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Abstract: We consider axon as a cylinder that has acoustic waveguide regimes to concentrate the propagated signals with
appropriate deformation of membrane areas. The highest temperature results near the cylinder axis that can cause low-
frequency (0.1 - 10 kHz) longitudinal vibrations of axon due to thermal expansion of material. These frequency shifts are very
sensitive to the changes in surrounding viscosity, calculations are presented. The same resonance frequencies of both parts of
neuron (axon and Soma) were calculated based on structures sizes, but anaesthesia effect could be explained by different
frequency changes for both neuron parts to anesthetics admixture in surrounding.
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1. Introduction

The processes in neurons are interested to study by
different approaches and in particular by applying
mathematics and engineering methods to find some features
and analogy. The voltage clamp technique enabled Huxley
and Hodgkin to characterize the electrical response of the
giant squid axon to perturbations in voltage. Model Hodgkin
- Huxley is a mathematical description by differential
equations of the biophysical processes in the cell membrane
[1, 2]. They assumed, as it is now customary in the field, that
the lipid membrane acts as a simple constant capacitor and
that the observed nonlinear currents are due to protein ion-
channels which are embedded in an otherwise inert
membrane. Subsequent numerous studies of the dynamics of
currents in the membranes of nerve cells have provided a lot
of interesting data [3-10], etc. It is found that the energy
released during discharge of the capacitor membrane over the
whole length of the nerve. In particular, the following data
were obtained to be used as follows:
* typical temperature change in the membrane AT = 80uK
[4];

* heating of the membrane with account maxim of the
current is E,,,, ~ 200 p cal/g = 837.36 pl/g [4].

The lateral sound velocity was used from data from [4] as

¢’ = 1/(p"K"). There are numerals 7-10° m%s® and 37-10°
m?/s* for melted and no melted membrane correspondingly.
For our calculating we use maximal of these values that give
a sound velocity C =~ 192 m/s, so we expect that such value is
suitable for the entire axon body.

The density p = 1.05 g/em’, specific heat capacity values
C, = 3768 J/(kg K) and thermal diffusivity of material y = 10°
" m?/s were used for further estimations of neuron materials,
that is similar to muscle tissue [11].

The possible ways of spread for the energy inside the axon
after membrane capacitor discharge were analyzed through
thermal, acoustic and deformation processes in the axon and
neuron. The energy balance and other basic characteristics of
possible physical processes are calculated to prove their
possibility to appear. A thin membrane (shell) surrounds the
axon (cylinder), so the energy in the shell extends to the
center of the cylinder and heats around environment. Well-
developed acoustic approaches allowed to assume the
sequence of further developments outlined here, build their
logical interrelationship and possible greater role. The main
hypotheses and physical processes that are offered and
investigated in this article, as following:

Thermo - deformation perturbation on the cylindrical shell
of the axon results the sound, which is distributed in axon-
cylinder as in acoustical waveguide. Axon, which is a
cylinder (radius » = 1- 20 pm [12]) with the length L= 1 — 10
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mm should have a waveguide regimes for concentrations of
the propagated signals. The main (fundamental) sound mode
is analyzed here below, because it has the lowest energy level
for excitation. As a result, the waveguide provides a sound
wave to deform of the adjacent portions from initial terminal
to the nerve cell body (soma). Therefore, in the opposite
direction tapering toward the axon terminal such wave can
not propagate, but it’s radiated.

The energy arises during discharge of the capacitor
membrane in whole length of axon, this process has about 10’
3 seconds [1-4]. The calculation here shows that this time ¢ ~
107 sec corresponds exactly to nerve cross-section heating
time to the full neuron radius » = @ = 10 pum, there is the next
simple estimation:

axyt , t=a’ly (1

The membrane heat concentrates on the cylinder axis,
these our calculations are based on common thermal models
[13, 14] in technique. Appropriate thermal expansion could
cause the generation of longitudinal low-frequency vibrations
that are known as reducing of nerves in practice. The
amplitudes and frequencies of these oscillations are
calculated here exactly on the basis of classical mechanics
[15]. The frequency changes for longitudinal vibrations are
very sensitive to changes of viscosity in the surrounding
liquid [16, 17]. Presented low-frequency vibration approach
could explain the effect of anaesthesia in medical practice we
suppose; physically it is the change in composition of the
surrounding liquid with appropriate changes of density and
viscosity. Axon was considered having cylindrical beam
profile, but it is attached to ball’s head (the neuron centre,
Soma) with other ball diameter, R. We supposed that initially
the nature grow each pair of axon with Soma, their resonance
frequencies for vibrations are equal to each other. In our
model of anaesthesia, the small change of viscosity in
environment can be the reason for distortion in neuron signal
transfer. The viscosity change causes different shifts of
values for resonance frequency for the Soma (that is ball) and
axon (cylinder). The calculations below confirm the
possibility and viability of such hypothesis.

2. Methods for Analyses

The waveguide approach inside axon

Let’s consider the axon (at Figure la) as a cylindrical
waveguide on the basis of the waveguide approach for
acoustic signals [18]. Cylindrical waveguide constructed by
the boundaries that separate the neurons from the
environment, so the waveguide approach for the
consideration of acoustic processes is possible. There are
calculations for two simples acoustical modes in waveguide
structure at Figure 1b. Firstly, the boundary condition on an
absolutely rigid wall corresponds to the complete reflection
of the signal from the pipe wall, as followed:

—k.J, (ka)=0 2)

0
o J, (k,,r)ll,:“ J,,
The cylinder radius at the waveguide cylindrical side is » =
a; k is a wavenumber and k, is its radial component; so
k* =k} +k2. The solution of (2) corresponds to the values of
zero for the derivative of the Bessel function Jy(k») and
appropriate argument k. = y can have values: vy, =0, vo; =
3.83, v = 7.02, vy = 1.84, v, = 5.33, v, = 8.54... The
frequency of the lower mode is considered here due to its
most likely excited in such acoustic waveguide, it has v,,,=Y1¢
= 1.84. The m, v are the radial and azimuthally numbers for
Bessel functions to describe the acoustic distribution for
different waveguide modes. This frequency of waveguide
mode is:

. Cc .
fo=tmEr_0293C/a ..
2ra 3)
Yo = 3.83, Yio = 1.84, Yu = 5.33...

The low-mode frequencies of mentioned waveguide are: f
= 5.6 MHz, 11.7 MHz, 16.3 MHz, with account of sound
velocity C = 192 m/s and one example typical axon radius r
=a=10um.

Another option corresponds to the case of a cylindrical
waveguide with absolutely soft acoustic walls. The boundary
condition at the wall is as follow:

Jm (krr) rea = ‘]m (y"n' ) = 0 (4)

The lowest waveguide mode in this case is determined by
zero for the transverse component of the field at the cylinder
wall, which gives the argument y.,,~ye =~2.41 with its
frequency /= 7.4 MHz from equation:

o _7uC_241C
" 2ta 2ma ®)
y()() ~ 2'41

The penetration depth, #4;, of the high frequency
waveguide signal from the side-located source in the
longitudinal and transverse directions is estimated through
the wave time period ¢, = 1//~10 7 s, as follows:

ho~xt, =107m=100 nm (6)

The membrane thickness is #~10 nm [4], but the result
thickness #; =100 nm from (6) was used as the thermal
source of axon heating. Waveguide approach provides fast
sound wave propagation to deform of the adjacent portions
from the far terminal to the center. In tapered axon’s end the
lowest acoustic wave can not run due to its radiations on
tapering waveguide according to (5) or (3). The lowest
waveguide mode needs minimal energy for its excitation, so
it will appear with high probability. Energy distribution and
its value for each propagated acoustical mode can be
calculated using standard methods [18].

Let’s consider the heating of the cylindrical axon (marked
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2 in Figure 1b) by its cylindrical heated surface (3 in Figure
1b). The Young's modulus equation with cross sectional area,
S, gives the acted force:

F(T.r)= Coarly)s |E=Fiar()s]=Ce )

Then force acts inside membrane along heated cylinder
surface S, it gives the longitudinal component of the force:

Fla,0)= C’zpocT(r)Zﬂl(a +h) - a2J= 400C T (@)ya ®)

The estimation is for typical axon with radius ¢ = 10um,
T(a) = 80uK and linear expansion coefficient 0. = 7-10* K™
that is equal to one for polymers [19]. The force value in (8)
is F,;~2.7-10"" N. In another assumption, using membrane
thickens / instead of 4; in (8), we get affecting force value
F=2.7-10* N

Thermal processes inside axon

The force influence inside axon body in radial direction
should be determined by heat flux from the heated surface
area (h;) to the cylinder axis where » = 0. The heat equation
[13] in cylindrical coordinates is:

.a_T = az_T + l 5_T (9)
ot x o’ ror
The temperature is 7(7), ¢ is a time, radius inside axon is in

interval 0 <7 < a . The boundary equations are:

T|r:u = 7;11

Tl,_:” <

(10)

The process for heating or cooling of the cylinder has a
form:

T = cxp(—){k,_zt)'f{r(")}

Solution for heat equation in the cylinder is:

T=3 4,-Jy(k,r)-exp(-xk2,1) (11)
n=1

The coefficients in (11) have a form:
Ay =2 [ )T,k i 12
n aZJIZ (k".”a) o . 0\ r.n ( )

The final solution is:
2 & e Jolh,r)
T(r,t)=—>» e """ ——L2Z\pf(r)J,(k, r)dr

(0= 32 s j 1 () (K, ,r)dr - (13)

We put here the constant as a temperature in the heated
axon membrane:
f(r)=T, =const (14)

The result temperature is

N JH (klunr)

T(r)=2( T,/a )Y e

o k., -J (k. ,a) (15)

This temperature (14) could be further approximated as
one summand in a series in approximation of the heating
processes in Hodgkin — Huxley model equation [21, 22], and
solution should be calculated from (13) with f{7;2).

Comparison the terms with » = 1 and n = 2 of the simplest
case solution (15) is here below. The first and second
arguments of the Bessel function have numbers at axon
boundary:

(kr,1)2 =2.41%a>=5.76-10" m;

but (k;,)* =5.52%/a> = 5.52>10'"" m™=30.5-10"" m™.

An example heating time in experiments is # = 1 ms hence
%t~ 10" m®. Then example axon radius is @ = 10 pm, so a~
= 10" m’. We obtain decrement factors for the first and
second terms in (15) in the form of the next rapidly
decreasing values:

1

4= exp(xtk,,lz)

=1/exp(2.41°) = 3.00-10”° (16)

4, =1/exp(5.52°)~5.8-10™"

Since the amplitude of the second harmonic is much
smaller than the first harmonic, the temperature in the
formula (15) could have only one term, we obtain the final
solution:

exp(—xtkf, ) . Jo(k, )

T(r)=2T, -
(") g ak, | J,(k, ,a)

amn

Let’s compare the temperature (17) near the surface (r = a)
in the vicinity of the axon axis » = 0. The Bessel function
argument tends to zero then » = 0, so temperature in (17) has
a factor:

(18)

+.~1

The argument of J, function near cylindrical surface is &, ;a
= 2.41 (5). Bessel function transforms to (19) [14] then we
consider that argument is large, so we get the next factor for
(17):

| Jo(k.a) | = cos(k,__,a—%):0.028 (19)

wk .a

r.l
From these estimates (17-19) we can see that the
amplitude of the temperature on the axis of the cylinder many

times exceeds the surface temperature:
| T(0)|/T(a) ~1/0.028 ~ 36 (20)

As proved, heat concentration on the axon-cylinder axis
can cause the excitation of longitudinal vibrations of the
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neurons; it is a direct result of heating during nervous signal
propagation.

To evaluate the heat losses in the outer region of the axon,
let’s consider the temperature distribution in the radial
direction far from the cylinder surface then a<r<co. In the
external medium for a cylinder the principle of radial
temperature decrease is described by modified Bessel
function K(k,;a). The same argument from (19) (k,;a) >> 1),
but K(k,;a) describes the field outside the axon:

K, (kr)= {ﬁ exp(~k, )

Unknown field coefficient Cons, could be finding from the
equality of temperatures on the boundary functions inside (17)
and outside (21) of the cylinder by the ratio:

20

T(k,a)= Cons,-K, (k.a) (22)
T
T,, = Cons, - ’2k p exp(—k,a)
rl
2(k
Cons, ~ —4 (k1) 23)

exp(—k,a)\ =«

For argument k,,a = 2,41 we get |Conso| = 107. Let’s
assume that during the time (¢) the heat wave reaches the axis
of the cylinder (a~yf), but the heat wave goes to the same
distance far from the cylindrical surface, so considered
outside distance is a <r <2a.

The thermal energy is the function of the temperature 7,
E=C,pLSAT | where C, is specific heat capacity, but S is
the inside heated cross-section S, = wa’, or outside one S,, =
n{(2a)’-a’. The ratio (AE) for the lost and useful heating is
equal to the ration of outside energy to inside one, for
mentioned numerals it can be estimated as follow:

T -S
AE: out 2a
T;IYS(I (24)
X (241
T,, = Cons, [ K,| =—r |dr 25)
" a
2a
/4 a 2.41
T =~ Cons ————exp| ——r |dr
out 0! 2”' (krla) p( a j (26)
2exp(—ytk’,) ¢
- el ahi)g (241, @
(ak rI)Jl (krla) 0 a

The result in (24) with- (25-27) is about 2% of energy
losses for considered axon parameters. Estimates have shown
small loss of heat into the outer region of the axon; that is
almost all energy will go on heating of the axon with
concentration in axis. For the most accurate solution the
heating process may be represented as a series of consecutive
time-points with appropriate series of constant temperatures

Ty, on the surface in accordance with variable ions current in
membrane. The resulting heat flow will be determined by
appropriate series; approximation of Hodgkin - Huxley
model described in science literature [21-22] and etc.

Figure la. The photo of neurons, SMI32-stained pyramidal neurons in
cerebral cortex [20].

Figure 1b. Neuron scheme: 1 is the Soma, 2 —axon, 3 - membrane.

Longitudinal macro-vibration analysis for the axon

The concentration of heat on the cylinder axis probably
leads to a longitudinal vibration, because the greatest thermal
expansion of the material will be at cylinder axis with the
same energy concentration along the axis. This effect can
cause the longitudinal vibrations of the axon that may explain
the macro reduction observed in practice regularly. The
frequency and amplitude of these reductions can be
calculated on the basis of this analysis. Longitudinal
vibrations [15] of a beam with a cylindrical cross section are
described by equation

FU_ U

SE
= P

=0 (28)
Let’s introduce the dimensionless coordinate # = Z/L . The

initial and boundary conditions are:
U(n,0)[,.,=0 (29)

U(0,1)|,.=0 (30)
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The result solution of (28-30) is:

U (n,t) = Cons, -sin(n)sin(ot) (31)
The frequency equation from (28-31) is:
E )
-0 =0 32)

pL

The resonance frequency for this kind of vibration formula
is:

, ¢ . C
(0() =5 > =
12

(33)

3. Results and Discussions

The calculations are presented in Table 1 for several
console’s sizes in the range of real neurons sizes.

Table 1. The resonance frequency (33) of the longitudinal vibration for axon
length L with account of sound velocity C = 192 m/sec.

Table 2. The resonance frequency f; (37) for cylinders inside water with its
viscosity u=1-10"° Pa-s.

r=10 pm, r=S5 pm, r=lpm,

£ Hz £, Hz £, Hz Lmm/fHz
30557 30541 17092 1 mm

6106 6027 -1 5 mm

3045 2883 -1 10 mm

556 -1 -1 50 mm

171 -1 -1 100 mm

Evaluation of the frequency shifts df are caused by
changes in viscosity and density in the environment; that is
calculated using the formula df = f, — f;. These calculations
are presented in Table 3 for two axon sizes:

A-L=1mm with =35 pm;

B - L =10 mm with »= 10 pm.

The air viscosity is p=1.8-10" Pa-s, but the olive oil has
u=43.2-10" Pa-s, and intermediate mixture were considered
at Table 3.

Table 3. Resonant frequency (f;) and its shift (df) for different medium
viscosity u, for two axons A, B.

305.6 611.2 3056 6112 30558 fo, Hz

100 50 10 5 1 L, mm

Vibration equation taking into account the coefficient of
the surrounding friction, p, and exited force in right side, has
a form:

o’U  oU

——u—-—pS
o Mo PPu

)
ouU

— =

SE F (34)

Here S = 777 is axon cross section, E is a Young's modulus,
p is a density material, wherein the sound velocity is known
and presented as C° = E/p. Appropriate uniform equation is:

CCoU u oU

(35)

The circular frequency for the equation with attenuation in
environment is presented in the form:

o] = LS 2
Lo 2nrp

Then @) < &y, the resonance frequency [15] formula is:

(36)

505

. C LY

fir—|1-| =E5=
2rL 2rpr- C

The second option is too high influence of the environment
then additional term p/(2npr2)> @0 exceeds initial resonant
frequency in a vacuum. Oscillation can not be continued and
marked further as ‘i’ that is imaginary. In this second case,
the oscillations tend from the limitation to the batch due to
very strong attenuation. A series of frequency calculations in
viscous media were done by the formula (35), the results are
shown in Table 2.

G7)

fiHzB dfHz A fiHz A p, Pa‘s
3056 0.005 30558 1.8:10°
3045 17 30541 10°
2960 152 30406 3-10°
1709 1729 28829 10-10°
= 7686 22872 20:10°
= 27422 3136 30-10°
s = = 43-10°

Longitudinal vibrations in the water in the most cases exist;
where the frequency is not the imaginary value from the
formula (36). Above calculations show a strong dependence
of the resonance frequency to medium viscosity for the
longitudinal vibrations. The frequency shift in the air relative
to vacuum is negligible small. The frequency shift of the
vibration in the water is large enough to determine
appropriate small changes in viscosity. Calculations show the
df'=0.34 Hz for the first axon A (L =1 mm, » =5 pm) due to
I-percent change of water viscosity up to p = 1.01- 102 Pas.
The second axon B (L = 10 mm, » = 10 um) shows frequency
change the df'= 0.34 Hz for the same 1% of viscosity change;
it should be noted that these frequency shifts can be
measured technically easy. Vibrations in olive oil can not
exist in most cases. Doctors know the fact of complete
anesthesia for nerves in olive oil and similar media.

The resonance frequency shifts according to fluid density
changes are negligible small values for longitudinal
vibrations; it was confirmed by calculations here for different
axon sizes. Considered df was calculated depending on the
medium density changes dp which is varied fromp =1 g/
cm’ up to 2 g/ cm’ in the water with a viscosity p = 1.0-107
Pa-s. Dimensions of investigated axons and their resonance
frequencies are:

f1=30540.63 Hzthendp /p=1+2. (Axon L =1 mm, r =
5 um);

f1=3045.05 Hz thendp/p =1+ 2. (Axon L = 10 mm, r =
10 pm);

fi=167.11thendp/p=1+ 2. (Axon L = 100 mm, » = 10
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pm).

If you change the density of the medium in a wide range,
as expected, the resonance frequencies of longitudinal
vibrations are practically unchanged.

As a result, calculations show the high sensitivity of the
axon vibrations to minor changes in surrounding viscosity.
This effect can cause the anesthetic phenomenon, which will
be shown in details here in a next section.

Possible transfer of vibration excitation between neuron’s
parts

Let’s consider the body of the nerve cell as a ball due to
the comparison of photo and scheme at Figure la, b.
According to presented mechanical model for propagation of
the nerve impulse, we assume here that the vibration of axon
causes the vibration of clamped ball (Soma) in the case of
their resonance frequencies coincidence. The zero-order
Soma vibration will be a sphere pulsations, it increases and
decreases the radius periodically evenly around undisturbed
position. For high-order vibrations of the ball, it is a wave-
like change in ball surface and described by the angle factor:
cos(no), n =0,1,2,3... Higher vibration mode with n =3,4,5...
can also be exited in practice but rarely, they require a greater
excitation energy. The circular resonant frequencies r of
oscillations of the ball in the air are described by the formula
(23]

wp =n(n-1)(n+2) TIR"‘ n=273..

p .

Jr= ZL\/N(H ~1)(n+ 2)51?‘3

2 p

(3%)

For a water ball in air with radius R the 7| is equal to 74 in
CGC, [23]. The lowest is n = 2 for pulsation mode, but
resonant frequency is:

fe =1369[n(n—1)(n+2)R" ~3.87R™"> (39)

In real biology all neurons are placed in water medium.
Let’s consider liquid ball (p = 1.05 g/cmB) inside liquid
surrounding with p;= 1.0 g/cm3; the resonance frequencies
then n>2 are:

(40)

. 1 1 3
S = E\/n(n +1)(n-1)(n+ 2)[

=R
(n+])p+np,1

The process of vibration transfer from axon-cylinder to the
clamped ball will occur with high efficiency when resonance
frequencies for both parts have coincidence. So, we took the
axon frequencies from Table 2 and equation (37) to find the
ball radius from equation (40) then fz,, = f;, result is the next
equation:

1/3
T,

R, = n(n—l)(n+l)(n+2)|: ! (27'1')—:3,/4i23

(n+l)p+np,] (1)

Not only fundamental mode (n=2) of vibration in a ball

could be realized by pushing from vibrated cylinder, in the
case of such excitation of higher modes (#=3 or n=4) the
appropriate ball radii was found from eq. (41) and presented
in Table 4. Calculated ball’s radius is R, then n = 2, the R; is
then n = 3, R, is then n = 4; results are presented at Table 4.
There are axons with sizes:

A-L=1mm, =5 pum;

B-L=10mm, =10 pm;

C-L=50mm, =10 pm;

Table 4. Appropriate sphere radius R, (41) to have coincidence for
resonance frequency with axon.

C B A Axon size
556 3045 30541 joint f, Hz
304 98 21 pm Ry, pm
766 150 32 R;, pum
618 198 pm 43 R, ym

The lowest radius values (R;) seems more believable,
because low-mode needs less excitation energy for its
realization. The data of Table 4 show that radius of the cell
body exceeds the axon radius by the factors:

Ry/r=21um/5Spum=4,

for A
axon L =1mm, =15 pm; (42a)
Ry/r=98 um/ 10 um= 10,
for B
axon L =10 mm, » =10 pum (42b)
Ry/r=304 pm/ 10 um = 30,
for C
axon L =50 mm, » =10 pm (42¢)

Comparison of received proportions in (41a-c) with ones at
photo of Figure la confirms the presented approach and
analysis. Note, that in all cases the sum of side surface for
cylindrical axon exceeds this surface of appropriate Soma, so
the Stock’s friction will have more values for cylinder to
provide great frequency change in addition to (37).

New hypothesis for anesthesia mechanism

The anesthetic and other admixtures perform the change
the composition of the surrounding fluid around neuron with
appropriate response of neurons [24-26]. This paper model
consider axon as a cylindrical beam profile which is attached
to the cell body (Soma) with larger diameter; both cell’s part
have different formulas for resonant frequencies and their
trends. The axon has a form of long cylinder; it has a
possibility of longitudinal vibration which excites due to high
axis heating with appropriate material thermal expansion.
The longitudinal vibration of the cylinders are very sensitive
to the viscosity changes in surrounding in many technique
cases. We calculated typical changes in resonance
frequencies for axon, they have enough difference due to the
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1% in viscosity change to be measured in experiments. The
resonance frequencies for axons were calculated (37) for
Table 3 depending on viscosity of medium. Calculated radius
of Some on the based on common frequency approach (41)
was compared with neuron photos at Figure 1a to show the
coincidence and justice. The Soma resonance frequency can
be calculated by other equation (40) for data at Table 4, the
frw has no high sensitivity to surrounding. The mentioned
aspects can explain the anesthetic influence to stop the signal
transfer inside neuron, let’s consider the model. We suppose
the initial natural tandem and equality of resonance
frequencies for both parts as axon and its cell body (Soma).
Vibration in axon causes vibration and/or deformation in
membrane of Soma with membrane ion current as a result
signal. This vibration transfers have high efficiency only in
the case of resonance coincidence for both parts of neuron. A
similar effect has a musical tuning fork, then blow inside one
part leads to vibration of adjacent part, and both have the
same resonance frequencies due to their similar size there.
Our model calculations demonstrate the different values of
frequency shifts for axon and for Soma due to changes in
environmental biological liquid. We suppose that nature grow
each pair of axon+Soma inside one neuron, their resonance
frequency of vibrations are equal to each other in natural area,
and n™ of the possible natural frequencies of oscillation of the
axon coincides with one for Soma.

The anesthesia performer the change in surrounding that
brings change in viscosity. This mechanical algorithm can
explain the effect of no transfer for signal from far axon
terminal up to the Soma then anesthetic admixture was
introduced. Therefore, when the vibration is coming from
axon to Soma on another frequency, then ‘head does not
understand and can’t move’. So the Soma membrane of the
nerve can’t vibrate due to its pushing not at common
resonance frequency, and result current can not appear inside
no deformed membrane of Soma. Presented mechanical
approach and presented mathematical calculations need more
detailed calculations, analysis and experiments that we hope
will be done during further development. However, presented
algorithm can serve as a background for further development.

4. Conclusions

Presented calculations show possible acoustic mechanisms
for signal transfer from far axon terminal up to cell body
(Soma) inside the neurons. The waveguide approach was
analyzed with frequencies 5 - 15 MHz for fast signal transfer
from local surface deformation. The thermal flow was
calculated; the numerals for acted forces and temperature
distribution were estimated inside axons. The energy losses
into outside region far from axon/cylinder is calculated = 2%,
so the most part of received energy after Hodgkin — Huxley
membrane capacitor discharge was spend to the useful
processes of signal propagation inside neuron.

The highest axial temperature can cause also the low-
frequency (0.1 - 10 kHz) longitudinal vibrations inside axon.
These amplitudes and resonant frequency shifts were

calculated depending on viscosity and density of surrounding
liquids near axon (cylinder) and Soma (ball). Presented
model and calculated numerals can explain the effect of
anesthesia then small admixture of anesthetic into liquid near
neuron causes different resonance shifts for axon and Soma
with no signal transfer as a result.
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