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ASTRACT

Electrovphoac beari., stimulated. by the passing of an mudio-

frequeW cu rXea through varus electrodes attached to the body, has

previously been studied. More recently., transdermal stimuiation2 a

means of electromagnetic excitation utizing an amplitude-modulated

radio-frequmncy stimnlus applied through insulated electrodes, has re-

ceived attention, Claims of sound transmission directly to the brain

via this method have prompted several research efforts. Although met of

the results tend to disprove the clains, they have not been conclusive.

Further investigation of the transdearal mechanism is wanranted. The

purpose of this work is to design and construct a device especially for

research of transdenal hearing. The TAWS-D=EA-PHONE, an amplitude-

modulated, 100 k•z tranamitter,is the end product of this endeavor. A

iii

cooplete description of' thin~ appa~ratku- :in presented :in this paper,, ais

wt
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lo I
1,. INT=QUCTION

The search for new methods of ccinumication between himan betinge is

an ever continuing process in more than one field of endeavor. N=ki@si"i,

speech theraphists and conmmications engineers alike are exUremly in-

terested in "getting the message across." From the moke signals of

ancient tribes to todays sophisticated radio systems, techniques of awl-

to-man conversation coprise a broad and varied assortment,

Not among the newest of these means, by which the conveyance of ideas

has been attempted, is the technique referred to as electro'-tim lation.

As a matter of fact, the well known scientist, Volta, experimented with

direct currents through the hunan body as a possible means of omunica-

tion as early as 1800.1

Since that time a great deal of work has been done in the field of

electro-stimulatioh. Various methods have been tried, such as passizg an

audio-frequency current through the head2 and the application of electri-

cal pulses to the skin.3 Each of these methods, as was typical of the

various other attempted techniques, had severe limitations, Current levels

were critical insofar as thresholds of sensation and pain were concerned,

and word discrimination proved to be poor in most cases. 4

One of the latest attempts to cmminicate by electro-stimulation has

been a method sometimes referred to as tranadermal electro-etiuilation.

This technique, which employs an amplitude-modulated radio-frequency signal

coupled to the head by insulated electrodes, appears particularly preaising

in the area of couzznication with the deaf and hard of hearing. Positive

results have been obtained in this endeavor, providing otivmtion for tis

study of the phenomenon of transdermal electro-stimulation. 5.6
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During the course of this research the following objectives tl be

pursued:

(1) IJroduce the reader to the phenomnon known as tranedermal electro-
st~Jtioa

(2) Dmelop a device for the speca'i purpose of transdermal sound
sbiln ation w h ic l enable research of transdermal hearing to be
cf a continuing nature.

(3) Preswit the general characteris.tics of this devce, henceforth to be
called the RAN&-DE2ff -FPH1E, as applied to non-deaf subjects.

(4) Propose avennes of future research and possible eployment of the

a



2. TI7WISDMiAIL EOTR0--ST]I2UATfON

The transdermal or TD hearing system is a biophysical one udich

incorporates the human body into the electronic circuitry, Actually,

the system could be thought of as a special type of transceiver since

the audio signal is modulated and transmitted by the electronic portion

of the system and is received and detected by t75 human por~ion. The

human is considered an integral part of the system since he JA the eleo-

tronic load or impedance that is driven by the transmitter.

The system can be best explained in terms of the Uivis ions pictured

in Figure 1, and their relationships,

FTD T ELECTR3DE J5CflVE.N PUDIL. BODY RESPONSE

A PP RA U5 STIM V US INTE MF CE D E rM T M4

F 1. Transdermal Hearing System

a, Input

The input signal is generally comprised of some electrical excita-

tion within the audio-frequency spectrum. Speech, music and pure tones,

in their electrical form, are equally acceptable as input signals since no

special restrictions are imposed within the frequency limits of normal

hearing.

be TD Apparatus

The TD apparatus, as illsstrated in Figure 2, is electronically a

fairly simple concept. The audio input provides the modulation signal to

the modulator which in turn generates an amplitude-modulated waveform at

the local oscillator frequency of approximately 100 kHz. Carrier Frequencies

.... _", ..



Botwean 50 kllz and 600 k}{z have been used,, ith no Ai-nific.'nt diffLerences

in resporme noted.6 (See Figur 3)

TRANSPOF(ME -

FIGURE, 2. The TD Appari'tus
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The amplifier-transformor block amplifies the AM waveform and

ultimately provides voltage transformation in order to moet the high-

voltage, low-current requirement for proper stimulation,

c, TD Stimulus

The nature of the stimulus required to create the sensation of sound

in the subject is that of a constant-frequency alternating current, modu-

lated at least 30% by an audio signal. Past research has shoma that, of

the several parameters of the TD stimulus, current, which is a function

of percent modulation and carrier frequency, is the most important. An

increase in current due to either of the two above mentioned factors, has

been shown to cause an increase in the intensity of the perceived sound up

to approximately 90 db above threshold. 6 (See Figures 4 and 5)

Over the range of carrier frequencies investigated by Puharich and

Lawrence, it was found that no improvement in purity, quality or intelU-

gibility was obtained by increasing the frequency. With this observation

in consideration then, it appears that the optimum carrier frequency would

be within the range requiring the lowest output power level for a given

response. This range runs from about 50 kHz to 150 kHz, and is in fact

the spectrum within which most of the TD research has been conducted, 6

d. Elactrode-Body Interface

Th elcctrode-body interface is actually the electronic load into

wich the stimulus signal is transmitted, The configuration in general

consists of two insulated metal discs iddch are placed in physical con-

tact with the receiving subject's skin, normally in the vicinity of the

ear on the fa. s or neck, The iravlating dialectric on the discs and the

skin of the subject provide the interface between the electronic and the

bio-physical portions of the system. Through this interface, the AM radio-

ii
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frequency stimulus is coupled into the detection mechanism of the

human body.

Work has been done using bare metal instead of insulating eleetedes,

and similar results have been obeerved, 6 ' 7 A greater danger factor t dst.

however., and much lower voltage levels must be used.

Various sizes, shapes, and types of electrodes have been employe.,

but best results thus far have been obtained through 1/2 in to 1 1/2 in

circular discs with insulation thicknesses varying from .25 to 1 nil of

mylar film. Different dielectrics and metals have been used, but no

significant differences or advantages from one composition to another

were observed, 6

The electrode-body interface is, by nature, a big variable in the

TD hearing system. Each different electrode in the group mentioned above

presents a different electrical impedance to the transmitter when in

operation. and for a particular electrode, the impedance reflected in

argely dependent upon the subject and the pressure of application. Mhese

impedance problems will be further discussed in conjumction with the TUNS-

DfU-PHCHE in a later section of this report.

e. Subjective Response

The awea of subjective response, detection and brain interprotatiou

is by far the most complex and the least understood area of all, The

most importaxt of the know facts in this facet of the phenoumenci is that

sound can be rceuived and understood; not only by the so called norsal

hearing subject, -ut by the deaf as well. In owe study made by the I:-

telectron Corperation, four of the five acquired total deafnels cases

observed stated that they experienced sound as they remembered it, with

pure tone and electrical word stimulation, 6

13
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Different studioes have hypothesised different modus operandi for

the process, but no one as yet has satisfactorily described the channel

by 'which the atiuuIlm reaches the brain. Of the several theories pro-

poed to date, ame have satisfactorily survived attempts to prove them

fact.

It was theorized by Jaes and Stevens that a capacitor effect within

the head, between the tympanic mumbrar* and the oval window, could be

the ischanlsm for detection. 8 These membranes, acting as the plates of

a capacitor, mmild be sat in motion by the modulated r-f field, and

ul4mately provide a signal to the brain Miree factors, however, tend

to disprove tb:is theory. First, by rotating a capacitor in an r-f field,

a mwaked change occurs in the capacitor as a function of its orientation

in the field, No such change was noted as Fre's subjects rotated their

heads in a fixed r-f field.3  Second, at the wavelengths used, the dis-

tame between the membranes appeared to be rather maull Finally, one

subject, in wham this mechanism could not poesib"y function due to ostoecle-

rosl, heard the r-f sound.

Several people propose that radio waves are received and detected by

the brain itself, Brr and Mauro, 9 and Morrow and Sepiel,10 have pre-

sented evidence that electrostatic and electromagnetic fields exist about

neaum, With this in mind, it seems reasonable that the induced r-f

field my interact with neuron fields in the brain. thus providing som

resultant modulated bias which can be interpreted. As yet, evidence of

proof or disproof of this mechanism is inconclusive.

Another popular theory is that the phenomnon is the result of direct

cortical or nerve fiber stimulation. This arises from the facts that

subjective response in the deaf is obtained only when th electrodes are

14



placed in the proximity of the seventh nerve, in the stylmastoid area,

and that mechanical vibration of skin tissue over the entire body takes

place.

Sower and von Gierke take a more pessimistic approachU They state

that "electromechanical field forces must be considacd as primary causes

for the hearing sensations observed with various types of electronic stimu-

latioms. Theoretical considerations and existing experimental data make

it most 1ike2,y tihat those forcem accolut for all reports where the hearing

of pure or distorted tones (rather than indiscriinate noise) was involv.d*

There is no evidence of any direct perception of electrical audio signals

which would not go vi. electromechanically induced vibrations in tissue

and normal reception in the cochlea."

SI I

•l,,' "•• c~rSemi-

ýawi~dory

I II I e w

IiI *---•ust'acK,.. I I

I ~tube jI I I -u I I

lOuT-Re EAR I MIODLE VAR I INNER EAR I ZRAMI I

FIGUII 6. Physical Description of the Bar,

The experimental data presented by most of the researchers in the

:ield of olectro-stij:ulEztion indicatu to this author idth reasonable

certainty, thiat theire must be more than one channel by hich the excite-
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tion reaches the brain. It seems obvious that the mechanical vibrations

not up in tho body would certainly create normal reaponses in the funo-.

tioning ear system,, thus UAfoolingli the ear and ultimately the brain into

thvinking that the inte iligeno. received was an acoustical. signal instead

of an electromiagnatic signal4 Also, it seem entirely feasible that a

means by whi±ch the stmltation. and detection could be accomplished is

by cochlea uýczmpho 12* This would explain some of the hearing by

acquired. deiafnes cases whbere the cochlea was operational. The implica-

tion is that stwilsution Is via the classical bone conductive apparatus

at the organ of Corti by mechanical oscillation of tissues ( and cochlea

fluids), driven through electromechanical traroduotion at the electrodes,

(S.. FIgure 6)

We can be reasonabl~y sure that in the majority of cases studied., the

normsl channel and cochlea uicro-phanics are accountable as the path of

.narW flow, Hwevwr, there ares cases reported where sounide were hezId

and words wer-e recognised and neither of the two above classical modes

were operatioxial. This mode., as yet., has remained undefined,. but the

iq1ication In that there is a low impedance channel via the stylomiantoid

skin area alloid~ng more energy delivery to deeper area" of the head,

16
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3. TOE TRANS-DMA-PHCE

a, Design Objectives and General Specifications

The pri=Lvx objective in building the TMA S-DMA-PHCUE was to pro-

vid. a tool specifically for research of transdermal hearing and its

applications. The desired operating characteristics wer determined through

careful research of previous studies in order to concentrate design effort

in relevant areas of operation.

A constant carrier frequency of 100 kHz was chosen for several reasons,

First, the report by Puharxch and Lamence indicated that the region be-

twean 50 kHz and 150 kHz was the most desirable for the carrier frequency

since required power levels were considerably lower for desired response,

Second3y, a single carrier, vice a tunable carrier, greatly simplifies the

electronic design since circuit operation is dependent upon resonant tank

circuits at the carrier frequency, Finally, 100 kJz was chosen vice 50

kHz or 150 kHz an a c~prmIe between power level of output and frequency

separation between carrier and audio.

on the premise that high fidelity, that is, fidelity better than that

afforded by the normal telephone channel, is not a requirement in such a

device as this, the audio-frequency bandwidth was specified to be between

200 Hz and M000 U. This range in more than sufficient to provide the

necessary forint frequencies for all vowels, and the required upper fre-

quencies for the consonant sounds,

It was anticipated that various types of inputs such as taped voice,

tore, or miic, or the output of an audio oscillator wo=Id be used in con-

junction with the ANS-DEM-PHONE Also, in the more distant future,

there may be a requirement for a microphone input to allow ,,complete loop

trazadermal stimulation":s that is, to allow a person to perceive his own

18



voice, transdermally, as he spoaks* To provide for the above possibili-

ties, a high-impedance input of approximately 50,000 ohms was provided,

with two selectable input jacks, one for tape recorder pro-amp output and

the other for signal generator output. A third jack was provided to

enable microphone input at such a time as the requirment arisesg

The modulator and following amplification stages were designed to

provide sufficient range of modulation percentage (30% plus) and adequat.

power for acceptable levels of responw, intensity. Since past research

indicated that higher power levels would be required for the deaf (an

the order of 10 watts) than for so called normal subjects, 6 it was de-

sirable that provision be made to allmo for increased output power levels

at such a time as this is doemed necessary. To provide these capabilities,

two sepo rate povmr supplies were required; one 12-volt supply for the low

level circuits, such as the modul1tor -nd oscillJator, and a 100-volt supply

for the output stage,

One of the basic considerati mns was simplicity: that is, simplicity

both in the area of design and circuit complexity and in the operation of

the device, The TrS-DIWTMA-PHOIE is engineered to be operated by non-

electronically trained operators, such as physiologists and speech thera-

phists., and to provide relatively trouble-free service for many hours.

Since the device is to be primarily a research tool, particAlar

attention was given to the stimulus monitoring systems. A direct readout

of electrode-body rms voltage is provided, with a calibrated tiudng capac-

itor on the output to provide electrode-body capacitance and current in-

formation, A monitoring output jack is also provided to allow visual

monitoring of the stimulus signal by cathode ray oscilloscope. An input-

level meter provides visual indication of system operation and proper

modulating signal level.

19



Insofar as the electrode-body configuration was concerned, there

existed a requirement for better interfacing. In attewpts to satisfy

tbs ued, various electrode combinations vere constructed, Of primary

concern in the interfacing problem was the control of electrode application

pressure,, which has a great effect on subjective response to the stimulus.

Also, since it was evident that only one electrode is required in the

stylmasttold area, the possibility of a combination electrode pair in

one unit w•a explored.

b. Circut Description and Operation

Te TANS-DzwA-PHCN is a solid state AM transmitter-receiver

employing low-level modulation, Integral d-c power modules are provided,

and the basic circuitr. is wired on a 22-pin plugin circuit board, De-

tailed wiring and electronic circuit diagrams are found in Appendix E.

ItO I .,UTPUT
TOWE MO IT61tMONITO

S M CIRCUI rCOCU Tr

AUDIO

ýCARRIER AIIPLiWuD BUFFEA OEk*R RECEIVER

GENEWOR MDULAR AMPLUFIER. A[1PLIFIE :rRA TCO

FIGUMl 8. TNS-DEWA-PHCE Block Diagram

In an atteapt to provide good =dulation quality and high 4 L &p-

dance along with electronic simplicity, a dual-gate KOS field-effect tzraiu'

sistor is enployed as the moduJ•.tor. EV inJecting the local oscillator or

20
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carrier signal at one gate and the input signal at the other gate the

extremely good mixidng characteristics of the FET are utilized. (See

Appendix A)

The 100 kHz carrier frequency is supplied by a simple L-C base-

tickler transistor oscillator, Sufficient signal awplitude is provided

to allow an appreciable range of carrier-level control at the gate of

the modulator,

Providing proper impedance matching and isolation for the modulator

and the power amplifier is a buffer amplifier. To achieve the desired in-

put impedance and current gain, a silicon NPN transistor is employed in

its coon-collector configuration. The output of this amplifier is

injected at the base of the output-stage transistor.

The output power awlifier conaists of a siliconmesa power transis-

tor, operated in the class B mout. The modulated r-f signal is developed

across the output-transformer pi'imary Indings in the collector circuit

of the amplifier . and is mutually coupled to a high-voltage, low-current,

tuned-secondary circuit comprised of the electrode-body interface and the

output tuning capacitor. The transformer is toroidal wound on a high-m=

ferrite core with baked lacquer insulated windings to allow break down-

free high-voltage operation.

The electrode-body interface is physically comprised of two insulated

copper electrodes in dermal contact with the subject. Seven different

configurations of electrodes are provided including circular discs of

1/2 in, 3/4 in and 1 in diameters, and concentric combinations, with 1/2 in

and 3/4 in diameter positive electrodes and an annular outer ground ring,

The physical structure and subjective response characteristics of each

configuration are discussed in parts c and e of this section,

21



The final block in the main body of the TRANS-DERMA-PHCNE is the

detector-receiver. At this point, little wore can be said about its

operation than has previously been said, It suffices to say, that the body

receives the stimulua signal via the skin, and proceeds to perform tne

neceasary operations in order to provide the excitations to the brain

necessary to simulate audition. It ia hoped that discovery of the actual

mechanisms of this operation will be one of the fruits of the research

which will be afforded by the RANS-DE•.M-PHONE.

As a research tool, the various parameters of the stimulus must be

monito•ed. For this purpose, two circuits are provided. The input mcMi-

taring circuit provides a rectified current to a d-c meter which is cali-

brated to indicate proper input signal level. Since the input signal is

of the order of 200 millivolts, rms., a stage of amplification is employed

to provide sufficient proportional voltages to the full-wave rectifier to

yield full-scale deflection of the 50 micro-ampere movement in the bridge

rectifier circuit.

To provide; an internal tone for reference and test purposes, a phase

shift •scillator is employed. This interval tone generator supplies a

isimmoidal signal of approximately 1,7 kHz,

The output monitoring circuit is composed of a high-voltage diode

stack and a capacitor in series across the electrodes. By charging the

capacitor to the peak value of the output signal and allowing it to

discharge through a large resistor in series with a 50 micro-ampere moter,

a current flow proportional to the peak value of output voltage is in-

dicated, Calibration of the meter face allows direct indication of the

electrode-body rms voltago.,

22



In conjunction with the voltage metering circuit, the tunig capa-

itor is controlled by a vernier knob which is calibrated to provide read-

ings which are easily converted to electrode-body capacitance and ras

current by use of the parameter graphs shown in Appendix C.

c. Electrode Description and Construction

Several electrode terminations and their related acceasories are

provided with the TRANS-DEfIA-PHONE. Each pictured electrode unit is

not specifically designed for a particular appication. (See Figure 9)

Actually, the assorted configurations represent the electrode evolution

iihich transpired throughout the design and preliminar7 research stages.

The changes which were made in electrodes during this period of time were

primarily aimed at minimizing the effect of contact pressure on the skin

of the subject, Another thing which prompted change was the early obeer-

vation that location of the ground electrode had little effect on subjective

response,

The related accessories which evolved with the electrodes include

the two initial application wands, a pair of adjustable-singlei-disc

receptacles, and finally the adjustable-concentric-pair receptacle.

(1) Electrode Construction

Each electrode unit is constructed basically the same way. In all

cases the metallic disc or ri -, is made of 1/8 in copper with electrical

ccnnectors soldered on the back face of each piece. These connectors

take two forms; either banana plugs and Jacks or wire leads. All of the

single discs have banana-plug connectors to allow easy interchange.-*

The fixed-concentric-pair consists of a center conducting electrode

and an outer ground electrode. Contact to each of these electrodes is

accomplished by banana-plug connection. The application ward connects to

the center electrode aml a ground lead plugs into the Jack on the outer ring.

23
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The adjustable-concentric unit has a peimanent wire lead connecting the

outer ring,, which is on the retep-tacle, to the output cable. The inter-

changable center electrodes are the same electrodes that are previousl

described as single discs, (except for the 1 in discs, which are physically

too large for the receptacle)

Each Ifferent unit is potted in epoxy to provide both insulation

and a physical case for the electrodes. The conduction face of each =it

has been ml.led on a lathe in order to set the electrode in flush with

the epoxy case anA to provide a very smooth electrode surface. The

smoother the finish on the metallic surface, the less the chance for

electrical tickle due to insulation breakdown. (ie. fewer surface peaks

for electrical point discharge)

Across the entire face of each unit is a thin film of nlar insula-

tion which is adherred to the face of the electrode and epoxX case with a

thin layer of contact cement. Particular care was taken to smooth the

film and cement to a uniform layer in order to provide the most consant

dielectric possiLl across the conduction face. Since the film tbicknss

is 1/2 mil, the above process was repeated in order to obtain 1 zil of

insulation for the second set of electrodes,

(2) Related Accessories

The applicatirn wands, which provide a means for hand application

of the electrodes in various positions, are constructed of 3/8 in plastic

tubig. Electrical contact is made through the 11 in long L"haped tubes

and banana jacks are located OL each end to allow connection of the outpirt

cable and the dermal electrodes, Two wands are provided to give a lange

degree of freedom on the location of the pairs of single discs On3y one

wand is required with the fixed-concentric-pair electrodes.
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In an aft Gq~t to uMrzaadm t~he ,SlcatO& preaiewe problems, 04AS14-

die. alabod rcpt~acles wu-* ontrmjted iva.-ch coi~d be wtrn JA a

ateudaz%1 hs~dse.t Theme reoim*.ac1.w provide =we versatile electrode

IplI CatW 0W In that VMUoIs~M far int~ihang. of 3/A in, 1/2 in,* 1 mil

and 1/2 ail electrodes is mad,.ae~ -1 th an adjustable prossme cont~rol.I
The reowpt~acle is aabstru2cted of 1 1/2 In tubing, 3/4 In longo closed on

tho back Vace idth a plastia disc. A bann& aza ak is mounted inside the

ciceed cWlinder throu~gh the back face and i I.pwtioned by spriug tem&ioii*

%he ja&k is mved in arA out by adjiuatimg the rtiriing. =it an the outside

of the back fate, Thie deuired electrode Is inserted into the Jack from

tUs *%m side and electrical connection in made from the output cable

through the bwwaa Jack. A foam rubber face cu~shioni is provided on the¶

trout rin of the cylinder for groater awoouct. (see rigure 3.0)

a*Adjustable-sizgle-disc b. AdJustable-.conoentric-

kreceptacle pair receptacle

[ F~IGM 10 .0 Description of Maletrode Receptacles
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fc e adjustable-concentric-pair receptacle is basicaL3y of the same

const.,tion as described above, in this case, however, in place of the

face ushion, an annular epox-ancaved ground-conduction ring is mounted.

The face of this electrode ring is processed in the same manner as pre-.

viously described for all other electrodez, with 1/2 mul of mylar iroula-

tion. Provision is made for center electrode interchange and variation of

application pressure in the same manner as described for the single-dinc

electrode receptacle,

Various cables and adapters are also provided for use with the

different electrode combinations and configurations.

d, Electrode-Body Imedtace

As has been previously noted, the electrode-body impedance is, in

the true sona of the word, a variable parameter of the transdermal

stimulus. In order to Inprove transmitter and electrodo design, and to

give a better inmight as to the mechanism of transduction, a concentrated

effort was made to determine the impedance characteristics of the electrode-

body interface, -rec different techniques were used in this endavor

and tho results of each method were in fairly :lose agro: ent, (See

Appendix 1)

Mlectrically., the electrode-body interface can be repre~ented by

either a series or parallel B-C equivalent circuit as shown in 2Yigure .1.

The series circuits were synt.esized by method no. 1 and the pLrallel

circuits were the results of measurements taken in method Mo. 2. SOde

the circuit Q is generally between 20 and 40 for all configurationxi, the

values of % approdimately equal Cs, and Re - It can rewdily be noted

at this point that the configuration presents an almost entirely reactive

iMedance to the transmitter. Obse-vation can also be made that size and
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configuration of the electrode as well as dielectric thickness have a

definite influence on the termination impedance. Since the value of

ZL is almost entirely dependent upon ]ý, it is reasonable to asam that

the imedance would vary somewhat directly with dielectric thickness and

indirectly with electrode diameter. This assumption is substantiated by

the exerimental data obtained. (See Figure 12)

The tabulated data are the aggregate of results obtained by the

three methods discussed in Appendix B, Although it was anticipated that

precise values for each electrode configuration could be obtained., this

was not the case. It was observed during the course of the measurements

that the same response could be obtained for a given configuration over a

fairly wide range of application pressures. Since it was impossible to

duplicate these pressures from method to method and configuration to

configuration, the results serve only to give the exp er a "feel"

for the relative magnitude of the impedance involved. B methods 1 and

2 the relative magnitude of the resistive component was confirmed, and

by all three methods, an accurate value for the termination capacity for

each given configuration was obtained,

In view of the obove observations, it can be noted that the effect

of application pressure is reduced within the tunin limitations of the

ANS.-DEfMA-PHONE. In other wotds, if the "ball park" value of electrode-

body capacity is -ithin the tuning range of the output-circuit tuning

capacitor, a resonant condition can be reached and a near optimum level

of perception can be obtained.

e. Response Characteristics

Throughout the design and testing of the TROS-DERMA-PHOSdE, it was

evident that the subjective response to the TD stimulus was not constant
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over the audio.-fr"qunay spectra. Barlyv in the irmestigation of the

phonomma it semd apparent that the upper frequencies (above 600 sz)

were more SInbense thin the loiar frequencies for a given signal strength

and percent datoi Sinc. imt of the energy of the voice signalI is

0caut4±Ted in the portion of the ppeotrwii below 600 Hz.,2 a better descrip-

tica of the response tharafteristios ws required.*

As outlinied in Anendix Bp threshold response tests vere conducted on

thrgeeso called normal hearing subjects for the express purpos. of deter-

aining the relative response characteristics over the audio spectrum.

Sim*e pw. tones were best discerinable at 7 k.Hz, this signal level ws used

as the reference, As frequesncy decreases., a greater slgnal strength in

required for poerption, This mm be observed in Figure J33, which indicates

apprcamtey a 1.4 db higher signa requiremaent at 4.00 Ha for dete ctioun.

- - -- - -, - 2-h-- St

.......

di 1-40,)I 10g ~'Iq

E ri- L"- /117 -Me

FIGMR 23. Typical Threshold Response Curve
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1PIGUn 14. Tabulated Threshold Response Data

The above typical threshold response characteristics substantiate

the ear).y observations. These results, however, are not particularly

alarming since the power requirement spectrum for normal air conducted

audio tones has roughly the same shape, with more power being required

to reach the threshold of hearing at the lower frequencies than et the

highs *3

Based upon these observations, it would seem to follow that at low

output signal levels, that is levels below that required for threshcld

response at say 600 Hz, the intelligence contained in the spectrum below

600 Hz would be lost. In this sense, it appears evident that the output

signal-power requirement would be dictated by the lou-frequency response

necessary for word or sound discrimination,

f. Word Discrimination Test

In an attempt to obtain a general understanding of the ability of a

so called normal subject to understand spoken words, the word discrimina-

tion test was conductod. (See Appendix B) Due to its ease of positioning,
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the fixed concentric-pair electrode cop-iguration was used in conjunction

with the application wand, and tests were conducted at the four locations

illustrated.

First attempts to conduct this experiment resulted zi coMplete failur.-

at each position other than that directly forw•rd of the ear. In each oZ

thes runs, the subloct usually urder-tood the first one or two words, an,

then could not discrn any of the riua r ones. It w%3 observed that

the output signalmanitude detcrizratd rapidy with t w after initial

application to "ch an exteat thAt Uic irtenity level wa- below that re-

quired to stimulate perception of the te+t-t All.3. indicatiw

tha body oils and moisture accumxlating between the electrode and the

sin werei~char ing the interface to such an exter., thbt the resultant

termination impedance was beyond the tuing range of the TPANS-DERMA-PHONE.

To combat this obvious drawtack in TD stimulation techniques, each

subject was "trained" to r=move the electrode bcteten each test word and

then reapply it just prior t transmission, Yais procedure was made

possible by the monitoring circuits of the ORS•qE•4A-PHOlE, which gave

positive forewarning of tr-mision time for each test word. Utilizing

this procedure in each of thene th,-ee cases, the scores recorded in

Figure 15 were obtained,

Of the three subjects tested, two were unexperi'nced in the use of

transdermal stimulation, The third subject was familiar with the technique,

and was better prepared to cope with the above mwitioned problem. As a

result, the two uqnrepared subjects had lower discrimination scorae in

each case, due mainly to words mi-ssed because the electrode uas not in

place for transmission.
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Sso

[ ~FIGUIRE 15. .W.ord Discrimination Scores

it goes without sayin that this method of electrode manipulatimn

wcuid be =nsatisfactory for .-peech transmission, Thi-- does not., however.,

altar. the fact that,, with the proper electrodoý-h-ody interfacing. the

mehanumiz of transdermal stimulation does vork-not only in the proximity

of the ear, but on the forehead and the fleshy parts of the face and neck.

Each of the subjects tested indicated that in every case when the

zztch was proper aad ,radsu aig•! --- a applied the articulations were

caal,!- _dUceraabj~e aa.d the .,:idelity was gnacd An amparent decrease :in

sig•nal intensity level was notcd Ps the electrodez we~re moved away from

the general area of the ear.
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Four additional interesting observations were made. First, since

perception was good with the electrode located in the fleshy face and

neck area, it may be deduced that bone conduction is not a. large factor

in the stixulation experienced. Secondly, while attempting to correct

the application problem discussed earlier, it was noted that with the

electrode placed on the short stubble of hair just above and forward of

the ear a maximum signal could be set and maintained, Apparently this

layer of hair prqvided a cushion which allowed ýhe skin to breath and

yet also provided the necessary path for the stimu, ?ting r-f field. The

same condition appeared to exist in the short hair on the back of the neck

although the perceived stiaulus was reduced in intensity. The third ob-

servation was that of vibration. Skin vibrations were readily apparent

in the neck region at certain applicatior ressures. These uncomfortable

sensations were most frequently noted w" in the application pressure of

the electrode was very low, No increase in discrimination capabil.ty was

promoted by this vibration. Rather, enough of a distraction was cre ted

to cause the subject's concentration on the transmitted test word to be

lout, therefore causing a miss. Finally, at times when the subject was

perceiving a maximum sigmal, the operator could also hear the test words.

B prior knowledge of what the word was, recognition was possible. Evi-

dentlv, the mechanical vibrations set up on the skin surface of the subject

were strong enough to generate an airborne acoustical radiation.

g. General TRANS-DE -PHONE Evaluation

Although few detailed experiments have been conducted in evaluation

of the TRANS-DEMUA-HKHCE, several comments are in order regarding the

general performance of the apparatus and its related accessories . Most

of these comments are based upon observations made by the author throughout
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the design and construction stages and while conducting the experiments

that have been described,

It appears that the basic apparatus does in fact operate as anti-

cipated, The required excitation signal is provided by the TRANS-DEMA-

PHONE. As expected, the difficulties and limitations of the system were

found in the interface. The electrode-body configurations which evolved

during this study are admittedly far from optimum. It is apparent that,

although encouraging results were obtained, greater refinements must be

made in construction techniqi•em, means of application, control of pressure

and basic configuration design.

Past studies indicated that most work in this area had been accom-

plished using the single-disc type electrodes in pairs. Of these type

electrodes used with the TRANS-DERMA-PHONE, best results were realized

with the 3/4 and 1 in, 1 mil dielectric units. Greater stimulus inten-

.* sities were experienced, with application pressures appearing to be less

critical to the overall response.

The observation that the grotud electrode placement was not critical

so long as the excitation electrode was in a position of perception prompted

the construction of both the fixed and the adjustable-concentric-pair

electrodes, With these its, interfacing appeared to be more efficient.

There was a marked improvement in performance over the single-disc pairs,

but the anticipated perception improvement of the adjustable pair over

the fixed pair was not observed. This observation can be attributed to

two factors, neither of which was readily apparent at the first observa-

tion, First, the dimensions of the ground, or outer ring of the adjustable

unit are not the same as for the fixed unit. The inner diameter of the

ring in the adjustable unit is greater, allowing use of the existing
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single discs for the inner electrode. Since this difference in dia-

meters causes a difference in electrode surface area, then there is a

came.ponding difference in interface characteristics between the two

units. The second, and possibly the most contributing factor, is that

wich ws observed in the wrd tests. You may recall that as the elec-

trode configuration reaeined fixed in position the stimulus signal

strength became less intense, and that encouraging results in this test

were obtained by continuously manipulating the electrode. This effect

in definitely a factor in the degraded performance of the adjustable

pair over the fixed pair, The ease of manipulation of this unit with

the application wand allowed the observer to keep the signal strong

whereas the permanancy of the adjustable unit had just the opposite

effect,

As the reader may surmise from these statements, the best perfor-

mance of the MA S-DMM-PHONE, as it presently exists, can be obtained

using the wand-applied fixed-concentric-pair electrode.
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4. CNCLUSIONS

The main objective of this research was to design and build a de-
vice expressly for the purpose of studying transdermal stimulation. It

is the opinion of the author that this goal has been reached, This does

not mean, however, that the TANS-DFJM.I-PHM- is the ultimate in trans-

dermal stimulators, On the contrary, it is merely a stepping stone to

bigger and better things. Just as it was during the concept, design and

construction stages of the MLANS-DEFA-PHONE that greater insight into

the phenomenon bred modification and refinement; so will it be as research

continues in this field here at the Naval Postgraduate School4

The general observations made in evaluation of the TRANS-DMA-PHONE

serve as positive indications that tranedermal stimulation, as a possible

method of commnication with boh deaf and normal hearing subjects, must

be investigated. As this investigation moves on toward the answers, it

will become increasingly apparent that much work still must be done on

the electrode-body interface. It is obvious that electrodes such as

those supplied with this, the first model of the TRANS-DE2MA-PHCNE, are

inadequate. It is even more apparent that before more efficient electrodes

are realizable, more must be known about the mechanisms of stimulation and

detection.

The experiments conducted in this study give us some insight re-

garding particular questions yet to be answered. First of all, if the

skin tissue vibrates, as it was observed to do, just what causes this

action, and what contribution does this mechanical property make to the

detection process? Second, since the operator in some instances can hear

the stimulus when the electrode contacts the subject, does this imply that

the subject is also hearing the stimulus in a normal manner?

37



Ini the interfacing problem.. why doer. the signal rapidly deteriorate

-Ath application time? Is it a detuir~ process which could be corrected

by a se21-tunling., constant,-eignal output~ stage in the TaNS-DEHA-PHCM,,

or could it be the result of a bio-.pbysical conditioning such as fatigue,

heating (diathenW effect) or nerve biazing,

AliAnrather que stion of paramounmt concern Is, can a deaf person perceive

sovnd by tranadaiwai stiulaion and if he does, in each perception unique

to a particu1ar excitation signal? This question stands foremost in the

mind of the author, who envisions the use of a second or third generation

MA 3-DEi&A.?BCE in a Ucompletemuloop transdermal.-atizmulations system for

speech theraphy. Such a syetem. wouild onJly require that the perceived

sesationa be umiqusay descriptive of the particular excitation signal . If,

by Whearing" "~melf articu~late sounds,, a deaf subject could emnutualijy

duplicate sensations stioilJated by a theraphists'I utterance., the major

obstacle in teaching the doea to speak would be overcome

One would like to believe that these answers wLll come quickly and

that,, for the sake of the deaf,. they idMl be encouraging. We must be

reallatic howeor., and not rule out the possibilit'y that this phanom non

will not work for the doe, Even so,, mazq avenues of application to

people wi~th noziiAl hearing remain unexplored, It in obvious that, be it

the ear, the nerves,, or the brain., an AM4 deteurtion mechanism exi~sts. How

wil this mech-aism react to frequency modulation or single-sideband sig-

nals? Is there some existing requirement, for a camaunications snystem of

this nature? Just what are the possibilities of tranadermal stlaulation

in &ode=n inammicationis?

It in hoped by this author that the TW~S-DERMA-PHOnE vill wopply

the impetus which will lead curious people to answers that will contribute
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MI
to com~nication in general and in tinva be the long aought broakaug

in communioation frthe deaf,

,I
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APPENDIX A

MODULATOR OPERATION OF A 3N141 IDAL-GATE MOSFET

The total drain current of a dual-gate MOSFELT can be expressed:

f- :• U' 1 + (1)

Both traneconductances, gfsI and gfs 2 , are functions of their rewpectivo

gate biases, VG1 and VG2, as illustrated in the specification cheet (RCA

file number 285) for the 3N141 1OSFET. From the curves of Figure 16, it

can be seen that for a gate No. 2 bias between zero and 1 volt, the traus-

conductance between gate No. 1 and source (gfsl) can ba appro~dmated by a

straight line., fS= 3.1 +3.7 Vr2 minllimhCe (2)

and the transconductance between gate No. 2 and source (gfs2) in given by

the straight line, ý45= 4.6 +3.5 V1i xxi, IImhos (3)

If d-c bias points VG2 - O.6V and VGI= -0,75V are picked, we then

have by substitution into (2) and (3) :

•s, =5.3 4- 17• -ty

2 2, 2 +-' (5)

Wher vG2 and vGl, are the a-c components at the respective gates,

Now, by substitution in equation (1) we obtain:

Cd~ -3  4i- 2. 2-)&-z + 7,2 1  (6),
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The applied signals are:

'herefore, the drain current can be expressed:

5 5.3 Ec),iW-c I±+ 2.2 Es. J .e

+ 7.2 EcE5LY2 OJ (wcWC JS)-+ / 2 Cb4l(A -Wc-u)ý ~ (~

By filtering the output, the carrier,(cJand the two sidebands (wc + ws)

and (wc to) are available to drive the output stages of the transmitter.
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APPENDIX B

Procedure 1: Measuremennt of Electrode-Body Impedance

Due to the critical nature of the electrode-body interface with

respect to application pressure, three different methods of impedance

measuremnt were employed in an attempt to define the electronic load

on the transmitter.

a, Trial nd Error Synthesis

A 100 kHz square-wave simal was applied to the electrode-body con-

figuration in series with a small resistor, A dual Channel oscilloscope

presentation of the voltage across the resistor was observed. Assuming a

series B-C type load, a variable resistor and capacitor were placed in a

similar circuit in place of the electrode-body configuration. By adjusting

the R and C until the oscilloscope presentations matched, an equivalent

cizcut of the electrode-body configuration was synthesized. (See Figure 17)

SQUARE
WAE

-. "' ,/b4 E.L

- '"SCOPE:

FIGURE 17. Impedance Syntheris Circuit
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b. Boonton Q I-ter

The Boonton 260A Q meter was employed as a means of direct measure-

ment of the electrode-body impedance at 100 kHz. As in method a., a great

deal of care was taken to find the optimum pressure of each electrode

combination for maximum subjective response. The meter was resonated

with the test coil and electrodes, and readings of C1 and Q, were recorded.

The electrode-body configuration was then added in shunt, and the meter

re-resonated, yeilding C2 and Q2 readings. The capacitance of the inter-

face is then the difference between C1 and 02 and the resistance is do-

termined by solving the equation; QIQL

C, Ci ,

c, Trimmer Difference

By observing the values of trimmer capacitance required to reconate

the output of the TANS-DEW-PHONE with and without the subject, a do-

termination of electrode-body capacitance was obtained. The difference be-

tween the two values of the trimer capacitor represents the amount that

was added by introduction of the subject into the circuit. (See Figure 18)

II

ELECTROK~S BII

C11

a. without subject b. with subject

FIGUPR lb. Trimmer Difference Circuits
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Procedure 2: Measurement of Response Threshold

The subject was placed in an anechoic chamber and fitted with the

desired electrode configuration. The TRANS-DIIA-PH0EM was tuned at

2 kHz audio and particular care was taken to adjust the electrodes for

optimum perception,

After reducing the output level and switching to 400 Hz audio,

threshold data were obtained by slowly increasing the output until sound

uso perceived. At the level of perception, the indicated rm. voltage

was recorded, 2i process was repeated at 100 Hz intervals up to 1 kHz

and at 1 kHz intervals up through 7 kHz.

Th .ý.ughout the wqperiment, the percentage of modulation and the value

of the output tuning capacitor were hold constant.

Procedure 3: W1ord Discrimination Test

The subject was plac 5d in the anechoic chamber and briefly trained

in the use of thd fixed pair electrode. After training, and determining
9 the proper tuning and application pressure for the head area to which the

stimulus was to be applied, a balanced word list of 25 words was trans-

mitted and the sounds which were hea-d by the subject were audibly voiced

and scored by the operater. This procedure was performed four tines at

different positiorn on the face and head as illustrated in Figure. 19. In

r Ioreach positiorn. different words were used to eliminate the possibility of

~enr'reccognitIon~,

Each vord was given a weight of 4%, thus weighting each 25 word list

at 100%, Scores were determined by r_4Itiplying the number of correct

answers per run by tb ja individual word weight of 4%.

The word lists were tapei Cýrom a standard PB word recording specifi-

) c~ally made fo.,' disorinrnation test purposes by a trained iapeaker. The

actual words transmitted are listed on the following page.
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LIST 1 LIST 2 LIST 3 LIST 4

an you your and
yard as bin young
carve wet way cars
us chew cheat tree
dwiy see then dumb
toe deaf ease that
felt them smart die
stove give gave chow
hunt true pew hurt
ran isle ice own
knees on odd key
not law knee oak
mew me move now
low none now live
owe jam jaw off
it poor one ill
she him hit room
high skin send ham
thevei east else star
earn thing tare at
twins dad does thin
could up too flat
what bells cap well
bathe wire with by
ace ache air ail

J/') " - -- IE TRODES.-!.POSITtONS

/o- I I

,j•// / /

FIGURE 19. 'ford Discrimination Ulectrode Positions
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Witer' upn chr width tal dial reading to obtain the valu.e of CE.

•Multiply % in picofarado by the rms voltage and enter the lower chart with

this podue* to determim appraz m e electrode-body r w• c re nt.
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1. Description

.1 a. General Description

The TANA-DE HMw- E provides a 100 kHz AN stimulus to electrode-

body configurations ranging in capacitance from 110 pf to 250 pf. This

range is dependent primarily upon the output tuning capacitor. However,

by increasing or decreasing the impedance of the output cable, different

upper and lower limits can be realized. Front panel dials provide a means

of monitoring both the input and output signals. Input selection and con-

trol as well as output control is provided to allow flexibility of appli-

cation,

b. Panel Layut and Controls

A front view of the instrument appears in Figure 21 which show. the

various controls., meters and terminal posts. The audio input-level meter

in located in the upper left corner of the panel and is calibrated to

provide an apate indication of percent modulation, The dial face

has two significant divisions: a green area which gives indication of 0%

to 100% modulation and a red area indicating over modulation.

Below the level meter, in the area labeled INPUT, are located the

input terminals, input selector and the level control, Jacks are provided

for audio signal-generator output, tape-recorder pre-amplifier output and

microphone output. (microphone circuitry is not wired in this model) The

input select switch is a four-position switch which allows choice of input

signals as well as an internal tone of approximately 1,7 kHz. Input level

is set for the desired degree of modulation by the level control.

In the upper right corner of the panel is located the electrode-body

voltmeter, which provides a continuous reading of urmodulated carrier rms

volts across the electrode-body configuration. Below this meter in the
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area labeled, OUTPUT, are found the output terminal posts, and the gain

and tuning controls, The same output signal is available at both the

electrode and the monitor terminals, Two terminals are provided to ace=-

odate external monitoring of the stinulus. The magnitude of the output

sig al, independent of input level, can be varied by the output gain com-

trol* To compensate for various electrode configurations and application

conditions, the tuning vernier is provided. This vernier is so calibrated

that by entering the parameter graphs with the dial reading, a value of

electrode-body capacitance and rms current can be obtained.

The d-c power switch is located in the lo-er center of the front panel.

2. Specifications

3NPUT PEDANCE
50,000 ohms

R.F. FREUENMY
100 k~z

IMDULATION FQ'U•NCY IRUONSE
200 Hz to 5,000 Hz

MODULATION PMCENTAGE
Controllable to 100o

MODULATI_ VOLTAGE
150 millivolts rms (preferable)

EFTOMODE VOLTAGE
400 volts rms unmodulated

TUNINGRANGE
.10 pF to 250 pF', electrode-body capacity

SPECTAL FEATURE

1.7 kHz internal tone oscillator for audio modulation signal

ACCESSORIElC - 61 output cable - RG 62 coax.

1- 3' input cable - RG 58 coax.
1 - 3' input cable - shielded audio type
1 set - 1/2 mil electrodes (i", 3/4":, and I" diameter)
1 set - 1 mil electrodes (i"1, 3/41", and 1/2"t diameter)
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1 - fixed-concentrio-pair electrode (1 mil)
1 - adjustable-concentrio-pair receptacle (1 mil)
1 pair - single disc re-zeptacles
2- application wands

(non furnished)
1 Wallensak 150ISS tape recorder
1 Model UP 200 AB audio oscillator
1 504 oscilloscape

TELANSTI CUPI
1 - 2N736I - 3M•I-
1-40468
.1-210710
1-TIP 27
1-2N3417

PO SUPPLI&S
1- 12 volt, 125 ma module
I- 100 volt, 500 ma module

SIZE
Height U 1/2u, Width 19 1/2", Depth 7 3/4"

•JHT
33 lbo

3. Operating Instructions

a. General

Mw related equjment and the desired electrode configuration should

be connscted at their proper terminals prior to turning on the instrument.

After allowing a short warmup period, the electrode configuration should

be comfortabl3y fitted to the subject's head, Particular care should be

taken at this timn to properly adjust the application pressure to maximum

subjective response. For this purpose it is recommended that a 2 kHz

tons or the internal tone be used as a reference signal. Best results in

output response have been obtained when the input level is set to approxi-

matelq 80% modulation and the output gain is well above the normal thresh-

old* (gain control setting between 3 and 4) When using the internal tone,
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the level control must be adjusted for peak-level input in order to pro-

vide a stable tone. (level setting about 4) The peak output of thu in-

ternal oscillator has been set to provide approximately 80% modulation.

After the desired electrode fit is obtained, further optimization of the

stimulus signal can be accomplished by peaking the output voltage with

the tuning control. This operation can be observed on the meter and the

oscilloscope as well as by the subject, who should experience a more in-

tense tone, Once the RANS-DMIA-PHOI, and the subject are matched to one

another the desired input signal can be selected and experimental proce-

dures may be executed,

In the case of a taped input, care must be taken to provide a properly

modulated stimulus signal. Over modulation can be detected by observing

the input-level meter and the monitoring oscilloscope. A garbled or die-

torted stimulus will also be perceived, but this is not a positive indi-

cator, If over modulation is occurring, a bright horizontal line will be

observed in the center of the oscilloscope display and the input-level

needle will romain in the red area an excessive amount of time, To

correct this situation, the level control must be adjusted or the output

of the recorder reduced.

b. Operating Precautions

It is alwmys good practice to cut the d-c power off when exchanging

electrodes to prevent either damage to the instrument or r-f shock to

the operator. Also, the d-c power should never be energized with the

electrodes fitted, since the possibility exists of large transient bursts

of energy in the output. The subject should take care not to touch the

ground or common of the system, as this will short the TRAXS-DEMU-PHM

output. To best satisfy thiu requiramnc.t it is recommended that the

operator and tho sub~oct not be one and t.e same.
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Electrodes should be visually inspected prior to each use to en-

sure the integrity of +,he dielectr4 .n, A ruptured dielectric could cause

electrical tickle or a mild rof. burr, Since no vibration or electrical

sensation is observed in normal operation. ary dielectric breakdown will

be readily noted. Subjects should be advised t.. remove the electrodes

upon experencing any abnormal or uncomfortable sensation.

4. Adjustment and Calibration

It is expected that very little adjustment or calibration will be

necessary unless replacement of either the modulator transistor or the

power transistor becomes necessary. In this case, three adjustments are

prv deon the back of the instrument chassis as shown in Figure 22.

MOVaO POWeIAJ
C ac. lnpu# bias inpu'
0V.ES C) adjust conh-wl

0 oscllafo4

FIGURE 23. Back Face of TRANS.-PEMA-PHONE Chassis

Me carrier oscillator control is a screw driver adjustment which

smp3ly controls the magnitude of the carrier signal to the modulator gate

nuiber 1. Even in the case of a clznge of modulator transistor, only

very smeal adjustments will be necessary; therefore a reference position

of the control should be noted prior to change.

B proper adjustment of the oscillator control and the modulator bias

adjust, the optimum modulator output c€n be obtained. As in the case of

the oscillator control, the bias adJist is a fine adjustment.
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Me power-input gain control provides a means of adjusting the

signal amplitude injected at the base of the output transistor. This

control is adjusted to give maxinum undistorted output to the electrode-

body configuration.

Other adjustments which can be made are: meter calibrations, modu-

lator tank tuning, and internal tone gain. The meter calibrations are

made by screw driver adjustment of the potentiometers located on the in-

side back face of the front panel in the proximity of each meter. Gain

control of the internal tone generator is accomplished by adjustment of

IX25, which is mounted on the circuit board. This adjustment is also a

fine adjustment, and ma.ladjustment vrill destroy oscillation altogether.

The modulator tank can be tuned by adjusting the slug position in coil

L2 . (See Appendix E)

Although no requirement exists at present, the frequency of the

carrier oscillator can be decreased by changing the slug position in

coil Di. (Note: any change in carrier frequency will necessitate changes

in coupling and bypass capacitors throughout the circuit for efficient

operation.)

55



~. 0

CN I-

ci

~~ P



(T T 4Z-

CI

C 

_c

ýHH

Ivll

4)42i P

0C 1 0 ( 411?H

~~~A ARpJc4
W- 411"V "044ý

wo, W 0C 
8't &It

57



II

ll•~ 1 vollt

12Sm1 i E I LI 50iL

FIGU 25. Power Distribution Circut
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