 

ascending neurons are activated by a particular stimulus (Mountcastle 1984; Brown 

1989a). 

Localization 

By virtue of the same features of labeled line theory, the spatial location of a 

stimulus is encoded.  An afferent encoding light touch on the finger tip will always 

follow the same afferent pathway to the primary somatosensory areas within the cortex.  

The organization of the cortex has even been shown to have a somatotopic organization, 

indicating that afferent information arrives in the cortex in a spatially relevant and 

organized fashion.  The somatotopic organization can be shown by observing 

microneurgraphic recordings within the cortex while mechanically stimulating the skin in 

an effort to locate the receptive field associated with the neurons being recorded.  When 

mechanically stimulated, the receptive field of the targeted cortical neuron elicits one or 

more action potentials.  In this way, a somatotopic mapping can be generated for the 

entire body surface as depicted in figure 2-8 (Kaas 1983; Mountcastle 1984; Buonomano 

and Merzenich 1998; Jenkins et al. 1990; Wang et al. 1995).  It should be noted that areas 

of the skin with high receptive field densities are spatially more pronounced in the 

somatotopic mapping.  This is thought to be related to the higher receptive field density 
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and spatial acuity associated with highly tactile body parts (i.e. hands and lips) (Werner 

and Whitsel 1978). 

 
Figure 2-8.  Somatotopic Organization of Human Somatosensory Cortex.  The body 
map produces a homunculus with foot representation most medial and face representation 
most lateral.  Note the expanded representation of some structures as the mouth and hand 
(Adapted from Zigmond et al. 1999).
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Population Response and Lateral Inhibition 

Interestingly, the actual spatial acuity of a sensory region does not correspond 

exactly to the receptive field spacing in that region.  For instance, the afferent density of 

the finger tip is approximately 100 units per square centimeter, which, as a crude first 

approximation, would correspond to an absolute resolution of 1 square millimeter.  In 

actuality, the ability to identify stimulus location is superior.  This is due to two separate 

factors.  One is population response of the sensory afferents activated by a stimulus, 

which serves to increase spatial estimation.  The other is related to a contrast-enhancing 

feature of the sensory system known as lateral inhibition. 

If a stimulus activated a single afferent, the ability to determine the location of the 

stimulus would be limited to the receptive field coverage of that particular afferent.  

When a point stimulus is applied to the skin surface it not only engages the most closely 

associated receptor, but a population of receptors, due partially to overlap of receptive 

fields, and partially to deformation of adjacent skin.  The distribution of afferent firing 

rate in response to a stimulus appears Gaussian with respect to distance from the 

stimulus.  Typically, when stimuli activate a population of afferents, it is likely that the 

somatosensory cortex identifies the location of the stimulus based on a centroid estimate 

of the relative activities of the population of afferents engaged by the stimulus (Cohen 

and Vierck 1993).  The resolution of such a centroid estimate is far greater than the 

absolute spacing of receptor afferents (Kandel 2000; Zigmond 1999).  The population 

response is especially important in the case of active or passive scanning of the fingertips 
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over a textured surface where spatial resolution has been shown to be maximal (Darian-

Smith 1984; Darian-Smith and Oke 1980; Darian-Smith and Kenins 1980). 

Lateral or surround inhibition is a means of improving contrast of stimuli such 

that their localization can be improved.  When a stimulus is applied to the center of a 

receptive field it will produce an excitatory response.  When the same stimulus is applied 

near the edge of the receptive field, the afferent response is inhibited by feed forward 

inhibitory connections in adjacent receptive fields.  This process would thereby improve 

contrast of the stimulus by generating normal activation in afferents whose receptive 

fields were nearly centered with respect to the stimulus, and inhibition of afferents whose 

receptive fields only bordered upon the stimulus.  The process of lateral inhibition is 

thought to take place in higher order neurons.  A simple case of lateral inhibition is 

depicted in figure 2-9 (Brown 1989a). 
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Figure 2-9.  Lateral Inhibition.  Lateral, or surround inhibition increases the contrast of 
a particular input signal via the use of inhibitory neurons (feed forward inhibition) which 
reduce the excitation of neurons neighboring the ones which have been activated by a 
stimulus.  The figure shows the effects of lateral inhibition on acuity (A), two point 
threshold (B) and edge contrast enhancement (C).  In each example the stimulus probe is 
shown below; three primary afferents (A, B, C) and their connections with three second 
order neurons (a, b, c) which are schematized in the middle panel.  In the top panel, the 
spatial profile of the neural activity is indicated for higher order neurons with (solid line) 
and without (dashed line) lateral inhibition (Adapted from Brown 1989a). 

Intensity 

Having described the means by which stimuli are localized and their modality 

determined, it is also useful to describe how the intensity of those stimuli is encoded.  

There are two basic methods by which intensity is encoded.  First, by the firing rates of 

the sensory afferents activated by the stimulus; and second, by the number of afferents 

recruited by the stimulus. 

The primary encoding scheme for stimulus intensity is related to the firing rate of 

the associated afferent.  Although many receptor types exhibit time-varying firing rate 
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responses (i.e. rapidly adapting and slowly adapting receptors), these time-varying 

features are generally thought to be associated with the receptors themselves and not with 

the sensory afferents, which can transmit a greater range of sustained frequencies than the 

associated receptors are capable of generating (Birder and Perl 1994; Goodwin and 

Wheat 1999; Johnson 2001; Vallbo 1995a).  Microneurography recordings have shown 

the firing rate of SAI afferents to grow according to a power function with an exponent 

less than 1 (decelerating) when small mechanical probes of increasing skin indentation 

amplitude were applied, while the perceptual response grew more rapidly (Knibestol and 

Vallbo 1980).  This would suggest an additional mechanism, such as afferent recruitment 

(an increase in the number of activated afferent fibers), accounting for the higher rate of 

growth of the perceptual response versus the neural response. 

The other means by which stimulus intensity is represented, is by the number of 

sensory afferents recruited by the stimulus.  Both spatial (i.e. across sensory afferents) 

and temporal summation of afferent firing responses yield a population signal that not 

only provides detailed information regarding stimulus location, but also its intensity.  As 

previously mentioned, the firing rate of a single afferent alone does not account for the 

entirety of the perception of a physical stimulus applied to the skin (Knibestol and Vallbo 

1980).  The population of afferent firing is thought to contribute additional information to 

form a more accurate cortical perception of stimulus strength (Goodwin and Wheat 1999; 

Darian-Smith 1984; Darian-Smith and Oke 1980; Kaczmarek et al. 2000). 

Identification of the means by which the somatosensory system identifies and 

encodes various sensory modalities, their location, and their intensity, must be understood 



 45

when attempting to artificially restore these various dimensions of sensation.  Additional 

information is also needed as to the cognitive processes that ultimately lead to the 

perceptions associated with a particular stimulus. 

Psychophysics 

Psychophysics is the method by which perceptions of physical stimuli are 

quantified.  For instance, physical qualities such as area, weight, and light intensity have 

some perceptual appearance to the observer i.e. size, heaviness, and brightness.  The 

science of psychophysics is based on the assumption that the human perceptual system is 

a measurement apparatus providing judgments and responses of a consistent and 

repeatable nature that can be systematically analyzed.  Psychophysics has been a method 

of perceptual study for over 140 years, and was originally introduced by Fechner in 1860.   

The most common methods used in psychophysical studies as they pertain to the 

characterized parameters in this dissertation are summarily described as follows: 

Sensitivity Threshold 

The tactile sensitivity threshold is an indicator of the ability to perceptually detect 

minimally intense stimuli.  The tactile sensitivity threshold varies over the body surface 

and is indicated in figure 2-10.  There are many methods by which the tactile sensitivity 

threshold might be evaluated. The method of limits, as well as the staircase adaptation of 

the method of limits (Corso 1963; Ehrenstein 1999), both provide a means of determining 

sensitivity thresholds not only for tactile sensation but also for a variety of other sensory 

modalities. 
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Figure 2-10.  Sensitivity Threshold Across Body Surface.  (Adapted from Marks 
1974).  Note: The sensitivity thresholds for females differs in certain regions and is not 
shown. 

Method of Limits 

In its most basic form, the method of limits first involves application of a stimulus 

with an intensity well below the level detectable by the subject.  The intensity of the 

stimulus is subsequently increased until the point of detection (threshold), ending the trial 

set.  In an alternate approach, the starting stimulus is well above the detection threshold 
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and is subsequently lowered in intensity until the stimulus is no longer detectable, once 

again designating the threshold.  Such ascending and descending series often provide 

systematic differences in threshold and therefore alternation of ascending and descending 

trials should be administered and averaged to minimize bias (Ehrenstein 1999).  A 

modification to the method of limits is an adaptive testing method whereby the stimulus 

level is kept close to the predicted threshold level by adjusting the stimulus strength 

based upon the subject’s most recent response.  One such adaptive method is the staircase 

procedure (Békésy 1947). The basic premise of the staircase method is shown in figure 2-

11.  Stimuli are applied in a descending or ascending fashion until the subject’s ability to 

perceive the stimulus changes.  Unlike the method of limits, a change in detection does 

not end the trial set.  The direction of stimulus increase or decrease is reversed until a 

subsequent change in detection.  This method allows for the stimulus to converge 

systematically to the actual threshold level.  Since most of the stimuli are near the 

threshold, the method is efficient and the amount of collected data can be reduced while 

maximizing the number of data points very near the true threshold. 
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Figure 2-11.  Staircase Method of Limits.  Sample results from a staircase method of 
limits test are shown.  Notice the eventual convergence of the trial responses towards a 
particular value (Adapted from Marks 1974). 

Spatial Acuity 

Spatial acuity, the ability to identify where a stimulus has been applied, has been 

well characterized across the body surface using the two point threshold test (Figure 2-

12).  The two point threshold test described here is a variation of constant stimuli and 

forced choice methods of psychophysical analysis (Ehrenstien 1999; Marks 1974).  The 

two point threshold test involves application of a pair of small blunt probes less than 

1mm in diameter to the skin surface to be tested.  The separation between the probes is 
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changed and the probes are applied to the skin surface.  The subject is then asked to 

indicate whether one or two points of stimulus are felt.  The proportion of detected two 

points versus undetected two point stimuli is then calculated for each stimulus separation.  

These data can later be plotted against the stimulus separation.  The resulting graph is the 

psychometric function for the two point threshold (Figure 2-13).  Because of the inherent 

variability in sensation thresholds in biological systems, the resultant plot is generally 

sigmoid rather than a step function (which would be expected if a fixed threshold were 

present).  The identified threshold is associated with a certain probability, as the threshold 

must be defined statistically and through interpolation.  The interpolated stimulus 

separation, which corresponds to a 50% proportion of correct detections, presumably 

corresponds to the absolute two point threshold.   
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Figure 2-12.  Two Point Threshold Across the Body Surface.  (Adapted from Marks 
1974). 
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Figure 2-13.  Two Point Threshold Sigmoid Curve.  Example of a sigmoid curve often 
obtained from constant stimuli psychophysical experiments.  The stimulus separation at 
which the percentage of correct perceptions of the number of stimuli is 50% is presumed 
to be the absolute two point threshold (Adapted from Marks 1974).   
 

The use of the two point threshold as an indicator of spatial acuity has been 

debated (Phillips and Johnson 1981; Wheat and Goodwin 2001; Craig 1999; Johnson et. 

al 1994).  Evaluation of the orientation of fine gratings, edge curvature, and edge 

separation are alternate, more recent, and arguably better methods of estimating the 

spatial acuity (Johnson and Phillips 1981; Phillips and Johnson 1981; Craig and Lyle 
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2001; Wheat et. al 1995; Dellon et. al 1992).  Spatial resolution for texture and fine detail 

recognition exceeds that proposed by the simple two point threshold tests as the process 

of “scanning” across a surface significantly increases spatial fidelity.  This increased 

acuity is likely due to the higher frequency inputs to the receptors (Johnson and Hsiao 

1992).  Nevertheless, two point threshold is an easily implemented method that provides 

a reliable, though conservative, estimate of the minimum separation needed between two 

points of stimulation in order to perceive them as distinct. 

Magnitude Estimation 

The relationship between the perceived intensity and the intensity of the applied 

stimulus may not be linear, and can consist of a complex psychometric function that 

varies across location, modality, and individual.  A number of psychophysical scaling 

methods have been used to quantify the relationship between perceived and applied 

stimulus intensity.  For the sake of brevity, however, only magnitude estimation will be 

discussed here, as it is the most widely used psychophysical scaling method (Murray 

1993; Marks 1974; Ehrenstein 1999). 

In magnitude estimation experiments, the subject is presented with a set of 

stimuli, in a random or pseudo-random order, and is then instructed to assign a number 

value to each stimulus corresponding to the perceived stimulus intensity.  While it might 

seem that such an approach would yield inconsistent results, the consistency and 

reliability of magnitude estimation are known to be high (Marks 1974; Ehrenstein 1999; 

Knibestöl and Vallbo 1980).  One means of further increasing consistency across 

subjects, alternate modalities, or locations, is to introduce a standard, or modulus as a 
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point of reference for the subject’s judgments.  Ideally, a stimulus from the middle of the 

stimulus range is used as the standard and is assigned a fixed value from which the 

subject scales all subsequent magnitude estimates.   

Psychophysical functions have long been thought to fit power curves of the form 

Ψ=kΦβ where Φ is the amplitude of the input stimulus, Ψ is the perceived magnitude, β 

is a fitting parameter often termed the psychophysical sensitivity, and k is another fitting 

parameter which corresponds to the initial gain of the function (Marks 1974; Stevens 

1957; Ehrenstein 1999).  In many cases the perceptual zero of a psychophysical function 

does not correspond to the absolute zero of the particular stimulus being presented.  In 

these cases the psychophysical function deviates from the power law as the stimulus and 

perception approach zero.  This can be observed as a departure from linearity in a log-log 

plot of the magnitude estimation data.  The threshold value (Φί) can be subtracted from 

the stimulus amplitude to yield the threshold-adjusted psychopysical function: Ψ=k(Φ-

Φί)β.  Physiologically this function can take any form depending on the modality being 

examined.  For instance, the perceptual magnitude of brightness is a decelerating function 

(β<0), while the sensation of warmth associated with heating a small patch of skin is 

accelerating (β>0).  The perceptual response to mechanical force is a generally 

decelerating function (Marks 1974; Vallbo and Johansson 1984).  The parameter k can 

also vary greatly across modality, and testing method.   

Peripheral Neuropathies 

Many individuals suffer from a loss of touch and proprioception due to a variety 

of diseases and conditions that impair somatosensation.  Some of the most common 
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causes of peripheral neuropathies include physical injury, tumors, toxins, autoimmune 

responses, nutritional deficiencies, alcoholism, and vascular and metabolic disorders. 

For example, spinal cord injury not only disrupts the delivery of motor commands 

to muscles but is also typically associated with near complete loss of somatosensation 

below the level of the lesion.  There are approximately 250,000 spinal cord injured 

patients in the United States and about half of these are quadriplegics.  While a primary 

focus of technology driven strategies for rehabilitation of spinal cord injury has been on 

artificial activation of paralyzed muscle (Hoffer et al. 1996; Hoshimiya et al. 1989; 

Mangold 2005; Crago et al. 1996; Keith et al. 1988; Smith et al. 1998), such existing 

systems have limited utility because of the absence of, or rudimentary forms of, sensory 

feedback (Triolo et al. 1996). 

Even with a fully intact motor system the ability to initiate purposeful movement 

is nearly impossible without some sort of feedback.  In 1895, Mott and Sherrington 

demonstrated that monkeys whose dorsal roots had been cut, thereby eliminating 

somatosensory feedback while leaving motor pathways intact, were totally unable to 

make use of the associated limbs.   The severe debilitation associated with complete loss 

of somatosensation has also been vividly described in humans with a rare disease that 

selectively destroys the dorsal root ganglion.  In a case study, such a patient is described 

who was completely paralyzed for years following the onset of the disease and was able 

to regain some control of his movements only after intensive training (Cole 1995).  This 

patient is only able to make voluntary movements with extreme concentration and with 
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the aid of visual feedback.  Clearly somatosensation plays an integral role in the ability to 

generate useful motor commands. 

Restoration of somatosensation is also an important concern for amputees, who 

currently number 350,000 with 135,000 new amputations each year (Murdoch and 

Wilson 1998).  While artificial limbs may restore some motor function to the affected 

limb, control of the prosthesis depends on a high level of concentration and visual 

feedback.  Furthermore, even with visual feedback, without somatosensation, precise 

control of grasping and varying loads is difficult (Lafargue et al. 2003; Monzée 2003; 

Flanagan 1999) 

Several other conditions that can cause the peripheral neuropathies associated 

with loss of some aspect of somatosensation often beginning with the sense of touch.   

Such peripheral nerve disorders affect approximately 2.4% of the population increasing 

to 8% with old age.  Diabetes is the most common cause of Sensorimotor polyneuropathy 

(Hughes 2002; Dyck et al. 1993).  It should also be noted that 60% of non-traumatic 

amputations are diabetes related.  Diabetes accounts for nearly half of all sensory 

neuropathies.  HIV is also a contributor to peripheral neuropathy as 30% - 35% of HIV 

patients suffer from some form of peripheral neuropathy (Cornblath and McArthur 1998; 

So et al. 1988). 

Sensory Substitution Methods 

An important consideration associated with rerouting tactile information relates to 

the method by which sensory information is delivered to the nervous system.  The most 
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commonly used methods of sensory feedback are visual, auditory, vibrotactile, 

electrotactile, and direct stimulation of severed nerves or somatosensory cortex. 

Visual 

Visual feedback is the most obvious and readily available means of providing 

feedback for a prosthetic limb or limb lacking in normal somatosensation.  Visual 

feedback is an automatic and necessary augmentation to normal limb movement and 

extremity tasks.  Normal day to day tasks can be quickly completed with little cognitive 

effort when somatosensation is augmented with visual feedback (Jeannerod 1986, 1981).  

For instance, a cup of coffee can be quickly noted via peripheral vision, grasped with the 

hand, evaluated for temperature and weight, lifted, and brought to the mouth under great 

stability with little cognitive attention.  When normal somatosensory feedback is not 

available, this task becomes much more complex.  Direct visual attention must be placed 

upon the object to be grasped.  Evaluations of stability, location, and slippage must all be 

evaluated visually and with cognitive effort directing the individual’s entire attention to 

the task.  Some motor tasks cannot be compensated for using vision, such as grasping 

non-compliant, fragile objects (e.g. an egg).  Therefore, additional forms of feedback 

would help to minimize the cognitive load and alleviate the difficulties associated with 

sole use of visual feedback (Szeto 1982). 

Mechanical 

The mechanical methods of sensory substitution can be categorized into three 

main types based on characteristics of the mechanical device:  pure force-producing 
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solenoid or servo-motor style actuators, motor based vibration devices, and piezoelectric 

vibration devices.  Solenoid and servo-motor style feedback systems are useful for 

producing direct pressure to a region of skin, or for producing a static display that can be 

scanned by passing skin over the displays surface (Shinohara et al. 1998).  These systems 

commonly consist of a magnetic solenoid coil or servo-motor that magnetically actuates a 

metal rod to a specified force or position value.  Such systems are advantageous in that 

they produce direct replicas of the sensations that are most commonly desired for tactile 

feedback, i.e. force or position, and are useful primarily for displays in which the user 

actively scans the surface with the fingers (Kaczmarek et al. 1991; Shinohara et al. 1998).   

The limitation of solenoid devices is that they require constant power of several hundred 

milliwatts (Kaczmarek et al. 1991; Shinohara et al. 1998).  Solenoid and servo motor 

systems are also too large and bulky for applications that require portability and chronic 

use (Shinohara et al. 1998; Kajimoto et al. 1999; Szeto 1982). 

Motor based vibration devices are also available for use in sensory substitution 

systems.  These vibration devices are commonly used in military display applications and 

are commercially available as individual vibrators or “tactors" (Kadkade et al. 2003).   

These devices are also not suited for long term portable use because they also require 

relatively large amounts of power (several hundred milliwatts per tactor) and are not 

conducive to tightly packed arrays (individual tactors are often greater than 1cm2 in size) 

(Debus et al. 2001; Immersion Corp. 2005; Borst and Cavanaugh 2004; Lindeman et al. 

2005).  Vibration motors transmit information via a combination of increasing frequency 

and amplitude.  The amplitude and frequency of vibration are difficult to control in DC 
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vibration motors as they are tightly coupled (Borst and Cavanaugh 2004; Kadkade et al. 

2003; Cohen et al 2005; Lindeman et al 2005).  The coupling between frequency and 

amplitude varies from motor to motor depending upon the torque and mass relationships 

of the motor making them non-ideal for careful control of perceptual intensity without 

first being carefully characterized. 

Piezoelectric vibration stimulators use piezoelectric crystals that mechanically 

resonate when voltage is applied.  Piezoelectric stimulators have the advantage of high 

efficiency (power consumption in the microwatt range) (Perez 2003), and small sizes.  

Piezoelectric vibrators, however, are limited in that they usable only over a very small 

frequency range.  The voltage requirements are also often in excess of 80V, which 

increases power supply complexity and may present a safety hazard as well (Debus et al. 

2001). 

Electrotactile 

Electotactile feedback allows for a minimally invasive method of simulating a 

variety of tactile sensations that are normally perceived as well as sensations that are not 

elicited under normal tactile conditions (Kajimoto et al. 1999, 2003).  Many factors need 

to be considered in order to maximize the information that can be transmitted through the 

skin electrically, as well as to minimize potential discomfort resulting from the skin being 

stimulated.  These factors include electrode properties, stimulation parameters, and 

characteristics of the skin.  Several studies have examined these parameters in depth and 

are briefly outlined in the following sections. 
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Skin features 

Skin impedance can vary markedly depending on body location and a variety of 

other factors.  Glabrous skin is a poor choice for electrotactile stimulation.  Its thickness 

makes electrical conduction prohibitive as compared with hairy skin (Szeto 1982; 

Kajimoto et al. 1999).  Glabrous skin is also found only in small areas: the palms of the 

hand and bottom of the feet.  Although these regions have high mechanical spatial acuity 

and sensitivity, their use for other tasks, such as prehension, and their small surface areas 

make them poor choices for electrotactile stimulation. 

Interestingly, it has been shown that moistening of the skin prior to application of 

electrodes reduces the likelihood of painful sensations and enhances uniformity of 

sensations (Szeto 1982; Tregear 1966).  It is thought moistening of the skin may reduce 

“shoot-through” caused when electrical current flows through a few channels with 

relatively low impedance within the skin, such as sweat glands.  If the skin is moistened, 

its overall impedance upon stimulation drops from 50 – 200 kΩ down to about 10 kΩ 

(Tregear 1966), reducing the tendency for high-intensity current flow through a few low 

impedance pores. 

Electrodes 

In terms of electrode selection, electrochemical processes such as electrolysis of 

water and other electrochemical oxidation-reduction reactions should be minimized to 

avoid introducing chemical species that could damage cells at the electrode-skin 

interface.  The use of noble metals such at platinum, gold, and silver are often effective in 

reducing such electrochemical reactions (Brummer and Turner 1975).  Ag/AgCl 
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electrodes have proved to perform well and are readily available (Kaczmarek et al. 

1991b).  Electrode size is also an important consideration.  Electrodes that are very small 

(<1 mm2) can produce high localized currents which can be painful or “prickly”.  

Notably, electrodes that are too large (>100 mm2) produce similar instances of painful or 

“prickly” sensations, presumably due to the increased probability of low conductance 

“shoot-through.” (Saunders 1983).  Larger electrodes also limit the density of electrode 

arrays and prove difficult to adhere, particularly near skin regions that are near joints.  

Thus, electrodes approximately 10mm2 in surface area would seem to provide a good 

compromise.  Finally, symmetry of stimulation waveforms (with respect to injected 

charge) prevents accumulation of half cell reaction species from being formed.  Most half 

cell reactions which occur are reversible, and symmetry of charge injection maximizes 

the likelihood of the reaction reversal.  This is most often achieved with biphasic 

stimulation (Brummer et al. 1975; Szeto 1982; Kaczmarek et al. 1991a, 1991b).   

Stimulus Waveforms 

Many studies have been conducted to determine the optimal electrical stimulus 

parameters needed to maximize information throughput and minimize side effects such as 

skin irritation and sensory adaptation.  The basic waveform characteristics most often 

examined in electrotactile stimulation are based upon rectangular current pulses.  Voltage 

pulses are avoided due to the likelihood of intensity changes as skin impedance shifts, 

and potential buildups at electrode interfaces, making consistency and analysis of axon 

potential difficult.  (Mortimer 1984; Kajimoto et al. 2002) 
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Polarity 

The literature shows some contradiction in terms of what polarity of pulse 

produces optimal sensation for subjects.  There is variation depending on whether 

glabrous skin or hairy skin is stimulated, and which target afferents are affected 

(Kajimoto 2003).  Additionally there is simple contradiction between similar 

experiments, suggesting that positive versus negative pulses produce greater intensity or 

subject comfort.  This is at least partially due to the electric field distribution present 

under the electrodes during a current pulse.  Under the cathode, current flowing out of the 

tissues causes a sharp depolarization of the axon membranes directly underneath the 

electrode, while the areas surrounding the cathode experience a mild hyperpolarization as 

current is entering the region.  The opposite process takes place at the anode.  The mild 

depolarization surrounding the anode at larger stimulus currents can eventually be large 

enough to cause action potentials and therefore the observed sensations (Mortimer 1984; 

Kajimoto 1999). 

  Often, biphasic pulses are used instead of monophasic impulses to avoid skin 

irritation.  However, Szeto (1977) originally indicated that monopolar stimulation was 

more effective and less irritating than biphasic pulses at current levels required to 

produce the same perceived intensity in subjects.  Van Den Honert and Mortimer (1979) 

also supported this conclusion, indicating that the secondary (opposing polarity) pulse 

immediately following the primary pulse would partially negate the depolarization 

associated with the primary pulse.  Furthermore they indicated that depolarization could 

be mitigated via introduction of a slight delay between the primary and secondary pulse 
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of a biphasic pair.  In work conducted by Kaczmarek et al. (1992) examining the dynamic 

range of various stimulation parameters, no difference was found when the inter-pulse 

delay between the positive and negative portion of the biphasic pulse were altered.  This 

would suggest that an inter-pulse delay (0-500 μs) might be optimal in terms of current 

injection based upon Van Den Honert and Mortimer’s conclusions, but in terms of real 

dynamic range its impact is minimal (Kaczmarek et al. 1992).   

Another important benefit associated with use of biphasic stimulation is reduced 

accumulation of half cell reaction species at the electrode / tissue interface.  Development 

of metal and other ions during monopolar stimulation can quickly lead to cellular damage 

in the vicinity of the stimulation electrodes due to pH changes and creation of oxidizing / 

reducing species.  Biphasic stimulation provides for reversal of half cell reactions which 

might occur and therefore a reduction in skin irritation (Brummer et al. 1975; Szeto 1982; 

Kaczmarek et al. 1991a, 1991b). 

Frequency 

Optimum frequencies of stimulation have been anecdotally suggested to be in the 

range of 2-100 Hz (Szeto 1985; Saunders 1977).  This range is understandable as it 

covers the natural stimulus range of RAI type receptors.  Steady state activation of SAI 

receptors also falls within this range in the tens to lower hundreds of Hertz (Knibestöl 

and Vallbo 1980; Vallbo et al. 1984; Poulos et al. 1984; Knibestöl 1973, 1975).  Further 

examination of the perceptual response to stimulus frequency has shown that sustained 

pulse rates above 60 Hz exhibit rapid (1-2 seconds) adaptation to the stimulus with the 

perception quickly fading (Collins 1970).  This adaptation effect is even more rapidly 
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occurring at frequencies approaching 1000 Hz.  Low frequencies near 10 Hz, however, 

show very little adaptation (Kaczmarek 2000; Kaczmarek et al. 2000; Szeto and Saunders 

1982).  Yet reduction in adaptation and maximization of dynamic range occurs if high 

frequency pulses are presented in bursts, with a slower overall frequency of burst 

delivery, thereby allowing for an afferent recovery period reducing adaptation.  Pulse 

frequencies in the range of 200-800 Hz have been shown to be perfectly adequate when 

used with lower frequency burst rates (Kaczmarek 2000; Kaczmarek and Haase 2003a, 

2003b; Kaczmarek et al. 1992).  Although this frequency range (200-800 Hz) pushes the 

boundary of physiological mechanoreceptor responses, it is conceivable that these higher 

rates would still induce increasing intensities perceptually, assuming of course that the 

sensory afferents can, in fact, keep up with the high stimulus rate. 

Pulse Width 

Most studies agree that short pulse widths (50 μs-150 μs) produce maximal 

comfortable dynamic range (Szeto 1985; Solomonow et al. 1977; Kaczmarek and Haase 

2003a, 2003b; Kaczmarek et al. 1992; Kaczmarek 2000; Kajimoto et al. 2002).  Kajimoto 

et al. (2002) demonstrated that very wide pulses were also more likely to recruit smaller 

diameter fibers sooner, eliciting pain at lower stimulus levels (as tactile afferents are 

much larger in diameter than pain afferents).  Theoretical analysis shows that as pulse 

width decreases, the difference in threshold currents needed to activate tactile afferents 

versus small diameter pain afferents increases (Mortimer 1984; Rattay 1989).  

Additionally the strength duration curve for surface stimulation is of the form 
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= where Ith is the threshold current necessary for activation of the afferent, IR 

is the Rheobase current (the minimum current level at which excitation of an axon will 

occur for an infinite pulse width), and K is a parameter defined by the characteristics of 

the electrodes and tissue.  Figure 2-14 shows such a strength duration curve for 2 

subjects.  In order to minimize potential charge injection (and therefore minimize power 

consumption and potential damage to the skin), minimal pulse widths are used while 

simultaneously avoiding large threshold currents.  Theoretically the minimum charge 

occurs at a pulse width of zero, but practical limitations (i.e. capacitive nature of the 

electrode tissue interface and difficulty generating very large currents and voltages) 

suggest that pulse widths near 100 μs are ideal (Rollman 1969; Mortimer 1984). 

 
 
Figure 2-14.  Strength Duration Curve.  The strength duration curve for 2 subjects 
shows the consistent relationship between stimulus threshold current and pulse width.  As 
pulse width increases it approaches the Rheobase current (the threshold current that will 
initiate an action potential at indefinite pulse lengths) (adapted from Rollman 1969). 
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Burst Rate 

Burst rate is an important issue because a balance between minimizing adaptation 

(a loss of sensation at low current levels, aka threshold elevation) associated with a 

continuous train of pulses, and the poor temporal fidelity and latency associated with 

slow burst rates, must be achieved.  Electrophysiological studies have demonstrated the 

rapid adaptation of RAI receptors after less than 5 stimulus pulses, with exponentially 

increasing threshold levels as frequency increases (Lindblom 1965; Lindblom and Lund 

1966) (Figure 2-15).  This effect is due to the refractory period after a single axonal firing 

which temporarily reduces its excitability.  A few tens of milliseconds is sufficient to 

restore an adapted afferent to near its normal threshold.  Thus, it is advisable to stimulate 

with short bursts of impulses rather than continuous impulse trains.  Work by Kaczmarek 

and Haase (2003a, 2003b), Kaczmarek (2000), and Collins (1970) explored the use of 

short multi-pulse bursts that were repeated at lower rates than the underlying pulse rate.  

Burst rates near 15 Hz seemed to provide the best performance (maximal dynamic range) 

while minimizing rapid adaptation of the subjects’ perceptions. 
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Figure 2-15. Threshold Adaptation Due to Vibration Indentation.  A vibrating 
indentational probe was used to apply precise mechanical displacement to the glabrous 
skin on the foot of 20 cynomolgus and 10 Erythrocebus monkeys.  Neural recordings 
were made from the RA1 afferent associated with the stimulus location.  As indentation 
pulse rate increases and multiple pulses were delivered the indentation force necessary to 
elicit an action potential (threshold) increased markedly with stimulus rate and number of 
stimuli.  This demonstrates the highly adaptive nature of the RA1 receptors and is 
presumed to be related to the natural refractory period of an axon following an action 
potential (adapted from Lindblom 1965).
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Pulses Per Burst 

Increases in the number of pulses per burst quickly improves the dynamic range 

as well as the sensitivity of the subject’s perception.  Pulses beyond 6 per burst fail to 

provide additional improvement in performance (Kaczmarek et al. 1992).  The need for 

multiple pulses in a burst is consistent with work done by Johansson and Vallbo (1979a), 

which indicated that multiple impulses on an SAI afferent were necessary to elicit a 

perceptual response, and although individual impulses on FAI afferents can be detected 

(Vallbo et al. 1984; Johansson and Vallbo 1979a), this has only been shown in the most 

sensitive areas of skin.  Thus, it is necessary to find a balance between reduced adaptation 

associated with a minimum number of pulses, and the number of pulses necessary to 

guarantee a perceptual response.  Kaczmarek’s (1992) attempts to maximize dynamic 

range showed that 6 pulses per burst produced maximal dynamic range.  This is 

consistent with a quick calculation of frequency, burst rate, and pulses per burst to 

determine the maximum theoretical refractory time allowed between stimulus bursts:  At 

a frequency of 200 Hz, 6 pulses per burst, and 15 bursts per second (as was used in 

chapters 5 and 6) 30 ms of stimulus pulses is provided with a resting time of 37 ms, 

which more than exceeds the refractory time for most axons.  These adaptation qualities 

of sensory afferents were also anecdotally observed in microneurographic recordings of 

“A” fibers made during low frequency surface stimulation in humans (Torebjörk and 

Hallin 1974). 
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Modulation Method 

Szeto (1977) carried out experiments in which several stimulus parameters were 

modulated to elicit a range of perceived intensities in test subjects.  The parameters tested 

included the number of electrodes activated, burst duration and rate, low (1-20 Hz) and 

high (20-100 Hz) pulse rate, and pulse width.  Spatial codes (i.e. identifying number of 

activated electrodes, or activated electrode position within an array) performed the best 

while the other modulation codes performed relatively poorly.  Though no quantitative 

data were shown, subjects reported a preference for bipolar stimulation and did not find 

intensity modulation to be effective in comparison to the low pulse-rate modulation and 

spatial codes.  Unfortunately, these coding schemes limit the information bandwidth of a 

stimulation system because of the relatively long integration time for low frequency 

codes, or substantial skin area required in the case of spatial codes.  For single electrode 

systems, and for maximum bandwidth per unit area, higher frequency and amplitude 

codes are likely more appropriate (Szeto and Saunders 1982; Kaczmarek and Haase 

2003a, 2003b; Aiello 1998; Kaczmarek et al. 1991b; Szeto 1985). 

Other Feedback Methods 

 Certainly other means of feedback exist, including, among others, auditory, direct 

nerve, and direct cortical stimulation.  These will not be discussed at length due to the 

serious disadvantages associated with these other feedback mechanisms.  For instance, 

use of an auditory feedback system impacts the normal ability to hear and distinguish 

auditory information.  It would not be desirable to detract from normal auditory sensation 

in order to restore touch sensation if an alternate, non-disruptive feedback mechanism 
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were available.  It is never desirable to reduce the utility of one sensation to restore 

another.  Indeed, this also an issue for use of visual feedback as mentioned previously.   

Direct nerve or cortical stimulation would be near ideal methods of 

reincorporating somatosensory information back into the brain, but, currently there is no 

known means of producing invasive stimulating electrodes that can be used chronically 

for many years, although progress is being made in that regard (Donoghue 2002; 

Kennedy and Bakay 1998; Maher et al. 1999; Mensinger et al. 2000; Triolo 1996). 

Plasticity 

Any attempt to reroute sensory information from one location and modality to 

another requires that the human brain be able to interpret that information properly.  

Although attention to a novel stimulus and its location could certainly allow for 

interpretation of new sensory information, the ideal case would be for the new sensation 

to become second nature and truly associated as a replacement for the missing sensation.  

For this to occur, some permanent reorganization of brain circuitry (referred to as 

“plasticity”) is likely required. 

 The brain is a dynamic and continuously modifiable entity.  In fact, even in 

adults, the cerebral cortex can allocate cortical area in a use dependent manner (within 

certain limits) (Buonomano and Merzenich 1998).  Several studies have shown that 

regions of the somatosensory cortex dedicated to representing particular body parts can 

expand to overtake adjacent regions that have lost normal afferent input (Jain et al. 1998; 

Elbert and Rockstroh 2004; Mogilner et al. 1993).  Additionally, reorganization of the 

somatosensory cortex can occur with increased usage and training (Jenkins et al. 1990; 
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Wang et al. 1995).  Interestingly, the breadth of reorganization is not limited to a single 

modality.  In both congenitally and late-onset blind patients, the visual cortex is robustly 

active while reading Braille dots with the fingertips (Sadato et al. 1996).  These results 

highlight the vast extent to which the cortex can reorganize and take advantage of 

alternate forms of sensory input (Bach-y-Rita 2004; Bach-y-Rita et al. 1998).  Therefore, 

it seems reasonable to believe that long-term use of tactile substitution would produce 

promising and usable results. 

Summary 

Having laid out the foundations of somatosensory physiology, electrocutaneous 

stimulation methods and parameters, perception within the cortex as well as means for 

quantifying those perceptions, the information necessary for exploration of tactile 

feedback system development has been set forth.  Via these foundations, and careful 

examination of physiological features associated with a specific electrotactile feedback 

strategy, a solid theoretical and experimental basis is laid for the development of a viable 

electrotactile feedback system. 

Specific Research Aims 

In order to lay a proper theoretical basis for the parameters of an electrotactile 

feedback system some preliminary ground work must be laid as the basis for the design 

of an electrotactile feedback system. 

Initially, mechanical characterization of the regions of skin under investigation as 

potentially viable for electotactile feedback must be examined.  The finger tip, as a source 
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of tactile information, and the neck as a potential reinsertion point for tactile information, 

were selected as candidates.  The first specific aim of this dissertation is to characterize 

the tactile parameters of these skin regions, specifically: tactile sensitivity threshold, 

spatial acuity, and perceptual gain scaling ability (magnitude estimation).  Although some 

work has been done in characterizing some of these features in isolation, a unified study 

specifically comparing these two regions does not exist and is paramount to the 

understanding of how to route tactile information effectively from the fingertip to the 

neck. 

Second, full characterization of the electrical parameters of the neck must be 

examined.  In order provide information to individuals via electrocutaneous stimulation 

on the neck, the same characterization parameters associated with mechanical 

characterization must be examined from the perspective of electrical stimulation.  

Therefore, electrical sensitivity threshold, spatial acuity, and perceptual gain scaling 

ability for two potential stimulus encoding techniques (namely frequency modulation and 

current modulation) were characterized for the neck. 

With the information from the first two specific aims it is possible to deduce the 

amount of spatial information deliverable, and required, as well as the gain and 

sensitivity requirements for a tactile feedback system. 

The third specific aim utilizes the collected electotactile and mechanotactile 

characterization parameters.  A perceptual mapping function was developed in order to 

evaluate whether an electrotactile feedback system could emulate the perceptual sense of 

force applied to a sensor on the finger tip.  The mapping function was generated from the 
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mean parameters derived from the first two specific aims.  The force applied to a sensor 

on the fingertip was converted in real-time via the perceptual mapping function into 

electrical stimulus on the back of the neck.  The ability to perceive force intensity 

delivered via electrical stimulation could then be evaluated by testing the ability of 

subjects to perform perceptual magnitude estimation across the two modalities.  The 

collected data would also indicate whether the perceptual mapping function appropriately 

mapped the perceptual intensity of mechanical stimulation to electrical stimulation. 

Finally, the efficacy of the tactile feedback system was evaluated in a real world 

situation.  In order to test how well an individual could utilize an electrotactile feedback 

system, a quantifiable but common tactile task was evaluated.  Individuals’ ability to 

perform grip force matching using a custom developed electrotactile feedback system 

(incorporating the developed perceptual mapping function) was compared between 

subjects with normal tactile sense, anesthetized fingers, and anesthetized fingers with the 

use of restored tactile sense (via the electrotactile feedback system).  
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CHAPTER 3 - PERCEPTUAL RESPONSES TO 
MECHANICAL STIMULATION OF THE FINGER AND 

NECK 

 



 74

Abstract 

In order to better understand how the peripheral nervous system organizes and 

encodes different regions of the body surface, we compared the perceptual responses in 

human subjects to mechanical stimulation of the distal segment of the index finger and 

the back of the neck.  Three perceptual parameters: tactile threshold, two-point threshold 

(applied in two orientations), and magnitude estimation were compared across these two 

regions.  Tactile thresholds for the finger and the neck were found to be significantly 

different, with the finger being substantially more sensitive than the neck.  Furthermore, 

the fingertip displayed greater spatial acuity than the neck by an order of magnitude.  A 

significant difference in two-point threshold for sagittal and transverse orientations on the 

dorsal neck region was observed, whereas the spatial acuity of the fingertip was 

essentially isotropic.  Although spatial acuity and threshold were different across the two 

tested regions, perceptual sensitivity to different magnitudes of stimulation was similar 

for the two regions.  Therefore, despite the greater spatial acuity of the finger 

(presumably due to a high density of receptors with small receptive fields), the ability to 

distinguish different stimulus intensities for the finger was no better for the finger than 

for the back of the neck.   
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Introduction 

The sensitivity of the somatosensory system is remarkable.  Studies have shown 

that a single action potential elicited in certain tactile afferents can result in a sensation in 

the most sensitive areas of the skin (Vallbo et. al 1984).  As stimulus intensity increases, 

not only does the rate of discharge from the most closely located receptors increase, 

(Poulos et al 1984; Cohen and Vierck 1992) but recruitment of more distant receptors 

also occurs (Cohen and Vierck 1992).  Although the types of stimuli that preferentially 

activate different types of tactile receptors are known, how the information that arises 

from an ensemble of these receptors activated by a touch stimulus gives rise to the 

perception of the strength and location of the stimulus is not well understood.  Important 

insights might be gained by examining the perceptual responses to the same mechanical 

stimuli applied to different regions of the body that are known to vary in their density and 

organization of receptors.  Prior studies have indicated differences in sensitivity and 

spatial acuity across body regions (Weinstein 1968; Weber 1978).  Gain sensitivity for 

the fingertip has also been examined (Knibestol and Vallbo 1980; Hashimoto et. al 1988  

Greenspan 1984)  Little, though, has been done to examine threshold sensitivity, spatial 

acuity, spatial orientation effects, as well as gain sensitivity, in a condensed comparative 

manner across multiple body parts.  Characterization studies have been primarily 

conducted on the glabrous skin leaving other regions of the skin neglected from study.   
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In this study, psychophysical methods were used to investigate various aspects of 

perception of tactile stimuli applied to the distal segment of the index finger, which is 

known to have a high density of tactile receptors with small receptive fields 

(Winkelmann and Breathnach 1973; Kandel et al. 2000; Darian-Smith 1984; Johansson 

and Vallbo1979b; Johnson 2001), and the back of the neck, which presumably has a 

relatively low density of large receptive field tactile receptors.  Three perceptual 

parameters: tactile threshold, two-point threshold, and magnitude estimation were 

compared across these two regions.  In addition, two-point threshold was investigated in 

two orientations for both regions of the body.  Because these perceptual parameters are 

thought to reflect specific underlying neural mechanisms, it should be possible to 

establish whether differences in these perceptual parameters across body regions are 

consistent with the presumed organization of receptors.  Also, it is hoped that this 

information may provide a foundation for the design of artificial tactile sensors and 

electrotactile feedback system to sensate skin for use in patients with chronic loss of 

touch. 

Methods 

21 subjects volunteered to participate in the study (13 female, 8 male, ages 19 – 

40).  The Human Investigation Committee at the University of Arizona approved the 

experimental procedures and subjects gave their informed consent to participate.  

Experiments lasted approximately one hour and included tests of tactile threshold, two-

point threshold, and perceptual magnitude estimates on the right index finger and the 

dorsal surface on the right side of the neck.  
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Testing sites 

For testing of the index finger, each subject was seated comfortably with the right 

arm resting on a table.  The arm was extended volar side up with the hand and fingers 

stabilized in a vacuum pillow.  The testing site on the distal segment of the right index 

finger was determined by visually identifying the center of the whorl of the papillary 

ridges.  For testing the back of the neck, subjects were instructed to look straight ahead in 

order to maintain a relatively constant tension in the neck skin during the procedures.  

Metal hair clips were utilized when necessary to secure long hairs that would have 

otherwise obstructed access to the dorsal portion of the neck.  The dorsal neck testing site 

was located 25% of the distance from the first thoracic vertebra to the occipital notch and 

approximately 25% of the distance from the midline to the most lateral aspect of the 

neck.   

Tactile Threshold 

 For the tactile threshold task, small, flexible (Semmes-Weinstein) monofilaments 

were used to apply varying amounts of force to the target region of skin (0.04 mN, 0.23 

mN, 0.27 mN, 0.66 mN, 1.63 mN, 4.00 mN, 6.83 mN).  Filaments were held 

perpendicular to the target region of skin.  Each filament was slowly applied to the skin 

until it bowed, at which point it was held for 1 – 2 seconds.  The filament associated with 

the lowest applied force (0.04 mN) was applied first.  Filaments of ascending force were 

then applied until the subject could sense the stimulus.  Subjects gave verbal responses 

upon perception of the stimulus.  Several trials were performed, and the force associated 
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with the weakest filament that consistently evoked a perceptual response was deemed the 

tactile threshold. 

Two- point threshold 

The spatial resolution of the neck and the index finger was investigated while the 

subjects kept their eyes closed.  The stimulus consisted of two parallel metal disks (1 mm 

thick, 6 mm in diameter) fastened to a Mitutoyo six-inch digital caliper.  The rounded 

edges of the disks acted as probes while the digital caliper measured the distance between 

the probe edges.  A random number of probes (either one or two) were applied to the skin 

surface and subjects were asked to state the number of probes detected.  The distance 

between the probes was decreased until the subjects had difficulty distinguishing, or 

could no longer distinguish, two distinct stimuli.  The distance between probes was then 

increased and decreased in this region of uncertainty.  The separation at which the two 

stimuli were perceived as distinct for 50% or more of the trials was identified as the two-

point threshold.  The effect of orientation on two-point threshold was also examined by 

applying the stimuli with the two probes aligned along either a sagittal axis or a medial-

lateral (transverse) axis.  The force of application was not precisely controlled as it has 

previously been shown to have little impact upon two-point discrimination capability 

(Vega-Bermudez and Johnson 1991). 

Magnitude Estimation 

 The perceptual sensitivity to different magnitudes of mechanical stimulation was 

evaluated by the application of varying force stimuli (1.7 mN, 6.9 mN, 15 mN, 36 mN, 
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84 mN, 147 mN, and 735 mN monofilaments) to the same test areas used in the tactile 

threshold experiment.  Each stimulus was applied five times in a random fashion.   

 Testing procedures for magnitude estimation experiments were based on 

psychophysical methods outlined by Marks (1974).  Immediately before each trial, a 

mechanical reference stimulus (Semmes-Weinstein monofilament with a force rating of 

20 mN) was applied for about 1 second to the forehead (~ 1 cm above the right eyebrow).  

Subjects were instructed that this mechanical stimulus had an intensity value of 10 and all 

mechanical stimuli applied to their fingertip or neck were to have their intensity referred 

to and scaled by this value.  Specifically, subjects were given the following instructions: 

“Mechanical stimuli will be applied to your finger [neck].  In addition, before each 

mechanical stimulation trial, a standard pressure will be applied to your forehead.  This 

standard will always be the same and is assigned an intensity value of 10.  Your task is to 

judge how strong the mechanical stimulus feels applied to your finger [neck] by 

assigning a number to stand for the perceived intensity relative to the standard value of 

10.  If the sensation feels 5 times as strong as the one on the forehead, you should assign 

it a value of 50.  If it feels 1/10th as strong, assign it a value of 1.  You may use any 

number, including fractions less than 1.”  In random order, seven different stimulus 

intensities were applied to the target region always preceded by the reference and the 

subject’s verbal response was recorded.  Each stimulus level was applied a total of five 

times. 
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Data Analysis 

 Data collected during magnitude estimation experiments were fit for each subject 

to a standard power function of the form: Ψ = kΦβ (Marks 1974) where Φ represents the 

magnitude of the applied mechanical stimulus and Ψ indicates the perceived estimate of 

stimulus magnitude.  The terms k and β represent the fitting parameters of the 

psychophysical function.  The term β is often referred to as the psychophysical 

“sensitivity” and k is the initial gain of the fitting function (Marks 1974).  A one-way 

ANOVA was performed to compare the sensitivity value β for different locations of 

mechanical stimulus (fingertip and back of the neck). 

A Student’s t-test was used to compare sensitivity threshold and two-point 

threshold and values obtained for mechanical stimulation to the fingertip and back of the 

neck. Values are reported as means ± standard deviation with a probability of 0.05 

selected as the level of statistical significance for all tests. 

Results 

Sensitivity Threshold 

 The mean ( ± SD) tactile sensitivity threshold values for the finger and neck were 0.63 ± 

0.29 mN and 2.51 ± 1.71 mN respectively, with ranges from 0.23 to 1.63 mN and 0.27 to 

6.83 mN.  The tactile threshold for the finger was significantly lower than that for the 

neck (p < 0.05) (Figure 3-1). 
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Figure 3-1.  Tactile Threshold Comparison.  Mean ( ± SD) tactile threshold values for 
the finger and neck were 0.63 ± 0.29 mN and 2.51 ± 1.71 mN respectively with ranges 
from 0.23 to 1.63 mN and 0.27 to 6.83 mN.  The tactile threshold for the finger was 
significantly lower than that for the neck (p < 0.05). 

Two Point Threshold 

 The mean two-point thresholds for the distal segment of the finger in the sagittal 

and transverse orientations were 1.61 ± 0.43 mm and 1.52 ± 0.38 mm, with ranges from 

1.1 to 2.8 mm and 0.9 to 2.2 mm respectively (Figure 3-2).  There was no significant 

difference between the two-point thresholds for the two orientations of applied stimuli on 

the finger. Interestingly, a significant difference was observed between the two 

orientations on the back of the neck (Figure 3-2).  The mean two-point threshold values 
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for the sagittal and transverse orientations were 26.5 ± 7.2 mm and 38.9 ± 10.1 mm, with 

ranges from 14.0 to 40.0 mm and 28.0 to 67.0 mm respectively. 
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Figure 3-2.  Two Point Threshold Comparison.  Mean ( ± SD) two-point thresholds for 
the distal segment of the finger in the sagittal and transverse orientations were 1.61 ± 
0.43 mm and 1.52 ± 0.38 mm, respectively.  The mean threshold values for the neck in 
the sagittal and transverse orientations were 26.5 ± 7.2 mm and 38.9 ± 10.05 mm, 
respectively.  Two-point thresholds were significantly smaller for the finger tip than for 
the neck (P < 0.05).  Also, two-point threshold was significantly smaller for the sagittal 
compared to the transverse orientation for the neck (P < 0.05). 

 

As expected, there was a marked difference (P<0.05) for the mean two-point 

thresholds in the distal segment of the finger compared to the back of the neck.  The 

mean values were 1.56 ± 0.40 mm and 32.7 ± 10.7 mm respectively.  Consequently, 

subjects were able to distinguish two probes that were only millimeters apart on the 
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finger, compared to centimeters apart on the dorsal portion of the neck.  Indeed, there was 

an order of magnitude difference between the two-point thresholds for the different sites 

(Figure 3-2). 

Magnitude Estimates 

Figure 3-3 shows magnitude estimation data obtained from the fingertips of all 21 

subjects.  Similarly, figure 3-4 shows magnitude estimation data for the dorsum of the 

neck for all subjects.  For clarity, the data are presented on a semi-log plot and the best-

fitting power-law function, Ψ=kΦβ, is overlaid on each plot.  The parameter k, which 

represents the rate of growth of the curve, and is often used as an index of perceptual 

sensitivity, is shown for each subject.  A β value of 1.0 represents a straight line with a 

slope equivalent to the value of k.  β values less than one are “decelerating” and have a 

growth pattern that becomes less sensitive as the input stimulus increases, whereas β 

values greater than 1.0 indicate greater sensitivity as input increases and are termed 

“accelerating” (Marks 1974).  Overall, the mean β values for the fingertip and neck were 

0.47 ± 0.10 and 0.50 ± 0.12, respectively (Figure 3-5), and were not significantly 

different.  Likewise, the parameter k, which represents the initial slope, did not notably 

differ for the two skin regions (45.9 ± 17.28 and 53.8 ± 20.6 perceptual units/N for 

fingertip and neck, respectively). 
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Figure 3-3.  Mechanical Magnitude Estimate Data for the Finger.  Finger mechanical 
magnitude estimation data collected from 21 subjects is shown.  All data was individually 
fitted to a power function: Ψ=kΦβ such that Ψ represents the estimated psychological 
magnitude, Φ is the actual stimulus intensity.  k and β represent the fitting parameters of 
the psychophysical function.  Mean R2 values were 0.84 +/- 0.09. 
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Figure 3-4.  Mechanical Magnitude Estimate Data for the Neck.  Neck mechanical 
magnitude estimation data collected from 21 subjects is shown.  All data was individually 
fitted to a power function: Ψ=kΦβ such that Ψ represents the estimated psychological 
magnitude, Φ is the actual stimulus intensity.  k and β represent the fitting parameters of 
the psychophysical function.  Mean R2 values were 0.79 +/- 0.10. 
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Figure 3-5.  Mechanical Gain Sensitivity Comparison.  Comparison of power law 
parameter β between neck and finger.  This parameter corresponds to the rate of growth 
(sensitivity) of the magnitude estimate.  Mean values of β for the finger and neck were 
0.47 ± 0.10 and 0.50 ± 0.12, respectively, and were not statistically different from one 
another. 

Discussion 

The main purpose of this study was to characterize perceptual parameters of the 

skin of the fingertip and the back of the neck.  A significant difference in tactile threshold 

(Figure 3-1) and two-point threshold (Figure 3-2) was found between the finger and neck 

and two-point threshold values were lower in the sagittal orientation of the neck than for 

the transverse orientation.  This difference in sensitivity could be due to a number of 

factors, including neuronal density, organization and shape of receptive fields, and 
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higher-order central sensory activities and convergence (Goodwin and Wheat 1999; 

Wheat 1995). 

Tactile Threshold   

In this study, the distal segment of the finger showed a lower tactile threshold 

than the dorsal portion of the neck.  It should be noted that according to Weinstein 

(1968), in males, the tactile sensitivity threshold for the fingertip is approximately 0.6 

mN, while the tactile sensitivity threshold of the back is 1.0 mN (0.3 mN and 0.08 mN 

for females).  Weinstein’s work did not include tactile sensitivity for the neck but rather 

for the back and shoulders.  The two regions showed similar sensitivity in Weinstein’s 

work.  Our results for the fingertip (0.63 ± 0.29 mN) compared well to Weinstein’s work.  

It is unclear as to whether the neck should exhibit poorer tactile sensitivity (2.51 ± 1.71 

mN) than the published values for the back and shoulders. 

The difference between sensitivity of different regions of the body is likely due to 

greater receptor density in certain regions of skin (Bear et.al 1996; Johansson and Vallbo 

1979a; Besne et. al 2002), which increases the likelihood of activating the center of a 

receptive field (Cohen and Vierck 1992) when a point mechanical stimulus is applied.  

Also, single spike detection in RAI afferents has been shown for the most sensitive 

regions of skin (Vallbo and Johansson 1984).  Thus, regions without this fidelity would 

require greater stimulus for perception.  It is also conceivable that some regions have 

more neural noise, or that neural convergence complicates low level detection in highly 

convergent somatosensory areas (Vallbo and Johansson 1984; Johansson and Vallbo 

1979a, 1979b). 
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Two Point Threshold 

Two point threshold tests showed lower spatial acuity on the neck than for the 

finger tip.  This is likely due to the higher density of sensory afferents on the finger tip 

than the neck (Bear et.al 1996; Johansson and Vallbo 1979a; Besne et. al 2002).  

Somatosensory convergence (resulting in larger effective receptive fields) could equally 

impact the spatial acuity of the skin in less sensitive regions such as the back of the neck. 

The observed anisotropy of spatial acuity has been noted in several studies 

(Vallbo et al. 1984; Weber 1978).  On the back, receptive fields are relatively round 

(Fuchs and Brown 1984).  Thus observed anisotropy of spatial acuity suggests that 

receptive fields organized at the periphery are uninvolved in the observed anisotropy, and 

that a central convergence may be defining the oblong perceptual receptive fields at a 

higher level (Fuchs and Brown 1984).  Further study is necessary to determine if the 

absolute receptive fields of the neck are round, as they are on the back. 

 Two point discrimination has been critically scrutinized as a means of 

determining spatial acuity (Johnson et. al 1994).  However, the relative differences 

between published results using alternate experiment methodologies are small (Johnson 

and Phillips 1981; Weber 1978; Weinstein 1968).  Also, the consistency in measurement 

technique employed in this study ensures the comparative accuracy that supersedes the 

need for a more complex absolute spatial acuity measurement. 

Magnitude Estimates 

While the sensitivity thresholds and two point thresholds were more sensitive on 

the fingertip than on the back of the neck (presumably due to the higher receptive field 
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and receptor density in the fingertips), it is important to note that the gain sensitivity of 

the two regions were nearly the same (P<0.05).  In a region with more receptors and 

innervation density (Johansson 1978; Johansson and Vallbo 1979a), a comparable force 

input should produce a greater number of firing afferents (higher recruitment), resulting 

in greater central response and therefore, perception.  This was not the case however 

although the spatial acuity of the fingertip is nearly 10 times the acuity of the neck, 

magnitude estimates for the two regions were nearly identical, implying a substantial 

difference in the magnitude gain between the receptors of the fingertip and the neck 

region.  Further study of afferent firing rate between the two regions and population 

estimates would be necessary to identify whether there is a lower gain associated with 

regions of skin with higher densities of receptors; whether the gain difference arises from 

the receptors or afferents themselves; or whether some complex central scaling 

mechanism produces this anomaly. 
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CHAPTER 4 – PERCEPTUAL RESPONSES TO 
ELECTRICAL STIMULATION OF THE FINGER AND 

NECK 
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Abstract 

As an initial step towards developing an electrotactile feedback system, the electrical 

properties of the target region of skin must be characterized.  Psychophysical methods 

were used to evaluate perceptual threshold, spatial acuity, and magnitude estimation 

associated with electrical stimulation of the skin on the back of the neck in normal human 

subjects. Electrical stimuli consisted of constant current pulses delivered to an array of 4-

mm diameter surface electrodes. Mean (± SD) threshold for perception of electrical 

stimuli was 0.52 ± 0.22 mA while the corresponding mechanical threshold (using 

Semmes-Weinstein monofilaments) was 2.5 mN ± 1.7 mN (Chapter 3).  Two-point 

threshold using electrical stimulation was 3.6 ± 1.4 cm, which was close to that of the 

two-point mechanical threshold (3.9 ± 1.0 cm) (Chapter 3).  Both frequency modulation 

and current amplitude modulation were tested with magnitude estimation experiments.  

The power function characterizing magnitude estimates had a slightly positively 

accelerated rate of growth for current modulation (exponent 1.14 ± 0.37) while a 

negatively accelerated rate of growth for mechanical stimulation was shown in chapter 3 

(exponent 0.6 ± 0.4).  Frequency modulation as a means for delivering intensity 

information was poorer than current modulation as the gain sensitivity exponent was 

much smaller (0.543 ± 0.26), compressing the discriminative ability as higher 

frequencies.  The higher gain sensitivity of the current modulated stimulus makes it more 

appropriate for further use in a tactile feedback system as the potential perceptual range 

of an accelerating exponent is higher. 
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Introduction 

In recent years, there have been striking advances toward the development of 

neuroprosthetic systems that use brain-derived signals in an attempt to restore voluntary 

motor functions in paralyzed individuals (Chapin et al. 1999; Wessberg et al. 2000; 

Serruya et al. 2002; Taylor et al. 2002; Hochberg et al. 2006).  In general, these systems 

are designed to extract information about desired movements from the activities of 

ensembles of neurons recorded from various regions of the cerebral cortex and to convert 

such information, in real-time, to signals that control artificial devices or the individual’s 

own limb by electrical stimulation of otherwise paralyzed muscles (Hoffer et al. 1996; 

Cheney et al. 2000; Lauer et al. 2000; Nicolelis 2001; Donoghue 2002; Schwartz 2004; 

Stein and Mushahwar 2005).   

There remain, however, a number of challenges to be overcome before such 

neuroprosthetic systems could actually be implemented.  For example, the absence of 

proprioceptive and tactile feedback from the affected limbs may prove to be a major 

limitation to the realization of a cortically-controlled upper limb neuroprosthesis.  

Normally, motor commands arising in the cerebral cortex are shaped and continuously 

updated by sensory information fed back from receptors in the skin, joints, and muscles 

(Rosén and Asanuma 1972; Lemon 1981).  Since the 19th century, it has been known that 

selective elimination of somatosensory input from the upper limb by lesion of the dorsal 

roots or dorsal column in monkeys can lead to near complete paralysis even though the 

motor pathways are intact (Mott and Sherrington 1895).  Indeed, the motor deficits 

accompanying a lesion of the dorsal roots can be more severe than those associated with 
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removal of the motor cortex (Leyton and Sherrington 1917).  Likewise, local anesthesia 

of the fingertips in normal human subjects causes severe impairment in the ability to grip 

and manipulate objects with the hand (Johansson and Westling 1984; Westling and 

Johansson 1984).    

Therefore, proprioceptive and tactile feedback appears to be critical in the 

formation of the motor commands needed to generate purposeful movements and 

behaviors.  As a consequence, a system that can predict movement trajectory based on 

cortical recordings in intact animals (e.g. Chapin et al. 1999; Wessberg et al. 2000; 

Serruya et al. 2002; Taylor et al. 2002; Musallam et al. 2004) may be compromised in a 

subject that lacks or has impaired somatosensory feedback, as would be the case for 

many patients with spinal cord injury.  It should be noted, however, that human patients 

with selective degeneration of the dorsal roots are able to compensate partially for loss of 

proprioception by using vision (Rothwell et al. 1982; Sainburg et al. 1993; Cole 1995).  

Nevertheless, even with the aid of vision, these patients exhibit marked impairment in the 

ability to coordinate their limbs during simple voluntary movements.  Furthermore, visual 

feedback cannot be used to control the forces exerted upon objects during grasping.   

One possible means to provide feedback to the sensorimotor cortex in spinal-cord 

injured subjects would be to detect limb position and hand contact forces with artificial 

sensors and to deliver such information to sensate skin with electrical stimulation.  In this 

way, simple proprioceptive and touch information arising from a paralyzed limb could be 

re-routed back to the somatosensory system above the site of injury.  Electrical 

stimulation is preferred to other means of feedback due to its minimally invasive nature, 
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relative ease of implementation, and proven utility in test subjects (Lundborg et al. 1998; 

Kaczmarek et al. 1992). Therefore, as an initial step toward development of a system to 

provide artificial somatosensory feedback, it was necessary to characterize the perceptual 

attributes of electrical stimuli applied to a candidate skin region.  Standard 

psychophysical methods (Ehrenstein 1999; Marks 1974) were used to quantify spatial 

acuity and the ability of human subjects to perceive different intensities of electrical 

stimulation. These data were compared to those obtained using mechanical stimuli in 

chapter 3. 

Methods 

 A total of 24 subjects were enlisted for the experiments (15 male, 9 female; ages 

19 - 42).  The Human Investigation Committee at the University of Arizona approved the 

experimental procedures and subjects gave their informed consent to participate.  The 

skin region used for assessing perceptions to electrotactile and mechanical stimuli was on 

the dorsum of the neck.  This region was selected because it remains sensate in many 

forms of spinal cord injury and is relatively unobtrusive.  Experiments lasted 

approximately 1 hour. 

Setup 

 Each subject was seated comfortably and a medial-lateral linear array of eight 

surface electrodes (4 mm diameter, Ag/AgCl, In Vivo Metric, California, USA) was fixed 

to the dorsum of the neck with adhesive collars (Figure 4-1).  Conductivity gel was 

placed inside the ceramic housing of each electrode prior to placement on the neck.  The 



 95

array was located on the right-hand side of the neck ~ 25% of the distance from the T1 

vertebrae to the occipital notch.   The most medial electrode was located near the midline 

and the remaining electrodes were placed laterally across the neck at 1 cm spacing. Two 

10 mm diameter reference electrodes were placed over the scapula. 
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Figure 4-1.  Electrotactile Feedback System Block Diagram.  Schematic diagram of 
stimulator setup, electrode placement, and computer interface.  Eight In Vivo Metric 4 
mm AgCl electrodes were placed horizontally across the neck and 10 mm ground 
reference electrodes were placed lower on the scapula.  The eight 4 mm electrodes were 
centered on the dorsum of the neck 25% of the distance from the T1 vertebrae to the 
occipital notch and 25% of the distance from the midline to a point inferior to the external 
auditory meatus.  The system was based around a pair of Grass SIU7 isolation amplifier 
capable of delivering approximately 80 V of monophasic stimulus at 0-15 mA.  The 
isolation amplifiers were interfaced with a custom microprocessor based computer 
controlled Multichannel Stim Board (MSB) to allow the two isolations amplifiers to 
provide automated stimulus to ten independent channels.  A National Instruments PCI-
6025E was used as a low cost digital and analog computer interface and control board to 
communicate with the MSB. 
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Stimulation 

 The stimulation system used in these experiments (Figure 4-1) was constructed 

around a pair of Grass SIU7 isolation amplifiers (West Warwick, Rhode Island, USA), 

each capable of delivering approximately 80 V of monophasic stimulus pulses from 0 – 

15 mA.  The isolation amplifiers were interfaced to a custom-built microprocessor (multi-

channel stimulation board, MSB (see Appendix B) that enabled each amplifier to switch 

rapidly between any one of eight output channels to which each of the eight electrodes 

were connected.    A National Instruments PCI-6025E board controlled by LabVIEW 

Express 7 (National Instruments, Austin, Texas, USA) served as a digital and analog 

computer interface and control board to communicate with the MSB to deliver cathodic 

stimulus pulses to selected electrodes in the array.  

Procedures 

Threshold 

Threshold tests were conducted first to determine the low end sensitivity of the 

subject to electrical stimulation and to determine the maximum comfortable range of the 

tested stimulus parameters.  These tests involved only one electrode (the fourth from the 

midline) in the array.  For the first test, stimuli consisted of monophasic, 1 ms pulses 

applied once per second at increasing amplitudes until the subject perceived the stimulus.  

Subjects were instructed to give a verbal response when they felt a sensation.  Several 

trials were performed and the smallest current that consistently evoked a perceptual 

response was deemed the sensitivity threshold.  In a second threshold test, trains of 

stimuli (200 ms train, 1 ms pulses, 200 Hz) were delivered instead of single pulses.  Once 
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again, threshold was estimated to be the minimum current at which the subject 

consistently detected the stimulation.   

 To identify the upper limit of stimulus intensity, pulse trains (200 ms, 1 ms 

pulses, 200 Hz) were delivered once every 2 seconds while stimulus pulse amplitude was 

increased slowly from threshold up to the level at which the subject began to report mild 

discomfort.  The maximal stimulus intensity was then identified as this level, and was 

referred to as the pain threshold.  For the remainder of the experiment, all stimulus 

intensities were restricted to occur between the detection and pain threshold levels.   

Magnitude Estimation   

Magnitude estimation is a quantitative measure of the perceptual ability to 

evaluate the intensity of a stimulus.  Characterizing the magnitude estimation parameters 

for electrical stimulation allows for an understanding of the psychometric function that 

relates electrical current (or frequency) to perceptual intensity.  The fourth electrode from 

the midline of the neck was used as the stimulus site for the magnitude estimation 

experiments.  Two separate magnitude experiments were performed.  In one, current-

pulse amplitudes were varied while pulse frequency was held constant; in the other, pulse 

frequencies were varied with fixed amplitude current pulses. It was presumed that 

modulation of frequency at fixed current would allow for an evaluation of the perceptual 

intensity encoding of firing rate in a fixed number of afferents, while modulation of 

current at a fixed frequency would allow interpretation of afferent recruitment. 

 In order to evaluate the ability of human subjects to perceive different intensities 

of electrical stimulation based only on variations in the magnitude of applied current 
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pulses, the frequency of the pulse trains was fixed at 200 Hz (1 ms pulses, 200 ms train 

duration).  This frequency was chosen based on pilot experiments in which 200 Hz trains 

evoked reliable and ‘fused’ sensations in test subjects.  It was also the frequency used to 

assess threshold levels.  Seven stimulus levels were chosen within the span of the 

perceptual threshold and the pain threshold for the subject.  To ensure perception of every 

stimulus while also avoiding noxious stimulus intensities, the minimum stimulus level 

was adjusted to 150% of the pulse train perceptual threshold, and the maximum stimulus 

level was set to 80% of the pain threshold.  Intermediate stimulus levels were set to 10%, 

20%, 35%, 55%, and 80% of the difference between the minimum and maximum 

stimulus levels.   

 Testing procedures for magnitude estimation experiments were based on 

psychophysical methods outlined by Marks (1974).  Immediately before each trial, a 

mechanical reference stimulus (Semmes-Weinstein monofilament with a force rating of 

20 mN) was applied for about 1 second to the forehead (~ 1 cm above the right eyebrow).  

Subjects were instructed that this mechanical stimulus had an intensity value of 10 and all 

electrical stimuli applied to their necks were to have their intensity referred to and scaled 

by this value.  Specifically, subjects were given the following instructions: “Electrical 

stimuli will be applied to your neck.  In addition, before each electrical stimulation trial, a 

standard pressure will be applied to your forehead.  This standard will always be the same 

and is assigned an intensity value of 10.  Your task is to judge how strong the electrical 

stimulus feels applied to your neck by assigning a number to stand for the perceived 

intensity relative to the standard value of 10.  If the sensation feels 5 times as strong as 
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the one on the forehead, you should assign it a value of 50.  If it feels 1/10th as strong, 

assign it a value of 1.  You may use any number, including fractions less than 1.”  In 

random order, seven different stimulus intensities were applied to the electrodes on the 

neck always preceded by the reference and the subject’s verbal response was recorded.  

Each stimulus level was applied a total of five times. 

 The variable-frequency experiments were performed in the same general way as 

for the variable-current experiments.  Each trial involved application of a 200 ms train of 

pulses at one of seven different frequencies (5, 10, 50, 100, 200, 400, and 800 Hz) 

preceded by the application of the mechanical reference stimulus to the forehead.  

Stimulus pulse amplitude was fixed at 1 mA for all of these experiments. Again, 

following each electrical stimulation, subjects reported the perceived intensity of the 

stimulus relative to the mechanical reference that was assigned a value of 10. 

Two Point Threshold   

In order to evaluate the spatial acuity associated with electrotactile stimulation, 

we adapted the classic method used for testing spatial acuity for mechanical stimulation, 

namely, the two-point threshold test. In each trial, two electrodes in the eight-channel 

array were randomly selected as candidates to receive cathodic stimulation.  Seven 

electrode spacings (1 – 7 cm, in 1 cm increments) were therefore possible.  In each trial, 

there was equal chance that current was delivered to one electrode or to both electrodes.  

Additionally, for single electrode stimulation, one of the two electrodes in a stimulation 

pair was randomly selected for stimulation.  The stimulus current applied to each 

electrode was also randomized to some extent, varying uniformly between 0.75 and 1.25 
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mA.  This was done to minimize the possibility that subjects might identify the number of 

electrodes stimulated based on some form of spatial summation of electrode currents.  

Each electrode spacing was tested 35 times in random order for a total of 245 trials with a 

50% chance of one or both electrodes being stimulated.  Every trial was instigated by the 

subject pressing a start button and then the subject pressed the number “1” or the number 

“2” on a keyboard to indicate the number of points of stimulation that they felt.   

 In some subjects, stimulation through one or more electrodes, usually the most 

laterally positioned ones, led to uncomfortable radiating parasthesia, presumably due to 

activation of major nerve branches immediately underlying the electrodes.  In such cases, 

these electrodes sites were not tested.   Consequently, in some subjects, fewer trials were 

recorded as certain electrodes were unavailable for testing because of discomfort.  

Data Analysis 

 Data collected during magnitude estimation experiments were fit for each subject 

to a standard power function of the form: Ψ = kΦβ (Marks 1974) where Φ represents the 

magnitude of the applied stimulus (in the present case, either amplitude or frequency of 

current pulses) and Ψ indicates the perceived estimate of stimulus magnitude.  The 

parameter Φ was modified to represent the intensity of the applied stimulus (S) in excess 

of the threshold stimulus level (S0) such that Φ = S – S0.  This representation is referred 

to as the threshold-adjusted power law and is commonly used to evaluate sensory 

perception (Stevens 1957; Marks 1974; Ehrenstein 1999).  The terms k and β represent 

the fitting parameters of the psychophysical function.  The term β is often referred to as 
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the psychophysical “sensitivity” and k is the initial gain of the fitting function (Marks 

1974).  A one-way ANOVA was performed to compare the sensitivity value β for 

different types of stimulation (mechanical, variable current, variable frequency).   

 In order to estimate two-point thresholds for electrical stimuli, the percentage of 

correct responses to the application of two stimuli (i.e. subject responded “2” when 

indeed two stimuli had been applied) was determined for each electrode spacing (from 1 

to 7 cm).  Because these stimuli involved fixed loci (electrodes with 1 cm spacing), linear 

interpolation was used to estimate the electrode spacing associated with 50% correct 

responses to two stimuli.  This distance, therefore, represented the minimal spacing 

between electrodes beyond which subjects just began to correctly perceive the application 

of two electrical stimuli. A Student’s t-test was used to compare two-point threshold 

values obtained for mechanical and electrical stimulation. Values are reported as means ± 

standard deviation with a probability of 0.05 selected as the level of statistical 

significance for all tests. 

Results 

 
 The mean detection threshold across all subjects for mechanical stimuli applied to 

the back of the neck was 2.5 ± 1.8 mN (median 1.6 mN, range 0.3 - 6.8 mN).  This range 

is roughly similar to those reported previously by Weinstein (1968) for a different set of 

dorsal skin regions (~ 0.3 – 3.0 mN).  For electrical stimulation, the mean detection 

threshold for trains of pulses at 200 Hz (0.52 ± 0.22 mA) was significantly less (P < 0.05) 

than that associated with single pulses (0.90 ± 0.25 mA).  Presumably, this lower 
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threshold for trains of stimuli compared to single pulses is broadly indicative of temporal 

summation by higher order neurons of the impulses initiated on primary afferent fibers 

(Vallbo 1995b).  The mean pain threshold (evaluated only for 200 Hz trains) was 4.76 ± 

2.18 mA.  This represents about a 9-fold operating range (dynamic range) for current-

pulse amplitudes at 200 Hz.  The higher intensity of current pulses associated with the 

onset of unpleasant sensations compared to non-noxious ones is consistent with the 

higher threshold currents needed to activate small-diameter nociceptive afferents 

compared to the thicker afferents that arise from tactile receptors (Mortimer 1981).  It 

should be noted, however, that with the relatively wide current pulses used in the present 

experiments (1 ms), the difference in thresholds between thick and thin axons is modest 

(Mortimer 1981).  It is likely that an even greater operational range could have been 

achieved in the present experiments had we used narrower stimulus pulses. 

Magnitude Estimation 

Figure 4-2 shows representative magnitude estimation data collected from 

individual subjects in response to mechanical stimuli (Figure 4-2A), in response to 

electrical stimulation involving variations in stimulus current (Figure 4-2B), and in 

response to electrical stimulation involving variations in stimulus frequency (Figure 4-

2C).  The exponent (β) of the best-fitting power function is shown for each example in 

Figure 4-3.  In Figure 4-2C, it can be seen that magnitude estimates are shown only for 

frequencies up to 200 Hz.  At frequencies in excess of 200 Hz, magnitudes estimated 

dropped off precipitously for this and other subjects tested.  Subsequent testing showed 

that the current-pulse amplitude was severely compromised during 400 to 800 Hz trains.  
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Consequently, power functions were fit only to data up through 200Hz.  The mean (SD) 

values of β across the three types of magnitude estimation are shown in Figure 4-3.  

Mean β and k were found to be 1.14 ± 0.37 and 11.8 ± 7.15, respectively.  Magnitude 

estimation was significantly greater for electrical stimulation involving modulation of 

current (β=1.14 ± 0.37) compared to electrical stimulation using frequency modulation 

(β=0.6 ± 0.2) or mechanical stimulation (β=0.5 ± 0.1).  These results suggest that 

perceived intensity increases nearly linearly (i.e. β value close to 1.0) with increased 

current-pulse amplitude, whereas the perception of stimulus frequency and mechanical 

force becomes progressively less sensitive with increased intensities of these applied 

stimuli. 
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Figure 4-2.  Sample Psychometric Functions.  Magnitude estimation data in response 
to mechanical stimulation (from chapter 3) (A), modulation of current pulses with 
electrical stimulation (B), and frequency modulation with electrical stimulation (C) is 
shown.  All data was individually fitted to a power function: k βΨ = Φ  such that Ψ 
represents the estimated psychological magnitude, and Φ is the actual stimulus intensity 
(Note: Subject stimulus thresholds were subtracted from Φ prior to fitting to force the 
zero intercept at perceptual zero).  K and β represent the fitting parameters of the 
psychophysical function.  Mean R2 values were 0.80 ± 0.19. 
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Figure 4-3.  Mean Magnitude Estimate Sensitivities.  The mean magnitude estimates 
for frequency and current modulation are shown (0.6 ± 0.2 and 1.14 ± 0.37, respectively).  
The mechanical gain sensitivity (from chapter 3) is also shown for reference (0.5 ± 0.1).  
Mean value β for current modulation was significantly different (P<0.01) from that 
obtained from frequency modulation and mechanical stimuli. 

Two Point Threshold 

The mean two-point threshold for application of transversely-oriented mechanical 

stimuli on the back of the neck was 39 ± 10 mm (Figure 4-4).  This value was not 

significantly different from that estimated for electrical stimuli (35 ± 11 mm) delivered to 

pairs of electrodes in a transversely-oriented array on the back of the neck.   
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Figure 4-4.  Mean Two Point Threshold.  Results of the two point threshold experiment 
are shown for mechanical stimulation (from chapter 3) and electrical stimulation (39 ± 10 
mm and 35 ± 11 mm respectively). 

 

The data from 7 of the 24 subjects were not included due to complications 

associated with unstimulated electrodes.  Electrodes were occasionally removed from the 

experiment due to discomfort associated with radiating parasthesia.  These complications 

resulted in impossible data fits (i.e. two point thresholds beyond 7cm or less than 0 cm) 

or insufficient data to perform analysis for the 7 removed subjects.  The impossible fits 

were some times due to unusually good (or poor) acuity detecting certain electrode 

spacings and throwing off the linear interpolation.  It is believed that this was due to 
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unusual sensations (parasthesia) at certain electrodes improving the ability to discern 

their presence during stimulation.  Alternately some electrodes may have been positioned 

such that they rarely elicited an afferent response due to difference in threshold at that 

location.  Nevertheless, these data suggest that spatial acuity for electric stimuli on the 

back of the neck is similar to that for mechanical stimuli. 

Discussion 

Thresholds 

Detection threshold differed by nearly a factor of two between single pulse and 

pulse train stimulation on the back of the neck.  Previous studies have shown that on 

some parts of the body, such as the fingertip, a single action potential arising on a single 

tactile afferent can elicit perception (Vallbo et al. 1984; Johansson and Vallbo 1979a).  

For most other parts of the body, multiple, successive pulses are necessary.  Our results 

are consistent with the concept that temporal summation of otherwise sub-threshold 

synaptic inputs onto higher order neurons can ultimately provoke a perception. 

Magnitude Estimation 

There was a marked difference in the gain sensitivities (β) of current and 

frequency modulation.  Because gain sensitivity for current modulation was higher than 

that associated with frequency modulation, there is a suggestion that recruitment of 

sensory fibers through increased current density has a greater influence upon perception 

than changes in rate coding.  Presumably, constant current with frequency modulation 

allows adjustment of afferent firing rate amongst a fixed number of afferents, while 
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modulation of current at fixed frequency should only influence recruitment while 

maintaining a constant firing rate within afferents.  This allows for some dissection of the 

influence of firing rate versus recruitment when determining the psychophysical 

response.   

Gain sensitivity to mechanical stimulation was similar to that of frequency 

modulation with electrical stimulation (Figure 4-3).  This is somewhat unexpected as 

increased strength of mechanical stimulation should have caused both an increase in the 

number of receptors activated and an increased firing rate of individual receptors.  It 

would seem reasonable that higher order centers in the somatosensory system should be 

able to integrate these spatial and temporal codes representing increased mechanical 

force, and thereby augment overall perceptual sensitivity.  It should be noted, however, 

that individual tactile afferents show a markedly less-than-linear increase in firing rate 

with increased intensity of mechanical stimulation (Knibestol 1973; Knibestol and Vallbo 

1980).  Furthermore, Knibestol and Vallbo (1980) have shown that the gain sensitivity of 

single tactile afferents (in terms of firing rate) to mechanical stimuli is less than the 

perceptual gain sensitivity to the same stimuli.  Therefore, it is likely that perception of 

magnitude involves processing of information related to both firing rate and recruitment 

of sensory afferents; but how this information is combined to evoke a perception of 

stimulus intensity is not understood and requires further study.   

Spatial Acuity 

Although many studies have argued that two point threshold produces an 

underestimate of the absolute degree of spatial acuity (Phillips and Johnson 1981; Wheat 
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and Goodwin 2001; Craig 1999; Johnson et. al 1994), it is nevertheless a viable tool to 

compare relative spatial acuity across different areas of the body and different stimulus 

modalities (mechanical and electrical).  The finding of the present study that two point 

threshold was similar for electrical and mechanical stimulation (approximately 4 cm on 

the back of the neck) has multiple implications.  For example, it suggests that 

conventional understanding of spatial acuity and existing mappings of acuity across the 

body surface are likely to hold true for electrical, as well as mechanical, stimulation.  

This simplifies experimental pre-evaluation of candidate regions for sensory feedback in 

terms of the maximum density of input channels in those regions.  Also, similarity in two 

point thresholds suggests that the receptors associated with light to moderate touch 

applied by static probes are likely the same receptor afferents activated during electrical 

stimulation with comparable receptive field sizes and densities. 

Implications for the Study of Intensity Coding 

Use of surface electrical stimulation yields many possibilities for further 

experimentation.   Mechanical stimulation of the skin surface suffers because recruitment 

and firing rate, as two parameters associated with magnitude perception, can not be 

decoupled.  Use of surface electrical stimulation allows for these two parameters to be 

dissociated.  By altering frequency at a fixed current, the gain sensitivity of rate coding 

can be directly explored and compared to prior work that used microneurography to 

apply differing frequencies of stimulation to individual sensory afferents (Vallbo et al. 

1984, 1999; Torebjork and Hallin 1974; Knibestol 1973, 1975).  Although preliminary 

information along these lines was gained from the present study, further rate coding 
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experimentation needs to be performed with stimulation devices that do not decrease in 

current output at higher frequencies as was the case here. 

Likewise, the perceptual effects of recruitment can be explored directly with 

surface stimulation.  Varying the amplitude of current-pulses across the skin provides a 

simple way to modulate the number of afferent fibers activated by a stimulus.  While the 

composition of afferent population engaged at different current intensities cannot be 

readily ascertained, selective control over recruitment is a useful tool for exploring the 

underlying basis of the perception of stimulus intensity. 

Application to Restoration of Tactile Sensation 

Quantification of the psychophysical functions for mechanical and electrical 

stimulation in the present investigation affords the possibility of generating a cross 

modality mapping function.  Such a mapping function should enable the substitution of 

one modality for the other, which could have tremendous implications for restoring 

sensation in patients suffering impaired sensory processing attributable to injury or 

disease.   

At present, visual information is the only means by which individuals lacking 

normal somatosensation can gain feedback regarding limb movements.  Although visual 

feedback is useful, the requisite cognitive load and concentration render even simple 

tasks difficult.  Also, it becomes impossible to perform even basic motor tasks if vision is 

unavailable (for instance in a dark room) (Szeto 1982; Cole 1995; Jeannerod 1986, 1981; 

Triolo et al. 1996).  Moreover, certain tasks cannot be accomplished in the absence of 

somatosensation even when visual information is available: for example, buttoning a 
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button or controlling the grip forces applied to an object.  Therefore, individuals lacking 

normal somatosensation (such as quadriplegics) would likely benefit from delivery of 

tactile and proprioceptive information to areas of sensate skin (such as the neck, head, or 

face) via electrical stimulation.  Furthermore, the exciting efforts to restore movement in 

paralyzed individuals (Chapin et al. 1999; Wessberg et al. 2000; Serruya et al. 2002; 

Taylor et al. 2002; Hochberg et al. 2006) using brain-machine interfaces must inevitably 

confront the necessity of restoring somatosensation in order for the devices to be truly 

functional. 
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CHAPTER 5 – OPEN LOOP CHARACTERIZATION OF AN 
ELECTROTACTILE FEEDBACK SYSTEM 
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Abstract 

Standardized psychophysical testing of artificial tactile sensations was carried out in 20 

human subjects in an attempt to evaluate the efficacy of a tactile feedback system 

comprised of a fingertip force sensor and electrotactile stimulation of the skin on the back 

of the neck.  Force stimuli were applied to the force sensor situated on the finger of the 

experimenter (serving as a proxy for an insensate finger) which were transduced into 

patterns of electrical stimuli delivered to electrodes on the back of the neck of the test 

subject.  The transfer function characterizing the relation between detected force and 

delivery of electrical stimulation was based upon previous work (see Chapters 3 and 4) in 

which the psychophysical responses to mechanical stimulation of the finger and electrical 

stimulation of the neck had been identified.  In principle, this transfer or mapping 

function should convert tactile force on the finger tip to electrical stimulation on the back 

of the neck that preserves aspects of the normal perceptual experience associated with 

touch. The gain sensitivity of the tactile feedback system showed a close correspondence 

to that normally exhibited by the finger tip (0.62 ± 0.12 and 0.47 ± 0.10, respectively).  

These results suggest that such an electrotactile feedback system could effectively reroute 

perceptual aspects of touch from the finger tip to the neck and thereby restore crucial 

feedback information in patients with damage to the somatosensory system. 
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Introduction 

 In recent years, there have been a number of advances in the development of 

neuroprosthetic systems to restore movement to paralyzed individuals.  Some of these 

have been directed toward gaining access to motor control signals resident in the cerebral 

cortex (Chapin et al. 1999; Wessberg et al. 2000; Serruya et al. 2002; Taylor et al. 2002; 

Hochberg et al. 2006) whereas others have focused on methods to re-animate paralyzed 

muscle with electrical stimulation (Keith et al. 1989; Kilgore et al. 1989; Smith et al. 

1998, Peckham et al. 2002; Seifert and Fuglevand 2002). Curiously, relatively little work 

has been done to integrate some form of sensory feedback into these systems (de Castro 

and Cliquet 2000a, 2000b; Nohama et al. 1995; Lundborg et al. 1998).  Most of the work 

carried out related to artificial sensory feedback or sensory substitution has focused on 

applications other than those associated with motor control (Kaczmarek et al. 1991, 1992; 

Kajimoto et al. 1999, 2001a, 2001b; Bach-y-Rita et al. 1998; Bach-y-Rita 2004), such as 

those needed for auditory, speech, and visual processing (Blamey et al. 1988; Galvin et 

al. 1995; Blamey and Clark 1987; Cowan et al. 1995; Bach-y-Rita et al. 1998; Bach-y-

Rita 2004).  There is compelling evidence, however, that without the assistance of 

somatosensory feedback, even simple motor tasks cannot be completed despite fully 

intact motor pathways (Cole 1995; Triolo et al. 1996; Mott and Sherrington 1895; 

Rothwell et al. 1982). Therefore, it is the broad objective of this dissertation to lay the 

foundation for a feedback system that ultimately could be used to provide somatosensory 

information in patients that have lost such sensations due to nerve or spinal cord injury 

and thereby augment the rehabilitation of motor function in these individuals.  The 
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specific objective of the present study was to evaluate a system designed to detect tactile 

information from an insensate finger and to deliver that information to a sensate region of 

the body using electrical stimulation.  

Standard psychophysical tests were performed to characterize the perceptual 

attributes of the system and to determine its correspondence to the normal psychometric 

functions derived for mechanical stimulation of the fingertip.   

Methods 

Overview 

 
Twenty healthy subjects volunteered to participate in this study (9 male and 11 

female, ages 18-44).  The Human Investigation Committee at the University of Arizona 

approved the experimental procedures and subjects gave their informed consent to 

participate.  Because our subjects possessed normal tactile sensation, it was necessary to 

apply mechanical stimuli to a hand that they could not feel.  Rather than anesthetize the 

hands of the subjects, we instead applied touch stimuli to a tactile sensor worn on the 

finger of a different individual (namely, the experimenter) (see Figure 5-1).  The output 

of the tactile sensors in response to a touch stimulus on the experimenter’s finger was 

then delivered as a pattern of electrical pulses to the skin on the back of the neck of the 

test subject.  In this way, the experimenter’s own hand served as a ‘stand in’ for an 

insensate hand.  The subject was then asked to report, using a quantitative psychophysical 

scale, the intensity of the stimulus. 
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Figure 5-1.  Setup for Electrotactile Feedback System Evaluation.  Surface electrodes 
were placed 1 cm to the right of the midline and 1 cm apart.  A Pressure Profiles C500 
force transducer was placed on the finger of the experimenter to simulate the use of a real 
finger without providing tactile information to the subject.  Semmes Weinstein filaments 
were used to apply calibrated forces to the force transducer which provided real-time 
electrotactile stimulation to the subject. 

Electrotactile Feedback 

A schematic diagram depicting the organization of the electrotactile feedback 

system used in these experiments is shown in Figure 5-2. A tactile force sensor (Pressure 

Profile Systems C500, Los Angeles) was used to detect the force applied by a Semmes-

Weinstein monofilament to the sensor on the fingertip of the experimenter. (Specific 

characteristics of the sensor and other hardware are described in Appendix C).  The 

sensor converted the force into a voltage signal that was then digitized and sampled by a 
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National Instruments (Austin) 6025E DAQ card.  The sampled signal was interpreted in 

real-time by software and transformed into a pattern of electrical pulses that was 

delivered to an optically isolated stimulator (Multichannel Systems STG2008), which in 

turn delivered electrical pulses to electrodes placed on the skin on the back of the neck of 

the test subject (Figure 5-1).  The back of the neck was chosen as the stimulation site as it 

remains sensate in most forms of spinal cord injury and is relatively unobtrusive.  As 

described below, the magnitudes (current) of the pulses were determined based on a 

psychophysical mapping function of the detected force. 
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Figure 5-2.  Electrotactile Feedback System Schematic (Open Loop).  The computer 
interface consisted of a National Instruments PCI-6025E DAQ card.  The DAQ card took 
input from a Pressure Profiles C500 tactile force transducer, which was utilized to 
measure finger tip force of the experimenter.  The computer ran a custom Labview 
program that sampled the force data, and calculated and produced the electrical feedback 
parameters that were fed to the Multichannel Systems STG2008 multichannel stimulator.  
The STG2008 produced isolated biphasic electrotactile feedback to the subject. 

Electrodes and Stimulator  

A pair of surface electrodes (silver silver-chloride, 4 mm diameter, 1 cm inter-

electrode distance) was fixed to the skin on the back of the neck of the test subject with 

adhesive disks.  The electrodes were placed to the right of the midline.  An electrolyte gel 

was placed inside the cup of the electrode housing to serve as a conductive path between 
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the skin and electrode.  In addition, prior to application of the electrodes, the target skin 

region was hydrated by maintaining application of a water-moistened pad for about 2 

minutes.  Such hydration helps to reduce and equalize the electrical resistance of the skin 

across the region where the electrodes are applied (Tregear, 1966; Szeto, 1982).  

Electrodes were connected to a custom programmable, constant-current Multichannel 

Systems STG2008 stimulator (output range ± 15 mA).  Stimulus parameters were 

controlled by a C++ computer interface module within National Instruments Labview 7.0 

(see Appendix C).  The pattern of stimulus pulses identified by Kaczmarek et al. (1992) 

that provide maximum perceptual range without discomfort were used in these 

experiments.  Namely, we used balanced biphasic pulse bursts, 6 pulses / burst at 200 Hz, 

with each pulse 150 µs wide, with bursts repeated at a rate of 15 Hz.  The amplitudes of 

the pulses were then modulated as a function of the detected finger force. 

Set-up Procedures   

After the electrodes were applied to the subject, the operating range for non- 

noxious stimulus intensities was identified.  First, the stimulus current that was just 

detectable by the subject was determined.  Pulse trains were delivered once a second 

while pulse amplitude was gradually adjusted according to the staircase method of limits 

(Békésy 1947; Ehrenstein 1999) in which the stimulus current was adjusted up and down 

below and above the threshold level detected in each trail, in an attempt to converge on a 

reliable current value that best represented threshold. Typically, such convergence 

required about 20 trials.  Next, pulse trains were again delivered once per second with 

stimulus pulse amplitude increasing slowly from threshold up to the level at which the 
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subject began to report mild discomfort.  The maximal stimulus intensity was then fixed 

at 20% below the discomfort threshold.  For the remainder of the experiment, all stimulus 

intensities were restricted to occur between the detection threshold and 20% below 

discomfort threshold. 

Mapping function 

 Data acquired from the previous mechanical and electrical characterization 

studies (chapters 3 and 4) were used to derive a mapping function that, on average, was 

intended to represent the translation between mechanical stimulation of the finger tip and 

electrical stimulation on the back of the neck in terms of threshold and intensity gain 

scaling for individuals.  Mapping functions were derived as follows: 

The psychophysical magnitude estimation function for mechanical stimulation of 

the finger is where PfFkP ff
β= f, is the perceptual magnitude of the applied force (F) in 

newtons, and kf, and βf are the fitting parameters representing the initial gain, and gain 

sensitivity for the perception of force applied to the finger tip, respectively. Based upon 

the results of prior work (see chapter 3), kf, and βf were taken as 53.9 and 0.47.  

Similarly, the psychophysical magnitude estimation function for electrical 

stimulation of the back of the neck is where PeIkP ee
β= e, is the perceptual magnitude of 

the applied current (I) in milliamps, and ke, and βe are the initial gain and gain sensitivity 

for the perception of electrical stimuli applied to the back of the neck.  It should be noted 

that I is the stimulus current level above threshold, not the absolute current. ke and βe 

were taken as 11.3 and 1.12, respectively, which correspond to the mean psychophysical 
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fitting parameters for electrical stimulation to the neck based upon the results presented 

in Chapter 4. 

Because we wished to equate the perception of force (Pf) on the finger tip to the 

perception of electrical stimulation (Pe) on the back of the neck, we simply set Pf = Pe.  

Therefore, based on the psychophysical scaling functions described above, we obtained: 

ef IkFk ef
ββ =        (1). 

Taking the log of both sides of (1) yields: 

( ) ( ) ( ) ( )IlogklogFlogklog eeff β+=β+    (2) 

 Solving equation 2 for log(I) yields: 
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Then, setting km = (kf / ke)(1/βe) and βm = βf / βe, the final mapping function 

between force (F) applied to the finger and the associated current (I) delivered to the skin 

of the neck could be written as: 

I = km F
βm       (5) 
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 Based on the values of kf and ke, and βf and βe obtained from the previous studies 

described in Chapters 3 and 4, the value of km for the present study was set at 4.03 while 

βm was set to 0.41.  Equation 5, therefore, represents the rule by which a detected level of 

force associated with a mechanical stimulus was transformed into an electrical stimulus 

to elicit a corresponding perception of intensity.  Stimulus amplitude was normalized for 

each subject such that the lower (0 N) and upper limits (28.75 N) of the force sensor were 

associated with the threshold current and 20% below the discomfort threshold, 

respectively.  This ensured that subjects could not receive painful stimuli, even if the 

sensor was inadvertently driven to maximum output. Details of the normalization 

algorithm can be found in Appendix C. 

Experimental Procedures 

Threshold 

Due to the inherent low dynamic range (500 to 1) of the force transducer it was not 

practical to perform a threshold sensitivity experiment.  Based on initial examinations of 

the sensor, the low end sensitivity was approximately 50 mN and corresponded with the 

advertised dynamic range of the sensor (saturation force level of the sensor was 28.7 N). 

Magnitude Estimation 

 In order to evaluate the magnitude estimation capability of subjects using the 

electrotactile feedback system, Semmes Weinstein filaments were once again used to 

apply calibrated force levels to the tactile force-sensing pad affixed to the index finger of 

the experimenter.   Seven stimulus levels that spanned a large range of values (0.035 to 
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4.38 N) were applied 5 times each in random order for each subject.  The lowest load 

tested was roughly equivalent to the weight of an American penny.  The highest load was 

that associated with the largest monofilament available in the Semmes Weinstein set, 

with a force approximately equivalent to the weight of a large glass of water.  Before 

each trial, a mechanical reference stimulus was applied to the forehead (as was done in 

the previous studies described in Chapters 3 and 4).  The mechanical reference was a 

Semmes-Weinstein monofilament with a force rating of 20 mN.  This was the same value 

used in the studies of chapters 3 and 4.  The subject was instructed that this filament had 

a perceptual reference value of 10 and all stimuli applied were to have their intensity 

referred to and scaled by this value.  The experimenter then immediately applied a 

monofilament to the force transducer on his finger tip.  The subject was instructed to 

provide a magnitude estimate of the stimulus intensity felt on the back of the neck 

elicited by the application of force to the finger-mounted force sensor. 

Data Analysis 

 Data collected during magnitude estimation experiments were fit for each subject 

to a standard power function of the form: Ψ = kΦβ (Marks 1974) where Φ represents the 

magnitude of the applied mechanical stimulus and Ψ indicates the perceived estimate of 

stimulus magnitude.  The terms k and β represent the fitting parameters of the 

psychophysical function.  The term β is often referred to as the psychophysical 

“sensitivity” and k is the initial gain of the fitting function (Marks 1974).  A one-way 

ANOVA was performed to compare the sensitivity value β for the tactile feedback 
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system, mechanical stimulation (Chapter 3), and electrical current modulated stimulation 

(Chapter 4). 

Results 

Magnitude Estimates 

  Magnitude estimation data based on artificial tactile feedback and the associated 

best-fitting power functions for all subjects tested are shown in Figure 5-3.  In general, 

the shapes of the psychometric curves for artificial tactile feedback were similar across 

the subjects with a mean psychophysical sensitivity value (β) of 0.62 ± 0.12.  

Furthermore, the psychophysical sensitivity for artificial tactile feedback was similar to 

that associated with normal mechanical stimulation of the finger tip (0.47 ± 0.10), but 

was markedly lower than that for electrical stimulation applied to the back of the neck 

(1.14 ± 0.37, Chapter 4) (Figure 5-4).  These results indicate that the mapping function 

used for the tactile feedback system functioned as intended to shape electrical stimulation 

on the back of the neck to an intermediary psychometric function that closely 

corresponded to the normal perceptual attributes of tactile input to the finger tip. 
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Figure 5-3.  Electrotactile Magnitude Estimate Data.  Electrotactile feedback 
magnitude estimate data collected from 20 subjects is shown.  All data was individually 
fitted to a power function: k βΨ = Φ  such that Ψ represents the estimated psychological 
magnitude, Φ is the actual stimulus intensity.  k and β represent the fitting parameters of 
the psychophysical function with values of 9.02 ± 5.10 and .62 ± 0.12, respectively.  
Mean R2 values for the fitting functions were 0.80 ± 0.09. 
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Figure 5-4.  Mean (± SD) Magnitude Estimation Sensitivity Comparison Between 
Different Experiments.  There was a close correspondence between the magnitude 
estimate sensitivity between the tactile feedback system and mechanical stimulus to the 
finger tip (0.62 ± 0.12 and 0.47 ± 0.10, respectively).  Both are substantially lower than 
the sensitivity of current modulated electrical stimulation to the neck (1.14 ± 0.37).  
Additionally, it should be noted that the function shape for the tactile feedback system 
and for mechanical stimulation are decelerating functions while that for the current 
modulated electrical stimulation to the neck is an accelerating function.  The 
correspondence between the feedback system and mechanical stimulation is by design of 
the tactile feedback mapping function.  

Discussion 

Here we have tested a tactile feedback system with standard psychophysical tests 

and compared its performance to the normal tactile ability of the fingers.  While threshold 

sensitivity of the tactile feedback system was inferior to that of the normal finger, the 
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ability to judge different levels of force detected with tactile feedback systems was just as 

good as that of the finger. 

The threshold performance of the feedback system was unable to meet that of 

natural fingertip.  This is due to the dynamic range specification of the force sensor, 

which was 500 to 1 (Appendix C).  With the maximum force measurable by the sensor at 

28.7 N, a dynamic range of 50,000 to 1 would be required to measure the mechanical 

sensitivity of the fingertip (0.63 mN).  While the A/D converter of the 6025E DAQ card 

is capable of this (16 bit resolution), the current sensor is unable to achieve the necessary 

range.  Ideally a force sensor capable of measuring 0.1 mN up to 30 N would be obtained.  

The availability of such a sensor is unlikely with current technologies.  Alternately, a dual 

layer sensor could be used.  A sensor with a range of .1 mN to 50 mN layered on top of a 

sensor able to read 50 mN up to 25 N would produce a very reasonable range for human 

use.  The sensing system could easily be adapted to switch sensors when the lower 

sensitivity sensor saturated due to excessive force. 

It was presumed that if a psychometric function could be developed for the 

perceptual intensity of a mechanical stimulus to the finger tip, and for electrical current 

modulation on the back of the neck, then these two functions could be used to translate 

the perceptual intensity of mechanical stimulation to that of electrical stimulation.  By 

equating the perceptions of the two separate modalities, the mapping function was 

created.  This derived function was subsequently evaluated with the described 

electrotactile feedback system.  The use of a mapping function to translate between touch 

sensation and electrical stimulation in order to elicit comparable perceptual intensities 
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was successful in that the sensitivity of the magnitude estimation curves were statistically 

similar between the feedback system and normal mechanical stimulation (P<0.05).  

Subjects were easily able to distinguish the levels of force applied to the fingertip of the 

experimenter and estimated magnitude in near correspondence with that which would 

occur via normal mechanical stimulation to the fingertip.  The psychometric function 

developed was based upon the mean psychophysical parameters for subjects in chapters 3 

and 4.  The use of a single mapping function based upon mean subject response greatly 

simplifies the development of a deployable tactile feedback system as minimal 

adjustment was needed to adapt the system to different individuals in the current study.  

Flexibility 

 Additional functionality should be realizable from a system that uses such a 

simple transfer function.  The parameters of the mapping can be easily adjusted to adapt 

the feedback system to a number of applications beyond restoration of normal tactile 

sense.  For example, the initial gain could be increased, providing an enhanced ability to 

discriminate weak forces while preserving the ability to perceive high force levels 

without excessive stimulation, although with reduced resolution at the high levels.  This 

method of adapting the mapping function was used in the present experiments to 

maximize the usable span of the force sensors such that the maximum output of the 

sensors corresponded with the maximum current level (discomfort threshold) while 

preserving the natural shape of the function imparted by the gain sensitivity parameter β.  

Other mapping functions could be implemented to facilitate force or other types of 

feedback for a variety of applications in which normal sensation would not be adequate, 
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such as that associated with micromanipulations via robotic and medical implements 

(Hemami 1985; Ma et al. 2004; Kitagawa et al. 2005; Feintuch et al 2006).  And finally, 

development of tactile feedback systems will accelerate as motor restoration systems 

improve and become feasible, since, somatosensory feedback is critical to the generation 

and control of movement. 
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CHAPTER 6 – ELECTROTACTILE FEEDBACK SYSTEM 
IN ANESTHETIZED DIGITS OF THE HUMAN HAND
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Abstract 

Simple sensory and motor functions were tested in six human subjects using a 

tactile feedback system and in whom normal touch sensations had been blocked by 

digital anesthesia.  Force detected by a tactile sensor on the index finger was transformed 

into amplitude-modulated current pulses delivered to the skin on the back of the neck. 

Subjects performed two tasks: a force-matching task in which subjects were asked to 

match the “pressure” felt in response to externally applied loads to the right index finger 

by pressing the left finger onto a horizontal surface with an equivalent pressure; and two, 

a static grip task in which subjects were instructed to squeeze a fixed object between the 

thumb and index finger to different force levels specified by visual targets displayed on a 

computer monitor.  Each task was performed once with, and without digital anesthesia of 

the right hand.  Furthermore, the tasks were performed using the tactile feedback system 

with the fingers anesthetized.  Subjects were severely impaired in their ability to match 

forces applied to the anesthetized index finger.  Correlation between applied and matched 

forces when the right index finger was anesthetized yielded a mean coefficient of 

determination r2 = 0.09 ± 0.13 and a mean slope of 0.09 ± 0.08.     With electrotactile 

feedback, subjects were able to match force nearly as well as with normal tactile 

sensation although with modest gain scaling error due to errors in subject motor memory 

(r2 = 0.64 ± 0.17, slope 1.36 ± 0.39).  A modest yet significant improvement was seen in 

the grip task between the anesthetized case and the anesthetized case with accompanying 

electrotactile feedback (RMS error = 41 ± 11% versus 29 ± 9%, respectively).  Therefore, 
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the electrotactile feedback offers successful reintegration of sensory information, and 

only mild improvement in the anesthetized gripping tasks. 
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Introduction 

We often take for granted the importance of tactile feedback in our daily lives. 

Attempts to manipulate small objects such as a set of keys when the hands are numb with 

cold can provide a frustratingly vivid demonstration of the importance of tactile 

information in motor functions of the hand.  Indeed, individuals who suffer from rare 

diseases that cause loss of somatosensory feedback are severely impaired in their ability 

to perform daily tasks (Rothwell et al. 1982; Cole 1995).  Similarly, selective lesions of 

somatosensory pathways in experimental animals lead to near complete paralysis even 

though motor pathways are intact (Mott and Sherrington, 1895).  Even when 

proprioceptive feedback is largely intact and only tactile information from the fingertips 

is eliminated, precision grip is markedly compromised (Johansson 1991; Johansson and 

Westling 1984, 1987; Westling and Johansson 1984, 1987).  It would seem important, 

therefore, in efforts to restore movement in paralyzed individuals with neuroprosthetic 

devices (Hoffer et al. 1996; Cheney et al 2000; Lauer et al. 2000; Nicolelis 2001, 2003; 

Donoghue 2002; Schwartz 2004; Stein and Mushahwar 2005) that systems be 

incorporated that can provide some form of somatosensory feedback.  

A system designed to restore tactile sensations in individuals suffering from 

somatosensory loss, such as that might occur with spinal cord injury, was described in 

Chapters 4 and 5.  Here we test the utility of this system to restore simple sensory and 

motor functions in human subjects whose tactile sensibility was eliminated with 

anesthetic block of the digital nerves. 
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Methods 

Six subjects volunteered to participate in this study (2 male and 4 female ages 23-

46).  The Human Investigation Committee at the University of Arizona approved the 

experimental procedures and subjects gave their informed consent to participate.  

Experiments lasted approximately 3 hours. 

Overview 

Two force matching tasks were performed: a passive force matching task in which 

forces were passively applied to the subject’s test index finger and the subject was 

instructed to match the sensed force by pressing down with an equivalent force using the 

other index finger; and a grip task in which case target forces were displayed visually and 

the subject attempted to match the targets by applying grip forces with the index finger 

and thumb of the test hand to a fixed object.  The salient difference in the two tasks was 

that in the former, the test digit was used only as a sensor of the target forces, whereas in 

the latter, the test digit was involved in generating the target forces.  Both tasks were 

performed under three conditions: 1) with intact sensations of the test hand, 2) with 

digital nerve block of the index finger and thumb of the test hand to eliminate tactile 

feedback, and 3) with electrotactile feedback in the anesthetized test hand.  

Digital Nerve Block 

Anesthetic (2% Lidocaine without epinephrine) was applied to the digital nerves 

supplying the skin of the index finger and thumb (see Figure 6-1).  Approximately 2 cc of 

anesthetic was injected on both sides at the base of each digit.  In some cases, a small 
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tourniquet was placed temporarily at the base of the thumb and index finger (not shown 

in Figure 6-1) during the injection of the anesthetic to prevent diffusion of the anesthetic 

away from the targeted digital nerves.  Such a digital nerve block was needed in order to 

remove tactile sensations and thereby enable evaluation of the electrotactile feedback 

system. 

 
 
Figure 6-1. Injection Sites for Digital Anesthesia.  Up to 2 ml of lidocaine (no 
epinephrine) was injected into both sides at the base of each digit.  Tourniquets were used 
around the base of the thumb and index finger after injection to improve local delivery of 
the anesthesia to the desired nerve branches.  Tourniquets were removed after the first 
experimental task to assure adequate blood flow to the digits.  Complete digital block was 
achieved in 10-20 minutes and lasted for approximately 60 minutes.
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 Onset of anesthesia occurred about 10 - 20 minutes following the injections.  

Complete digital block was verified by the absence of sensation to the application of a 

150 mN monofilament probe to the volar and dorsal surfaces of the digits.  The duration 

of complete anesthesia using these procedures varied from subject to subject, but 

typically lasted about 60 minutes.   

Anesthetic was applied after the experiments associated with condition 1 (normal 

tactile sensation) had been completed. Once the digital nerve block in the index finger 

and thumb was confirmed, experiments involving conditions 2 and 3 were performed.  

Conditions 2 and 3 were presented in random order across subjects. 

Electrotactile Feedback 

Tactile force sensors (Pressure Profiles C500 tactile sensors) were used to capture 

the forces applied during both the passive force-matching task and the grip task.  The 

sensors converted the detected force into a voltage signal that was then digitized and 

sampled by a National Instruments 6025E DAC card.  In trials involving electrotactile 

feedback, the sampled signal was interpreted in real-time by software and transformed 

into a pattern of electrical pulses that was delivered to an optically-isolated stimulator, 

which in turn, delivered electrical pulses to electrodes placed on the skin on the back of 

the neck of the test subject.  The magnitude (current) of the pulses was determined based 

on a psychophysical mapping function of the detected force as described in Chapter 5. 
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Electrodes and Stimulator 

A pair of surface electrodes (silver silver-chloride, 4 mm diameter, 1cm inter-

electrode distance) was fixed to the skin on the back of the neck of the test subject with 

adhesive disks.  The electrodes were placed to the right of the midline as described 

previously.  An electrolyte gel was placed inside the cup of the electrode housing to serve 

as a conductive path between the skin and electrode.  Prior to application of the 

electrodes, the target skin region was hydrated by maintained application of a water-

moistened pad for about 2 minutes.  Electrodes were connected to a MultiChannel 

Systems STG2008 programmable constant-current device.  The stimulus parameters were 

controlled by a C++ computer interface module within National Instruments Labview 

(see Appendix C).  As described earlier, that pattern of stimulation consisted of balanced 

biphasic pulse bursts, 6 pulses/burst at 200 Hz, pulse width 150 µs, and bursts repeated at 

a rate of 15 Hz. 

 After the electrodes were applied to the subject, the operating range for non-

noxious stimulus intensities was identified.  First, the stimulus current that was just 

detectable by the subject was determined using the method described in Chapter 5.  Next, 

pulse trains were delivered once per second with stimulus pulse amplitude increasing 

slowly from threshold up to the level at which the subject began to report mild 

discomfort.  The maximal stimulus intensity was then fixed at 20% below the discomfort 

threshold.  For the remainder of the experiment, all stimulus intensities were restricted to 

occur between the detection threshold and 20% below discomfort threshold. 
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Procedures 

Passive force matching task 

For the passive force-matching task, subjects were seated comfortably in front of 

a table with both hand lying palms down.  Individual tactile force sensors were secured 

with elastic finger cots on the on the index finger of both hands (see figure 6-2 A). The 

eyes were closed throughout the duration of these experiments.  During each trial, the 

experimenter pressed down on the subject’s right index finger in order to exert one of 

seven target force levels (1.4, 3.6, 5.8, 9.0, 13.3, 18.7, and 23 N) onto the test finger.  The 

target force was maintained for 10 s by the experimenter using visual feedback (displayed 

on a computer monitor) of both the target force and the force detected by the sensor on 

the subject’s right index finger.  While the target force was being applied, the subject was 

instructed to press their left index finger into the surface of the table with a force equal to 

the force sensed (either via normal sensation or electrical feedback) on the finger pad of 

the index finger of the right hand.  In conditions involving electrotactile feedback, the 

force applied to the right index finger was transformed into electrical stimulation applied 

to the back of the neck based on the mapping function. Each of the seven force levels was 

applied 5 times in random fashion for a total of 35 trials per experiment.  There was a 10 

s delay between each trial.   



 140

 
Figure 6-2. Setup for Closed Loop Electrotactile Feedback Experiments.  Panel A 
shows the setup for the passive force matching task.  The experimenter applied force to 
the right finger of the subject.  The subject then matched the force level felt on the right 
finger pad by pressing onto the table with the left finger pad.  Panels B and C show the 
setup for the grip force matching task.  Subjects were asked to squeeze a standard piece 
of 2”x 4” wood for the task.  A black shroud was used (Panel C) to prevent the subject 
from utilizing visual feedback of the hand as an indicator of force output.  Subjects were 
seated in front of a computer screen which provided visual commands and feedback 
depending on the experimental conditions.  In both setups feedback electrodes were 
located on the back of the neck to the right of the midline.  Please see figure 5-1 for better 
illustration of electrode positioning.
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Subjects wore the tactile sensors for all three conditions (normal tactile 

sensations, anesthetic block of the right index finger with no electrotactile feedback, and 

anesthetic block of the right index finger with electrotactile feedback).  In addition, prior 

to the anesthetic block, subjects performed a training block of 35 trials using the same 

procedures described above in which electrotactile feedback was provided together with 

normal tactile sensations.  This training set was used to familiarize the subject with the 

electrotactile sensations associated with different levels of applied force to the index 

finger. 

Grip Task 

The pinch grip task involved exerting different levels of pinching force applied by 

the thumb and index finger upon a stationary 9 x 4 x 15 cm wooden block (Figure 6-2 B).  

A cover was placed over the hand and block (Figure 6-2 C) during testing to avoid the 

possibility that subjects might use visual information related to skin deformation to assist 

them in identifying the force being applied to the block.  For each trial, the desired force 

level was indicated to the subject by a horizontal line drawn on a computer monitor.  The 

actual force exerted by the subject was monitored by a molded tactile force sensor placed 

over the pad of the index finger and held in place by an elastic finger cot.  Another tactile 

sensor was placed on the thumb, but data from this sensor were not analyzed as part of 

this study.  With the exception of training trials (described below), visual feedback of the 

actual forces exerted was not provided to the subject.   Seven target force levels were 

presented to the subject (1.4, 3.6, 5.8, 9.0, 13.3, 18.7, and 23 N), each replicated 5 times 

for a total of 35 trials per condition.  Each trial lasted 20 s with 10 s of visually 
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commanded force and 10 seconds of rest.  The force levels were presented to the subject 

in a randomized fashion.  Force levels detected by the tactile sensor on the index finger 

during the grasps were recorded and subsequently compared to the target force levels 

indicated by the visual cues.  This provided an indicator of a subject’s ability to produce a 

desired grasping force. 

There were three main experimental conditions for the grip task:  1) normal tactile 

sensations, 2) anesthetic block of tactile sensations from the index finger and thumb, and 

3) anesthetic block of tactile sensations together with electrotactile feedback.   A block of 

training trials immediately preceded each condition. The training trials were identical to 

the main task (including electrotactile feedback for training trails immediately preceding 

condition 3) except that the subject was provided with online visual feedback of the force 

that they exerted along with the visual cue of the desired force output.  The training trials 

provided the opportunity for the subject to learn the appropriate force associated with 

each visual target level.   

Experimental conditions were interleaved such that potential learning effects 

could be minimized.  The order of experiments involving passive feedback and grip force 

matching were alternated between subjects.  Additionally, experiments involving use of 

electrotactile feedback while anesthetized were alternated with experiments without 

electrotactile feedback while anesthetized to avoid an improvement in performance 

associated with continued practice while anesthetized. 
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Data Analysis 

 For both experiments the last 6 seconds of an experimental trial were analyzed.  

The first 4 seconds were reserved to allow subjects to achieve a steady state level of force 

output. 

 In the passive force matching task the mean match force output produced by the 

subject was calculated for the last 6 seconds of each trial.  A linear regression was fit to 

the data (target force versus mean match force) for each subject.   The mean coefficient 

of determination (r2) and mean slope (Target N / Match N) across subjects were 

compared via one-way ANOVA analysis for the different experimental conditions. 

 In the grip force matching task the mean percentage RMS error of the last 6 

seconds of each trial was calculated, and then combined across trials for each subject.  

The mean percentage RMS error across all subjects was then compared using Repeated 

Measures ANOVA analysis for across the three conditions of interest: normal, 

anesthetized, and anesthetized with electrotactile feedback. 

Values are reported as means ± standard deviation with a probability of 0.05 

selected as the level of statistical significance for all tests. 

Results 

Complete block of tactile sensations was achieved in five of the subjects tested.  

In a sixth subject, repeated injections of anesthetic were unsuccessful in eliminating 

residual tactile sensations near the tips of the index finger and thumb.  Data from this 

subject, therefore, were not included in the analyses. 
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Passive Force Matching 

 Example data obtained in one subject for the passive force matching task is shown 

in Figure 6-3 for normal sensation (Figure 6.3 A), for anesthesia of the index finger 

(Figure 6.3 B), and for anesthesia of the index finger together with electrotactile feedback 

(Figure 6.3 C).  For each condition, the force voluntarily exerted by the left index finger 

(i.e. the ‘reporter’) is plotted as a function of the external force applied to the right index 

finger (the ‘sensor’) by the experimenter for all 35 trials in the block.  In the un-

anesthetized case, there was a good linear fit between the externally applied force and the 

force reported by the left finger (r2 = 0.69 ± 0.30).  When the right index finger was 

anesthetized (Fig. 6.3 B), there was no correspondence between applied and reported 

forces (r2 = 0.09 ± 0.13, slope = 0.09 ± 0.08) indicating that the subject was simply 

guessing the levels of force applied to the test finger.  However, in the absence of normal 

tactile sensations but with the use electrotactile feedback (Fig. 6.3C), the ability of the 

subject to judge different levels of force applied to the test digit (r2 = 0.63 ± 0.17, slope = 

1.36 ± 0.40) was nearly as good as that for the un-anesthetized case.    
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Figure 6-3.  Passive Force Matching 
Example Plots.  Panel A, B, and C 
show matching between passive force 
applied to the right index finger, and 
match force (force produced with the 
left index finger).  Panel A shows 
matching ability for normal tactile 
sensation.  Panel B shows matching 
ability for the anesthetized case.  Panel 
C shows matching ability for the 
anesthetized case with electrotactile 
feedback.  Panel A and C show the 
subject’s consistent ability to match 
between command force and match 
force.  From panel B it can be seen 
that in the anesthetized case there is no 
ability to match the command force, 
and this ability is fully restored with 
electrotactile feedback (Panel C). 
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 The mean (SD) coefficient of determination (r2) and mean slope of the linear 

regression for the relation between applied and reported force obtained during the passive 

force matching task for the five subjects are shown in Figure 6.4.  Anesthetic block of 

tactile sensations, as expected, caused a marked deterioration in the relation between 

applied and reported forces as reflected in the low coefficient of determination (r2 = 0.09 

± 0.13) and near-zero slope (0.09 ± 0.08). Application of electrotactile feedback in 

anesthetized digits, however, restored the coefficient of determination (r2 = 0.63 ± 0.17) 

to a mean value that was not significantly different from the case with normal tactile 

sensations (r2 = 0.69 ± 0.30) (Fig 6.4 A).  The regression slope with electrotactile 

feedback (1.36 ± 0.40) was higher than that for the normal sensation case (normalized for 

all subjects to a value of 1.0, see Methods).  Therefore, the gain for electrotactile 

feedback was slightly above that for normal sensory processing of tactile input to the 

finger. 
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Figure 6-4.  Passive Force Matching Results.  The bar graph in panel A depicts the 
mean slope of the linear fit of passive force matching ability across all subjects.  Panel B 
depicts the mean coefficient of determination (r2) fitting quality for each experimental 
condition.  “Normal” corresponds to the condition of normal tactile sensation, 
“Anesthetized” corresponds to the case when no feedback is present and the index finger 
is completely anesthetized.  “Electrical” corresponds to when the right index finger is 
anesthetized but feedback is available in the form of electrical stimulation on the back of 
the subject’s neck.  It can be seen that in the anesthetized case there is little correlation 
between the input command signal and the output force level as the slope is nearly 
horizontal (0.09 ± 0.08) and the fitting quality is very poor (r2=0.09 ± 0.13).  Fitting 
quality with electrical feedback is nearly as good as for the normal case (0.63 ± 0.17 and 
r2= 0.69 ± 0.30 respectively) suggesting comparable scatter and linearity.  Gain was 
slightly higher (1.36 ± 0.40) with electrical feedback than for the normal case.
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Grip Task 

 An example record of the target and grip force signals associated with an entire 

block of 35 trials for the grip task is shown in Figure 6.5.  This particular example was 

from a case involving electrotactile feedback in a subject with digital nerve block of the 

thumb and index finger.   
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Figure 6-5.  Sample Data from Grip Force Matching Task.  The subject illustrated 
was under digital anesthesia and had use of electrotactile feedback during the task.  Data 
are displayed for a full 35 trial run with commanded force displayed as a dashed line and 
actual grip force displayed as a solid line.  



 149

 Figure 6-6 shows example target and exerted forces obtained from records like 

that shown in Figure 6-5 but with the trials sorted and overlaid for different target levels. 

For comparison purposes, Figure 6-6 A shows data obtained during a training set in 

which visual feedback of the exerted force was provided to the subject with normal tactile 

sensation. Figures 6-6 B-D show the data recorded in the same subject for the different 

experimental conditions: with normal tactile sensation (Fig. 6-6 B), with anesthetic block 

of tactile feedback (Fig.6-6 C), and using electrotactile feedback in anesthetized fingers 

(Fig. 6.6 D).   
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Figure 6-6.  Grip Force Matching Overlay Plots.  Data for one subject is shown for 4 
experiment runs.  All trials for each experimental run are overlaid and organized from 
lowest to highest command force.  Panel A shows the case of normal sensation with 
visual feedback.  Panel B shows the recorded data for the normal un-anesthetized case.  
Panel C shows the recorded data for the anesthetized case.  Panel D shows the recorded 
data for the case of anesthesia with electrotactile feedback. It can be seen that without 
visual feedback (Panels B, C, and D) that error is moderate and there is little visible 
difference between the three test conditions.  In fact, electrical feedback only provides 
mild improvement (not statistically significant) over the anesthetized case (see figure 6-
7).
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The last 6 s of each 10-s trial for the three conditions were analyzed to calculate 

the RMS error relative to the target force.   The overall mean (SD) RMS error for all 5 

subjects across the three experimental conditions is shown in Fig. 6-7.  Despite a near 

doubling in RMS error from the normal case (40.8 ± 15.9%) to that when the digits were 

anesthetized (80.8  ± 88.0%), and a modest improvement in RMS error when 

electrotactile feedback was added to the anesthetized fingers (67.3 ± 85.5%), the repeated 

measures ANOVA indicated that there was no significant main effect of condition on 

RMS error.  This lack of significance might have been related to the large standard 

deviations of the mean apparent in Figure 6-7.  Examination of the individual subject data 

revealed that one subject exerted exceptionally high grip forces (on average ~ 200% 

above the target levels) when the fingers were anesthetized.  It was unclear why this 

subject produced such large grip forces when the fingers were anesthetized.  

Nevertheless, when the ANOVA was re-run with the data from this one subject excluded, 

no significant main effect of condition was revealed.   Therefore, despite a trend toward 

increased RMS error with digital nerve block and some recovery with electrotactile 

feedback, the combination of large variability and low statistical power precludes making 

a conclusion as to whether these differences were meaningful or not.  
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Figure 6-7.  RMS Error Results for Grip Force Matching Task.  RMS error for the 
three test conditions is shown.  Although there is a trend towards poorer performance 
under anesthesia, and subsequent improvement with electrical feedback, there was not a 
statistically significant change across the conditions due to high standard deviation.  
Clearly the subjects’ ability to generate motor commands through efferent copy, or any 
remaining proprioceptive feedback is sufficient to override a portion of the loss 
associated with digital anesthesia, and improvement elicited via electrical feedback. 

Discussion 

Although subjects were fully able to utilize the electrotactile feedback system to 

judge applied forces to an anesthetized finger, the presumed improvement in a grip 

matching task associated with use of the electrotactile feedback system was not apparent. 

The passive force matching task showed superb improvement over the 

anesthetized case.  While anesthetized, individuals were completely unable to judge 
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forces applied to the fingertip.  When augmented with electrotactile feedback, the ability 

to judge force levels was comparable to that of the normal case.  The only deficiency in 

the performance was a general increase in gain.  Although linearity was maintained in 

subjects’ ability to produce force output (presumably due to a proper electrotactile 

mapping function), there was a gain error seen in almost all subjects, with a mean gain 

error of 36% ± 40%.  This was most certainly due to the difficulty in, and psychological 

drift associated with remembering the scale of force outputs associated with the electrical 

feedback. 

The apparent comparable level of performance between the anesthetized case and 

the case of normal tactile sensation during the grip task was initially surprising.    

However, at least two factors could have enabled relatively good performance during 

anesthesia.  One is associated with the phenomena known as efferent copy, and the other 

relates to the possibility that other forms of somatosensory feedback not eliminated by 

the anesthetic block could have contributed significantly to the ability of subjects to judge 

how strongly they exerted grip forces.  

There appears to be substantial perceptual information about how much force is 

exerted during a voluntary motor task in the absence of direct forms of feedback.  Indeed, 

the ability to produce a force based upon a pre-conceived or internal model of the force 

output, also known as sense of effort, or “efferent copy” is well documented (Burgess and 

Jones 1997; Monzée et al. 2003; Lafargue 2003; Gandevia and McCloskey 1977; Cole 

and Sedgwick 1992; Waller 1891).  While it is generally accepted that some replica of the 

motor command, presumably emanating from the motor cortex, is used to shape the 
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perception of effort (Sperry 1950; Lafargue 2003), how or even where this occurs in the 

brain is not at all clear.  Nevertheless, the existence of this centrally generated sense of 

effort makes it difficult to decouple the presumably complimentary roles of tactile 

feedback from the memorized motor output in generating a simple pinch grip.  

Although every effort was made to eliminate the possibility of tactile feedback in 

the subjects tested, some afferent feedback inevitably remained during anesthetic block.  

In particular, afferents arising from receptors residing in the primary muscles utilized in a 

pinch grip were not subject to digital anesthesia.  These receptors certainly could have 

contributed perceptual information about the force developed in the muscle, and thereby 

aided subjects in the performance of the grip task.  This possibility requires further 

investigation.   

Nevertheless, the need for artificial tactile feedback should not be dismissed based 

upon the results of the present investigation.  Many potential users of tactile feedback 

system would not have proprioception available (in the case of quadriplegia and 

amputations), nor would efferent copy be sufficient in dynamic systems where fatiguing 

of muscles or intrinsic changes of force output over time would require that the internal 

model be updated periodically by afferent signals.  Furthermore, improvements in sensor 

density and increases in the number of electrotactile stimulation points should increase 

the ability of these systems to discriminate the fine aspects of tactile information that 

have been shown to be necessary for fine manipulation tasks in daily activities (Rothwell 

et al. 1982; Monzée et al. 2003, Augurelle 2003, Wheat and Goodwin 2001).   
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CHAPTER 7 - FINAL THOUGHTS 
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 As is the case with any research project, inquiry often begs more questions than 

answers.  Such was the case with this dissertation study.  In laying the fundamental 

framework for a psychophysical mapping function between two sensory modalities and 

regions of skin, several fundamental physiological questions arose, including:  What 

impact does the central nervous system impose on perceptual gain scaling?  What are the 

relative contributions of afferent frequency coding versus afferent recruitment?  And 

finally, how does the sense of effort contribute to the performance of daily motor tasks in 

comparison to that of tactile and proprioceptive feedback.  A brief discussion of each of 

these questions follows. 

 From the results of the studies of chapter 3, it could be seen that while the tactile 

sensitivity threshold and spatial resolution on the fingertips were greater than on the neck, 

the gain scaling and sensitivity were quite similar.  Because afferent density is likely 

higher in the skin of the fingertip than on the neck (Winkelmann and Breathnach 1973; 

Kandel et al. 2000; Darian-Smith 1984; Johansson and Vallbo1979b; Johnson 2001), a 

given force stimulus should inherently activate more afferents in the fingertip than on the 

neck.  Given that a greater number of afferents would provide increased neural response 

in the associated regions of the somatosensory cortex, greater perception for the fingertip 

than the neck would be expected.  This line of reasoning, however, is clearly false, as 

indicated by the constant perceptual gain across regions.  Further experiments must be 

conducted to determine the relative population response for a given stimulus in the two 

regions in order to determine if there is a peripheral scaling component, or if the 
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similarity in perceptual gain scaling between the skin regions is accomplished by some 

higher order cortical function. 

 Chapter 4 raised the possibility of examining an aspect of sensory coding which 

has not been carefully researched to date.  Application of force stimuli to the skin 

engages two mechanisms of sensory encoding, namely; an increase in firing rate of 

afferents as the stimulus force increases, and also, an increase in afferent recruitment as 

additional skin deformation begins to activate nearby receptors.  Although 

microneurographic recordings have characterized the single afferent response to skin 

deflection in conjunction with perceptual response (Vallbo et al. 1984, 1999, Torebjork 

and Hallin 1974, Knibestol 1973, 1975), a true separation of two encoding schemes has 

not been made.  The experiments of chapter 4 effectively isolated these two encoding 

methods by: fixing recruitment via constant current stimulation, and varying the 

frequency (firing rate), and fixing firing rate via constant frequency stimulation and 

varying recruitment (current amplitude).  The preliminary analysis of the data collected 

suggests that the relative contribution of recruitment outweighs that of firing rate.  An 

independent study, utilizing these techniques would provide valuable data regarding the 

relative contribution of the two encoding schemes. 

 Finally, evaluation of the tactile feedback system in chapter 6 offered a surprising 

result.  When performing a simple grip force matching task under anesthesia, the 

performance was not significantly worse, than in the normal un-anesthetized case.  

Although studies have suggested that the sense of effort, or efferent copy, is an effective 

means of producing lifting and grip forces (Burgess and Jones 1997; Monzée et al. 2003; 
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Lafargue 2003; Gandevia and McCloskey 1977; Cole and Sedgwick 1992; Waller 1891), 

it was not expected that the deficit in this task would be so minimal.  It is very clear that 

as tasks become more advanced, and concentration must be placed on other simultaneous 

tasks, the ability to utilize the sense of effort to accomplish tasks wanes (Monzée et al. 

2003; Augurelle 2003; Rothwell et al. 1982).  Further research inquiring as to the 

complexity of task at which sense of effort is, and is not, effective should be pursued. 

Future Direction 

 The electrotactile feedback system developed in this dissertation lends itself to 

further optimization and development.  Development of a clinically deployable 

electrotactile feedback system requires consideration of several design factors. 

System Goals 

 A clinically deployable tactile feedback system should allow for a patient to wear 

the device, preferably on a belt mounted, unobtrusive and removable clip.  The main 

device could then drive electrical current through a small cable to the neck or any other 

sensate skin.  Based upon the results of this dissertation, the spatial acuity of the neck 

region would easily allow for 2-4 stimulation points on the back of the neck.  Four 

channels of pressure sensation as well as feedback would be useful and practical for 

patents missing limbs, tactile sensation, or suffering from quadriplegia.  Four electrodes 

could be used to provide electrotactile feedback from the index finger and thumb of both 

hands.  A block diagram of the rough design can be viewed in Figure 7-1. 
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Figure 7-1.  Block Diagram of Portable Electrotactile Feedback Design.
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Electrodes 

 One of the major challenges to development of a chronically used tactile feedback 

system would be development of a long term usable surface electrode.  Although the 

surface Ag/Cl electrodes appear to be usable for several hours at a time, development of a 

custom electrode with a lower profile and better long term adhesion would be necessary 

prior to deployment.  Long term irritation of the skin, and potential damage due to 

prolonged electrical stimulation must also be more carefully studied. 

Output Stage 

 Due to the high voltage and analog output nature of the feedback system the 

output stage must be carefully designed to minimize power consumption while allowing 

for a modest gain.  The amplified output stage would necessarily be a voltage controlled 

current amplifier.  A class “B” amplifier output stage would provide the required high 

voltage capability while minimizing power consumption (class “B” amplifiers benefit 

from not requiring a constant bias current).  The disadvantage of the class “B” design is 

the crossover distortion associated with the diode voltage drop inherent in bipolar 

junction transistors.  The crossover distortion would not be expected to cause a problem 

as it would be on the order of a few volts and would be presumably much lower than the 

sensation threshold.  It could also be easily calibrated out of the system in the 

microprocessor with a defined offset to compensate for the junction voltage.  Since the 

amplifier would be in a current control mode, this non-linearity of voltage output should 



 161

not present a problem since the voltage level would be automatically raised to generate 

the required current output. 

Force sensors 

The force transducers used in the dissertation experiments would probably not be 

suitable for a deployable system.  They devices are cost prohibitive in comparison to the 

rest of the system ($1500 each).  Additionally the performance of the sensors was not 

substantially better than that available from other force sensing devices and materials 

while the needed electronics to drive these capacitive sensors is more complex as well.  

Some other sensors in recent development include silicon bases sensors (Beebe et al. 

1998) as well as organic FET sensors (Someya et al. 2004).  It might be more practical to 

utilize force sensitive resistors (FSRs, available from Interlink Electronics, Camarillo) as 

they are simple to integrate and have advantageous design features over capacitive 

sensors including lower power consumption and reduced cost.  FSRs are typically 

sensitive down to 0.3 N which, from our results, is not low enough to reach the human 

sensitivity threshold by several orders of magnitude.  Though, a range of 0.3 N to a few 

tens of newtons would be suitable for most daily tasks.  Additionally, the sensors could 

be layered such that lower sensitivity FSRs could be used in conjunction with higher 

threshold sensors, effectively increasing the dynamic range of the system.  FSRs are 

inherently non-linear, but offer a high degree of repeatability.  The non-linearity could 

therefore easily be compensated for in software.  FSRs can withstand, and produce output 

for 100s of Newtons of force which is more than sufficient for fingertip sensors.  The 

typical sensor has a resistance of approximately 1 kohm at 100 N of force and 100 kohms 
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at 0.3 N.  A reasonable sense range would be from 0.3 N up to 100 N of force, with 10-bit 

A/D converter, 10 mN of resolution would be available with a sensitivity dynamic range 

of 333 to 1.  In terms of power consumption, a current source supplying 50 μA of current 

would produce 50 mV of output at 100 N and 5 V output at 0.3 N.  The power 

consumption therefore would be approximately 250 μW per force channel.  Another 

important factor is that the FSRs are commercially available.  Regardless of what sensor 

would be used in a portable system, there is not currently a sensor with the necessary 

dynamic range of nearly 100,000 to 1 (approximately 0.6 mN to 50 N) to cover the extent 

of natural tactile ability. 

Microprocessor 

 The key features of a microprocessor for a portable tactile feedback system 

include: low power, sufficient processing power to perform gain scaling for four (or 

more) simultaneous channels, onboard A/D to reduce power consumption, lower cost, 

and increase portability, and onboard non-volatile memory to store individual 

calibrations.  The Microchip PIC (Microchip Technologies Inc., Chandler) line of 

microprocessors are ideal for initial development of a tactile feedback system.  Offering 

low cost development systems and a variety of onboard peripherals and features at low 

cost and with extremely low power useage makes this line of processors a good candidate 

for development.  Specifically PIC16F690 offers 12 10-bit A/D converters which could 

easily sample the suggested force sensing devices.  The processor also offers 4 10-bit 

pulse width modulation outputs which, along with some conditioning circuitry could 

provide adjustable analog output without the use of an external D/A converter, again 
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reducing the cost and power requirements of the system.   Onboard flash (7 Kbytes) and 

EEPROM (256 bytes) memory is available to store user calibrations, allowing for 

recalibrations over time without the added cost or space associated with any external 

memory.  Low power is also a critical feature.  The processor running at 1 MHz (250,000 

MIPS) would only draw 300 μA of current.  For the relatively low sample rates (15 Hz) 

and low output rates (200 Hz) a 1 MHz clock cycle is more than sufficient for all 

processing needs.  This speed would provide 1250 instructions per output pulse on all 

output channels.  If a lookup table were used for mapping function calculations, the need 

for mathematic multiply and divide (which are the most costly in terms of microprocessor 

time) would be minimized.  1 MHz is therefore more than sufficient computing power for 

the feedback application.  Speed of the processor can be increased up to 20MHz with 

modest increases in power consumption.  Another appropriate processor would include 

Texas Instruments MCP430 series processor as these processors have comparable 

peripheral features sets and processing power per watt. 

Digital to Analog Conversion 

 One option to perform digital to analog conversion is to utilize the pulse width 

modulation (PWM) output of the microprocessor along with a low pass filter to 

approximate analog voltages.  This option, while low cost and low power provides only 

moderate accuracy and stability.  

Were a digital to analog converter to be used instead of filtered PWM outputs, 

digital to analog converters (DACs) are also available in low cost, low power versions.  

Also offered by Microchip, the MCP4922 provides 2 channels of digital to analog 
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conversion with 12-bits of resolution at 350 μA of current draw.  Another advantage to 

using a separate DAC versus filtered PWM output is improved linearity and output drive. 

Power Conversion 

 Another critical element of the design for a tactile feedback system is the need for 

up to ±100 volt pulses at up to 40 mA (10 mA max per channel).  In order to drive up to 

10 mA through moistened skin, which can offer several kohms of resistance, several 

hundred volts of supply voltage must be derived from a low voltage battery (Lithium ion 

and polymer batteries are nominally 3.7 volts).  Converter technologies are rather 

advanced and development of a step up or “boost” converter would not be difficult.  

Adaptation of existing integrated converter circuits would also reduce cost and 

development time.  For instance, similar converters are used in the inverter circuitry of 

cold cathode fluorescent tubes (CCFL) in LCD displays.  These inverters convert from 5-

20 VDC up to 500 VRMS at up to 6 W of power.  The Maxim MAX754CPE is such a 

device and can provide 100 mW to 6 W of power at 500 VRMS while consuming only 

500 μA of current.  Converter efficiencies often approach 90% and 70% is very easily 

obtainable.  Although conversion of such a device to the specific supply needs in this 

application might not be practical, it provides a baseline for the complexity of technology 

available to accomplish the task and demonstrates the feasibility and ease of the design 

while also providing a baseline for power consumption and size expectations for the 

design.  Most CCFLs in today’s LCDs only need a 3-5 cubic centimeters of space inside 

the display.  A similar amount of space would be expected for the +/- 100VDC supply 

needed for this design. 
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Battery 

 Lithium polymer batteries are the most readily available high power density 

chemical batteries.  Their prevalence in consumer electronics makes them ideal in terms 

of availability and cost.  Boasting power densities of 300 watt hours per liter or 130 watt 

hours per kilogram a belt mounted battery pack would be feasible.  A battery pack the 

size of a pack of gum (5cm X 2cm X1cm) would provide 10 mL of chemical storage for 

3 watt hours, at a weight of close to 20 grams.  This would be more than acceptable for a 

portable stimulation system as will be elicited by the power calculations in the next 

section. 

Power 

 Ideally a portable feedback system should be able to undergo continuous use for 

several days without recharging.  Assuming that the desired operating time for the unit 

was 72 hours, this would lead to a maximum power draw of 42 mW if a 3 watt hour 

battery were used.   A summary of the approximate power consumption for the described 

components is shown below: 

Device Power Consumption 
PIC16F690 Microprocessor at 1 MHz 1.2 mW 
D/A MCP4922 (2x) 2 mW 
Output current at 70% conversion 
efficiency (4 channels) 

5 mW 

Force Sensors (4 channels) 1 mW 
Total 9.2 mW 
 

Clearly based upon the design thus far, there is substantial power to spare.  The 

battery size could be reduced, power consumption increased, or longevity of the system 
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without recharge could be increased by a factor of 4.  Given that the electronics necessary 

to support the device would probably need a volume near that of a deck of cards 

(assuming surface mount components were used) it would probably not be beneficial to 

reduce the size of the battery as the electronics required would still necessitate 

approximately 3 cm x 5 cm of space. 

Conclusion 

An electrotactile mapping function was established based upon solid electrotactile 

and mechanotactile characterization data.  The mapping function, when used in 

conjunction with an electrotactile feedback system, demonstrated that humans, with an 

alternate sensory input, could effectively make psychophysical estimates of translated 

mechanical stimulation delivered in the form of electrical current pulses.  The mapping 

function concept opens the door for further work in all areas of sensory substitution such 

that redirected sensations can have comparable perceptual intensities to the original 

sensory modality.  In addition, fine tuning of the psychophysical mapping function offers 

the ability to extend the capabilities of artificial human perception by altering the range 

and sensitivities of the mapping function.  For instance, force and vibrations well below 

the human ability to sense, could be transduced with finely tuned transducers.  A 

mapping function could be created with an appropriate initial gain (k) and gain sensitivity 

(β) that would emphasize extremely small signals, while attenuating large signals to 

avoid system saturation, (or pain in the case of electrical feedback).  Certainly the 

potential applications for such a flexible system extend beyond the bounds of 
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rehabilitation, and into the realm of micromanipulation and surgery (Hemami 1985; Ma 

et al. 2004; Kitagawa et al. 2005; Feintuch et al 2006).   

 The electrotactile system developed in this dissertation further demonstrated the 

possibilities for sensory substitution and filled in some of the theoretical and 

physiological basis for such systems.  It is hoped that the experimental framework set 

before the reader will encourage and enrich, motivating additional development and 

research in the expanding realm of sensory feedback and substitution systems. 
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APPENDIX A – SUPPLEMENTAL FIGURES
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Figure A-1.  Electrotactile Two-Point Threshold Data.  Linear interpolation was used 
to find the 50 percent correct separation for each subject.  This 50 percent location was 
taken to be the two point threshold.  Data was analyzed for 17 of 24 subjects.  Some 
subjects were not analyzed due to complications related to unused electrodes (due to 
discomfort) and/or impossible data fits(i.e. two point thresholds of greater than 7cm). 
Mean R^2 for analyzed subjects was 0.65 +/- 0.26. 
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Figure A-2.  Current Modulation Magnitude Estimate Data for All Subjects.  Neck 
electrical magnitude estimation data collected from 24 subjects for constant frequency 
stimulation is depicted.  All data was individually fitted to a power function: Ψ = kΦβ 
such that Ψ represents the estimated psychological magnitude, Φ is the actual stimulus 
intensity (Note: Subject stimulus thresholds were subtracted from Φ prior to fitting to 
force the zero intercept at perceptual zero).  k and β represent the fitting parameters of the 
psychophysical function.  Mean R2 values were 0..80 +/- 0..19 
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Figure A-3.  Frequency Modulation Magnitude Estimate Data for All Subjects.  
Neck electrical magnitude estimation data collected from 24 subjects for constant current 
stimulation is depicted.  This data was truncated at 200Hz.  All data was individually 
fitted to a power function: Ψ = kΦβ such that Ψ represents the estimated psychological 
magnitude, Φ is the actual stimulus intensity.  k and β represent the fitting parameters of 
the psychophysical function.  Mean R2 values were 0.66 +/- 0.18 
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APPENDIX B – HARDWARE AND SOFTWARE FOR 
ELECTROTACTILE CHARACTERIZATION 
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B-1: Supplemental Hardware Summary 

 
A low cost multichannel stimulator was designed with the following specifications: 
 

• 10 independent, isolated stim channels with up to 2 channels active 
simultaneously.    

o 0-80V 
o 0-10mA 
o 0-1KHz 
o Monophasic square pulses 
o Adjustable pulse width down to 0.1ms 
o Adjustable pulse train length 
o Switch stimulus channels once per second 

 
This task was completed using a combination of off the shelf as well as custom hardware 
and software including: 
 

• 2x Grass SIU7 isolation amplifiers 
• National Instruments Labview Express 7.0 
• National Instruments PCI-6025E DAQ Board 
• Custom Microchip PIC based, Optically Isolated Multichannel Stim Board 

(MSB) 
• Custom PIC16F Assembly Interface software 
• Custom Labview I2C communication VIs 

 

Grass SIU7 isolation amplifier: 

The Grass SIU7 amplifier is designed to take a 0-150V input from a Grass S88K 
Stimulator.  The input is fed through R1, a 2k ohm current limiting resistor and into the 
LED of a TIL117 optocoupler.  Since this is a current driven device (the output of the 
phototransistor of the TIL117 is proportional to the current passed into the TIL117 LED) 
and since R1 governs this current, R1 was bypassed and a new current limiting resistor 
was incorporated into the driver circuitry of the MSB allowing for a reduction in the 
driving voltage from 0-150V with a 2k resistor down to 0-10V with a 50 ohm resistor.  
Since R1 also acts as a linearizing element in the circuit, reduction of its value reduces 
the linearity of the circuit since a larger proportion of the voltage drop for a given drive 
current appears across the diode(non-linear element) with a 50 ohm resistor vs a 2k ohm 
resistor.  This in effect makes the circuit less linear, and more sensitive to temperature.  
Calibration efforts over the course of several hours indicated that drift and linearity error 
were not problems.  No other modifications were made to the SIU7. 
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PCI-6025E DAQ Board 

The PCI-6025E was used as a low cost digital and analog computer interface and control 
board.  The DAQ board is equipped with 2 0-10V 20KHz analog outputs which were 
used to generate the stimulus trains which were in turn amplified by the MSB in order to 
drive the SIU7 boards.  The DAQ board was also used to generate I2C (simple 2 wire 
communication protocol) commands to communicate with the MSB for channel selection 
using 2 of its 32 digital I/O pins. 
 

Multichannel Stim Board (MSB) 

The MSB design was centered around two basic component types.  The first, being a 
Microchip PIC16F777 microcontroller and second, 20 TLP172G optically isolated relays.  
The relays were split into two groups of 10.  One group was dedicated to each of 2 SIU7 
stimulators.  Each set of 10 relays had one of the SIU7 stimulators as input allowing for 
each SIU7’s stimulus to be coupled to one of 10 possible electrodes.  Additionally, since 
the analog output of the PCI-6025E has a small drive current (max 10mA) it was 
necessary to utilize mosfet drive amplifiers to increase the current drive of the input 
waveform.  The source voltage of the MOSTFETs was also increased to 24VDC to 
improve the linearity of the SIU7. 
 

Electrodes 

4mm and 10mm In Vivo Metric Ag/AgCl surface electrodes were used.  The 4mm 
electrodes were used as stim sources (cathode) and the 10mm electrodes were used as a 
stimulus return. 
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B-2: Microprocessor Software 

 
PIC16F777 Software: 
Please refer to Microchip’s website (www.microchip.com) for datasheets and 
programming guides 
 
 
;********************************************************************** 
;                                                                     * 
;    Filename:     Multistim Final.asm                               * 
;    Date:          1/5/05                                            * 
;    File Version:  1.00                                              * 
;                                                                     * 
;    Author:        Patrick Marcus                                    * 
;    Company:       University of Arizona                             * 
;                                                                     * 
;                                                                     * 
;********************************************************************** 
;                                                                     * 
;    Files required:                                                  * 
;                    16F777.lkr                                       * 
;                                                                     * 
;                                                                     * 
;********************************************************************** 
;                                                                     * 
;    Notes:    This program waits for an I2C input command indicating * 
;              channel 1 thru 10 for each of two output sets A and B  * 
;              The input command is a single byte, each nibble        * 
;              Contains a value 0-10 where 0 commands no output for   * 
;              that output set                                        * 
;********************************************************************** 
 
 list      p=16F777           ; list directive to define processor 
 #include <p16F777.inc>        ; processor specific variable definitions 
 
 errorlevel  -302              ; suppress message 302 from list file 
 
 
#define NODE_ADDR 0x02 ; I2C address for this device node 
 
 
;#define DEBUG 
 
 IFDEF DEBUG 
;Program Configuration Register 1 
  __CONFIG    _CONFIG1, _CP_OFF & _CCP2_RC1 & _DEBUG_ON & _VBOR_2_0 & 
_BOREN_1 & _MCLR_ON & _PWRTE_OFF & _WDT_OFF & _INTRC_IO 
 
;Program Configuration Register 2 
  __CONFIG    _CONFIG2, _BORSEN_1 & _IESO_OFF & _FCMEN_OFF  
 ENDIF 
 
 IFNDEF DEBUG 
;Program Configuration Register 1 
  __CONFIG    _CONFIG1, _CP_OFF & _CCP2_RC1 & _DEBUG_OFF & _VBOR_2_0 & 
_BOREN_1 & _MCLR_ON & _PWRTE_OFF & _WDT_OFF & _INTRC_IO 
 
;Program Configuration Register 2 
  __CONFIG    _CONFIG2, _BORSEN_1 & _IESO_OFF & _FCMEN_OFF 
 ENDIF 

http://www.microchip.com/
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; '__CONFIG' directive is used to embed configuration word within .asm file. 
; The lables following the directive are located in the respective .inc file. 
; See data sheet for additional information on configuration word settings. 
 
;define external modules and variables 
; 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
;EXTERNAL MODULES 
; EXTERN TRM0SRV: 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
;EXTERNAL VARIABLES 
 
 
;***** VARIABLE DEFINITIONS (examples) 
 
; example of using Shared Uninitialized Data Section 
INT_VAR  UDATA_SHR 0x71    
w_temp  RES     1  ; variable used for context saving  
status_temp RES     1  ; variable used for context saving 
test  RES  1  ; test var 
count  RES  1 
dirflag  RES  1 
temp  RES  1 
i2c_cmd  RES  1 
i2c_out  RES  1 
 
 
;********************************************************************** 
RESET_VECTOR CODE 0x000  ; processor reset vector 
  bsf  STATUS,RP0 
  movlw 0x70 
  iorwf OSCCON,f 
  goto    main              ; go to beginning of program 
 
 
INT_VECTOR CODE 0x004  ; interrupt vector location 
  movwf   w_temp            ; save off current W register contents 
  movf STATUS,w          ; move status register into W register 
  movwf status_temp       ; save off contents of STATUS register 
 
 
; isr code can go here or be located as a call subroutine elsewhere 
; 
; TMR0 Interrupt test code 
;  banksel INTCON 
;  btfsc INTCON,TMR0IF 
;  call TMR0SRV 
 
 
; 
;I2C Interrupt Test code 
  banksel PIR1 
  btfsc PIR1,SSPIF ; Is this a SSP interrupt? 
;  goto $ ; No, just trap here. 
  call SSP_Handler ; Yes, service SSP interrupt. 
 
 
 
 
 
 
 
  movf    status_temp,w     ; retrieve copy of STATUS register 
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  movwf STATUS            ; restore pre-isr STATUS register contents 
  swapf   w_temp,f 
  swapf   w_temp,w          ; restore pre-isr W register contents 
  retfie                    ; return from interrupt 
 
;End Interrupt section************************* 
 
main 
 
;make sure all outputs are off before anything else!!! 
 
 movlw 0xff 
 banksel PORTA 
 movwf PORTA 
 banksel PORTB 
 movwf PORTB 
 banksel PORTC 
 movwf PORTC 
 banksel PORTD 
 movwf PORTD 
 banksel PORTE 
 movwf PORTE 
 
;Initialization Routines*************************** 
 
;Option Reg Setup Timer0 
  banksel OPTION_REG 
  movlw b'11000000' ;no PORTB pullups, int on rise,prescale on WD, TMR0 
internal clock, T0SE inc on low-high, Prescalar on TM0 1/32 
  movwf OPTION_REG 
 
 
   
 
;Port A Setup 
  movlw b'00000000' ;All bits are outputs, only 0-4 are used for stim 
  banksel TRISA 
  movwf TRISA 
  movlw 0x0f 
  banksel ADCON1 
  movwf ADCON1 
 
;Port B Setup 
  banksel TRISB 
  movlw b'11100000' ;all bits outputs, only 0-4 are used 
  movwf TRISB 
 
;Port C Setup 
  banksel TRISC 
  movlw b'11111111' ;all bits input 
  movwf TRISC 
 
;Port D Setup 
  banksel TRISD 
  movlw b'00000000' ;all bits outputs 
  movwf TRISD 
 
;Port E Setup 
  banksel TRISE 
  movlw b'00000000' ;bits 0-2 are outputs, bits 3 unused 4-7 config PSP 
  movwf TRISE 
 
;I2C setup code 
 
  movlw 0x36 ; Setup SSP module for 7-bit 
  banksel SSPCON 
  movwf SSPCON ; address, slave mode 
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  movlw NODE_ADDR  ; put the node address into the register so that the I2C 
port knows when it 
  banksel SSPADD   ;  is being addressed 
  movwf SSPADD 
 
  clrf SSPSTAT 
 
 
 
;Enable Interrupts 
 
 
   
 
   
  banksel PIR1 
  bcf  PIR1,SSPIF  
 
  banksel PIE1 ; Enable interrupts 
  bsf PIE1,SSPIE 
 
  banksel INTCON 
 
  bsf  INTCON,PEIE 
  bsf  INTCON,GIE 
 
 
 
;Program End****************************************** 
 
  goto $ ;trap here 
 
 
 
;--------------------------------------------------------------------- 
SSP_Handler 
;--------------------------------------------------------------------- 
; The I2C code below checks for 5 states: 
;--------------------------------------------------------------------- 
; State 1: I2C write operation, last byte was an address byte. 
; 
; SSPSTAT bits: S = 1, D_A = 0, R_W = 0, BF = 1 
; 
; State 2: I2C write operation, last byte was a data byte. 
; 
; SSPSTAT bits: S = 1, D_A = 1, R_W = 0, BF = 1 
; 
; State 3: I2C read operation, last byte was an address byte. 
; 
; SSPSTAT bits: S = 1, D_A = 0, R_W = 1, BF = 0 
; 
; State 4: I2C read operation, last byte was a data byte. 
; 
; SSPSTAT bits: S = 1, D_A = 1, R_W = 1, BF = 0 
; 
; State 5: Slave I2C logic reset by NACK from master. 
; 
; SSPSTAT bits: S = 1, D_A = 1, R_W = 0, BF = 0 
; 
; For convenience, WriteI2C and ReadI2C functions have been used. 
;---------------------------------------------------------------------- 
 bcf PIR1,SSPIF 
 banksel SSPSTAT 
 movf SSPSTAT,W ; Get the value of SSPSTAT 
 andlw b'00101101' ; Mask out unimportant bits in SSPSTAT. 
 banksel temp ; Put masked value in Temp 
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 movwf temp ; for comparision checking. 
State1: ; Write operation, last byte was an 
 movlw b'00001001' ; address, buffer is full. 
 xorwf temp,W ; 
 btfss STATUS,Z ; Are we in State1? 
 goto State2 ; No, check for next state..... 
 call ReadI2C ; Do a dummy read of the SSPBUF. 
 return 
 
State2: ; Write operation, last byte was data, 
 movlw b'00101001' ; buffer is full. 
 xorwf temp,W 
 btfss STATUS,Z ; Are we in State2? 
 goto State3 ; No, check for next state..... 
 call ReadI2C ; Get the byte from the SSP. 
 movwf i2c_cmd; put data into command buffer 
;--------------------------------- 
;i2c command results 
 
 movfw i2c_cmd; 
 call STIM 
 return 
 
State3: ; Read operation, last byte was an 
 movlw b'00001100' ; address, buffer is empty. 
 xorwf temp,W 
 btfss STATUS,Z ; Are we in State3? 
 goto State4 ; No, check for next state..... 
 
 movf i2c_out,W ; Get the byte from buffer. 
 call WriteI2C ; Write the byte to SSPBUF 
 
 return 
State4: ; Read operation, last byte was data, 
 movlw b'00101100' ; buffer is empty. 
 xorwf temp,W 
 btfss STATUS,Z ; Are we in State4? 
 goto State5 ; No, check for next state.... 
 
 movf i2c_out,W ; Get the byte 
 call WriteI2C ; Write to SSPBUF 
 
 return 
State5: 
 movlw b'00101000' ; A NACK was received when transmitting 
 xorwf temp,W ; data back from the master. Slave logic 
 btfss STATUS,Z ; is reset in this case. R_W = 0, D_A = 1 
 goto I2CErr ; and BF = 0 
 return ; If we aren’t in State5, then something is 
; wrong. 
I2CErr nop 
 banksel PORTA ; Something went wrong! Set LED 
 bsf PORTA,2 ; and loop forever. WDT will reset 
 banksel SSPCON 
 bcf SSPCON,SSPOV 
; goto $ ; device, if enabled. 
 return 
 
;--------------------------------------------------------------------- 
; WriteI2C 
;--------------------------------------------------------------------- 
WriteI2C 
 banksel SSPSTAT 
 btfsc SSPSTAT,BF ; Is the buffer full? 
 goto WriteI2C ; Yes, keep waiting. 
 banksel SSPCON ; No, continue. 
DoI2CWrite 
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 bcf SSPCON,WCOL; Clear the WCOL flag. 
 movwf SSPBUF ; Write the byte in WREG 
 btfsc SSPCON,WCOL; Was there a write collision? 
 goto DoI2CWrite 
 bsf SSPCON,CKP ; Release the clock. 
 return 
;--------------------------------------------------------------------- 
ReadI2C 
;--------------------------------------------------------------------- 
 banksel SSPBUF 
 movf SSPBUF,W ; Get the byte and put in WREG 
 return 
 
;------------------------------------------------------------------- 
 
STIM: 
 movlw 0xff 
 banksel PORTA 
 movwf PORTA 
 banksel PORTB 
 movwf PORTB 
 banksel PORTC 
 movwf PORTC 
 banksel PORTD 
 movwf PORTD 
 banksel PORTE 
 movwf PORTE 
 
; Check lower nibble Stim A Channel 1 
; The lower nibble of 'i2c_cmd' is a BCD representation of the electrode to be selected 
; The nibble is stored in the variable 'temp' and is decremented until it reaches 0 
; when it reaches zero the corresponding output subroutine will be called 
 movfw i2c_cmd 
 andlw 0x0f 
 banksel STATUS 
 btfsc STATUS,Z ;check if zero. 
 goto STIM0B 
 movwf temp 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTA1 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTA2 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTA3 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTA4 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTA5 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTA6 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTA7 
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 decf temp,f 
 btfsc STATUS,Z 
 call OUTA8 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTA9 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTA10 
 
;Check Upper Nibble Stim B Channel 2 
 
STIM0B 
 movfw i2c_cmd 
 andlw 0xf0 
 banksel STATUS 
 btfsc STATUS,Z 
 goto STIM0Z 
 movwf temp 
 swapf temp,f 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTB1 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTB2 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTB3 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTB4 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTB5 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTB6 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTB7 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTB8 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTB9 
 
 decf temp,f 
 btfsc STATUS,Z 
 call OUTB10 
 
 
 
 
STIM0Z  
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 return 
;----------------------------------------------------------- 
;  Output Routines 
;  Each routine will activate one output.  Outputs are active low 
OUTA1: 
 banksel PORTA 
 bcf  PORTA,0 
 return 
 
OUTA2: 
 banksel PORTA 
 bcf  PORTA,1 
 return 
 
OUTA3: 
 banksel PORTA 
 bcf  PORTA,2 
 return 
 
OUTA4: 
 banksel PORTA 
 bcf  PORTA,3 
 return 
 
OUTA5: 
 banksel PORTA 
 bcf  PORTA,4 
 return 
 
OUTA6: 
 banksel PORTB 
 bcf  PORTB,4 
 return 
 
OUTA7: 
 banksel PORTB 
 bcf  PORTB,3 
 return 
 
OUTA8: 
 banksel PORTB 
 bcf  PORTB,2 
 return 
 
OUTA9: 
 banksel PORTB 
 bcf  PORTB,1 
 return 
 
OUTA10: 
 banksel PORTB 
 bcf  PORTB,0 
 return 
 
OUTB1: 
 banksel PORTD 
 bcf  PORTD,7 
 return 
 
OUTB2: 
 banksel PORTD 
 bcf  PORTD,6 
 return 
 
OUTB3: 
 banksel PORTD 
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 bcf  PORTD,5 
 return 
 
OUTB4: 
 banksel PORTD 
 bcf  PORTD,4 
 return 
 
OUTB5: 
 banksel PORTD 
 bcf  PORTD,3 
 return 
 
OUTB6: 
 banksel PORTD 
 bcf  PORTD,2 
 return 
 
OUTB7: 
 banksel PORTE 
 bcf  PORTE,0 
 return 
 
OUTB8: 
 banksel PORTE 
 bcf  PORTE,1 
 return 
 
OUTB9: 
 banksel PORTD 
 bcf  PORTD,0 
 return 
 
OUTB10: 
 banksel PORTD 
 bcf  PORTD,1 
 return 
 
 
 
  END 
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B-3: Labview Software 
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B-4: Supporting Schematics and Images 

 
Figure B-1.  Grass SIU7 Schematic.
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Figure B-2.  Multisim PCB Layout.
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Figure B-3.  Multistim Schematic.
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Figure B-4.  Multistim Final Circuit Board Image. 
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APPENDIX C – HARDWARE AND SOFTWARE FOR 
ELECTROTACTILE FEEDBACK SYSTEM 
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C-1:  Hardware Description 

 

STG2008 Custom Stimulator 

The STG2008 is an 8 channel arbitrary waveform stimulator capable of delivering +/- 
15mA of current at +/- 100V (15mA output is a custom build feature).   All 8 channels 
can be independently controlled at up to 50KHz.  Outputs are optically isolated and offer 
13 bits of amplitude resolution, and 20us of time resolution.  The device is easily 
incorporated into a computer system through a USB interface which allows real time 
delivery of stimulus data via the included C/C++ programming libraries.  The stimulator 
also includes provisions for simple graphical based waveform generation and download.  
This allows for selection from several custom stimulus waveforms which can be selected 
via TTL trigger ports on the device and pseudo standalone operation.  Multiple STG2008 
stimulators may be ganged together via coaxial sync ports or via synchronous 
programming from the computer.  The number of stimulators which can be controlled 
from a single program is only limited to the number of USB controllers on the host 
computer system. 
 

PCI-6025E DAQ Board 

The PCI-6025E was used as a low cost digital and analog computer interface and control 
board.  The DAQ board is equipped with 2 0-10V 20KHz analog outputs which were 
used to generate the stimulus trains which were in turn amplified by the MSB in order to 
drive the SIU7 boards.  The DAQ board was also used to generate I2C (simple 2 wire 
communication protocol) commands to communicate with the MSB for channel selection 
using 2 of its 32 digital I/O pins. 
 

Electrodes 

4mm In Vivo Metric Ag/AgCl surface electrodes were used.  The 4mm electrodes were 
used as stim sources (cathode) and stimulus return. 
 

C500 Tactile Sensors 

Pressure Profiles C500 tactile pressures sensors were used in the studies of chapters 5 and 
6.  The pressures sensors are 0.8-2mm thick flexible pads and are molded to the shape of 
a finger.  The medium sized pre-molded fingertip pads were used.  The sensors are 
capacitive and are driven by an inductive resonator circuit.  The high Q resonator allows 
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for capacitance detection of less than 4 thousandths of a picofarad (manufacturer’s 
claim).  The pressure range of the finger pads can be calibrated between a maximum span 
of 2-100 PSI.  The calibration of the pads used in this dissertation was approximately 10 
PSI.  The dynamic range of the sensor is 500 to 1.  The pressure sensors produce an 
analog output that suffers from zero drift of approximately 1V per hour.  The zero drift 
was compensated for in the Labview software using a binary search recalibration 
algorithm which re-zeroed the sensor whenever force was not being applied to the sensor 
(this was determined by testing for minimal sample variance over approximately 1 
second to indicate that the sensor was in a rest state).  Another confounding aspect of the 
sensors is that inductive coupling between the resonation circuitry in the sensor 
electronics caused noise coupling between multiple sensors.  This was mitigated via use 
of 0.0625” nickel mu metal wrapped tightly around each sensor amplifier. 

 

C-2: Labview Software 
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Complex Feedback task true / false blocks alternate truth states 
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C-3: Code Interface Nodes for STG2008 

 
Please refer to STG2008 C interface functions manual and Labview 7.0 Code Interface 
Node documentation for function explanation. 
 
// 
// Stim CIN Go C source code for use with labview 
// This code programs the STG2008 for a single burst of biphasic square 
// pulses of programmable amplitude, pulse width, and number of pulses 
// the burst timing is controlled externally by labview timing 
// 
/* CIN source file */ 
 
#include "extcode.h" 
#include "hosttype.h" 
 
typedef unsigned char uint8; 
typedef unsigned short uint16; 
typedef unsigned long uint32; 
typedef double uint64; 
 
#include "STG200x_lib.h" 
#include "Windows.h" 
 
usb_t mystg   
unsigned short status; // Function Generic Status Indicator 

;  // handle to STG200x 

 
 
CIN MgErr CINProperties(int32 prop, void *data); 
 
//CIN MgErr CINLoad(RsrcFile reserved); 
 
MgErr CINRun(uInt8 *NumChannels, uInt16 *PulseWidth, uInt16 *BurstFrequency,  
   uInt16 *Bursts, LStrHandle SerialNumber, uInt32 *Handle, uInt16 *Amplitude1, uInt16 
*Amplitude2); 
 
MgErr CINRun(uInt  *NumChannels, uInt16 *PulseWidth, uInt1  *BurstFrequency,  8 6
   uInt16 *Bursts, LStrHandle SerialNumber, uInt32 *Handle, uInt16 *Amplitude1, uInt16 
*Amplitude2) 
   { 
 
// unsigned char serial[30]; 
// unsigned long size; 
 
///////////////////////////////////////////// 
// unsigned short data[9]={1000,5000,0,1000,5000,0,1000,5000,0}; 
// unsigned long time[9]={150,150,4700,150,150,4700,150,150,4700}; 
   unsigned short data[8][3]={1000,5000,0}; 
   unsigned long time[8][3]={1000,1000,3000}; 
 
 
 
    
// unsigned long TotalMemory; 
// unsigned long bob; 
// unsigned long TriggerCap[4]; 
// unsigned long trig[4]; 
// unsigned long segmentmemory[2]; 
// unsigned long segment_mem; 
// unsigned long channel_cap[8]; 
// unsigned long syncout_cap[4]; 
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   unsigned long i; 
 
  unsigned char  channelmap[4];   // STG200x_NUM_TRIGGER is defined in STG200x_def.h 
  unsigned char  syncoutmap[4]; 
  unsigned char  digoutmap[4]; 
  unsigned char  autostart[4]; 
  unsigned char  callback_threshold[4]; 
  unsigned long  repeat[4]; 
  
 
  channelmap[0] = 0x0f;  // set bits 0,1,2,3 for channel 0,1,2,3 to trigger 0 
  channelmap[1] = 0xf0;  // set bits 4,5,6,7 for channel 4,5,6,7 to trigger 1 
  channelmap[2] = 0;     // no channels are assigned to trigger 2 
  channelmap[3] = 0;     // no channels are assigned to trigger 3 
 
  syncoutmap[0] = 0x0f;  // syncout 0,1,2,3 assigned to trigger 0 
  syncoutmap[1] = 0;     // no syncout assigned to trigger 1 
  syncoutmap[2] = 0;     // no syncout assigned to trigger 2 
  syncoutmap[3] = 0;     // no syncout assigned to trigger 3 
 
  digoutmap[0] = 0;      //  
  digoutmap[1] = 0;      //  
  digoutmap[2] = 0;      //  
  digoutmap[3] = 0;      //  
 
  autostart[0] = 1;      // enable Autostart for trigger 0 
  autostart[1] = 0;      //  
  autostart[2] = 0;      //  
  autostart[3] = 0;      //  
 
  callback_threshold[0] = 50;     //  set callback threshold to 50% 
  callback_threshold[1] = 5 ;     //  0
  callback_threshold[2] = 0;      //  
  callback_threshold[3] = 0;      //  
 
  
  repeat[0] = *Bursts;         // repeat trigger 0 (*Bursts) times 
  repeat[1] = 1;         // repeat trigger 1 once 
  repeat[2] = 1;         // repeat trigger 2 once 
  repeat[3] = 1;         // repeat trigger 3 one  
 
  STG200x_SetupTrigger (mystg, channelmap, syncoutmap, digoutmap, autostart, repeat); 
 
//    DebugBreak(); 
 
   mystg=*Handle; 
 
   data[0][0]=*Amplitude1; 
   data[0][1]=* mplitude1+4096; A
   data[0][2]=0; 
    
 
   time[0][0]=*PulseWidth; 
   time[0][1]=*PulseWidth; 
   time[0][2]=(unsigned long)((1/(float)(*BurstFrequency))* 1000000 - 2 * (*PulseWidth)); 
 
   data[1][0]=*Amplitude2; 
   data[1][1]=*Amplitude2+4096; 
   data[1][2]=0; 
    
 
   time[1][0]=*PulseWidth; 
   time[1][1]=* ;PulseWidth  
   time[1][2]=(unsigned long)((1/(float)(*BurstFrequency))* 1000000 - 2 * (*PulseWidth));   
    
// *Handle=time[0][2];  //debug only not really a handle value 
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   status=STG200x_SendChannelData32(mystg, 0, data[0], time[0], 3); 
   status=STG200x_SendChannelData32(mystg, 1, data[1], time[1], 3); 
 
   status=STG200x_Start(mystg, 0x01); 
 
///////////////////////////////////////////////////////// 
 
 
 
   return noErr; 
   } 
 
 
 
C
{
IN MgErr CINProperties(int32 prop, void *data) 
 

switch (prop) { 
case kCINIsReentrant: 
*(Bool32 *)data = TRUE; 
return noErr; 
} 
return mgNotSupported; 
} 
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/* CIN source file */ 
// 
// 
// Stim CIN Init C source for use with labview 
// 
// This code initializes the STG2008 for use with the C programming 
// libraries and labview.  this code returns a handle that labview 
// uses and passes to other functions to control the STG2008 
 
 
 
 
#include "extcode.h" 
#include "hosttype.h" 
 
typedef unsigned char uint8;  
typedef unsigned short uint1 ; 6
typedef unsigned long uint32; 
typedef double uint64; 
 
#include "STG200x_lib.h" 
#include "Windows.h" 
 
#define NUMBER_OF_SEGMENTS 2  //number of segments to divide memory into. 
 
 
usb_t mystg;   // handle to STG200x 
unsigned short status; // Function Generic Status Indicator 
 
/* 
CIN MgErr CINProperties(int32 prop, void *data); 
*/ 
//CIN MgErr CINLoad(RsrcFile reserved); 
 
MgErr CINRun(LStrHandle SerialNumber, uInt32 *Handle); 
 
MgErr CINRun(LStrHandle SerialNumber, uInt32 *Handle) 
   { 
 
    
 
   unsigned char serial[30]; 
   unsigned long size; 
 
///////////////////////////////////////////// 
// unsigned short data[8]={1000,0,2000,0,500,0,3000,0}; 
// unsigned long time[8]={1000,4000,1000,4000,1000,4000,1000,4000}; 
   unsigned long TotalMemory; 
// unsigned long bob; 
// unsigned long TriggerCap[4]; 
// unsigned long trig[4]; 
   unsigned long segmentmemory[NUMBER_OF_SEGMENTS]; 
   unsigned long segment_mem; 
   unsigned long channel_cap[8]; 
   unsigned long syncout_cap[4]; 
   unsigned long i; 
 
  unsigned char  channelmap[4];   // STG200x_NUM_TRIGGER is defined in STG200x_def.h 
  unsigned char  syncoutmap[4]; 
  unsigned char  digoutmap[4]; 
  unsigned char  autostart[4]; 
  unsigned char  callback_threshold[4]; 
  unsigned long  repeat[4]; 
  
/////////////////////////////////////////////////// 
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//DebugBreak(); 
 
 
 
   mystg=STG200x_Connect(0, serial);   // connect to stimulator get handle(mystg) and 
serial # 
   *Handle=mystg; 
 
   size=StrLen(serial); 
 
// LStrLen(*SerialNumber)=size;    //adjust string handle to size of string 
 
// MoveBlock(PStrBuf(serial)-1,LStrBuf(*SerialNumber), size);  //Move string to 
handle/labview memory 
// MoveBlock(PStrBuf(serial),LStrBuf(*SerialNumber), size);  //Move string to 
handle/labview memory 
 
 
////////////////////////////////////////////////////// 
 
 
 
 
// status=STG200x_EnableStreamingMode(mystg); 
// status=STG200x_EnableContinousMode(mystg); 
// status=STG200x_SetOutputRate(mystg,1000); 
 
   status=STG200x_GetTotalMemory(mystg,&TotalMemory); 
// bob=TotalMemory; 
 
// TriggerCap[0]=TotalMemory/4; 
// TriggerCap[1]=TotalMemory/4; 
// TriggerCap[2]=TotalMemory/4; 
// TriggerCap[3]=TotalMemory/4; 
 
   for (i = 0; i<NUMBER_OF_SEGMENTS; i++) { 
 
   segmentmemory[i] = TotalMemory/NUMBER_OF_SEGMENTS;     // each segments has 
1/NUMBER_OF_SEGMENTS of total memory 
 
   } 
 
   STG200x_SegmentDefine (mystg, NUMBER_OF_SEGMENTS, segmentmemory); 
 
 
 
 for ( i = 0; i < NUMBER_OF_SEGMENTS; i++ ) {   // for each segment   
   status = STG200x_SegmentSelect(mystg, i);      switch to segment //
   status = STG200x_GetMemory(mystg, &segment_mem);   // get memory available in this 
segment 
  
   channel_cap[0] = segment_mem/8;            // divide memory amount first four channels 
   channel_cap[1] = segment_mem/8;   
   channel_cap[2] = segment_mem/8;   
   channel_cap[3] = segment_mem/8;   
   channel_cap[4] = 0;   
   channel_cap[5] = 0; 
   channel_cap[6] = 0; 
   channel_cap[7] = 0; 
 
   syncout_cap[0] = segment_mem/8;            // and the four sync outs. 
   syncout_cap[1] = segment_mem/8; 
   syncout_cap[2] = segment_mem/8; 
   syncout_cap[3] = segment_mem/8; 
 
   status = STG200x_SetDownloadCapacity(mystg, channel_cap, syncout_cap); // define 
memory for current segment 
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 } 
 
// status=STG200x_SetStreamingCapacity(mystg,TriggerCap);  
// status=STG200x_GetStreamingCapacity(mystg,trig); 
 
  channelmap[0] = 0x0f;  // set bits 0,1,2,3 for channel 0,1,2,3 to trigger 0 
  channelmap[1] = 0xf0;  // set bits 4,5,6,7 for channel 4,5,6,7 to trigger 1 
  channelmap[2] = 0;     // no channels are assigned to trigger 2 
  channelmap[3] = 0;     // no channels are assigned to trigger 3 
 
  syncoutmap[0] = 0x0f;  // syncout 0,1,2,3 assigned to trigger 0 
  syncoutmap[1] = 0;     // no syncout assigned to trigger 1 
  syncoutmap[2] = 0;     // no syncout assigned to trigger 2 
  syncoutmap[3] = 0;     // no syncout assigned to trigger 3 
 
  digoutmap[0] = 0;      //  
  digoutmap[1] = 0;      //  
  digoutmap[2] = 0;      //  
  digoutmap[3] = 0;      //  
 
  autostart[0] = 1;      // enable Autostart for trigger 0 
  autostart[1] = 0;      //  
  autostart[2] = 0;      //  
  autostart[3] = 0;      //  
 
  callback_threshold[0] = 50;     //  set callback threshold to 50% 
  callback_threshold[1] = 50;     //  
  callback_threshold[2] = 0;      //  
  callback_threshold[3] = 0;      //  
 
  
  repeat[0] = 1;         // repeat trigger 0 once 
  repeat[1] = 1;         // repeat trigger 1 once 
  repeat[2] = 1;         // repeat trigger 2 once 
  repeat[3] = 1;         // repeat trigger 3 once  
 
  STG200x_SetupTrigger (mystg, channelmap, syncoutmap, digoutmap, autostart, repeat); 
 
 
 
// status=STG200x_SendChannelData32(mystg, 0, data, time, 8); 
// status=STG200x_SendChannelData32(mystg, 1, data, time, 8); 
 
// status=STG200x_Start(mystg, 0x01); 
 
///////////////////////////////////////////////////////// 
 
 
 
   return noErr; 
   } 
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APPENDIX D – HUMAN SUBJECTS APPROVAL LETTERS 
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