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ABSTRACT

An appara tus  has been cons t ruc ted  :o rub f i l aments  together  

under  cont rol led mechan ica l  and ambient  condi t ions,  and to m e a s u r e  

the charge  r ema in ing  af ter  separat ion.  The appara tus  is s i m i l a r  to 

that  of Her  sh and Montgomery,  with r e f inemen t s  to obtain b e t t e r  c o n ­

t ro l  of mechan ica l  va r i ab l e s ,  and to allow va r i a t ion  of ambien t  p r e s s ­

ure.  A photomul t ip l ie r  has  been added near  the f i l aments  to detect  

the incidence of e l e c t r i ca l  breakdown of the a tmosphere .  Many of 

H e r s h ' s  findings for 45° -45°  rubs  have been conf i rmed,  speci f ical ly  

those on r eproduc ib i l i ty  and t r i b o e l e c t r i c  se r i e s .  On the other  hand,  

some findings have not been substant ianted when the range  of v a r i a b l e so  o

is extended.  F o r  nylon rubbed on polyethylene,  the charge  q shows 

a s q u a r e - r o o t  dependence on the no rm a l  force  F,  in place of the 

l inear  dependence found by Hersh;  and the charge  shows an i nve r se  

propor t iona l i ty  with d i ame te r  d, in con t r a s t  with the independence 

noted by Hersh .  F o r  tanta lum rubbed on nylon, the charge  is found 

to depend on a combinat ion of veloci ty v, conduct ivi ty a -  , and p r e ­

sumably d ie l ec t r i c  constant  €  , together  with a c h a r a c t e r i s t i c  dis tance

jP to be de t e rmined  empi r ica l ly .  If the charge  dependence on length 

of rub L is taken to be the p ropor t iona l i ty  found by Hersh ,  the c o m ­

bined re la t ion
i / z  , - 6 v /<rJ0

q - c (LF ' /d) ( 1 - e ‘ )

is suggested,  where  the sign and the magni tude of c a r e  in pr inc ip le  

de te rmined  by the de ta i l s  of the band s t ruc tu re ,  but in p r a c t i c e  a r e  

fixed exper imenta l ly .  No detai led theore t i ca l  p i c tu re  has been  obtained

to jus t i fy the r e s t  of the express ion ,  and it m u s t  be cons ide red  at  p r e s e n t  

as  an empi r i ca l  r e la t ion  whose genera l i ty  and b a s i s  r e m a i n  to be e s t ab l i shed
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CHAPTER I 

INTRODUCTION

The phenomenon of f r ic t ional  e l ec t r i f i ca t ion  has  become of 

inc reas ing  impor tance  in r ecen t  y e a r s  with the introd act ion of the 

new, poor ly  conducting,  synthet ic m a te r i a l s  such as nylon, Dynel,  

Orion,  and Dacron.  The manufac tu re r  is plagued with such p ro b l e m s  

as how to make f i laments  and f iber  a s s e m b l i e s  p a s s  along guide s y s ­

t em s  smoothly,  how to fold charged fabr ics  p ro p e r l y  into boxes ,  and 

how to reduce  or e l iminate  a t t r ac t ion  or r epu l s ion  and sparking of 

charged fabr ics .  The c o nsum er  is well acquainted with cl inging g a r ­

ments ,  and the shock encountered  af ter  sliding a c r o s s  synthet ic au to ­

mobile seat  covers .  Moreover ,  the p ro b le m  is of ma jo r  impor tance  

in such p laces  as explosive f ac to r ies  and flour mi l l s  where g rea t  

ca re  mus t  be taken to avoid sparks .  For  ins tance ,  the workmen  

engaged in the manufac tu re  of dynamite  mus t  wear  special  shoes with 

rubber  soles;  even thei r  shoe laces  a r e  of a special  kind, without 

meta l  t ips,  Each day they m u s t  draw surgica l ly  c lean white cotton 

ove ra l l s ,  unde rwear ,  socks,  and gloves f rom the plant  laundry.  The 

f loors  of the bui ldings a re  made of non-spa rk ing  lead,  and all  m a c h i n ­

ery" m u s t  be made of non - spa rk ing  metals'-' t Thus the p r o b l e m  is of

* R e a d e r ' s  Digest ,  October  1956, p.  129
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i n t e r e s t  f rom a p r a c t i c a l  standpoint  as well as f r o m  the s tandpoint  

of unders tand ing  che physics  involved.

A. His tory

S. P. H e r s h  ( 1 ) has s um m a r i z e d  the h i s to ry  of stat ic

e lec t r i f i ca t ion  in his thes i s  p r e sen t ed  for the doctora te  at P r i n c e t o n  

Universi ty.  The t r e a t m e n t  is b roken  into two par t s :  1) qual i tat ive

inves t igat ions  a imed at es tabl i sh ing a t r i b o e l e c t r i c  s e r i e s ,  and 

2) quant i tat ive inves t igat ions  at tempt ing to de te rmine  the fac to r s  

involved and the m a n n e r  in which they affect  the charge  t r ans f e r .

B. Theory

A theory  based  on modern  solid state theory  Ls outl ined by 

Hersh  and Montgomery ( 2 ). The a ssumpt ions  of this theory  are:

1) e l ec t rons  only a r e  t r a n s f e r r e d  f rom one m a te r i a l  to the other;

2) the d i rec t ion  of charge  t r a n s f e r  is de te rmined  oy the re la t ive  

posi t ion of the F e r m i  levels  in the two contact ing m a t e r i a l s ,  the 

t r a n s f e r  taking place so as to equal ize the levels;  3) the amount  of 

charge  t r a n s f e r r e d  dur ing contact  is de te rmined  by a) the energy  

band s t ru c tu r e  of the contact ing m a t e r i a l s ,  and b) the relaxation,  

t ime for e s t ab l i shmen t  of charge  equi l ib r ium between the m a t e r i a l s ;  

4) the a r e a  of " t rue  contact" ,  that  is,  the a r e a  of in t e rpene t ra t ion  

of a tomic f ields,  depends only on the no rma l  force between the 

m a t e r i a l s  rubbed; 5) af ter  s epa ra t ion  the t r a n s f e r r e d  charge  is 

local ized at the place of contact  in insu la to r s ,  but not of cour se  in 

meta l s ;  6) upon sepa ra t ion  of the m a t e r i a l s  af ter  contact ,  the charge
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ini t ial ly t r a n s f e r r e d  is reduced  by tunneling through the gap formed 

by the separa t ing  sur faces ;  7) the charge  r ema in ing  af ter  separa t ion  

is not neu t ra l i zed  s ignif icant ly by ions resu l t ing  f rom a tm o s p h e r i c  

breakdown.  The degree  to which 5) in the theory  is sa t i s f ied will 

obviously depend on the r e s i s t i v i t y  and pe rhaps  the d i e l ec t r i c  con ­

stant  of the insulat ing m a te r i a l .  The degree  to which 3b) is s a t i s ­

fied will depend on the length of t ime the m a te r i a l s  a re  in contact ,  

which in tu rn  will depend on the veloci ty of the rub.  The amount  of 

charge  tunnel ing back through the gap will depend on 1) the potent ial  

d i f ference a c r o s s  the gap, which in turn  will depend on the degree  of 

loca l izat ion  of the charge^ and 2) the t ime avai lable for charge  to 

flow back  through the gap, which will depend on the veloci ty of rub. 

Thus the charge  m e a s u r e d  in a rubbing exper iment ,  which is actual ly 

the charge  re ta ined  upon separa t ion ,  should depend on an i n t e r r e l a ­

t ionship between veloci ty of rubbing,  the r e s i s t iv i ty ,  and the d ie l ec t r i c  

constant  of the m a t e r i a l  or m a t e r i a l s  rubbed.

C. Object ives

The objec t ives  of this work a re  three  in number :  1) to a s s e s s

the validi ty of the conclusions  of H e r sh  and Montgomery  (2,3) by 

repea t ing  se lec ted m e a s u r e m e n t s  while d i rec t ly  checking for e l e c t r i ca l  

breakdown;  2) to extend the s tudies  of the effect  of veloci ty of rub,  

with the idea of finding the i n t e r r e l a t ionsh ip  between the effect  of 

velocity,  r e s i s t i v i t y ,  and d ie lec t r i c  constant  of the m a t e r i a l s  on the 

charge  m easu red ;  3) on the ba s i s  of these  r e su l t s ,  to get a m o re  

de ta i led  p ic tu re  of the stat ic e l ec t r i f i ca t ion  p r o c e s s .



CHAPTER II 

APPARATUS

H er s h  and Montgomery { 3 ) found that the pr inc ipa l  m e c h a n i ­

cal and ambient  va r i ab le s  which control  the amount  of charge  g e n e r ­

ated when two m a t e r i a l s  a re  rubbed together  a re  the following:

1) length of rub,  2) veloci ty of rub,  3) na ture  of contact ,  4} no rm a l  

force between f i laments ,  5) t e m p e ra t u r e ,  and 6) re la t ive  humidi ty.  

The appara tus  shown in F ig u r e s  1 to 10 is cons t ruc ted  in such a 

m anne r  that  these  va r i ab les  may be adjusted and control led.  It 

cons i s t s  in th ree  par ts-  1) the rubbing appara tus ,  2) the control  

appa ra tus ,  and 3) the m e a s u r i n g  apparatus .

A. Rubbing Apparatus  

1. Bot tom Yoke

The m a t e r i a l s  to be invest igated are  mounted in the f o r m  of 

f i l aments  in the yokes as shown in F igure  1. The bot tom yoke,

F igure  2, cons i s t s  of a c i r c u l a r  b r a s s  plate with an a luminum c lamp 

mounted on one side,  and a set  of two pul leys mounted on the opposi te  

side. The f i l ament  is mounted by c lamping one end in the c lamp and 

draping the other  end over  the pul leys.  A loop is t ied in the l a t t e r  

end, and weights  are  a t tached to provide  a known tens ion in the 

f i lament .  The length of f i lament  which may be accommodated  b e ­

tween the c lamp and pulley is 10. 4 c e n t im e te r s .  The b r a s s  plate
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is m a rk e d  in de g re es  in o r d e r  that  the azimuthal  pos i t ion of the 

f i lament  may be specif ied The yoke is mounted on four i n t e r ­

changeable  po lys tyrene  and Teflon s tand-off  i n su la to r s ,  which in 

tu rn  a re  mounted on a double b r a s s  r ing sl iding over  the cyl indr ica l  

case  as shown in F igure  1. The r ing can be moved up or down by 

means  of the knur led s c r ew s  thus control l ing the height  of the f i l a ­

ment  above the base  plate.  F u r t h e r ,  the r ing  can be ro ta ted  around 

the case  thus changing the azimuthal  posi t ion of the f i lament .  A ba re  

copper  wi re  connected through a glass  f eed- through insu la tor  connects  

the bot tom yoke to the high t e rmina l  of a Keithley vacuum-tube  e l e c t r o ­

m e t e r ,  model  29, which m e a s u r e s  the charge  genera ted  on the bot tom 

fi lament .

2 Top Yoke

The top yoke, shown in F igure  3, is made of a luminum.

A spr ing is c lamped at one end of the yoke, and one end of the f i l a ­

ment  to be mounted is t ied to the spring.  The f i lament  is then led 

over an a luminum post  and fas tened,  usual ly by gluing, at the opposi te  

end to a b r a s s  post .  This  post  is p a r t  of a screw which can be moved 

back and for th by m eans  of a knurled nut in o r d e r  to control  the tens ion  

of the f i lament .  The length of f i lament  between pos t s  may  be adjusted 

up to a m a x i m u m  of 5 cen t im e te r s .  The yoke is fas tened to a s e m i ­

c i r c u l a r  b r a s s  plate m a r k e d  in d e g r e e s  for specifying the posi t ion

of the f i lament .

3. Driving Mechanism

The plate to which the top yoke is fas tened is i t sel f  fas tened
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to the suppor t ing a r m  as shown in F igure  1. The support ing a r m  

s l ides  along the guides dr iven by a pin at tached to a b icycle  chain 

The pin r e s t s  in a slot  cut in the a r m  suppor t  be tween the guides and 

moves  the a r m  back  and for th along the guides as  the bicycle  chain 

moves  around i ts path. The bicycle chain is d r iven  by a synchronous  

mo to r ,  cal led the fol lower,  and the motor  along with the guides is 

fas tened by means  of machine  s c rews  to a s teel  base  plate 3/4 inch 

in thick.ne s s .

4. Ro ta ry  Solenoids

The a r m  support ing the top yoke is hinged at the end n e a r e s t  

the fol lower,  in o r d e r  that  the opposite end may move up and down. 

The l a t t e r  end is suppor ted by a guide fas tened to two Z8- v d-c  

r o t a r y  solenoids,  Since these  solenoids a re  mounted in opposi t ion 

to each other ,  when one is act ivated the guide is in one e x t r e m e  

posi t ion and when the other  is act ivated the guide is in the opposi te  

ex t r eme  posi t ion.  The total ro ta t ion f rom one e x t r e m e  to the other  

is approximate ly  30°, consequent ly the opposite ex t r e m e  f rom  that  

shown in F igu re  1 leaves  the a r m  in a hor izonta l  posi t ion Four  

6-v Edison s to rage  b a t t e r i e s  a re  used to opera te  the solenoids.

The guide is spr ing  loaded for the purpose  of keeping the a r m  in the 

"up" posi t ion when ne i ther  solenoid is act ivated.  The solenoids a re  

fas tened to an a luminum suppor t  and the support  is fas tened to the 

base  plate  by means  of machine  sc rews .  Cons t ruc ted  in this  m a n n e r ,  

the f i l ament  in the top yoke will come to the same height  above the 

base  plate each t ime it is lowered
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5 Normal  F o rc e

The no rm a l  force  between the f i l aments  is cont rol led solely 

by ad jus tmen t s  in the bot tom yoke. By making the tension very  high 

in the f i l ament  mounted in the top yoke, and control l ing the tens ion 

and height  of the bot tom f i lament  as desc r ibed ,  the e x p r e s s i o n  for 

the n o rm a l  force  can be der ived  under  the a s sumpt ion  that  the point 

of contact  be tween f i laments  is at the center  of the bot tom f i lament .  

R e f e r r i n g  to F igure  1Z, let

T = tens ion in bot tom f i lament ,  

d = d i sp lacement  of bot tom f i lament ,

JP - length of bot tom f i lament  between suppor t s ,  

and & -  d i sp lacement  angle.

Then the upward force at  the point of contact  will be given by

Normal  F o r c e  = 4 T d / /  

for the case  where d is smal l  compared  to JP , as is the case  in 

this work This  re l a t ion  very  nea r ly  gives the no rma l  force along 

the whole rub,  since the length of rub is Z. 3 c en t i m e t e r s ,  and J ?  is 

10. 4 c e n t i m e t e r s ,  which gives a var ia t ion  in no rma l  force  of Z5% 

or l e s s  f ro m  the e x t r e m es  to the center  of the rubbed por t ion  of 

the bot tom f i lament .

6. Nature  of Contact

The az imutha l  pos i t ions  of the top and bot tom yoke de t e rmine  

the na tu re  of the rubbing contact .  In a polar  coordinate  s y s t em  in



which the ze ro  of this s y s t em  is the d i rec t ion  in which the top yoke 

moves ,  the angle between the length of the f i l ament  and the d i rec t ion  

of movement  of the top yoke speci f ies  the posi t ion of the f i lament .

The na tu re  of the rubbing contact  is then given by two angles.  If 

the f i r s t  angle is the coordinate  of the bot tom f i lament ,  and the 

second is that  of the top f i lament ,  the th ree  ma jo r  fo r m s  of rubbing 

contact  r ecognized  by He r sh  may then be desc r ibed  as follows:

1) 93-0,  in which the length of the top f i lament  saws into one 

spot on the bot tom f i lament;

Z) 0-93,  in which one spot on the top f i lament  s l ides  along 

the length of the bot tom fi lament;

3) 45-45,  in which the length of both f i l aments  a re  rubbed

together;  f r e s h  sur face  is always contact ing f r e s h  sur face  in this  rub.

B. Control  Appara tus

The cont rol  appara tus ,  shown in F igure  4, cons i s t s  of another  

synchronous motor ,  h e r e a f t e r  cal led the d r ive r ,  m ic r o s w i t c h e s  to 

act ivate  the r o t a ry  solenoids ,  a thyr atr  on-cont ro l l ed  constant  - spe ed 

d-c  motor ,  and a t iming control .

1. Length of Rub Control

The m i c r o s w i t c h e s  are  opera ted  by m eans  of c a m s  connected 

to the d r ive r  through a gear  t r a in  which adjusts  the ro ta t ion  of the 

c a m s  to the ro ta t ion  of the bicycle  chain on the rubbing appara tus .

One revolut ion  of the cams  c o r r e s p o n d s  to one revolut ion of the b i c y ­

cle chain thus,  by a p r o p e r  ad jus tment  of the c am s ,  the act ivat ion
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of the r o t a r y  solenoids can be cont rol led and the top yoke may  be 

lowered and r a i s e d  at any d e s i r ed  t ime during the cycle.

2. Veloci ty of Rub Control

The d r iv e r  is connected e l ec t r i ca l ly  to the fol lower and is 

d r iven by the constant  speed motor  through a l ea the r  belt.  The speed 

of the l a t t e r  motor  is cont rol led by means  of a r heos t a t  which v a r i e s  

the a r m a t u r e  voltage of the motor .  Thus the rub velocity and the 

length of rub can be cont rol led apar t  f rom the rubbing appara tus .

3. Rubbing Cycle

Before  each rub the f i laments  a r e  d i scharged  with an Iono- 

t ron*.  Thus a cycle begins with the yokes together  but the f i l aments  

not touching,  and the Ionotron in place near  the f i laments .  The 

lonotron is moved away and about 25 seconds is al lowed for the ions 

to c lear .  The cons tan t - speed  motor  is then s ta r t ed ,  and the top 

yoke moves  away and r e tu rns .  As it p a s s e s  over the bot tom yoke, 

one of the mic roswi tche  s is c losed act ivat ing the r o t a r y  solenoid 

which lowers  the top yoke and the f i laments  make contact .  It was 

found n e c e s s a r y  to a t tach a b r a s s  wire to the guide in such a way 

that  when the top yoke is down the wire  p r e s s e s  against  the a r m  to 

keep it f r om  bouncing when it falls.  The wire can be seen in 

Figure  1 The two f i laments  a re  then rubbed together  and when the 

de s i r ed  length of f i l ament  is rubbed,  the f i r s t  m i c r o s w i t c h  is opened

* Obtained f rom  United States Radium Corpora t ion ,  535 P e a r l  St ree t ,  

New York 7, New York.
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and the second is c losed,  r a i s i ng  the top yoke and breaking the c on ­

tact  be tween the f i laments .  The top yoke moves  away and then r e t u r n s  

to i ts or igina l  posi t ion over  the bot tom yoke where  it is stopped.

The Ionotron is then moved nea r  the f i laments .  After  al lowing about 

25 seconds  for complete  d i scha rge ,  the cycle is r eady  to be repeated .  

The comple te  cycle takes  about  1 minute f ro m  beginning to end.

4. Timing Control

The t iming of the cycle is made automat ic  by the use of m i c r o ­

switches in the c i r cu i t  shown in F igure  6. The m ic ro s w i t c h  which 

stops the cons tan t - speed  motor  is located near  the m i c r o s w i t c h e s  

cont rol l ing the ro t a r y  solenoids and is opera ted  by a lever  a t tached 

to the same axle as those mic ro  switche s . The other  four m ic r o s w i t c h e s  

a re  opera ted  oy cams  mounted on a shaft which is turned Oy a 1 - r p m  

clock motor .

C M ea s u r e m en t  Apparatus

1. Photomul t ip l i e r

It was found des i r ab le  to have some d i r ec t  means  of detect ing 

the occurrence of e l ec t r i ca l  breakdown.  This phenomenon was s u s ­

pected by H e r s h  and Montgomery (2, 3 ) but not verif ied.

F o r  this pu rpose ,  an RCA type 5819 end-cathode pho tomul t i ­

p l i e r  is mounted inside the cyl indr ical  b r a s s  case  d i rec t ly  beneath  

the bot tom fiber.  The case  is closed at the end n e a r e r  the f iber  

by cement ing  a piece of o rd ina ry  g lass  with P i ce in  cement  to a c i r ­

cular  r ing  of b r a s s  approx imate ly  1 cm.wide.  This r ing is s i lver
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soldered to the end of the cyl inder .  The other  end of the cyl inder  is 

s i lver  so ldered  to a b r a s s  plate which contains a hole of the same 

size as the b r a s s  cyl inder .  The case  is placed through a hole cut 

in the s teel  base  plate ,  and the plate is fas tened by m eans  of machine  

s c r e w s  to the under  side of the base  plate.  A rubbe r  O- r ing  between 

the b r a s s  plate  and s teel  plate provides  an air  tight seal .  A slot 

about Z c e n t i m e t e r s  wide and 5 c e n t i m e t e r s  long is cut in the bot tom 

yoke with the longer  dimension in the d i rec t ion  of the bot tom f i l a ­

ment ,  in o r d e r  that the photomul t ipl ier  can " see"  the f i l ament  as it 

is being rubbed.  The photomul t ip l ier  is encased in a m u - m e t a l  

shield to p ro tec t  it f rom s t ray  magnet ic  fields.  The opening between 

the base  of the photomul t ip l ie r  and the b r a s s  case  is sealed with 

e l ec t r i ca l  tape in o rde r  to exclude s t ray  light f rom below. The 

photomul t ip l ie r  c i rcu i t  is shown in F igure  5. The base  plate is mounted 

on a wooden f r ame  to br ing  it about 16 inches off the floor and allow 

ro o m  for ad jus tment  of the photomul t ip l ier  and its case.

Z. E l e c t r o m e te r

The charge  genera ted  on the bot tom fiber  is de t e rmined  

by obse rv ing  the potent ial  change on a sys t em of known capaci tance.

A schemat ic  d i a g r a m  of the m e a s u r i n g  c i rcu i t  is shown in F igu re  11.

The symbols  C g and C e r e p r e s e n t  the capaci tance of the s y s t e m  and 

e l e c t r o m e t e r ,  r e spec t ive ly .  R g is the r e s i s t a n c e  of the in su la to r s  

support ing the bot tom yoke,  and Rg is the leakage r e s i s t a n c e  of the

e le c t r o m e te r .  The combinat ion of R g and R e has  an equivalent  

r e s i s t a n c e  neve r  l e s s  than 1 0 ^  ohms.  The value of C g -+■ C e is 

m e a s u r e d  by observ ing  the t ime constant  of the s y s t em  when it is
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connected to ground through a known r e s i s t a n c e .  The value l ies  

between 25 and 30 m i c r o m i c r o f a r a d s  depending on the d i s tance  be tween

the bot tom yoke and the case  housing the photo - m u l t i p l i e r .

3. R e c o r d e r

The signal f ro m  the photomul t ip l ier  is ampl i f ied by m eans  

of a Keithley i sola t ion ampl i f ie r ,  and then r e c o r d e d  on one channel  

of a B r u s h  two-channel  r e c o r d e r .  The other  channel  is used to 

r e c o rd  the magni tude of the charge genera ted  as m e a s u re d  by the 

e l e c t r o m e t e r .  It is n e c e s s a r y  that  the r e c o r d e r  be running for only 

a shor t  t ime dur ing the cycle,  so a mic rosw i t ch  is incorpora ted  in 

the automat ic  control  as shown in F igure  6 for s ta r t ing  and stopping 

the r e c o r d e r .

D. Tes t  C h am b er s

1. Vacuum Tank

Two t e s t  c ha m b e r s  a re  used for the cont rol  of the ambient  

va r iab les .  The f i r s t  chamber  cons i s t s  of a cyl indr ica l  steel  shell  

1/2 inch thick,  12 1/2 inches longhand 19 inches in inside d i a m e te r  

placed around the rubbing appara tus ,  with a rubbe r  O- r ing  between 

the shell  and the s teel  base  plate providing an a i r - t i gh t  seal.  A 

c i r c u l a r  s teel  plate 1/2 inch thick and 25 inches in d i a m e te r  is used 

to cover  the shell  with another  rubber  O- r ing  to make a seal .  A 

6 inch d i a m e te r  hole is cut in the top plate,  and a piece  of meta l  

or  plate g lass  c o ve r s  the hole depending on whether it is d e s i r ed  

to watch the opera t ion  of the appa ra tus ,  or  to make the enc losu re  l i g h t ­

tight in o r d e r  to observe  e l ec t r i ca l  d i scha rge  with the photo­



mul t ip l i e r .  A stopcock is in se r t ed  in the wall  through which the 

a i r  may be pumped f rom the sys tem.  Two feed- th rough  in su la to r s  

a r e  mounted in reducing nipples,  and the nipples  a re  fas tened to 

the wall in o r d e r  that  the p r o p e r  e l ec t r i ca l  connect ions  may be made.  

One of the in su la to r s  is a single feed- through for making the connec ­

tion to the e l e c t r o m e te r ,  and the other  is a m u l t ip1e feed- through 

insu la tor  for making the connect ions between the synchronous  m o t o r s  

and for connect ing the r o t a r y  solenoids to the i r  power  supply.

F igure  7 shows the a s sem bled  apparatus .  F o r  this t es t  chamber ,  

s eve ra l  di f ferent  mount ings for the lonotron were  a t tempted ,  but 

no complete ly  sa t i s f ac to ry  mounting was found The bes t  one con ­

s i s t s  of placing the lonotron in a hollow b r a s s  cyl inder  with a na r row 

slot, and then placing this cyl inder in a sl ightly l a r g e r  b r a s s  cyl inder  

with a s imi l a r  slot. The inner cyl inder  is fas tened to a r o t a ry  

solenoid in such a m anne r  that  when the solenoid is act ivated,  the 

slots a re  in line and the ions can escape.  The solenoid is spr ing 

loaded,  consequent ly,  when it is  not act ivated the slots do not l ine 

up, and mos t  of the ions a re  stopped by the walls  of the b r a s s  cyl inder  

The device is then mounted on the base  plate close to the bot tom yoke. 

In p r ac t i ce  it is found that the device can not be mounted c lose  enough 

to the bot tom f i lament  to d i scharge  it in a r ea sonab le  length of t ime 

if a polonium lonotron is used.  A ra d iu m  lonotron is a lso  avai lable ,  

but the amount  of g a m m a  rad ia t ion  not stopped by the b r a s s  cy l inde r s  

is enough to cont r ibute  a l a rge  leakage c u r r e n t  f r o m  the bot tom yoke.
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Z, T e m p e r a t u r e  and Humidity Control  C hamber

The second tes t  chamber  cons i s t s  of a Masoni te  box 3 feet 

square  and Z feet  deep l ined on the inside with copper  s c r e e n  to shield 

the appa ra tus  e l ec t ros ta t i ca l ly .  Ent ry  into the box can be made  in 

two ways: 1) by r emoving  the cover  over  a hole 10 inches  by 6 inches

cut in the front  of the box, or Z) by removing  the en t i re  f ront  of the box. 

The openings a r e  made light-t ight by gluing s t r ip s  of sponge rubber  

around the edges of the cove r s  and using snap f a s t e n e r s  and thumb 

sc r e w s  to pull the covers  up tight,  thereby co m p r e s s i n g  the sponge 

rubber .  Two h e a t e r s  and a t h e r m o s t a t  a re  mounted in the box at 

the same height  as the base  plate,  to control  the t e m p e r a t u r e  in the 

box. F igure  8 is a schemat ic  of the hea te r  and t h e r m o s t a t  ci rcui t .  

T ray s  fil led with a sal t  solut ion a re  placed on the f loor of the box to 

control  the humidi ty,  and a fan is mounted in the top of the box to 

keep a constant  s t r e a m  of a i r  flowing down pas t  the h e a t e r s  onto the 

t rays .  The e l ec t r i ca l  connect ions a r e  made through a bakel i te  m u l t i ­

ple f eed- through insula tor  at the back of the box. The var ious  con ­

nect ions a re  shown in F igu re  9. F igu re  10 shows the box with the 

front cover  r emoved  and the appara tus  in place ready  for rubbing.

The d i scha rge  of the f i l aments  in this t es t  chamber  is accompl i shed  

by mounting the polonium lonotron on a b r a s s  rod i n se r t ed  at r ight  

angles  into a hole dr i l led  in an a luminum rod of l a r g e r  d i a m e te r  

The a luminum rod r e s t s  in holes dr i l led in two p iece s  of a luminum 

of r e c t an g u la r  c r o s s  sect ion which a re  then bol ted to the base  plate
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as shown in F igu re  10. The lonotron is coun te rbalanced  by a lead 

weight  fastened to the opposite end of the b r a s s  rod.  The a luminum 

rod extends through a hole in the box, and a c rank  s e r v e s  to ro ta te  

the rod thus moving the lonotron close to the f i l aments  or  far  away 

f rom the f i l aments .  The opening for the a luminum rod is made 

l ight - t ight  by packing the opening with cloth. An enc losure  made  of 

a luminum foil s e r v e s  to house the lonotron when it is not being used 

to d i scha rge  the f iber s ,  thus prevent ing  ions f rom  being c a r r i e d  to 

all p a r t s  of the box by a i r  c u r r e n t s .  A 24-v d-c  motor  a t tached 

to a gear  r educt ion  box r a i s e s  and lowers  the lonotron by means  of 

a c am and lever  a t tached to the crank.  The opera t ion  of the lonotron 

is cont rol led by two of the m ic r  o s w itche s shown in F igure  6, and by 

a thi rd mic roswi tch  mounted bes ide  the cam connected to the motor .  

The thi rd mic roswi tch  is used to stop the lonotron in the bes t  posi t ion 

for d i scharg ing  the f i laments .



CHAPTER III 

EXPERIMENTAL RESULTS

A. Reproducibi l i ty

Nylon ya rns  about 5 mi l s  in d i ame te r  were  taken f rom a piece  

of nylon cloth not t r ea t ed  with an t i - s t a t i c  agent ,  and pa i r ed  with 

4 3 / 4 - m i l  polyethylene monof i laments  taken f rom the same spool.

The p a i r s  were  not c leaned in any way before mounting,  but c a r e  was 

taken to keep f rom contaminat ing them by touching with the f ingers .  

These  p a i r s  were then rubbed together  under cont rol led ambient  

condit ions,  and the charge  generated  at di f ferent  no rm a l  forces  

was measu red .  The t e m p e r a t u r e  was kept constant  at  30°C to within 

0. 2°C. The re la t ive  humidi ty was kept constant  at 33% to within an 

e s t ima ted  * 5% by placing t r a y s  containing a sa tu ra ted  solut ion of 

m agnes ium  chlor ide on the floor of the tes t  chamber .  The length of 

rub was 2. 3 cm. , and the velocity of rub was 4. 1 cm/ ' sec.  The 

no rmal  force  was changed both by changing the tens ion in the po ly ­

ethylene and by changing the overlap.

1. Rub - to - Rub

Figu re  13 shows the r e s u l t s  for two di f ferent  f i l ament  p a i r s ,  

with the no rma l  force kept constant  at 5. 5 g r am s .  The dots r e f e r  

to one pa i r  and the c r o s s e s  to the other .  In genera l ,  the r e p r o ­

ducibi l i ty for success ive  rubs  with d i scharging be tween rubs  is as
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r e p o r t e d  by Hersh:  the charge  m e a s u r e d  usual ly l i es  within - 5% 

of the mean.  It is felt that  the divergence  of the th ree  dots outside 

this range  was due to a defect  in the mechan ica l  or e l e c t r i c a l  p a r t  of 

the appa ra tus ,  al though this conjecture  has never  been conf i rmed.

La te r  m e a s u r e m e n t s  with tan ta lum rubbed agains t  nylon (see F igu re  

23) do not have points lying outside the range of - 5%, but this 

ne i ther  conf i rms  nor  denies  the exis tence of such a defect.

2 Sample - to -Sample

Sample- to  - sample  reproducib i l i ty  was not as good as  

r u b - to - ru b .  The charge  m e a s u re d  usually l i es  within the - 20% 

of the m e a n  in a g r e e m en t  with the findings of Hersh.  It was noted 

upon rubbing var ious  p a i r s  of f i laments  that  two types of behavior  

were  encountered,  a sparking type, where  e l ec t r i ca l  b reakdown was 

detected even at the lowest  no rmal  force used,  namely  1. 60 g rams ;  

and a non-spark ing  type,  where  e l ec t r i ca l  breakdown was not 

detected until higher  no rmal  fo rces  were used,  on the o rde r  of 3 to 7 

g r am s .  F igure  13 shows a pa i r  of each type, the c r o s s e s  r e f e r r i n g  

to a sparking pa i r ,  and the dots to a non-spark ing  pair .  An i n t e r ­

change of nylon f i l aments  among var ious  pa i r s  showed the behavior  

to be c h a r a c t e r i s t i c  of the nylon. In general ,  it was found that  s ample s  

taken f rom di f ferent  y a rns  in the cloth showed this var ia t ion ,  but 

samples  taken f rom the same y a r n  did not. If a sample  taken f rom 

one ya rn  pulled f rom the cloth could be c l a s sed  as a n o n - s p a rk e r ,

then another  sample  taken f rom the same yarn could also be 

c l a s sed  as  a n o n - s p a r k e r ,  al though the n o rm a l  force  which was
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n e c e s s a r y  for onset  of sparking would often vary.  S imi la r ly ,  if a 

sample  taken f rom one yarn  could be c l a s sed  as a s p a r k e r ,  then 

another  sample  taken f rom the same yarn could a lways be c l a s sed  as 

a spa rke r .  It may be s u r m i s e d  that  if e l ec t r i ca l  breakdown did not 

occur  for the sparking pa i r  of F igure  13, then the charge  genera ted  

would be g r e a t e r  than is shown by the plotted points.  Thus a l a r g e r  

var ia t ion  in s a m p l e - t o - sample  reproduc ib i l i ty  than the stated 

va r ia t ion  may be expected.  However ,  the d e c r ea s e  in charge  gen ­

e ra t ed  due to e lec t r i ca l  breakdown is probably very  l i t t le for the 

f iber pa i r  shown in F igure  13, since a few of the many rubs  on this 

pa i r  gave no evidence of breakdown whatsoever ,  and some of the 

rubs  gave only one smal l  spark.  The charge  m e a s u r e d  for these 

rubs  is not signif icant ly di f ferent  f rom the charge  m e a s u r e d  for 

rubs  where two or more  spa rks  were detected.  Thus it is felt that  

the breakdown which occ ur sy neu t ra l i ze  s very l i t t le of the charge  

t r a n s f e r r e d ,  and consequent ly the charge  m e a s u re d  for di f ferent  

s amples  does not vary by m ore  than 20% f rom the mean.  It is 

pe rhaps  worth while to note that  the r u b - to - r u b  reproducib i l i ty  

is be t t e r  for the non-spa rk ing  pai r  than for the sparking pa i r ,  

a pa r t  f r om  divergence  of the three  points of widest  var ia t ion  which 

is bel ieved to be due to ins t rumen ta l  malfunctioning.
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3. Day- to-Day

One -would pe rhaps  expect  the day- to -day  r eproduc ib i l i t y  

of charge  genera ted  between the same pa i r  of f i l aments  to be be t t e r  

than the s a m p l e - t o - sample  reproducib i l i ty  if the mechanica l  and 

ambient  condit ions do not change.  Such is usual ly  net  the case ,  

however .  The b e s t  that  can be said is that  the day- to -day  r e p r o ­

ducibi l i ty genera l ly  l i es  within -20% of the mean,  as r e p o r t e d  by 

Her sh. Var ia t ions  as  la rge  as this have been found and in one i s o ­

lated case ,  a sp a r k e r  b ecam e  a n o n - s p a r k e r  when it was r emounted  

and rubbed under  the same condit ions as when it was f i r s t  rubbed.

B. Ma te r i a l s

The m a t e r i a l s  used in this work a re  the same as those used 

by Her sh and Montgomery,  with the following except ions:  (1) for

the study of e l ec t r i ca l  breakdown and normal  force ,  a pure  tungsten 

wire was rubbed on a polyethylene monofi lament ;  (2) for the study 

of the in t e r r e l a t ionsh ip  between rubbing velocity,  r e s i s t i v i t y ,  and 

d ie lec t r i c  constant ,  a piece of t anta lum wire obtained f ro m  the Fan-  

steel  Meta l lurg ica l  co rpora t ion  was rubbed on a nylon monofi lament ;  

(3) for the study of di f ferent  kinds of in su la to r s ,  wi re s  of var ious  

m a t e r i a l s  were rubbed on c ry s t a l s  of var ious  alkal i  ha l ides ,  and 

the c ry s t a l s  were  rubbed agains t  each other.
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The rubbing of the m e ta l s  and the alkal i  halide c r y s t a l s  

was done in the hope of obtaining expe r imen ta l  ver i f i ca t ion  of the 

theory  with subs tances  of fa i r ly  well known band s t r u c t u r e s  { 4 )

The ex p e r im en t  was not fruitful ,  however ,  owing to the fact  that  the 

ionic conduct ivi ty of these  m a t e r i a l s  is so high that  no apprec iab le  

charge  is left on the c ry s t a l  as  it is rubbed.  P e r h a p s  if higher  r u b ­

bing veloci t ies  or lower t e m p e r a t u r e s  could be at tained,  the expected 

r e s u l t s  would be obtained,  but such veloci t ies  and t e m p e r a t u r e s  were  

not at ta inable  with the desc r ibed  apparatus .

C. Atmospher ic  Breakdown

1, Dependence of Charge  on Ambient  P r e s s u r e

Her sh and Montgomery found that  a l inear  re la t ionsh ip  

exis ts  between charge  genera ted  and normal  force  up to a point  at 

which an inc reas e  in normal  force  no longer  r e s u l t s  in an i n c r e a s e  

in the charge  (Figure 14). One cause  of this behavior  may be 

e l ec t r i ca l  b reakdown of the a tmosphe re  sur rounding the charged  

f i laments .  The potent ial  d i f ference between two e l ec t rodes  at a 

constant  spacing d e c r e a s e s  with dec reas ing  ambien*; p r e s s u r e  until  

a min im um  is r eached  at which t ime fur ther  d e c r e a s e s  in ambient  

p r e s s u r e  cause  an i n c re a s e  in the potent ial  dif ference.  A typical
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curve ,  shown below, is r ep roduced  f r o m  Meek and Craggs  ( 5 ).

If the produc t  of p r e s s u r e ,  p, t imes  spacing,  d,

10,000

10001 10
Hg / c in )d (

exceeds  that  of the m in im u m  for the curve shown, and if b reakdown 

is l imi t ing the charge ,  then the level ing off point  of the curve  of 

charge  genera ted  ve r s u s  no rma l  force should d e c r e a s e  with de c rea s in g  

ambient  p r e s s u r e  (Figure 15).

An ind i rec t  t es t  based  on these ideas was made p r io r  to 

adding the photomul t ip l ier  to the apparatus .  F o r  this  purpose ,  

a bot tom yoke s im i l a r  in size and shape to the top yoke was mounted 

on the base  plate,  with a luci te insula tor  separa t ing  the yoke f r o m  the 

plate.  The rubbing appara tus  was then placed in the f i r s t  t e s t  c h a m ­

be r  where  the ambient  p r e s s u r e  could be var ied.  F igure  16 shows 

the r e s u l t s  of rubbing a piece of 5-mi l  nylon f i lament  agains t  a piece 

of 4 3 / 4 - m i l  polyethylene monof i lament  manufac tu red  by Cour t au ld ' s  

Ltd. Each plot ted point  is the average  of ten success ive  rubs  without



22

d i scharg ing ,  except  at the beginning where it was usual ly  n e c e s s a r y  

to make 50 to 100 rubs  to r each  a cons tant  value for the charge.

The a r r o w s  on the cu rves  show the d i rec t ion  of var ia t ion  of ambient  

p r e s s u r e .  Each curve is a s epara t e  set  of m e a s u r e m e n t s  obtained 

f rom the same m a t e r i a l s ,  but  on different  days.  Before  each run  

the s y s t em  was pumped down to a p r e s s u r e  of about 4 m m  Hg to 

r id  the s y s t e m  of water .  The ai r  r een te r ing  the tank was dr ied  by 

pass ing  it through a drying column containing Dr i e r i t e ,  and through 

one containing Anhydroue.  The normal  force between the f i l aments  

was about 5. 5 g r a m s ,  and the velocity of rub was about 4 1 c m / s e c .

The r e s u l t s  a re  qual i tat ively as expected,  but the curves  

do not quant i tat ively follow the shape of the breakdown curve  shown 

on page 21 . This  is not too se r ious ,  however ,  since it is p r ac t i ca l l y

imposs ib le  to de te rmine  d, the dis tance between points f rom which 

breakdown occurs .  F u r t h e r m o r e ,  the na ture  of the m a t e r i a l s  and 

other  f ac tor s  tend to change the shape of the curve ( 5 ). On

the other  hand, the re  is a s e r ious  difficulty in the fact  that  ne i ther  

the two cu rves  at  low no rm a l  force nor  those at med ium n o rm a l  

force coincide.  This  d i spar i ty  is a r e a l  effect ,  as shown by se t s  of 

m e a s u r e m e n t s  taken with the s ta r t ing  point at some in t e rmed ia t e  

p r e s s u r e  and continued through near ly  a complete  cycle of r a i s i ng  

and lowering the p r e s s u r e .  No explanat ion for this behavior  has 

been found*
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2, Detect ion of Sparks ’with Pho tomul t ip l ie r

To t e s t  the poss ib i l i ty  of breakdown m or e  d i rec t ly ,  the 

photomul t ip l ie r  'was mou l t ed  and spa rks  occu r r ing  dur ing breakdown 

were  detected on an osci l loscope.  F igure  17 is a set  of photographs  

of the actual  osc i l loscope  t r ace  showing e l ec t r i ca l  b reakdown f rom 

the same f i laments  when rubbed at a tm ospher i c  p r e s s u r e ,  and at a 

p r e s s u r e  of 1 cm Hg. It c a r  be seen that  some breakdown is o c c u r r i n g  

even at a tm osphe r i c  p r e s s u r e s ,  but the amount  i n c r e a s e s  t r emendous ly  

at lower  p r e s s u r e s .  The amount  of breakdown becomes  p r o g r e s s iv e l y  

l a r g e r ,  and the signals  f rom the sparks  get p ro g r e s s i v e l y  l a rg e r ,  

as the p r e s s u r e  is dec reased .

An a t tempt  was made to r ep ea t  the m e a s u r e m e n t s  for single 

rubs  with d i scharg ing  between rubs  but,  as ment ioned previous ly ,  

no sa t i s f ac to ry  mounting for the source  of ionizat ion could be devised,  

so these a t t empts  were  given up.

Another expe r imen ta l  ver i f icat ion was a t tempted  by making 

single rubs ,  with d i scharg ing  between rubs ,  at constant  ambient  

p r e s s u r e  and under  cont rol led condit ions of t e m p e r a t u re  and re la t ive  

humidity.  The charge  genera ted  was m e a s u r e d  as a function of 

n o r m a l  force.

The rubbing appa ra tus  was placed in the second test  chamber
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and t r a y s  of a sa tu ra ted  solut ion of m a g n e s iu m  chlor ide  were p laced 

in the chamber  to keep the re la t ive  humidi ty at 33%. The t e m p e r a t u r e  

inside the chamber  was held constant  to within -0. 2°C at 30°C 

The veloci ty of rub was 4. 1 c m / s e c .  for all rubs .  F igu re  18 shows 

the r e s u l t s  obtained f rom rubbing an 8 -mi l  nylon monof i l ament  agains t  

4 3 / 4 - m i l ,  10-mil ,  and 12-mil  polyethylene monof i laments .  Nylon and 

polyethylene were chosen because  they genera ted  high charge.  The 

plot ted points a r e  the average  of 5 rubs  made af ter  th 5 f i l aments  

were  rubbed 50 or  60 t imes  to r each  a constant  value. The points 

with a " sp a rk "  beside them a re  for rubs  where  at l e a s t  one spa rk  

was detected on some of the rubs ,  and points with no " sp a rk s "  b e ­

side them a re  for points  where no sparks  were  detected on any rub.

The curves  a re  to be compared  with those obtained by 

He r sh  ( 1 ) who used an 8-mi l  nylon monof i lament  rubbed agains t

a 12-mil  polyethylene monofi lament .  Our cu rves  for m a t e r i a l s  of 

these same d i a m e t e r s  agree  quite well over the same range of n o r m a l  

fo rces  used,  about 3 to 11. 5 g r a m s ,  and no breakdown is obse rved  

out to the h ighes t  no rm a l  force used,  11.5 g rams .  But the c a r v e s  

obtained by using different  d iame te r  polyethylene f i l aments  a re  

di f ferent ,  e spec ia l ly  the one for the 4 3 /4 -mi l  f i lament ,  where  

breakdown begins  to occur  at r e la t ive ly  low n o rm a l  forces .  This  

finding cont rad ic t s  the conclusion of Hersh ,  who s ta tes  that  the charge
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genera ted  i.s independent  of the d i a m e te r  of the f i laments.

The f o r m  of the curves  shown in F igu re  18 sugges t s  a power  

law* dependence.  Accordingly the curves  have been rep lo t t ed  on 

log-log paper .  The plot  for a fixed d iame te r  shows an approx imate  

square  root  dependence of charge  genera ted  on no rm a l  force.  To 

t r e a t  the d i a m e te r  effect  at the same t ime,  the no rm a l  force was 

divided by a di fferent  fac tor  for each curve in o r d e r  to achieve 

superpos i t ion  of the curves .  F igure  19 shows the r e s u l t s  of this 

t r e a t m en t ,  when the factor  was numer ica l ly  equal to the square  of 

the d i ame te r  for each f i lament .  A line of slope one-ha l f  is drawn 

through the plot ted points.  The falling of the expe r imen ta l  points 

below the curve at the top coincides with the appearance  of sparks .

The d ivergence  of the points obtained using the 10-mil  f i l ament  at 

the lower  end can be a t t r ibuted to the wear ing  effect.  Not enough 

rubs  were  made to r e a c h  the flat por t ion of the curve of charge  vs. 

rub number ,  before  the plotted data were  taken. This  is i l lu s t r a t ed  

by the th ree  sets  of two points each taken at the same n o r m a l  force.

The lower - ly ing  points  were  all taken af ter  obtaining a complete  

set  of points ,  beginning with the lowest  no rmal  force.  The d ivergence  

of the other  points  is probably  due to the fai lure  of the method of 

es t imat ing  no rm a l  force when weights of 5 g r a m s  or l e s s  a re  hung f rom 

the f i lament .
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It is t empt ing to explain this dependence as  pure ly  a contact

2 1 / 2a r e a  effect,  since the e m p i r i c a l  law can be wr i t t en  as q = (F /d  ) ,

that  is,  the charge  v a r i e s  as the square  root  of some kind of effect ive 

p r e s s u r e .  Unfortunately,  the r e l a t ion  doss not appear  to be so 

simple.  According to the work of Her tz ,  as  given in say Timoshenko (6) 

the sur face  of contact  between two e las t i ca l ly  de formed,  stiff, r igh t -  

c i r c u l a r  cy l inders  with axes at r ight  angles to each other  has  the

form of an el l ipse with s e m i - a x e s  given by

, 1/3 a = Oi (Fm/n)

a nd  b z j8  ( F m / n ) 1 / 3

where  F - no rm a l  force

m - 4 r jr / (r j + r 2) 

n - 3 ( 1 - a 2 ) / 4 E

The fac to r s  r   ̂ and r^  a re  the r ad i i  of the cy l inders ,  E is Young's

modulus,  and j j l  is P o i s s o n ' s  rat io.  The fac to r s  06 and ^ 3  depenu

on the rad i i  of the cy l inders ,  but thei r  var ia t ion  is quite emai l ,  and when they 

a re  mul t ipl ied together ,  a r e  p rac t i ca l l y  constant  for the cy l inders  

used in this work.  The contact  a r e a  then becomes

A - 77" ab = k ̂  (Fr   ̂r 2 / r  1 -h r 2  ̂^
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If we a s s u m e  q OC F / A ,  we then obtain

_ 1 / 3  I \ 2 / 3
q (r l + I z  |

This  gives a one - th i rd  power  re la t ionship  between charge  and no rmal  

force ,  instead of the one-hal f  power obtained exper imental ly .

Exper imenta l ly  it is found that to obtain ident ical  c ha rges  

genera ted  on the 4 3 /4 - m i l  and 12-mil  polyethylene f i l aments  when 

rubbed with an 8 -mi l  nylon f i lament ,  the no rm a l  force for the 

12-mil  f i lament  mus t  be 6. 4 t imes  the no rma l  force  for the 

4 3 / 4 - m i l  f i lament .  On the bas i s  of the theory  the factor  turns  

out to be 2 . 6 ,  which is much too smal l  to explain the observed  

r e su l t s .  Likewise ,  the exper imenta l  factor  for the 10-mil  and 

12-mil  f i l aments  is 1. 44, w he reas  the theore t i ca l  factor  is 1. 17.

Thus this hypothesis  fails to explain dependence of charge  on 

e i ther  the no rma l  force or the d iamete r .  The explanat ion cannot 

be r e j ec t ed  absolutely,  however ,  since it is l ikely that  the m a t e r i a l s  

under  study a re  not per fec t ly  e las t ic  nor per fec t ly  p las t ic  under  

the condit ions of the expe r imen t ,  but  lie in some in t e rmed ia t e  region 

P e rh a p s  modif icat ion of the hypothesis  would p e r m i t  this i n t e r p r e ­

tat ion to stand.
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F r o m  the r e s u l t s  of rubbing nylon on polyethylene m o n o f i l a ­

men t s  of d i f ferent  d i a m e t e r s ,  and f rom r e s u l t s  of rubbing tungs ten,  

plat inum,  and t i t an ium w i re s  on 4 3 / 4 - m i l  polyethylene,  some c o n ­

c lus ions  may be r eached  on the validi ty of the r e s u l t s  of H e r s h  and 

Montgomery as far  as l imi ta t ion  by a tm osphe r i c  b reakdown is c o n ­

cerned.  It may be stated that  thei r  m e a s u r e d  c ha rges  a r e  not l imi ted  

by breakdown in c a s e s  where  the f i lament  d i a m e t e r s  a r e  la rge  and 

the n o r m a l  fo rces  a re  of m odera te  values;  but in all  l ikel ihood the i r  

m e a s u r e d  c ha rges  a re  l imi ted by breakdown in some of the i r  r e s u l t s  

at high n o r m a l  fo rces  and all thei r  r e su l t s  with smal l  d i a m e t e r  f i l a ­

ments  .

D. Res i s t iv i ty ,  Die lec t r i c  Constant ,  and Veloci ty of Rub

The phenomenon of stat ic e lec t r i f i ca t ion  can be broken  into 

two par t s ;  1) the gain of charge  upon making contact  between the 

m a te r i a l s  in quest ion,  and 2) the loss  of charge  upon break ing  the 

contact .  Van Ostenburg (7) has  made some theore t i ca l  ca lcula t ions  

of the charge  gained upon contact ,  and has a t tempted some i n t e r ­

p re ta t ion  of the r e s u l t s  of H e r s h  and Montgomery on this bas i s .

The ut i l i ty of his  r e s u l t s  is dependent  on knowledge of the energy  

levels  in insu la to r s .  H e r s h  and Montgomery have ass igned energy  

levels  to a few m a t e r i a l s  based  on the expe r imen ta l  r e s u l t s  of rubbing 

these  m a t e r i a l s  together  , but t he re  is l i t t le independent  conf i rmat ion  

of the values for insu la to r s .  Thus the work of Van Ostenburg  will 

be of r e s t r i c t e d  value until  independent  informat ion  is avai lable.
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on the ene rgy  l eve l s  of in su la to r s .

Only very crude con jec tu re s  on the loss  of charge  upon b r e a k ­

ing contact  a re  made by H e r s h  and Montgomery ( 2  ). One of the

p r i m a r y  d i r ec t ions  of extension of the work in stat ic e lec t r i f i ca t ion  

is towards  gaining m or e  unders tanding  of the loss  of charge upon 

breaking  the contact  be tween m a t e r i a l s .  It is an exceedingly diff i ­

cult  p ro b le m  to analyze exact ly,  and we have a t tempted to take ideas 

suggested f r o m  r e l a t ed  phenomena of c u r r e n t  flow in d ie lec t r i cs  

in o r d e r  to a s c e r t a i n  the control l ing fac tor s  and the re la t ion  among 

them.

1. Theory

In a l i nea r ,  i so t rop ic ,  homogeneous medium,  the following 

r e la t ions  exis t  between D,  the e lec t r i c  d i sp lacement  vector;  E ,  

the e l ec t r i c  field vector ;  and J , the c u r r e n t  densi ty vector:

D = £ E ,

J z a ~

where € is the d i e lec t r i c  constant ,  and a~ is the conductivi ty,  or 

r e c i p r o ca l  of the r e s i s t iv i ty .  F r o m  these r e la t ions  and Maxwel l ' s  

F i r s t  Equation,  we find

Q— —. C7
V - J  = V- -£~ D -  p

where  yO is the volume charge  densi ty.  Using this re la t ion ,  the 

equat ion for conse rva t ion  of charge  becomes

^  p  +  i £ -  = o
e  '  j  t
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The solut ion of this  equat ion in t e r m s  of the ini t ial  charge  densi ty,

P o  ■ is - ( r / t ) *
P  "  / ° o  e

Consequent ly,  in a medium of finite r e s i s t i v i t y ,  the re  can be no

pe r m a n e n t  d i s t r ibu t ion  of f ree  charge.  If the charge densi ty is

ze ro  ini t ial ly,  it r e m a i n s  zero  for all t ime.  If a charge  is placed

in the i n t e r io r  of the region it decays  exponential ly with t ime and,

since it cannot r e a p p e a r  within the volume of the region,  it mus t

come to r e s t  on the boundary or  outer  sur face  of the region The

t ime n e c e s s a r y  for the charge  to decay to 1/e of i ts or iginal  value,

6
r  = ^

is cal led the re laxat ion  t ime ( 8 ). The re laxat ion  t ime can ^ary

-  1 2over  wide r anges ,  f rom values l e s s  than 10 seconds for the case 

of fa i r ly  good conductors ,  up to values exceeding 10^ seconds for 

good insu la tors .

The p ro b l e m  of stat ic e lec t r i f ica t ion ,  however ,  usual ly 

deals  with cha rges  placed on the sur face  of an insula tor ,  not in the 

in t e r io r ,  so it is of i n t e r e s t  to know how these sur face  charges  decay 

in t ime.  The p r o b l e m  of what happens to a point  charge  placed on 

the sur face  of a d i e lec t r i c  sphere  is not excess ive ly  difficult ,  but 

the r e s u l t  is not easy  to desc r ibe  simply.  The charge  decay cannot  

be c h a r a c t e r i z e d  by a unique re laxa t ion  t ime,  but the re  will exis t
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some kind o f  ave rage  re laxa t ion  t ime not too di f ferent  f rom that 

c h a r a c t e r i z i n g  the r e laxa t ion  of charge  in the i n t e r io r  of the d i e l ec t r i c  

medium.

In oar  p rob l em ,  we have a compl icated dis t r ibut ion  of charge  

in space and t ime.  We have not  been able to at tack the p rob lem 

exact ly,  but ins tead,  we have t r ied to unders tand the g ross  effects 

by cons ider ing  that  the behavior  can be par t i a l ly  analyzed in t e r m s  

of the ra t io  of some t ime in terval  c h a r a c t e r i s t i c  of the rub,  to the 

re laxat ion  t ime  c h a r a c t e r i s t i c  of the mate r i a l .  The f o r m e r  is given 

by the t ime n e c e s s a r y  for some c h a r ac t e r i s t i c  length,  £ Q , to be 

t r a v e r s e d  at a velocity,  v, which is

fco = ^ o / v  ;

the l a t t e r  will be .approximated by the re laxat ion  t ime for a homogen­

eous medium.  Hence,  the c h a r ac t e r i s t i c  p a r a m e t e r  is

t o  / ?  -  ' r j *  U  1/

T h ’s same r e su l t  could have been reached  immedia te ly  by the s tandard

methods of d imensional  ana lys i s ,  if the re levant  va r i ab les  a re  c r  ?

and v ( 9 ) .

2. Expe r imen ta l  P r o c e d u re

A p iece of 8 -mi l  t an ta lum wire  was rubbed against  an 8 -mi l  

nylon monof i lament ,  and the t e m p e r a t u re  and the re la t ive  humidi ty 

were var ied  so as  to va ry  the r e s i s t i v i t y  of the nylon. F igu re  20



shows the r e l a t ion  between the r e s i s t i v i t y  of nylon and the t e m p e r a ­

ture  for var ious  r e la t ive  humidi t ies ,  and F igure  2 1 shows the r e l a ­

tion between the r e s i s t i v i t y  and the re la t ive  humidi ty for var ious  

t e m p e r a t u r e s  Both curves  a r e  der ived f rom H e r sh  and Montgomery 

( 10 ) who m e a s u r e d  r e s i s t i v i t y  as a function of regain.  The m e a su r

ing c i r cu i t  adopted by H er sh  and Montgomery for the m e a s u r e m e n t  of 

the r e s i s t a n c e  of var ious  m a t e r i a l s  is shown in F igure  22. The 

same c i r cu i t  was used in these  studies to m e a su re  the r e s i s t iv i ty  

of the nylon sample  before  and af ter  rubbing In this c i rcui t ,  a 

high voltage supply i m p r e s s e s  a known voltage V , a c r o s s  the unknow 

r e s i s t a n ce  of the nylon, Rx . The voltage,  V , is adjusted until the 

e l e c t r o m e t e r  shows zero  potent ial  di fference a c r o s s  its t e rm in a l s .

The c u r r e n t  through Rx is then equal to the c u r r e n t  through R g»

1 2which is a s t andard  r e s i s t o r  of about 10 ohms,  and Rx is given by

Rx = (VX/ V S)RS,

In p r ac t i ce ,  the wire  f ro m  the high voltage supply is connected s o m e ­

where near  the cen te r  of the nylon f i l ament  which is mounted in 

the bot tom yoke. F r o m  the knowledge of the r e s i s t a n c e  of the f i l a ­

ment ,  i ts length,  and i ts c r o s s - s e c t i o n a l  a r ea ,  the r e s i s t i v i t y  of 

the sample  can then be de te rmined .  A continual check on the 

r e s i s t i v i t y  of the nylon can be made indi rect ly  by moni tor ing the 

t e m p e r a t u re  and the re l a t ive  humidi ty in the t e s t  chamber .  The



r e la t ive  humidi ty is moni tored  at th ree  p l aces  in the c h am ber ,  

about 6 inches  to the r ight  and left of the f i lament  and at the top of 

the chamber  d i rec t ly  above the f i lament ,  by the use of E l - t ron ic  

humidi ty sens ing e lements* .

3 Resu l t s

F ig u r e s  25 and 26 show the r e s u l t s  of m e a s u r e m e n t s  of charg  

genera ted  on two sepa ra t e  nylon f i laments .  The charge genera ted  

is plot ted as a function of veloci ty for th ree  di fferent  t e m p e r a t u r e s ,  

with the r e la t ive  humidi ty held nea r ly  constant  at 75%. The normal  

force is kept cons tant  at about 6, 9 g r a m s  and the length of rub is

2. 3 cm for all rubs .  The points a re  obtained by taking the average  

of 5 rubs  at  each velocity and normal iz ing  to rub number  45. N o r ­

mal iz ing  is n e c e s s a ry  as can be seen f rom F igure  2 3, and is a c c o m ­

pl ish ed in the following manner :  A smooth curve is drawn through

all points obtained at 4. 1 c m / s e c .  The average  of the 10 rubs  

between 40 and 50 is then found, and a hor izonta l  line drawn through 

the average  (Figure 24). The charge  at each rub is then mul t ipl ied 

by the ra t io  of the height  of the hor izontal  l ine to the height of the 

smooth curve  at that  point  and replot ted.  Then the average  for the 

five rubs  at each velocity is found. Since the five rubs  at each veloc

* Manufactured by E l - T r o n i c s ,  Inc. , Mayfield,  Pennsylvania
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a re  r epea ted  at l e a s t  once for each set  of m e a s u r e m e n t s ,  an average  

between these  two se t s  of values  is taken as the value of the charge  

genera ted  at that  velocity.  The r e s i s t a n c e  of the nylon f i l ament  was 

m e a s u r e d  before  and af ter  each set  of m e a s u r e m en t s .  Table 1 

l i s t s  the e x p e r im en t a l  values obtained for each f i lament  at the 

di f ferent  t e m p e ra t u r e s .

F i l am en t  n o . Temp.

_L 1n1 0 ^(j- :< 10 -Q - cm
before  rubbing

^  x 10^ 9iT- c m
after  rubbing

1 25°C 4, 03 5. 38 4 00

30°C 2. 00 1. 97 1. 26

35°C 1. 02 0. 82 1. 00

2 25°C 4, 00 3. 65 5. 50
U0om

3. 35 1. 79 3. 65

35°C 0. 83 0. 87 1. 17

With the value of 1.0 x

Table 1 

10 ^.O . - c m  found for f i lament  no. 1 at 35°C

taken as the c o r r e c t  value,  all the other  curves  were  no rm a l i zed  to 

this  value by mul t iplying the velocity at each point by a normal iz ing  

factor ,  / 3  ■ The values of / 3  n e c e s s a r y  for no rmal i za t ion  a re

also l i s ted in Table 1. F igure  27 is a log-log plot of charge  vs.
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the p roduc t  of j 3  and veloci ty for the curves  of F i g u r e s  24 and 25.

It is felt  by the author  that  the points lying off the curve around the 

points  of 7 and 8 /# v  may  be explained by the fact  that  these  points 

a r e  obtained expe r imen t a l l y  at high veloci t ies  for the rub. Under 

these  c i r c u m s t a n c e s  the length of rubbed f i lament  is l e s s  owing 

to the fact  that  a smal l  t ime in te rva l  is n e c e s s a r y  for lowering the 

top yoke. The top yoke actual ly has two components  of veloci ty while 

it is being lowered,  one in the downward d i rec t ion  and one in the 

d i r ec t ion  of rub.  As long as the downward component  of velocity 

is l a rge  co m p ared  with the rubbing velocity,  changes in the rubbing 

velocity will affect  the point of contact  between the top and bot tom 

f i laments  ve ry  l i t t le.  But when the rubbing velocity becomes  c o m ­

pa rab le  with the downward velocity of the top yoke,  changes in the 

rubbing velocity will  cause  m ea s u r a b le  changes in the contact  point.  

The point  at  which the f i l aments  b r e a k  contact  is v i r tual ly  unaffected 

by these  f ac to r s  so it can be seen that  the length of rub may d e c re a s e  

at  high rubbing veloci t ies .

for the curve  shown; and one control l ing the rapidi ty  of r i s e ,  5. 1Z 

for the curve  shown. If it is des i r ed  to identify the no rmal i z ing  

f a c t o r , A  with the produc t  of r e s i s t i v i t y  and d ie lec t r i c  cons tant

The curve  has  been  fitted empi r ica l ly  with the equat ion

The re  a r e  only two adjustable  p a r a m e t e r s

in the equation: the sa tura t ion  value of the charge,
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for the nylon sample ,  the constant  c ha rac t e r i z ing  the ra t e  of r i s e  of

the curve  has  the d imens ions  of length. With a value of about 6. 5

for the d ie l ec t r i c  constant  of nylon, this length tu rns  out to be 

_ ^
Z. 9 x 10 cm. This value is quite rough,  since the d i e lec t r i c  con­

stant  is probably not known to be t t e r  than -50%, and the r e s i s t iv i ty  

may va ry  by as  l a rge  a factor  as Z or 3 f rom the m e a s u r e d  value 

as will be d i s cussed  la ter .  Hence the stated c ha r a c t e r i s t i c  length 

should probably  be cons idered  signif icant  only in o r d e r  of magnitude.

More work is n e c e s s a r y  before  the value can be stated m ore  p r e ­

cisely and before the na ture  of this c h a r a c t e r i s t i c  length can be 

eluc idated.

The c o m par i son  of j 3  with the m ea s u r e d  values of € / < r  

can be made f rom Table 1. The compar i son  is disappointing.  The 

d i s a g r e e m en t  may not be so se r ious ,  however ,  since the r e s i s t iv i ty  

or d i e l ec t r i c  constant  or both may change with rubbing Since the 

length of nylon rubbed is Z. 3 cm and the length of nylon used for the 

r e s i s t i v i t y  m e a s u r e m e n t  is 10. 4 cm,  a fair ly la rge  change in r e s i s ­

tivity in the rubbed por t ion  of the f i lament  may not measu rab ly  change the 

r e s i s t i v i t y  of the nylon,  A be t t e r  technique for m e a su r in g  the r e s i s ­

tivity of the rubbed por t ion  of the nylon is n e c e s s a ry  before  this 

p r o b l e m  can be resolved.



CHAPTER IV 

DISCUSSION AND CONCLUSIONS 

The theory  put forth by Hersh  and Montgomery is based  on 

division of the p r o c e s s  of stat ic  e lec t r i f i ca t ion  into two s teps ,  the 

d i r ec t  flow of charge  upon making contact ,  and the r e v e r s e  flow 

upon b reak ing  contact .  The por t ion of the theory which they gave 

the mos t  specif ic fo rm was that in which the na ture  of the m a t e r i a l s  

was taken into account.  Detai led calculat ions  on this point were  

c a r r i e d  out by Van Ostenburg,  and no cont radict ion with expe r imen t  

has  been shown. It m u s t  be kept in mind,  however ,  that  there  is 

l i t t le independent  knowledge of the p a r a m e t e r s  appear ing in the theo­

re t i ca l  e x p r e s s io n s  for charge  t r a n s f e r r e d .  The work of Van O s te n ­

burg  p roceeded  f rom a one-d imens iona l  model ,  and was not con­

cerned with r e t u r n  of charge  upon separat ion.  Consequent ly his 

work has l i t t le to say about the effect of f i lament  d i ame te r  or  of 

no rmal  force ,  and of cour se  nothing at all on the effect  of veloci ty 

and res i s t iv i ty .

H e r s h  and Montgomery did not give very  definite fo rm to thei r  

ideas on r e t u r n  of charge.  The r ea so n s  a re  two-fold,  the e x p e r i ­

menta l  work was not p r e c i s e  enough or extensive enough to es tab l i sh  

e m p i r i c a l  laws,  and the theore t i ca l  invest igat ion is h a m p e red  by the 

high complexi ty  of the phenomena.  In the p r e s e n t  work it has been 

a t tempted to find at l e a s t  the em p i r i c a l  laws desc r ib ing  the effect
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of f i l ament  d i a m e te r  and no rm a l  force on charge  gained upon making 

contact ,  and those desc r ib ing  the effect  of f i lament  r e s i s t i v i t y  and 

rubbing veloci ty on charge  los t  upon breaking contact .  The hope for 

success  in this  a t t empt  was founded on the cons t ruc t ion  of a be t t e r  

i n s t r u m e n t  and on the improved  unders tanding of the phenomena 

achieved in the e a r l i e r  work.

The f i r s t  point  to be es tabl i shed in applying the theory  of Hersh  

and Montgomery  is that  the charge  m e a s u re d  is indeed control led by 

the so l id - s t a t e  p r o c e s s e s ,  and not by e l ec t r i ca l  breakdown,  of the 

a tmosphere .  As r e p o r t e d  in Chapter  III, Sect ion C-Z, it appears  

that  for the bulk of the exper imenta l  work desc r ibed  by Hersh,  e l e c t r i ­

cal b reakdown did not occur .  What is a more  impor tan t  fact,  in the 

p r e s e n t  work  it was poss ible  to know when the charge  was l imi ted 

by breakdown.

H e r s h ' s  expe r imen ta l  work had shown sufficient r e p r o d u c i ­

bili ty to allow a ra t iona l  a t tack to be made on the p rob lem of stat ic 

e lect r i f ica t ion.  The p r e s e n t  work  shows about the same degree  of 

reproducibi l i ty .  So far as sign of charge  is concerned,  there  is no 

d i sag reemen t .  So far as  magni tude is concerned,  the com par i son  

cannot be so c l ea r  cut. Ordinar i ly ,  some conditioning or  aging is 

cal led for ,  and some averaging.  One would like to be r id of these 

unsa t i s f ac to ry  f ea tu res ,  but this is not yet poss ible .
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Having a s c e r t a in e d  the a g r e em e n t  in the la rge  of the p r e s e n t

r e s u l t s  with the e a r l i e r  ones of Her sh  and Montgomery,  we a r e  in 

posi t ion to improve  and extend the findings. The extension takes  

place in two d i r e c t i o n s - the effect  of no rmal  force and f i lament  

d i amete r  on d i r e c t  flow of charge,  and the effect  of f i lament  r e s i s ­

tivity and rubbing velocity on r e v e r s e  flow of charge.  For tuna te ly ,  

the fo rm  of the dependence of charge  m e a s u r e d  on r e s i s t iv i ty  and 

velocity is such that  the two effects  ment ioned can be separa ted .  It 

will be r eca l l ed  f rom Chapter  III, Section D-3, that the dependence 

of charge  on these  va r i ab les  can be exp ressed  as

Now if the magni tude of the exponent  is l arge  enough, its effect 

d i s appea r s ,  and the propor t ional i ty  factor  may be studied by itself.

In p rac t i ce  this end may be achieved by working at re la t ive ly  nigh 

veloci t ies  and low conduct ivi t ies ,  the l a t te r  obtained by reducing 

the re la t ive  humidi ty or the ambient  t e m p e r a t u r e .  Then the dependence 

of the p ropor t iona l i ty  factor  on type of m a te r i a l ,  type of rub,  length of 

rub,  d i a m e te r  of f i lament ,  and normal  force can be studied.

dependence of charge  on norma l  force F and f i lament  d i am e te r  d 

can be e x p r e s s e d  as

It will be r eca l l ed  f rom Chapter  III, Section C-2,  that  the

q cc F 1 / 2 /d.
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In this p a r t  of the work the re la t ive  humidi ty was mainta ined low 

enough that  the r e s u l t a n t  losv conductivi ty s u r p r e s s e d  the dependence 

of charge  on the fac to r s  appear ing  in the equat ion in the preceding  

p a rag raph  In all l ikel ihood the p a r a m e t e r  in that  equation

depends on the f i lament  d iame te r .  In fact,  for the p a r t i cu l a r  s p e c i ­

mens  tes ted,  the value of JPQ is very near ly  equal to the d i am e te r  

of the rubbed fi lament .  This coincidence is undoubtedly for tui tous,  

but it may lend some support  to the exis tence of an addit ional  depen ­

dence on d iameter .

In the p r e s e n t  work,  the dependence of charge  on length of 

rub was not studied.  It is difficult  to see,  however ,  that  the re la t ion 

can differ f ro m  the propor t iona l i ty  found oy Hersh ,  except  poss ibly 

under condit ions where  a s t rong velocity dependence occurs .  We take 

then q OC L-.

The ab ove equat ions may be combined to give

1 /? - € V /o - J > 0
q - c (LF ' / d) { 1 - e ),

where q is the total  charge  produced on a rubbed length L of a f i l a ­

ment  of d i a m e te r  d̂  conductivi ty o— , and d ie lec t r i c  constant  €

This  expr  e s sion hold s for 45°-45°  rubs  where f r e sh  a r e a s  are  

being rubbed on both f i l aments  p r e s s e d  together  with a no rm a l  force 

F. The c h a r a c t e r i s t i c  d is tance J o  is taken as an adjustable  p a r a ­

m e t e r ,  but it will be s u r p r i s i n g  if fu r ther  work  can not elucidate its
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nature .  The propor t iona l i ty  constant  c is, in p r inc ip le ,  de te rmined  

ay the de ta i l s  of the band s t r u c tu r e s  of the contact ing m a t e r i a l s .

In p r ac t i ce ,  so l i t t le is known of the band s t r u c t u r e s  of the m a te r i a l s  

of i n t e r e s t  that  c m us t  be fixed exper imenta l ly

The genera l  equat ion above is an empi r i ca l  re la t ion  connect ing 

what may be cons idered  the mos t  impor tant  f ac tors  in stat ic e l e c t r i ­

ficat ion,  except  that  rub type has not been included. It may be,  of 

cour se ,  that only the factor  c may change with rub type; but this is 

unlikely,  since in some types local t e m p e r a t u re s  mus t  become very  

high and thereby a l te r  not m e r e l y  th«e band s t ruc tu re  but also the 

di s t r ibut ion of charge  c a r r i e r s  in the bands and the m e c h a n i s m  of 

charge  t rapping.  The e lucidat ion of these  phenomena const i tu tes  a 

chal lenging and complex problem,

A dis turbing feature  that  appea rs  f rom the r e s u l t s  of the 

p r e s e n t  expe r imen t  is that  some doubt is thrown on a bas ic  a s s u m p ­

tion of the theory,  namely ,  that the equi l ibr ium charge  d is t r ibut ion 

is at tained during contact .  The dependence of m e a s u r e d  charge  on 

velocity and r e s i s t i v i t y  does not seem to be in te rp re t ab le  in a 

s imple manner  in t e r m s  of r e v e r s e  flow of charge.  Rather  there  

is some suggest ion that  the d i r ec t  charge  flow is l imi ted by the 

inabil i ty of e lec t rons  to be f reed f rom t r aps  in the be t t e r  insula tor .  

The r e s u l t s  of He r sh  and Montgomery with a s y m m e t r i c  rubs ,  in



p a r t i c u la r  where  one spot on an insulat ing m a te r i a l  is sawed into by 

another  f i l ament  of the same m a t e r i a l ,  give evidence of a s im i l a r  

phenomenon.  The hot spot generated  in the sawed-into f i l aments  

v i r tual ly  always l o se s  e lec t rons .  On the other  hand, we can equally 

well specula te  that  the F e r m i  level  r i s e s  in an insula tor  when it is 

heated,  as suggested by Hersh  and Montgomery,  Until fur ther  

exper imenta t ion  and ana lys i s  have been c a r r i ed  out, such con­

s idera t ions  m u s t  r e m a i n  in the r e a l m  of conjecture .



C HAPTER V 

SUMMARY

An appa ra tu s  has been  cons t ruc ted  to rub together  f i l aments  

of var ious  m a t e r i a l s  and to m e a s u r e  the charges  generated,  while 

cont rol l ing the var ious  r e levan t  mechanica l  and ambient  conditions.

The appa ra tus  is s i m i l a r  in pr inc ip le  to that  used by Hersh  and 

Montgomery,  but it has  been ref ined in o rde r  to obtain be t te r  control  

of the mechanica l  v a r i a b 1es,  and to allow var ia t ion of the ambient  

p r e s s u r e .  A s pa rk  de tec tor  has been incorpora ted  to a s ce r t a in  

the incidence of e l ec t r i ca l  breakdown of the a tmosphere .

With this appara tus ,  se lected resu l t s  of Hersh  and Montgomery 

have been reexamined .  These  r e su l t s ,  he re inaf te r  r e f e r r e d  to as 

" e a r l i e r ,  " a r e  as  follows.

1. Reproducibi l i ty  - Essen t ia l ly  the same r e s u l t s  as r epor ted  

e a r l i e r  were  obtained.

2. T r ib o e l e c t r i c  s e r i e s  - The posi t ions of the m a t e r i a 1 s tes ted 

were  the same as those r ep o r t ed  ea r l i e r .

3. Eength dependence - No ver i f ica t ion  of the e a r l i e r  r e su l t s  was 

at tempted;  these  r e s u l t s  showed a propor t ional i ty  of charge  on 

length of rub.  It is unlikely that  this re la t ion  would fail to 

hold in the p r e s e n t  m e a s u r e m e n t s ,  except  pe rhaps  in the region 

where  a s t rong velocity dependence exis t s
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4. Effect  of na tu re  of rub - No ver i f icat ion  was a t tempted of the 

e a r l i e r  r e su l t s .

5. N o rm a l  force  - The normal  force dependence found e a r l i e r ,  

namely ,  a l i nea r  dependence of charge  on normal  force independent  

of f i l ament  d i a m e t e r ,  has  not been substant iated.  For  re la t ive ly  

la rge  n o r m a l  fo rces  and la rge  d iame te r  f i laments ,  the dependence 

may be approx imate ly  l inea r ,  but for smal l  d i ame te r  f i laments  and 

re la t ive ly  low n o r m a l  fo rces ,  the dependence is definitely non- l inear .  

Resu l t s  of nylon rubbed on polyethylene over the whole range of 

no rmal  f o r ce s  and for all d i a m e t e r s  of polyethylene f i laments  

used,  show that

q oc F 1 / 2 /d

so long as the charge  is not l imi ted by breakdown.

6. T e m p e r a t u r e  and re la t ive  humidity - The t e m p e r a t u r e  and

re la t ive  humidi ty control  the e l ec t r i ca l  r e s i s t a n c e  of the insulat ing

m a t e r i a l s  studied.  It is found with tan ta lum rubbed on nylon that

9 11if the r e s i s t i v i t y  of the nylon l ies  in a range of 10 7 to 10 o hm -cm ,  

an i n c r e a s e  in the r e s i s t i v i t y  will produce an i n c r e a s e  in the charge  

genera ted  as long as mode ra t e  veloci t ies  of rub a re  used.

7. Veloci ty of rub - When the r e s i s t i v i t y  of the nylon l ies  in the 

range  10^ to 1 0 ^  o h m - c m ,  a velocity dependence for the range  of 

veloc i t ies  avai lable is encountered.  The charge i n c r e a s e s  as the
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veloci ty of rub is i n c r e a s ed  up to a point where a fur ther  i n c r eas e  

in veloci ty i n c r e a s e s  the charge  very  li t t le.  The region where this 

level ing off occu r s  is dependent  on the r e s i s t i v i t y  of the be t te r  i n s u l a ­

tor.  F o r  r e s i s t i v i t i e s  lying outside the range ment ioned,  very sl ight  

veloci ty dependence is observed ,  as  found in mos t  of the e a r l i e r  

r e  s u i t s .

The effect  of velocity of rub and r e s i s t iv i ty  can be tied together  

by use of the exper imen ta l ly  de te rmined  re la t ion

found f r o m  the r e s u l t s  of rubbing tanta lum on nylon of var ious  

r e s i s t i v i t i e s  at  di fferent  veloci t ies  of rub.

The effect  of n o r m a l  force ,  d i amete r  of rubbed f i lament ,  r e s i s ­

tivity of the be t t e r  insula tor ,  length of rub,  and velocity of rub on 

the charge  genera ted  may be brought  together  in one re la t ion,  

n a m e l y ,

-  / t  t - i I / 2  / i i  ;  -I v /<r-J0q - c (LF /d) (1 - e )

for rubs  of the 45° -45°  type. It mus t  be r e m e m b e r e d ,  however ,

that  the expe r imen ta l ly  de te rmined  re la t ion for charge  dependence

on n o r m a l  force  and d i am e te r  was found for a pa i r  of m a t e r i a l s

di f ferent  f r o m  the pa i r  used to obtain the exper imenta l  dependence of

charge  on veloci ty and res i s t iv i ty .  Thus the general i ty  of the above

re la t ion  r e m a i n s  to be es tabl i shed.

q cc
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