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Previously developed thermoelaslic models of microwave-induced auditory sensations are applied 
to calculate the frequency and amplitude of the acoustic signals that are generated in human beings 
and laboratory animals. Graphs of computed displacement and pressure as a function of time are 
presented for several species. 

1. INTRODUCTION 

Auditory sensations are produced in human beings and 
in animals that are irradiated with rectangular pulses of 
microwave radiation of high peak density lPFey, 1961; 
Frey and Messenger, 1973; Guy et a1.,1973, 1975; 
Taylor and Ashleman, 1974; Rissman and Cain, 1975; 
Chou et al., •1975, 1976]. Several physical mechanisms 
of interaction have been considered in attempts to 
account for the conversion of microwaves to acoustic 

energy [Sommer and Von Gierke, 1964; P•)ster and 
Finch, 1974; Sharp et al., 1974; Guy et al., 1975 ]. 

Recently, a comparison of the pressure amplitude as 
produced in a semi-infinite layer of homogeneous brain 
material that is irradiated by a •nicrowave pulse indi- 
cated tiTat the peak pressure due to thermal expansion is 
much greater than either radiation pressure or electro- 
striction [Lin, 1975, 1976]. A theoretical model based 
on thermal expansion has therefore been developed for 
spherical heads that are irradiated by pulsed microwave 
energy [Lin, 1977a,b]. Some experimental data ob- 
tained by others were compared and were found to agree 
favorably with preliminary calculations, thus indicating 
the usefulness of the model. 

by rectangular pulses (to = pulse width) of •nicrowave 
energy have previously been presented [Lin, 1977a,b]. 
Briefly, it was shown that the pattern of absorbed 
energy inside a spherical head may be approximated by 
the spherically symmetric function sin(N•rr/a)/(N•rr/a) 
for many combinations of sizes and frequencies, where r 
is the radial variable, a is the radius of the sphere, and N 
is the number of standing-wave-like oscillations in the 
absorption pattern. 

Taking advantage of the symmetry of the absorption 
pattern and assuming that thermal conduction does not 
take place within the short periods of time under consid- 
eration, the inhomogeneous thermoelastic equation of 
motion was solved for the acoustic wave parameters 
under both stress-free and constrained-surface conditions. 

In particular. it was found that under the stress-free 
assumption the fundamental frequency of sound gener- 
ated in the head without shear stress is given by 

f• f= c•/2a (1) 

where C l is the velocity of bulk acoustic-wave propaga- 
tion in brain •naterial. The displacement is given by 
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the heads of cats and of guinea pigs irradiated by 2450- u.t.= Uo Qt + 2; AmJ•(kmr)(sincOmt/COm), MHz microwaves and to heads of infants and adult m=l 
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human beings exposed to 918-MHz radiation in order to 
obtain displacement data and pressure waveforms. The 
data are of value in estimating the characteristics of 
acoustic signals that are generated in standard labora- 
tory animals and human subjects. They may also serve a s 
a guide to the design of laboratory experiments that are 
aimed at resolving the exact mechanism of interaction in 
terms of the signal levels and frequency responses of test 
instruments. Furthermore, the results will be useful to 
individuals concerned witIT establishing a realistic safety 
standard for microwave radiation. 

and the radial stress (pressure) is 

(2) 

(3) 

2. THEORY 

The explicit expressions for the acoustic waves that are 
generated in a spherical model of the head as irradiated 

of= 4tJ Uo St + 2; 
m=l 

O <• t <• to 

A mkmMm (sincorot/corn), 
(4) 
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of = 4gt UoSto + 23 AmkmM m [(sin•Omt)/co m 
m=l 

-sincorn (t-to)Icom ]' t • to 

where 

Uo = (/olOCh)[ig(X + 2u )] 

(•) 

(6) 

O = (alN•r)l', (Nnr/a) + [4#/(3X + 2U)l [r/(NnY l (7) 

S = +-- (1/N•r) 2 --jl(N•rrfa) I (Snr/a) (8) 

and the pressure is 

o =uoGt + AmkmHm(sincOmt/COm), •n=l 

O<t<to 

0 = uoGto q' • A mkmH m [sincOmt/Co m - sinco m 

(t - to )/Co,n l , t > to 

where 

(15) 

(16) 

D = (l/Nn)[a], (N;rr/a) •- (r/N•r)l, (17) 

G = - (41aalNnr)l', (N;rr/a)•- (1/Nn) 2 (3X + 2#) (18) 

M m = [CA + 2#)jo(kmr)--41d,(kmr)/(kmr)l (9) 

and 

for ktna = m•r. In cases where mn = Nrr, equation (10) 
reduces to 

A m =-uoa/(N•r) [1 + 24u/(3X. + 2/aXl/Nrr) 2 ] (11) 

The upper sign in equations (7) to (10) and in subse- 
quent expressions denotes N = 1, 3, 5, ... and the lower 
sign denotes N = 2, 4, 6 .... 

The fundamental frequency of sound generated in a 
spherical head with constrained boundary but without 
shear stress was shown to be given by 

flc =4.49 c,/(2na) (12) 

which is higher than that predicted by equation (l) 
under stress-free conditions. The radial displacement for 
constrained surfaces is given by 

u = uoDt + 23 Am/• (kmr)(sinco m t/co m), 
m=l 

0<t <to 
(13) 

u = uoDto + 23 AmJ• (kmr)[sinco m t/co m - sincøm 
m=l (14) 

(t - to)leo m ], t > to 

H m = (X + 2#)jo(kmr ) -- (4ul•r)/, (kmr) (19) 

= _+ 2uoa(l[Nn) 2 {(llkma)l'2(kma) + kma]o(kma)/ 

[(kma)2 - (Nrr) 2 l}/{ [J, (km a)]: - jo(k ma) 
j2(kma ) ]' (20) 

In the following section, equations (1) through (20) are 
applied to obtain detailed numerical results for the fre- 
quency, displacement and sound pressure generated in 
the heads of guinea pigs and cats exposed to 2450-MHz 
radiation and in the heads of infants and adult human 

beings exposed to 918-MHz radiation. The necessary 
thermoelastic parameters of brain material are given in 
Table 1. Note that g is very small compared to X. 

3. NUMERICAL RESULTS 

3.1. Frequency. 

It is observed readily from equations (1) and (12) 
that the frequency of sound is a function only of the 
head and of brain tissue acoustic properties. It does not 
depend at all on characteristics of microwave absorption. 
Clearly, the acoustic pitch perceived by a given subject 
will be the same regardless of the frequency of the im- 
pinging microwave radiation. 

A comparison of fundamental frequency as a function 
of radius is shown in Figure 1. It is seen that the fre- 
quency varies inversely with radius; the smaller the rad- 
ius, the higher the frequency. Note that the fundamental 
frequency predicted by the constrained-surface formu- 
lation is about 70% higher than that computed from the 
stress-free expression. Since the head is not perfectly 
spherical and the surface may best be described as semi- 
rigid, it is possible that the actual curve of the funda- 
mental frequency of sound resides somewhere between 
the two curves that are shown in Figure 1. 
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TABLE 1. Thermoelastic properties of brain matter [Lin, 1977a]. 

Specific Heat, c h 
Density, p 

Coefficient of Thermal Expansion, 

Lame' s Constant, % 

Lame's Constant, 

Bulk Velocity of Propagation, c 
1 

0.88 cal/g-øC (0.21 J/g-øC) 

1.05 g/cm 3 

4.1 x 10-5/øC 

2.24 x 10 I0 dyn/cm 2 

10.52 x 10 3 dyn/cm 2 

1.46 x 105 cm/s 

If we choose the median of these two curves, it can be 
seen that, for a guinea pig (a- 2 cm), the predicted 
fundamental frequency is 45 kHz, which is close to that 
measured by Chou et al. [1975]. For a typical cat 
(a = 3 cm) the measured cochlear microphonic fre- 
quency is 38 kHz. Figure I shows a computed frequency 
of 30 kHz. The computed frequency for an infant 
(a = 5 cm) and an adult human being (a = 7 cm)are 18 
and 13 kHz, respectively. Although experimental data 
that are directly applicable to this case are not available, 
related results have indicated that a necessary condition 
for auditory perception by adults seems to be the abil- 
ity to hear sounds above 5 to 8 kHz [Frey, 1961; 
Rissmann and Cain, 1975 ]. 
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Fig. 1. Predicted fundamental tYequency of vibration of a 
spherical head in a pulse-moderated microwave field. 

3.2. Peak pressure and displacement. 

Extensive numerical computations have shown that, 
although the resultant waveforms are qualitatively simi- 
lar, both pressures and displacements that are computed 
on the basis of the constrained-surface formulation are 
consistently higher than those calculated using the stress- 
free expressions. Moreover, better agreement between 
theory and experiment exists for the constrained- 
boundary formulation. The following presentation is 
therefore specifically related to the constrained-boundary 
expressions given by equations (13) to (20). 

Figures 2 and 3 show the peak pressure and displace- 
ment at r - 0, I and 2 cm for a sphere of 2-cm radius 
that stimulates the head of a guinea pig under 2450-MHz 
radiation. In this case the approximate microwave 
absorption pattern is obtained by setting N = 3. These 
waveforms are evaluated for to - 10 #sec. It is seen that 
the pressure is the highest at the center of the head and 
has a maximum value of 4.08 dyne/era 2 for a peak 
absorption rate of 1 W/g (which corresponds to a power 
density 445 mW/cm 2 of incident energy [Johnson and 
Gu.v, 1972]) at the end of the pulse and then oscillates 
around a constant average value in the absence of elastic 
damping. As expected, the displacement is zero both at 
the center and at the surface of the sphere for the 
constrained-boundary condition. The peak displacement 
at r - 1.0 cm is about 2.16 X 10-13 meters. Note that a 
high-frequency component is superimposed on top of 
the fundamental frequency, which correlates perfectly 
with that shown in Figure 1. 

The peak pressure and displacement at r- 0, 1.5 and 
3.0 cm for a 3-cm sphere, which simulates the head of a 
cat exposed to 2450-MHz radiation, are illustrated in 
Figures 4 and 5. In this case the approximate microwave 
absorption pattern is obtained by setting N = 6. Again, 
the pressure is the highest at the center, and has a value 
of 3.69 dyne/era 2 for a peak absorption rate of 1 W/g or 
589 mW/c m2 of incident energy. Quantitative compari- 
sons with two series of experimental threshold deter- 
minations [Guy et al. 1975; Rissmann and Cain, 1975] 
indicate that the computed threshold is extremely close 
to the measured ones [Lin, 1977b]. The displacement in 
the model of the cat's head is about 1.51 X 10 -13 
meters. The fundamental frequency of oscillation ob- 
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Fig. 2. Sound pressure generated in a sphere of 2-cm radius 
that stimulates a guinea pig's head exposed to32450-MHz radia- 
tion. The peak absorption rate is 1000 mW/cm . For other para- 

meters see text. 

Fig. 4. Sound pressure generated in a sphere of 3-cm radius 
tl•at simulates a cat's head exposed to 2450-MHz radiation. 
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Displacement produced in a spherical head of 2-cm 
radius (compare with Fig. 2). 
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Displacement p•oduced in a spherical head of 3-cm 
radius. 
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tained from Figure 5 agrees well with that given in 
Figure 1. 

For a 5-cm sphere that simulates the head of an infant 
exposed to 918-MHz radiation, the peak pressure at the 
center is 9.61 dyne/cm: as seen from Figures 6 and 7. 
This curve was obtained by lettingN = 3 in the approxi- 
mated microwave-absorption pattern. The displacement 
in this case is approximately 9.34 X 10- • 3 m for a peak 
absorption of 1 W/g and an incident power density of 
1282 mW/cm 2 . As before, the pulse width is assumed to 
be 10/asec. Again, good agreement is found between the 
fundamental frequency of mechanical oscillation and 
that predicted in Figure 1 for a 5-cm sphere. 

Figures 8 and 9 present the pressure and displacement 
in a 7-cm sphere that simulates the head of an adult 
irradiated by 918-MHz microwaves. Again, the pulse 
width is 10 gtsec and the peak absorption is I W/g, which 
corresponds to 2183 mW/cm: of incident plane wave 
power. The calculated peak pressure is 6.82 dyne/cm: 
and the displacement is about 3.97 X 10 -I 3 meters. A 
careful examination reveals that the pressure values ob- 
tained are in qualitative agreement with results obtained 
experimentally at 1245-MHz [Frey and Messenger, 
1973; Lin, 1976c]. It should be noted that specific 
measurements of the human response to 918-MHz radia- 
tion have not been reported to date. 

Table 2 is a summary of peak pressures and displace- 
ments in four animals as irradiated by 10-•sec pulses at 
the same level of absorbed energy. The incident power 

N=3 

,:; A = 5,0 CM 

T O = 10 HSEC 

•o 5.0 {..•[ R 

00 0.0e 0.0tt 0.06 0.08 0.10 
I'IHE {SEœ} {X10 3 } 

Fig. 7. Displacement produced in a spherical head of $-cm 
radius. 
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Sound pressure generated in a sphere of 5-cm radius Fig. 6. 
that simulates a human infant's head exposed to 918-MHz 

radiation. 

Fig. 8. Sound pressure generated in a sphere of 7-cm radius 
that simulates a human adult's head exposed to 918-MHz radia- 

tion. 



242 JAMES C. LIN 

TABLE 2. Peak pressure and displacement in spherical head models irradiated with 10 /asec rec- 
tangular microwave pulses at a peak absorption rate of 1 W/g. 

Sphere Radius Microwave Frequency Species Pressure Displacement Incident Power 

(cm) (MHz) (dyne•cm 2) (10 -11 cm) (mW/cm 2) 

2 2450 guinea pig 4.08 2.16 445 

3 2450 cat 3.69 1.51 589 

5 918 human infant 9.61 9.34 1282 

7 918 human adult 6.82 3.97 2183 

density and the frequency differ according to the species 
involved. Although the pulse width and peak absorption 
rate are the same in each case, the pressure and displace- 
ment differ somewhat. These data will enable experi- 
menters to estimate the peak pressure that is expected 
for a given power density of incident energy. 

4. CONCLUSIONS 

The thermoelastic model for microwave-induced audi- 
tory sensations was used to calculate acoustic-wave 
characteristics in human.beings and common laboratory 
animals that are exposed to pulsed microwaves. Quanti- 
tative estimates of the frequency and amplitude of 
induced pressure and displacement have been obtained 
for guinea pigs, cats, infants and adult human beings 
under irradiation by 2450- and 918-MHz microwaves. 

z 

A=7,0 

T O: 10 pSEC 

N=6 

: {0.0 • 7.0 

I I I I t 

Fig. 9. 

0.0•. 0.01• 0.06 0.00 0.10 
TIME [SEC] [X10 

Displacement produced in a spherical head of 7-cm 
radius. 

The tabulated data and graphical presentations will be 
useful to inveStigators'Who are interested in pursuing 
threshold studies for exposure to microwave radiation. 
They may also serve as a guide to the design of labora- 
tory experiments that are aimed at resolving the exact 
mechanism of interaction in terms of the signal levels 
and frequency responses of test instruments. 
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