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SUMMARY 

The effects of audio and high radio frequency fields and also of a direct field on 
conducting and non-conducting particles suspended in various fluids have been 
studied. The orientation and chain formation which other workers have reported with 
suspensions in IO-IOO megacycles/sec electromagnetic fields have been observed under 
suitable conditions even in direct electric fields. The effects can be explained by the 
attraction between dipoles induced by an electric field. 

INTRODUCTION 

The possible effects of electromagnetic radio fields on biological material have been 
discussed from time to time ever since the development of wireless telegraphy at 
the start of this century. The suggested health hazard to people working near high- 
powered radar stations has recently renewed interest in this topic. The generally 
accepted view, however, is that the only possible biological effect of radio waves is 
the simple production of heat when the waves are absorbed. But another effect that 
may be important has now been conclusively demonstrated by exposing suspensions 
of unicellular organisms, starch and other particles to intense radio frequency fields 1. 
The organisms were found to orientate themselves so as to lie either along or across 
the field at particular frequencies in the IO-IOO megacycles/sec range and the particles 
moved together to form remarkable series of chains. I t  was suggested that these 
phenomena could not be simply explained by the formation of electric dipoles. 
A number of other explanations were also ruled out. 

These unexplained effects were all observed within a few millimetres of the 
electrodes that carried the radio frequency currents. As close as this the predominant 
field is the electric one; it is only at distances of the order of several wavelengths 
that the true electromagnetic radio field becomes of importance. We decided therefore 
that it might be of interest to investigate the effect of electric fields on suspensions 
of various sorts of particles to see under what conditions similar chain formations 
could be made to occur. The particles used had sizes of around 50 ~ and were sus- 
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pended in various fluids. They were subjected to alternating electric fields at various 
frequencies from 5 ° cycles/sec to 20 megacycles/see and also to a direct field. The 
results of these experiments throw some light on the factors involved in chain for- 
mation in particle suspensions. 

By extending the theory of the forces b6tween induced electric dipoles it has 
been possible to give a satisfactory explanation of these effects. 

APPARATUS AND MATERIALS 

The apparatus was similar to that  used by TE1XEIRA-PINTO et al. 1, but with two 
important  differences. Smaller electrodes were used and the radio frequency output 
was not pulsed, since we felt that  some of the effects (such as the spinning of the 
particles) might have arisen from the pulsation frequency. 

The electrodes were two parallel copper wires o.8 mm diameter and I cm long 
spaced 3 mm apart  and cemented on to a perspex block. A drop of the suspension 
which was being investigated was put on a thin (No. o) cover glass and this was 
placed on top of the electrodes (Fig. I). The drop had no electrical contact with the 
electro~,es being completely insulated from them by the cover glass. The particles 
suspended in the drop were influenced only through the electric field which existed 
between the electrodes; the heating effects with this lay-out were negligible. 

A conventional 35-W output radio frequency oscillator was used to cover 
frequencies in the range 5-20 megacycles/sec. A 5o-W audio signal was obtained from 
an audio frequency generator which was fed into an amplifier and was used to give 

Fig. I. The cell is shown under  the  microscope. A cover glass with a drop of the particle suspension 
lies on top of the electrodes. 
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frequencies of 5 ° cycles/sec, I kcycles/sec and IO kcycles/sec. A D.C. field was obtained 
from a variable 0- 4 kV high-tension supply. The voltages applied were up to that  
which caused sparking between the electrodes (about IOOOO V/cm). 

The particles studied were polystyrene latex.spheres 0.8 # diameter (kindly 
donated by the Dow Chemical Corporation, Midland, Michigan, U.S.A.); pure 
aluminium powder; red ferric oxide; potato starch grains (British Drug Houses Ltd.); 
an ion exchange resin and carbon powder obtained by rubbing pure carbon electrode 
rods. Suspensions of these particles were made in ion-free water, in saline (0. 9 % 
sodium chloride) or in castor oil (B.P.). 

RESULTS 

The results obtained are shown in Table I. The action of he electric field on the 
particle suspension is entered as ' - - '  when no effect at all was observed, as i when 

T A B L E  I 

THE EXPERIMENTAL RESULTS OBSERVED WITH DIFFERENT PARTICLES 

SUSPENDED IN VARIOUS FLUIDS 

T h e  s y m b o l  -- i n d i c a t e s  t h a t  n o  e f f ec t  w a s  o b s e r v e d ;  + t h a t  t h e  p a r t i c l e s  w e r e  o r i e n t a t e d  b u t  
d i d  no t '  f o r m  c h a i n s  (F ig .  2) ; + t h a t  t h e  p a r t i c l e s  f o r m e d  c h a i n s  (F ig .  3). 

Particles F r ~  Castor oil Water SaJine 
(cyeJes/sec) (0.9 % NaCI) 

P o l y s t y r e n e  D.C .  - -  - -  
5o  - -  _ _  
I O  3 - -  _ _  

I O  4 - -  _ _  

IO 7 __ -~ 

I o n - e x c h a n g e  r e s i n  D .C .  

50  
IO 3 

IO 4 

IO 7 ~- 

P o t a t o  s t a r c h  D .C .  + - - ,  

50 + -- 

IO a ~- -- 

I O  4 - ~  - -  

io' 4- + 

R e d  f e r r i c  o x i d e  D .C .  + - -  

50 + - -  
10 3 + - -  

IO 4 ~- -- 

IO 7 -¢- + 

C a r b o n  p o w d e r  D .C .  + - -  

50 + + 
io' + + 
IO 4 + + 
IO 7 + + 

A l u m i n i u m  p o w d e r  D.C.  + - -  
50  + + 
xo s + + 
IO 4 + + 
1 0  7 + + 

I 

i 
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Fig. 2. Starch particles orientated bu t  not  lined-up in an electric field. 

lrig. 3. Starch particles after forming chains in an electric field. 
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the particles were turned so that theft longest axis was parallel to the electric field, 
but without chain formation (Fig. 2) and as + when the particles rapidly formed 
i0to long chains (Fig. "3). 

I t  will be seen from Table I that, with the exception of the polystyrene and 
resin particles, the particles suspended in castor oil formed chains in D.C. and low 
frequency A.C. fields just as well as in the high radio frequency field. The phenomena 
observed at  the different frequencies appeared to be identical in every respect. When 
suspended in water, none of the suspensions formed into chains in a D.C. field, but 
the particles that were good conductors of electricity formed chains at audio frequen- 
cies and all the particles formed chains in a IO megacycles/sec field. The chain for- 
mation was instantly destroyed when a small amount of salt was added to the drop 
and no chain formation could be produced with any of the particles suspended in 
saline (0. 9 % sodium chloride). 

The effects which followed when carbon powder was suspended in increasing 
dilutions of saline were investigated. No orientation or chain formation could be 
obtained at audio frequencies even with saline diluted to contain on]y o.oi % sodium 
chloride. At IO megacycles/sec, however, orientation was first observed with particles 
in o.25 % sodium chloride and chain formation occurred in o.oi % sodium chloride. 

THEORETICAL 

In this section an approximate expression is obtained for the force tending to line 
up the particles under various conditions. We will consider for simplicity that the 
particles are all spherical and that the suspensions all contain similar sized particles 
.at the same concentration. The main limitation of this treatment is that it neglects 
the complex situation which can develop at the surface of the particles by taking 
the bulk values for conductivity and dielectric constant to apply throughout the 
suspension. An electric field acting in the drop will polarize the particles in the 
direction of the field, either in the case of conducting particles by causing electrons 
to flow to one end or in the case of insulators by aligning and polarizing the con- 
stituent molecules. Whatever the direction of the field, there will then be an attractive 
force between the particles; both an alternating and a direct field could thus produce 
chain-like aggregations. Chain formation will only occur, however, when the attractive 
forces due to the induced dipoles outbalance the repulsive forces which normally keep 
the particles from spontaneously aggregating. These repulsive forces arise primarily 
from the interaction between like charges carried on and around the surface of the 
particles e. 

The force of attraction between two dipoles can be obtained by differentiating 
the well-known expression for the energy of two dipoles a. For two dipoles in line 
and a distance d apart we can thus obtain the expression (using rationalized m.k.s. 
units) 

6 m s 
F (r) 

4 ~ l e o d  4 

where F is the attractive force in the dipole moment induced in each particle, •I 
the dielectric constant of the fluid in which they are suspended and eo = 8.86. i o  -19- 
( p e r m i t t i v i t y  of free space). 
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The moment induced in a particle by an electric field E in the fluid around it 
is given by 

m ~ 4~eoaaE~f  ( K p -  ~ f ) / (~ p  "+ 2~y) 

where a is the radius of the particle; ~f is the dielectric constant of the fluid; ~ is 
the dielectric constant of the particle. If either the particles or the fluid is a conductor, 
it can be shown (see Eqn. 3 below) that the dielectric constant x should be replaced 
by ~ : ( I - - j c r / O m e o )  where ~ is the conductivity (ohms -1 m-l), co = 27rf, f being the 

frequency of the field, e o ---- 8.85- lO -12 and j = %/(--I) .  Thus in general the moment 
induced by a field E is given by 

4 ~ o a a E x !  [I - -  (jcrfltogleo) ] [g~ - -  ~f - -  (iloJeo) (ap - -  al)  ] 
m - ( 2 )  

[~p + 2 x s -  (j/o~,0) (a~ + 2al)] 

The field E in the drop has now to be related to the voltage V~ applied across 
the electrodes. An approximate equivalent circuit is shown in Fig. 4- The drop is 
represented by the capacity C~ shunted by R, the resistance of the drop. C a and C4 
are the capacities between the drop and the electrodes and C z is th~ capacity across 
the dectrodes. V~ is the applied voltage across Cx, V 2 is the voltage across the drop 
(that is across C 2 and R) and is related to the field E in the drop by E = ( V z / t )  

where t is the distance between the electrodes. 

R 

I |  
c a c 2 - c 4 

o 0 

II 
c 1 

Fig. 4- The equivalent circuit diagram. 

We have V 2 ---- ( Z D / Z )  V 1 where ZD is the impedance of the drop (that is the impedance 
of  C~ and R in parallel). 

Z is the total impedance of C 3, C 4, C 2 and R. 
Now 

i ( 
Z ~  R + joJC~. = joJC2 I ~ .~  

If C2 is considered to be a parallel plate capacitor of area A and spacing l then if al 
is the conductivity of the dielectric and ~I the dielectric constant 

and 

l 
~A 

g/eoA ~1*o 
C 2 =  - -  . RC~ = - - -  

I 

o3 ~¢f~0z 

Hence 

(3) 
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and 

Z = _ _  + + 
~o~ U~ co. (~ - ¢~I1'~ 

V1 
• V 2 =  

coxy8o/ 

From the linear dimensions of the particular apparatus used we have 

C2 C~ u I 

Ca C4 ~ 5o 
.'. s ince E ~ V J t  

V1 
E = (4) 

+ 

When the conductivity of the suspending fluid is taken into consideration Eqn. I 
b e c o m e s  

6 m 2 
F = (s) 

. i ( I  ]'a--~-/) 4.Teod4 
omfeo/ 

The complete expression for F in terms of V 1 is now obtained by  combining Eqns. 

2~ 4 and 5. 

, 0)80 F = ¢o.f*o/ (6) 

"St (I ¢/1T~80/j]'Of ~]9*[L., J lj' O)80 
Particular cases can now be considered. For a suspension of conducting particles 

o~ > I o  6 ohms -1 m -1 and ~/o)e  o (that is IO 1~ ¢~/8.86 ~) is very large for all frequen- 
cies we are considering (oJ up to Io8). Eqn. 6 then gives for the force Fc between 
conducting particles 

~.steo/ 

where 13 = 24rreoa~rl, r12/d4t ~ and is a constant for a particular apparatus and type of 
particle. 

The absolute magnitude of F ,  expressed in terms of 13 is obtainable from the 
,expression 

aY2 '~ ½ 

Fe .y  ( I  + °J~xY2eo 2] 
- -  = (7) 

75, ~I ~ /  

For a non-conducting oil this becomes for all frequencies and for a direct field 

Fe x! 

75/ 
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The force F ,  on an insulator particle is given in terms o f F ,  foc particles suspended 
in water or saline (where ~f >~ ~cp) by F ,  = Fe/4. 
For insulator particles suspended in a non-conduct ing oil the expression is 

F e  (u f  - ~p)2  

(x~ + 2 x , )  2 

Table I I  shows the calculated values of F/fl for conducting particles and Table I I  I 
the values for polystyrene particles. The values taken for the dielectric constant  ~c 
and for the conduct iv i ty  a (ohms- l -m -1) were the values quoted for the material 
in bulk:  castor oil, ~c = 4.3, a = oo; water, ~ : 80, a = 5"IO-4 (measured); poly- 
styrene ~c = 2.5, e = oo, saline (o.9 % Nat1) ~c ---- 80, a = 1.5: saline (o.oo 9 % Nat1) 

= 8 0 ,  a = 1. 5 -  l O  -3 .  

If  it is assumed tha t  the force F/fl required to form chains with conducting 
particles is about  0.5 or more and for polystyrene particles is 2.0 or more there is 
satisfactory agreement between these theoretical predictions and the observed effects 
recorded in Table I. The only disagreement is in the behaviour of condu6ting particles- 
at 50 cycles/sec. 

T A B L E  I I  

THE CALCULATED FORCE B E T W E E N  CONDUCTING PARTICLES SUSPENDED IN VARIOUS F L U I D S  
IN AN ELECTRIC F IELD 

S e e  t e x t  f o r  u n i t .  

Saline Saline Fr~neney Caslor oil Wah~ 
(cyclesJsec) (0.9% NaCl) (0.009% NaCI) 

o 3 . 8 4  o o o 

5 ° 3 . 8 4  0 . 0 3  o o 
IO a 3 . 8 4  0 . 6 4  o 0 . 0 2  
lO 4 3 . 8 4  6 . 1 5  o 0 .2  
lO 5 3 . 8 4  2 o . 8  0 . 0 2  2. I 
i o  e 3 . 8 4  18 .6  o .2  16. 5 
lO T 3 . 8 4  18 .6  2 .1  15.1 
IO s 3.8;I  18 .6  16 .5  18 .6  

T A B L E  I l l  

T H E  C A L C U L A T E D  F O R C E  B E T W E E N  P O L Y S T Y R E N E  P A R T I C L E S  S U S P E N D E D  I N  V A R I O U S  F L U I D S .  

I N  AN E L E C T R I C  F I E L D  

F o r  u n i t  s e e  t e x t .  

F r ~  Saline 
(cycleslsec) Ca.*t~ oil WaZer (o.9 % NaCl) 

O O . I O  O O 

5 ° O . 1 0  O O 

i o  z o. I o  o . 1 6  o 
1 0  4 O. I O  1.54 o 
lO 5 o . I o  5.2 o 
lO s o . I o  4 .6  o . o 5  
i o  7 o . i o  4 . 6  o .5  
i o s  o . I o  4 . 6  4.1 
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DISCUSSION 

The observations recorded in Table I are in good quklltative agreement with the 
theoretical predictions given in Tables II and III  which are based on a theory of 
the forces between dipoles induced by a sufficiently strong electric field. The phenom- 
ena of chain formation and orientation thus seem to be explained by the classical 
laws of electricity. The reason why in water, and particularly in saline, the effects 
are only seen at high radio frequencies is because at lower frequencies the conductivity 
of the suspending fluid shorts out the field. We have shown, howe.ver, that  exactly 
similar effects to those described by TEIXEIRA-PINTO el al. x can be observed even 
with a D.C. field if suspensions in oil are used. 

TEIXEIRA-PINTO et al. I attribute the first observation of chain formation to 
MUTH 5 in 1928, who observed it in emulsions of fat particles. The phenomenon is, 
however, probably exactly similar to that reported by BRANL¥ e in 1889 who found 
that  the electrical resistance of a pile of iron filings dropped markedly when they 
were subjected to the field produced by Hertzian waves. This effect was attributed 
to a coherence of the particles which was induced bs~the field. It formed the basis 
of MARCONI'S famous " c o h e r e r "  by means of which the first wireless messages to be 
transmitted across the Atlantic were received. Many explanations of how the coherer 
works were put forward before interest in it was lost with the coming of the thermionic 
radio valve; but it ,seems quite likely that  its action depended on "chain formation" 
~in the metal filings. 

With elongated particles, the observed tendency is for the alignment of the long 
axis to be parallel with the electric field in accordance with dipole theory; but in 
the case of living unicellular organisms TE~EIRA-PINTO et aL l describe orientation 
not only in the expected direction, but also report at higher frequencies a rotation 
of  the particles through 9 °o so that  the organisms lay across the field. They regarded 
existing dipole theory as deficient in explaining this change of orientation, which 
was only observed with living material. An explanation, in terms of dipole theory 
may still be possible, however, if the effect of the outer double membrane is taken 
into account. I t  is well known that this membrane acts as a capacit0 fT. In an alter- 
nating field the membrane will be charged so that dipoles form at right angles to 
the surface of the cell. An elongated cell will therefore be subjected to two opposing 
torques. The currents induced in the protoplasm, which acts as a resistance in a 
similar way to the particles which we have investigated, give stable equilibrium with 
the long axis parallel with the electric field; the charging of the capacitive membrane, 
however, gives stable equilibrium with the organism at right angles to the field. I t  is 
this latter position therefore which should predominate at the higher frequencies. 

A possible application of these phenomena is to provide a method for investi- 
gating the electrical conductivity and the dielectric constant of living organisms 
without using electrodes inserted in the suspension. In fact, a rather similar technique 
has recently been used to determine the electrical properties of cadmium sulphate 
crystals by measuring the torque produced on them by a rotating electric field s. 
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S U M M A R Y  

The effect of some thiol-group-blocking agents in the solution bathing the outside of 
isolated frog skin was investigated by a simple method permitting of measuring two 
separate membrane potentials in the skin and of membrane d.c. resistances to indi- 
vidual ions. I t  was found that,  while higher concentrations of these agents bring 
about a drop in the membrane potentials and permeability changes, similarly to 
mercuric chloride, lower concentrations, after a short period of incubation of the 
skin, cause considerable hyperpolarization of the outer membrane. The hyperpolari- 
zation is explained as a result of increased permselectivity of the outer membrane in 
USSlNG'S model of frog skin. The conditions of the reaction involved are described 
and a crude model of the outer membrane is suggested. 

INTRODUCTION 

K O E F O E D - J o H N S E N  AND USSING'S 1 model explaining the nature of the potential 
difference across the frog skin involves two membranes of different properties. I t  was 
only the microelectrode technique, which is less suitable for continuously following 
the effects of external factors, that ~ was used recently with the result of two membrane 
potentials as proposed by the above model being demonstrated ~,3. The authors of a 
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