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Mićo GAĆANOVIĆ 

"Jede Ursache hat ihre Wirkung; jede Wirkung ihre Ursache; 
alles geschieht gesetzmäßig, Zufall ist nur ein Name für ein 
unbekanntes Gesetz. Es gibt viele Ebenen der Ursächlichkeit, aber 
nichts entgeht dem Gesetz." 

“Kybalion” 

HISTORY 

Thales of Miletus   Thales of Miletus (Θαλῆς ὁ 
Μιλήσιος) Born ca. 624–625 BC    Died ca. 547–546 BC , 
[16]. 

As reported by the Ancient Greek philosopher Thales of 
Miletus around 600 B.C.E., charge (or electricity) could be 
accumulated by rubbing fur on various substances, such as 
amber. The Greeks noted that the charged amber buttons 
could attract light objects such as hair. They also noted that 
if they rubbed the amber for long enough, they could even 
get a spark to jump. This property derives from the triboe-
lectric effect. 

 

Fig. 1. Thales of Miletus (Θαλῆς ὁ Μιλήσιος), Born ca. 624–625 
BC ; Died ca. 547–546 BC ; School Ionian Philosophy, Milesian 

school, Naturalism ; Main interests Ethics, Metaphysics, 
Mathematics, Astronomy ; Notable ideas Water is the physis, 

Thales' theorem. 

Thales of Miletus (pronounced /ˈθeɪliːz/; Greek: 

Θαλῆς, Thalēs; c. 624 BC – c. 546 BC) was a pre-Socratic 
Greek philosopher from Miletus in Asia Minor, and one of 
the Seven Sages of Greece. Many, most notably Aristotle, 
regard him as the first philosopher in the Greek tradition. 
According to Bertrand Russell, "Western philosophy begins 
with Thales."Thales attempted to explain natural phenome-
na without reference to mythology and was tremendously 
influential in this respect. Almost all of the other pre-
Socratic philosophers follow him in attempting to provide 

an explanation of ultimate substance, change, and the exis-
tence of the world -- without reference to mythology. Those 
philosophers were also influential, and eventually Thales' 
rejection of mythological explanations became an essential 
idea for the scientific revolution. He was also the first to 
define general principles and set forth hypotheses, and as a 
result has been dubbed the "Father of Science". 

In mathematics, Thales used geometry to solve prob-
lems such as calculating the height of pyramids and the 
distance of ships from the shore. He is credited with the 
first use of deductive reasoning applied to geometry, by 
deriving four corollaries to Thales' Theorem. As a result, he 
has been hailed as the first true mathematician and is the 
first known individual to whom a mathematical discovery 
has been attributed. 

In 1600, the English scientist William Gilbert returned 
to the subject in De Magnete, and coined the New Latin 
word electricus from the Greek term ηλεκτρον (elektron), 
meaning "amber." This terminology soon led to the English 
words "electric" and "electricity." Gilbert's work was fol-
lowed in 1660 by Otto von Guericke, who invented what 
was probably the first electrostatic generator, [16]. 

 

Fig. 2. Dr. William Gilbert, Born 24 May 1544, Colchester ; Died 
November 30, 1603 , (aged 59), London ; Occupation Physician 

Known for Studies of magnetism 

William Gilbert, also known as Gilberd, (24 May 1544 
– 30 November 1603) was an English physician and natural 
philosopher. He was an early Copernican, and passionately 
rejected both the prevailing Aristotelian philosophy and the 
Scholastic method of university teaching. He is remem-
bered today largely for his book De Magnete (1600), and is 
credited as one of the originators of the term electricity. He 
is regarded by some as the father of electrical engineering 
or electricity and magnetism. While today he is generally 
referred to as William Gilbert, he also went under the name 
of William Gilberd. The latter was used in his and his fa-
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ther's epitaph, the records of the town of Colchester, and in 
the Biographical Memoir in De Magnete, as well as in the 
name of The Gilberd School in Colchester, named after 
Gilbert. A unit of magnetomotive force, also known as 
magnetic potential, was named the gilbert in his honour, 
[16]. 

 

Fig. 3. Otto von Guericke, engraving by Anselmus von Hulle, 
(1601-1674) Born November 20, 1602Magdeburg, Germany ; 

Died May 11, 1686 (aged 83) Hamburg, Germany ; Citizenship 
German ; Nationality German ; Fields Physicist, Politician ; 

Known for Research and experiment for vacuums. 

Otto von Guericke : L'electrisée: an electrostatic device 
demonstrating "this virtue, almost magic,... called electric" 
(engraving, c. 1750) ,Fig.4, [16]. 

 

Fig. 4. Otto von Guericke : L'electrisée 

In 1650 he invented a vacuum pump consisting of a pis-
ton and an air gun cylinder with two-way flaps designed to 
pull air out of whatever vessel it was connected to, and used 
it to investigate the properties of the vacuum in many expe-
riments. Guericke demonstrated the force of air pressure 
with dramatic experiments. He had joined two copper he-
mispheres of 51 cm diameter (Magdeburg hemispheres) 
and pumped the air out of the enclosure. Then he harnessed 
a team of eight horses to each hemisphere and showed that 
they were not able to separate the hemispheres. When air 
was again let into the enclosure, they were easily separated. 

He repeated this demonstration in 1663 at the court of Frie-
drich Wilhelm I of Brandenburg in Berlin, using 24 horses. 

With his experiments Guericke disproved the hypothe-
sis of "horror vacui", that nature abhors a vacuum, which 
for centuries was a problem for philosophers and scientists. 
Guericke proved that substances were not pulled by a va-
cuum, but were pushed by the pressure of the surrounding 
fluids. 

Guericke applied the barometer to weather prediction 
and thus prepared the way for meteorology. His later works 
focused on electricity, but little is preserved of his results. 
He invented the first electrostatic generator, the "Elektri-
siermaschine", of which a version is illustrated in the en-
graving by Hubert-François Gravelot, c. 1750. 

Guericke died on May 11, 1686 in Hamburg, Germany. 
The Otto von Guericke University of Magdeburg is named 
after him,[16]. 

Other European pioneers were Robert Boyle, Stephen 
Gray, and C. F. DuFay. In 1675, Boyle stated that electric 
attraction and repulsion can act across a vacuum. In 1729, 
Gray classified materials as conductors and insulators. In 
1733, DuFay proposed that electricity came in two varieties 
that canceled each other and expressed this in terms of a 
two-fluid theory. DuFay said that when glass was rubbed 
with silk, the glass was charged with vitreous electricity, 
and when amber was rubbed with fur, the amber was 
charged with resinous electricity,[16]. 

 

Fig. 5. Robert Boyle (1627–1691),  Born 25 January 
1627Lismore, County Waterford, Ireland; Died 31 December 

1691 (aged 64) London, England ; Fields Physics, Chemistry ; 
Influenced Robert Hooke. 

Robert Boyle FRS (25 January 1627 – 31 December 
1691) was a natural philosopher, chemist, physicist, and 
inventor, also noted for his writings in theology. He is best 
known for Boyle's law. Although his research and personal 
philosophy clearly has its roots in the alchemical tradition, 
he is largely regarded today as the first modern chemist, 
and therefore one of the founders of modern chemistry. 
Among his works, The Sceptical Chymist is seen as a cor-
nerstone book in the field of chemistry. 

Boyle was born in Lismore Castle, in County Water-
ford, Ireland, the seventh son and fourteenth child of Ri-
chard Boyle, 1st Earl of Cork. Richard Boyle had arrived in 
Ireland in 1588 as an entrepreneur, and had amassed 
enormous landholdings by the time Robert was born. As a 
infant Robert was raised by a wet nurse, as was the custom 
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in wealthy families at the time. As a small child, Robert 
received private tutoring at home in Latin, Greek and 
French. He was eight years old when, following the death 
of his mother, he was sent to Eton College in England, at 
which his father's friend, Sir Henry Wotton, was then the 
provost. After spending over three years at Eton, Robert 
traveled abroad with a French tutor. They visited Italy in 
1641, and remained in Florence during the winter of that 
year, studying the "paradoxes of the great star-gazer" Gali-
leo Galilei — Galileo was elderly, but still alive in Florence 
in 1641,[16]. 

 

Fig. 6. Charles François de Cisternay du Fay, Born: September 
14, 1698 Paris ; Died July 16, 1739 (aged 40) Paris; Nationality 

French ; Fields chemistry ; Known for electric charge 

Charles François de Cisternay du Fay (14 September 
1698 – 16 July 1739) was a French chemist and superinten-
dent of the Jardin du Roi. He discovered the existence of 
two types of electricity and named them "vitreous" and 
"resinous" (later known as positive and negative charge 
respectively.) He noted the difference between conductors 
and insulators, calling them 'electrics' and 'non-electrics' for 
their ability to produce contact electrification. He also dis-
covered that alike-charged objects would repel each other 
and that unlike-charged objects attract.He also disproved 
certain misconceptions regarding electric charge, such as 
that of Dr. Stephen Gray who believed that electric proper-
ties of a body depended on its colour. Du Fay's observa-
tions on electricity were reported in a paper written in De-
cember of 1733 and printed in Volume 38 of the Philosoph-
ical Transactions of the Royal Society in 1734. Du Fay died 
of constipation in 1739,[16]. 

FUNDAMENTAL CONCEPTS 

In 1839, Michael Faraday showed that the apparent di-
vision between static electricity, current electricity, and 
bioelectricity was incorrect, and all were a consequence of 
the behavior of a single kind of electricity appearing in op-
posite polarities. It is arbitrary which polarity one calls pos-
itive and which one calls negative. Positive charge can be 
defined as the charge left on a glass rod after being rubbed 
with silk. 

One of the foremost experts on electricity in the eigh-
teenth century was Benjamin Franklin, who argued in favor 
of a one-fluid theory of electricity. Franklin imagined elec-
tricity as being a type of invisible fluid present in all matter; 
for example he believed that it was the glass in a Ley-
den(city and municipality in the Dutch province of South 
Holland) jar that held the accumulated charge. He posited 

that rubbing insulating surfaces together caused this fluid to 
change location, and that a flow of this fluid constitutes an 
electric current. He also posited that when matter contained 
too little of the fluid it was "negatively" charged, and when 
it had an excess it was "positively" charged. Arbitrarily (or 
for a reason that was not recorded), he identified the term 
"positive" with vitreous electricity and "negative" with re-
sinous electricity. William Watson arrived at the same ex-
planation at about the same time,[1,3,9,16]. 

 

Fig. 7. William Watson , Born: 3 April 1715, London, England 
;Died , 10 May 1787(aged 72) ;London, England ; Fields physi-

cian and  scientist. 

William Watson (3 April 1715 – 10 May 1787) was an 
English physician and scientist who was born and died in 
London. His early work was in botany, and he helped to 
introduce the work of Carolus Linnaeus into England. He 
became a Fellow of the Royal Society in 1741 and vice 
president in 1772. 

In 1746, he showed that the capacity of the Leyden jar 
could be increased by coating it inside and out with lead 
foil. In the same, year he proposed that the two types of 
electricity—vitreous and resinous—posited by DuFay were 
actually a surplus (a positive charge) and a deficiency (a 
negative charge) of a single fluid which he called electrical 
ether, and that the quantity of electrical charge was con-
served. He acknowledged that the same theory had been 
independently developed at the same time by Benjamin 
Franklin—the two men later became allies in both scientific 
and political matters,[16]. 

 

Fig. 8. Benjamin Franklin, Born: January 17, 1706, Boston, 
Massachusetts Bay   British America; Died: April 17, 1790 

(aged 84) Philadelphia, Pennsylvania, United States; 6th Presi-
dent of the Supreme Executive Council of Pennsylvania, In office 
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October 18, 1785 – December 1, 1788; Preceded by John Dickin-
son ; Succeeded by Thomas Mifflin; 23rd Speaker of the Pennsyl-
vania Assembly In office 1765–1765; Preceded by Isaac Norris; 
Succeeded by Isaac Norris; United States Minister to France, 

In office 1778–1785; Appointed by Congress of the Confederation 
; Preceded by New office; Succeeded by Thomas Jefferson; United 

States Minister to Sweden, In office1782–1783; Appointed by 
Congress of the Confederation; Preceded by New office; Suc-

ceeded by Jonathan Russell; 1st United States Postmaster General 
, In office 1775–1776; Appointed by Continental Congress; Pre-
ceded by New office; Succeeded by Richard Bache; Nationality 

American; Political party None; Spouse(s) Deborah Read; Child-
renWilliam Franklin, Francis Folger Franklin, Sarah Frankl 

Bache; Profession Scientist,Writer, Politician. 

Benjamin Franklin (January 17, 1706 [O.S. January 6, 
1705] – April 17, 1790) was one of the Founding Fathers of 
the United States. A noted polymath, Franklin was a lead-
ing author and printer, satirist, political theorist, politician, 
postmaster, scientist, inventor, civic activist, statesman, and 
diplomat. As a scientist, he was a major figure in the Amer-
ican Enlightenment and the history of physics for his disco-
veries and theories regarding electricity. He invented the 
lightning rod, bifocals, the Franklin stove, a carriage odo-
meter, and the glass 'armonica'. He formed both the first 
public lending library in America and the first fire depart-
ment in Pennsylvania. 

Franklin earned the title of "The First American" for his 
early and indefatigable campaigning for colonial unity; as a 
writer and spokesman in London for several colonies, then 
as the first American ambassador to France, he exemplified 
the emerging American nation.  

Franklin was foundational in defining the American 
ethos as a marriage of the practical and democratic values 
of thrift, hard work, education, community spirit, self-
governing institutions, and opposition to authoritarianism 
both political and religious, with the scientific and tolerant 
values of the Enlightenment. In the words of historian Hen-
ry Steele Commager, "In Franklin could be merged the vir-
tues of Puritanism without its defects, the illumination of 
the Enlightenment without its heat." To Walter Isaacson, 
this makes Franklin, "the most accomplished American of 
his age and the most influential in inventing the type of 
society America would become." 

 Franklin, always proud of his working class roots, be-
came a successful newspaper editor and printer in Philadel-
phia, the leading city in the colonies. He became wealthy 
publishing Poor Richard's Almanack and The Pennsylvania 
Gazette. Franklin was interested in science and technology, 
and gained international renown for his famous experi-
ments in electricity. He played a major role in establishing 
the University of Pennsylvania and was elected the first 
president of the American Philosophical Society. Franklin 
became a national hero in America when he spearheaded 
the effort to have Parliament repeal the unpopular Stamp 
Act. An accomplished diplomat, he was widely admired 
among the French as American minister to Paris and was a 
major figure in the development of positive Franco-
American relations. From 1775 to 1776, Franklin was the 
Postmaster General under the Continental Congress and 
from 1785 to 1788, the governor of Pennsylvania (official-
ly, President of the Supreme Executive Council of Pennsyl-

vania). Toward the end of his life, he became one of the 
most prominent abolitionists. 

His colorful life and legacy of scientific and political 
achievement, and status as one of America's most influenti-
al Founding Fathers, have seen Franklin honored on coi-
nage and money; warships; the names of many towns, 
counties, educational institutions, namesakes, and compa-
nies; and more than two centuries after his death, countless 
cultural references,[1,2,3,6,9,15,16]. 

Electrostatics is the physics term for static charge. Elec-
tro means charge, and of course static means stationary or 
not moving. 

Charge is a property of matter. Two opposite types of 
charge exists, named positive and negative. It is proposed 
by Benjamin Franklin ,[3,9,16]. 

 

Fig. 9. Franklin tries to prove his founding by set an experiment 
below It was found that Like charges repel one another Unlike 

charges, [16]. 

ALESSANDRO GIUSEPPE ANTONIO ANASTASIO VOLTA 

Alessandro Volta was a man with a true passion for 
electricity. While a young student in school he wrote a 
poem in Latin on this fascinating new subject. In 1775 he 
devised the electrophorus with Johannes Wilcke. This was 
a single-plate capacitor used to produce imbalances of elec-
tric charge through the process of electrostatic induc-
tion,[1,3,16]. 

 

Fig. 10. Alessandro Giuseppe Antonio Anastasio Volta; Born: 
February 18, 1745 Como, Duchy of Milan, in present-day Italy; 
Died March 5, 1827 (aged 82) Como, Kingdom of Lombardy–

Venetia, in present-day Italy; Nationality Italian; Fields Physics 
& Chemistry; Known for Invention of the electric cell, Discovery 

of methane. 

Volta was born in Como, Italy, and taught in the public 
schools there. In 1774 he became a professor of physics at 
the Royal School in Como. A year later, he improved and 
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popularized the electrophorus, a device that produces a stat-
ic electric charge. His promotion of it was so extensive that 
he is often credited with its invention, even though a ma-
chine operating in the same principle was described in 1762 
by Swedish professor Johan Wilcke.  

In 1776-77 Volta studied the chemistry of gases. He 
discovered methane by collecting the gas from marshes. He 
devised experiments such as the ignition of methane by an 
electric spark in a closed vessel. Volta also studied what we 
now call electrical capacitance, developing separate means 
to study both electrical potential (V) and charge (Q), and 
discovering that for a given object they are proportional. 
This may be called Volta's Law of capacitance, and likely 
for this work the unit of electrical potential has been named 
the Volt. 

In 1779 he became professor of experimental physics at 
the University of Pavia, a chair he occupied for almost 25 
years. In 1794, Volta married Teresa Peregrini, with whom 
he raised three sons, Giovanni, Flaminio and Zanino.  

Volta began to study, around 1791, the "animal electric-
ity" noted by Luigi Galvani when two different metals were 
connected in series with the frog's leg and to one another. 
Volta realized that the frog's leg served as both a conductor 
of electricity (we would now call it an electrolyte) and as a 
detector of electricity. He replaced the frog's leg by brine-
soaked paper, and detected the flow of electricity by other 
means familiar to him from his previous studies. In this 
way he discovered the electrochemical series, and the law 
that the electromotive force (emf) of a galvanic cell, con-
sisting of a pair of metal electrodes separated by electrolyte, 
is the difference between their two electrode potentials. 
(Thus, two identical electrodes and a common electrolyte 
give zero net emf.) This may be called Volta's Law of the 
electrochemical series. 

In 1800, as the result of a professional disagreement 
over the galvanic response advocated by Galvani, he in-
vented the voltaic pile, an early electric battery, which pro-
duced a steady electric current. Volta had determined that 
the most effective pair of dissimilar metals to produce elec-
tricity was zinc and silver. Initially he experimented with 
individual cells in series, each cell being a wine goblet 
filled with brine into which the two dissimilar electrodes 
were dipped. The voltaic pile replaced the goblets with 
cardboard soaked in brine,[1,2,3,16]. 

 

 

 

 

 

 

 

 

 

 

 

ELEC TRIC CHARGE 

 

Fig. 11. Michael Faraday, Engraving by John Cochran after a 
portrait by Henry William Pickersgill, ca. 1820; Born 22 Septem-
ber 1791 (1791-09-22)Newington Butts, Surrey, England; Died 25 
August 1867 (aged 75) Hampton Court, Surrey, England; Fields  

Physics and chemistry; Institutions Royal Institution; 
Known for:Faraday's law of induction, Electrochemistry, Faraday 
effect, Faraday cage; Faraday constant: Faraday cup, Faraday's 
laws of electrolysis, Faraday paradox, Faraday rotator, Faraday-

efficiency effect, Faraday wave, Faraday wheel, Lines of force; 
Influences: Humphry Davy, William Thomas Brande; Notable 
awards Royal Medal (1835 & 1846),Copley Medal (1832 & 

1838), Rumford Medal (1846), 1 Faraday = 96 485.3415 cou-
lombs.                                                                                         

Engraving by John Cochran after a portrait by Henry William 
Pickersgill, ca. 1820. 

Faraday was born in Newington Butts, now part of the 
London Borough of Southwark; but then a suburban part of 
Surrey, one mile south of London Bridge. His family was 
not well off. His father, James, was a member of the Glas-
site sect of Christianity. James Faraday moved his wife and 
two children to London during the winter of 1790-1 from 
Outhgill in Westmorland, where he had been an apprentice 
to the village blacksmith. Michael was born the autumn of 
that year. The young Michael Faraday, the third of four 
children, having only the most basic of school educations, 
had to largely educate himself. At fourteen he became ap-
prenticed to a local bookbinder and bookseller George Rie-
bau in Blandford St and, during his seven-year apprentice-
ship, he read many books, including Isaac Watts' The Im-
provement of the Mind, and he enthusiastically imple-
mented the principles and suggestions that it contained. He 
developed an interest in science, especially in electricity. In 
particular, he was inspired by the book Conversations in 
Chemistry by Jane Marcet.  

At the age of twenty, in 1812, at the end of his appren-
ticeship, Faraday attended lectures by the eminent English 
chemist Humphry Davy of the Royal Institution and Royal 
Society, and John Tatum, founder of the City Philosophical 
Society. Many tickets for these lectures were given to Fara-
day by William Dance (one of the founders of the Royal 
Philharmonic Society). Afterwards, Faraday sent Davy a 
three hundred page book based on notes taken during the 
lectures. Davy's reply was immediate, kind, and favourable. 
When Davy damaged his eyesight in an accident with ni-
trogen trichloride, he decided to employ Faraday as a secre-
tary. When John Payne, one of the Royal Institution's assis-
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tants, was sacked, Sir Humphry Davy was asked to find a 
replacement. He appointed Faraday as Chemical Assistant 
at the Royal Institution on 1 March 1813 .  

In the class-based English society of the time, Faraday 
was not considered a gentleman. When Davy went on a 
long tour to the continent in 1813–15, his valet did not wish 
to go. Faraday was going as Davy's scientific assistant, and 
was asked to act as Davy's valet until a replacement could 
be found in Paris. Faraday was forced to fill the role of va-
let as well as assistant throughout the trip. Davy's wife, Jane 
Apreece, refused to treat Faraday as an equal (making him 
travel outside the coach, eat with the servants, etc.) and 
generally made Faraday so miserable that he contemplated 
returning to England alone and giving up science altogeth-
er. The trip did, however, give him access to the European 
scientific elite and a host of stimulating ideas. 

 Faraday was a devout Christian. His Sandemanian de-
nomination was an offshoot of the Church of Scotland. 
Well after his marriage, he served as Deacon and two terms 
as an Elder in the meeting house of his youth. His church 
was located at Paul's Alley in the Barbican. This meeting 
house relocated in 1862 to Barnsbury Grove, Islington. This 
North London location is where Faraday served the final 
two years of his second term as Elder prior to his resigna-
tion from that post.  

Faraday married Sarah Barnard (1800–1879) on 12 June 
1821, although they would never have children. They met 
through their families at the Sandemanian church. He con-
fessed his faith to the Sandemanian congregation the month 
after he married. 

In his work on static electricity, Faraday demonstrated 
that the charge resided only on the exterior of a charged 
conductor, and exterior charge had no influence on any-
thing enclosed within a conductor. This is because the exte-
rior charges redistribute such that the interior fields due to 
them cancel. This shielding effect is used in what is now 
known as a Faraday cage. 

Faraday was an excellent experimentalist who conveyed 
his ideas in clear and simple language. However, his ma-
thematical abilities did not extend as far as trigonometry or 
any but the simplest algebra. It was James Clerk Maxwell 
who took the work of Faraday, and others, and consolidated 
it with a set of equations that lie at the base of all modern 
theories of electromagnetic phenomena. On Faraday's uses 
of the lines of force, Maxwell wrote that they show Faraday 
"to have been in reality a mathematician of a very high or-
der — one from whom the mathematicians of the future 
may derive valuable and fertile methods.",[1-16]. 

Charge is conserved. A neutral object has no net charge. 
If the plastic rod and fur are initially neutral, when the rod 
becomes charged by the fur, a negative charge is transferred 
from the fur to the rod. 

The net negative charge on the rod is equal to the net 
positive charge on the fur. 

A conductor is a material through which electric 
charges can easily flow. An insulator is a material through 
which electric charges do not move easily, if at all. 

An electroscope is a simple device used to indicate the 
existence of charge. 

Charging 

 

Fig. 12. Charging,[16] 
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Electroscope 

                                                                       

 

Fig. 13. Charging metal sphere by induction[16]. 
 Charges are free to move in a conductor but are tightly bound in an insulator. 
 The earth (ground) is a large conductor having many free charges. 

 

Fig. 14. William Thomas Brande, Born 11 January 1788 Lon-
don; Died 11 February 1866 Tunbridge Wells; Fields Chemistry. 

William Thomas Brande FRS (11 January 1788 – 11 
February 1866), English chemist, was born in London.After 
leaving Westminster School, he was apprenticed, in 1802, 
to his brother, an apothecary, with the view of adopting the 
profession of medicine. However, Brande's bent was to-
wards chemistry, a sound knowledge of which he acquired 
in his spare time. In 1812 he was appointed professor of 
chemistry to the Apothecaries' Society, and delivered a 
course of lectures before the Board of Agriculture in place 
of Sir Humphry Davy, whom in the following year he suc-
ceeded in the chair of chemistry at the Royal Institution, 
London. From about 1823 onwards, Brande worked increa-

singly with the Royal Mint, eventually becoming Superin-
tendent of the Coining and Die Department. Brande's Ma-
nual of Chemistry, first published in 1819, enjoyed wide 
popularity, and among other works he brought out a Dictio-
nary of Science, Literature and Art in 1842. He was work-
ing on a new edition when he died at Tunbridge Wells. 
Brande died in 1866, and is buried in the large metropolitan 
cemetery of West Norwood, London (grave 1177, square 
98),[1-16]. 

ELEC TROSTA TIC GENERA TORS,[1-16] 

The presence of surface charge imbalance means that 
the objects will exhibit attractive or repulsive forces. This 
surface charge imbalance, which yields static electricity, 
can be generated by touching two differing surfaces togeth-
er and then separating them due to the phenomena of con-
tact electrification and the triboelectric effect. Rubbing two 
nonconductive objects generates a great amount of static 
electricity. This is not just the result of friction; two non-
conductive surfaces can become charged by just being 
placed one on top of the other. Since most surfaces have a 
rough texture, it takes longer to achieve charging through 
contact than through rubbing. Rubbing objects together 
increases amount of adhesive contact between the two sur-
faces. Usually insulators, e.g., substances that do not con-
duct electricity, are good at both generating, and holding, a 

Charging an 

electroscope 

by induction 

An electroscope 

reports the 

presence of 

charge 

Gold-leaf 

electroscope 
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surface charge. Some examples of these substances are rub-
ber, plastic, glass, and pith. Conductive objects only rarely 
generate charge imbalance except, for example, when a 
metal surface is impacted by solid or liquid nonconductors. 
The charge that is transferred during contact electrification 
is stored on the surface of each object. Static electric gene-
rators, devices which produce very high voltage at very low 
current and used for classroom physics demonstrations, rely 
on this effect. 

Note that the presence of electric current does not de-
tract from the electrostatic forces nor from the sparking, 
from the corona discharge, or other phenomena. Both phe-
nomena can exist simultaneously in the same system. 

An electrostatic generator, or electrostatic machine, is a 
mechanical device that produces static electricity, or elec-
tricity at high voltage and low continuous current. The 
knowledge of static electricity dates back to the earliest 
civilizations, but for millennia it remained merely an inter-
esting and mystifying phenomenon, without a theory to 
explain its behavior and often confused with magnetism. 
By the end of the 17th Century, researchers had developed 
practical means of generating electricity by friction, but the 
development of electrostatic machines did not begin in 
earnest until the 18th century, when they became funda-
mental instruments in the studies about the new science of 
electricity. Electrostatic generators operate by using manual 
(or other) power to transform mechanical work into electric 
energy. They develop electrostatic charges of opposite 
signs rendered to two conductors, using only electric forces. 
They work by using moving plates, drums, or belts to carry 
electric charge to a high potential electrode. The charge is 
generated by one of two methods: either the triboelectric 
effect (friction) or electrostatic induction. 

Electrostatic machines are typically used in science 
classrooms to safely demonstrate electrical forces and high 
voltage phenomena. The elevated potential differences 
achieved have been also used for a variety of practical ap-
plications, such as operating X-ray tubes, medical applica-
tions, sterilization of food, and nuclear physics experi-
ments. Electrostatic generators such as the Van de Graaff 
generator, and variations as the Pelletron, also find use in 
physics research. 

Electrostatic generators can be divided into two catego-
ries depending on how the charge is generated: 

 Friction machines use the triboelectric effect (elec-
tricity generated by contact or friction), 

 Influence machines use electrostatic induction. 

FRICTION MACHINES 

The first electrostatic generators are called friction ma-
chines because of the friction in the generation process. A 
primitive form of frictional electrical machine was con-
structed around 1663 by Otto von Guericke, using a sulphur 
globe that could be rotated and rubbed by hand. It may not 
actually have been rotated during use,[1] but inspired many 
later machines that used rotating globes. Isaac Newton sug-
gested the use of a glass globe instead of a sulphur 
one.(Optics, 8th Query) Francis Hauksbee improved the 
basic design. 

Generators were further advanced when G. M. Bose of 
Wittenberg added a collecting conductor (an insulated tube 
or cylinder supported on silk strings). In 1746, Watson's 
machine had a large wheel turning several glass globes with 
a sword and a gun barrel suspended from silk cords for its 
prime conductors. J. H. Winkler, professor of physics at 
Leipzig, substituted a leather cushion for the hand. Andreas 
Gordon of Erfurt, a Scottish Benedictine monk, used a glass 
cylinder in place of a sphere. Jesse Ramsden, in 1768, con-
structed a widely used version of a plate electrical genera-
tor. By 1784, the van Marum machine could produce vol-
tage with either polarity. Martin van Marum constructed a 
large electrostatic machine of high quality for his experi-
ments (currently on display at the Teylers Museum in the 
Netherlands). 

 

Fig. 15. Martinus van Marum's Electrostatic generator at Teylers 
Museum,[16]. 

 

Fig. 16. Typical friction machine using a glass globe, common in 
the 18th century,[16]. 

In 1785, N. Rouland constructed a silk belted machine 
which rubbed two grounded hare fur covered tubes. Edward 
Nairne developed an electrostatic generator for medical 
purposes in 1787 which had the ability to generate either 
positive or negative electricity, the first named being col-
lected from the prime conductor carrying the collecting 
points and the second from another prime conductor carry-
ing the friction pad. The Winter machine possessed higher 
efficiency than earlier friction machines. In the 1830s, 
Georg Ohm possessed a machine similar to the van Marum 
machine for his research (which is now at the Deutsches 
Museum, Munich, Germany). In 1840, the Woodward ma-
chine was developed from improving the Ramsden machine 
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(placing the prime conductor above the disk(s)). Also in 
1840, the Armstrong hydroelectric machine was developed 
and used steam as a charge carrier. 

FRICTION OPERATION [3,16] 

The presence of surface charge imbalance means that 
the objects will exhibit attractive or repulsive forces. This 
surface charge imbalance, which leads to static electricity, 
can be generated by touching two differing surfaces togeth-
er and then separating them due to the phenomena of con-
tact electrification and the triboelectric effect. Rubbing two 
non-conductive objects generates a great amount of static 
electricity. 

This is not just the result of friction; two non-
conductive surfaces can become charged by just being 
placed one on top of the other. Since most surfaces have a 
rough texture, it takes longer to achieve charging through 
contact than through rubbing. Rubbing objects together 
increases amount of adhesive contact between the two sur-
faces. Usually insulators, e.g., substances that do not con-
duct electricity, are good at both generating, and holding, a 
surface charge. Some examples of these substances are rub-
ber, plastic, glass, and pith. Conductive objects in contact 
generate charge imbalance too, but retain the charges only 
if insulated. The charge that is transferred during contact 
electrification is stored on the surface of each object. Note 
that the presence of electric current does not detract from 
the electrostatic forces nor from the sparking, from the co-
rona discharge, or other phenomena. Both phenomena can 
exist simultaneously in the same system. 

INFLUENCE MACHINES,[3,16] 

Frictional machines were, in time, gradually superseded 
by the second class of instrument mentioned above, name-
ly, influence machines. These operate by electrostatic in-
duction and convert mechanical work into electrostatic 
energy by the aid of a small initial charge which is conti-
nually being replenished and reinforced. The first sugges-
tion of an influence machine appears to have grown out of 
the invention of Volta's electrophorus. The electrophorus is 
a single-plate capacitor used to produce imbalances of elec-
tric charge via the process of electrostatic induction. The 
next step was when Abraham Bennet, the inventor of the 
gold leaf electroscope, described a "doubler of electricity" 
(Phil. Trans., 1787), as a device similar to the electropho-
rus, but that could amplify a small charge by means of re-
peated manual operations with three insulated plates, in 
order to make it observable in an electroscope. Erasmus 
Darwin, W. Wilson, G. C. Bohnenberger, and (later, 1841) 
J. C. E. Péclet developed various modifications of Bennet's 
device. In 1788, William Nicholson proposed his rotating 
doubler, which can be considered as the first rotating influ-
ence machine. His instrument was described as "an instru-
ment which by turning a winch produces the two states of 
electricity without friction or communication with the 
earth". (Phil. Trans., 1788, p. 403) Nicholson later de-
scribed a "spinning condenser" apparatus, as a better in-
strument for measurements. 

Others, including T. Cavallo (who developed the 
"Cavallo multiplier", a charge multiplier using simple addi-

tion, in 1795), John Read, Charles Bernard Desormes, and 
Jean Nicolas Pierre Hachette, developed further various 
forms of rotating doublers. In 1798, The German scientist 
and preacher Gottlieb Christoph Bohnenberger, described 
the Bohnenberger machine, along with several other doub-
lers of Bennet and Nicholson types in a book. The most 
interesting of these were described in the "Annalen der 
Physik" (1801). Giuseppe Belli, in 1831, developed a sim-
ple symmetrical doubler which consisted of two curved 
metal plates between which revolved a pair of plates carried 
on an insulating stem. It was the first symmetrical influence 
machine, with identical structures for both terminals. This 
apparatus was reinvented several times, by C. F. Varley, 
that patented a high power version in 1860, by Lord Kelvin 
(the "replenisher") 1868, and by A. D. Moore (the "dirod"), 
more recently. Lord Kelvin also devised a combined influ-
ence machine and electromagnetic machine, commonly 
called a mouse mill, for electrifying the ink in connection 
with his siphon recorder, and a water-drop electrostatic 
generator (1867), which he called the "water-dropping con-
denser". 

 

Fig. 17. Influence machines,[16]. 

Holtz's influence machine,[3,16] 

Between 1864 and 1880, W. T. B. Holtz constructed 
and described a large number of influence machines which 
were considered the most advanced developments of the 
time. In one form, the Holtz machine consisted of a glass 
disk mounted on a horizontal axis which could be made to 
rotate at a considerable speed by a multiplying gear, inte-
racting with induction plates mounted in a fixed disk close 
to it. In 1865, August J. I. Toepler developed an influence 
machine that consisted of two disks fixed on the same shaft 
and rotating in the same direction. In 1868, the Schwedoff 
machine had a curious structure to increase the output cur-
rent. Also in 1868, several mixed friction-influence ma-
chine were developed, including the Kundt machine and the 
Carré machine. In 1866, the Piche machine (or Bertsch ma-
chine) was developed. In 1869, H. Julius Smith received the 
American patent for a portable and airtight device that was 
designed to ignite powder. Also in 1869, sectorless ma-
chines in Germany were investigated by Poggendorff. 

The action and efficiency of influence machines were 
further investigated by F. Rossetti, A. Righi, and F. W. G. 
Kohlrausch. E. E. N. Mascart, A. Roiti, and E. Bouchotte 
also examined the efficiency and current producing power 
of influence machines. In 1871, sectorless machines were 
investigated by Musaeus. In 1872, Righi's electrometer was 
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developed and was one of the first antecedents of the Van 
de Graaff generator. In 1873, Leyser developed the Leyser 
machine, a variation of the Holtz machine. In 1880, Robert 
Voss (a Berlin instrument maker) devised a form of ma-
chine in which he claimed that the principles of Toepler and 
Holtz were combined. The same structure become also 
known as the Toepler-Holtz machine. In 1878, the British 
inventor James Wimshurst started his studies about elec-
trostatic generators, improving the Holtz machine, in a po-
werful version with multiple disks. The classical Wimshurst 
machine, that become the most popular form of influence 
machine, was reported to the scientific community by 1883, 
although previous machines with very similar structures 
were previously described by Holtz and Musaeus. In 1885, 
one of the largest-ever Wimshurst machines was built in 
England (it is now at the Chicago Museum of Science and 
Industry). In 1887, Weinhold modified the Leyser machine 
with a system of vertical metal bar inductors with wooden 
cylinders close to the disk for avoiding polarity reversals. 
M. L. Lebiez described the Lebiez machine, that was essen-
tially a simplified Voss machine (L'Électricien, April 1895, 
pp. 225-227). In 1894, Bonetti designed a machine with the 
structure of the Wimshurst machine, but without metal sec-
tors in the disks. This machine is significantly more power-
ful than the sectored version, but it must usually be started 
with an externally-applied charge. 

In 1898, the Pidgeon machine was developed with a 
unique setup by W. R. Pidgeon. In October 28 of that year, 
Pidgeon presented this machine to the Physical Society 
after several years of investigation into influence machines 
(beginning at the start of the decade). The device was later 
reported in the Philosophical Magazine (Dec. 1898, pg. 
564) and the Electrical Review (Vol. XLV, pg. 748). A 
Pidgeon machine possesses fixed inductors arranged in a 
manner that increases the electrical induction effect (and its 
electrical output is at least double that of typical machines 
of this type [except when it is overtaxed]). The essential 
features of the Pidgeon machine are, one, the combination 
of the rotating support and the fixed support for inducing 
charge, and, two, the improved insulation of all parts of the 
machine (but more especially of the generator's carriers). 
Pidgeon machines are a combination of a Wimshurst Ma-
chine and Voss Machine, with special features adapted to 
reduce the amount of charge leakage. Pidgeon machines 
excite themselves more readily than the best of these types 
of machines. In addition, Pidgeon investigated higher cur-
rent "triplex" section machines (or "double machines with a 
single central disk") with enclosed sectors (and went on to 
receive British Patent 22517 (1899) for this type of ma-
chine). 

Multiple disk machines and "triplex" electrostatic ma-
chines (generators with three disks) were also developed 
extensively around the turn of the century. In 1900, F. 
Tudsbury discovered that enclosing a generator in a metal-
lic chamber containing compressed air, or better, carbon 
dioxide, the insulating properties of compressed gases 
enabled a greatly improved effect to be obtained owing to 
the increase in the breakdown voltage of the compressed 
gas, and reduction of the leakage across the plates and insu-
lating supports. In 1903, Alfred Wehrsen patented an ebo-

nite rotating disk possessing embedded sectors with button 
contacts at the disk surface. In 1907, Heinrich Wommels-
dorf reported a variation of the Holtz machine using this 
disk and inductors embedded in celluloid plates 
(DE154175; "Wehrsen machine"). Wommelsdorf also de-
veloped several high-performance electrostatic generators, 
of which the best known were his "Condenser machines" 
(1920). These were single disk machines, using disks with 
embedded sectors that were accessed at the edges. 

SCHEMATIC VIEW OF A VAN DE GRAAFF 

GENERA TOR,[1-16] 

 

Fig. 18. Robert J. Van de Graaff , Born December 20, 1901 ., 
Tuscaloosa, Alabama ; Died January 16, 1967.,Boston, Massa-

chusetts; Nationality American (Dutch ancestry) ; Fields physics ; 
Institutions Massachusetts Institute of Technology, Princeton Uni-
versity ; Alma mater University of Alabama , La Sorbonne , Uni-

versity of Oxford , Known for Van de Graaff generator; 

Robert Jemison Van de Graaff, (December 20, 1901 – 
January 16, 1967) was an American physicist and instru-
ment maker, and professor of physics at Princeton Univer-
sity. 

Robert Jemison Van de Graaff was born at the Jemison-
Van de Graaff Mansion in Tuscaloosa, Alabama, from 
Dutch descent. In Tuscaloosa, he received his BS and Mas-
ters degrees from The University of Alabama where he was 
a member of The Castle Club (later became Mu Chapter of 
Theta Tau). 

Van de Graaff was the designer of the Van de Graaff 
generator, a device which produces High voltages. In 1929, 
Van de Graaff developed his first generator with help from 
Nicholas Burke (producing 80,000 volts) at Princeton Uni-
versity; by 1931, he had constructed a much larger genera-
tor, capable of generating 7 million volts. He was a Nation-
al Research Fellow, and from 1931 to 1934 a research asso-
ciate at the Massachusetts Institute of Technology. He be-
came an associate professor in 1934 (staying there until 
1960). He was awarded the Elliott Cresson Medal in 1936. 

During World War II, Van de Graaff was director of the 
High Voltage Radiographic Project. After World War II, he 
co-founded the High Voltage Engineering Corporation 
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(HVEC). During the 1950s, he invented the insulating-core 
transformer (producing high-voltage direct current). He also 
developed tandem generator technology. The American 
Physical Society awarded him the T. Bonner prize (1965) 
for the development of electrostatic accelerators. 

Van de Graaff died in Boston, Massachusetts. 

 

 

Fig. 19. Schematic view of a Van De Graaff generator,[16] 
1. hollow metallic sphere 
2. electrode connected to the sphere 
3. upper roller 
4. side of the belt with positive charges (going up) 
5. opposite side of the belt with negative charges (going 
down) 
6. lower roller (metal) turned by motor 
7. lower electrode (ground) 
8. spherical device with negative charges  
9. spark produced by the difference of potentials 

The Van de Graaff generator uses a motorized insulat-
ing belt (usually made of rubber) to conduct electrical 
charges from a high voltage source on one end of the belt to 
the inside of a metal sphere on the other end. Since electric-
al charge resides on the outside of the sphere, it builds up to 
produce an electrical potential much higher than that of the 
primary high voltage source. Practical limitations restrict 
the potential produced by large Van de Graaff generators to 
about 7 million volts. Van de Graaff generators are used 
primarily as DC power supplies for linear atomic particle 
accelerators in nuclear physics experiments. Tandem Van 
de Graaff generators are essentially two generators in se-
ries, and can produce about 15 million volts. 

The Van de Graaff generator is a simple mechanical de-
vice. Small Van de Graaff generators are built by hobbyists 
and scientific apparatus companies and are used to demon-
strate the effects of high DC potentials. Even small hobby 
machines produce impressive sparks several centimeters 
long. The largest air insulated Van de Graaff generator in 
the world, built by Van de Graaff himself, is operational 
and is on display at the Boston Museum of Science. Dem-
onstrations throughout the day are a popular attraction. 
More modern Van de Graaff generators are insulated by 
pressurized dielectric gas, usually freon or sulfur hexafluo-
ride. In recent years, Van de Graaff generators have been 
slowly replaced by solid-state DC power supplies without 
moving parts. The energies produced by Van de Graaff 
atomic particle accelerators are limited to about 30 MeV, 
even with tandem generators accelerating doubly charged 
(for example alpha) particles. More modern particle accele-
rators using different technology produce much higher 
energies, thus Van de Graaff particle accelerators have be-
come largely obsolete. They are still used to some extent 
for graduate student research at colleges and universities 
and as ion sources for high energy bursts. 

A simple Van de Graaff generator consists of a belt of 
silk, or a similar flexible dielectric material, running over 
two metal pulleys, one of which is surrounded by a hollow 
metal sphere. Two electrodes, (2) and (7), in the form of 
comb-shaped rows of sharp metal points, are positioned 
respectively near to the bottom of the lower pulley and in-
side the sphere, over the upper pulley. Comb (2) is con-
nected to the sphere, and comb (7) to the ground. A high 
DC potential (with respect to earth) is applied to roller (6); 
a positive potential in this example. 

As the belt passes in front of the lower comb, it receives 
negative charge that escapes from its points due to the in-
fluence of the electric field around the lower pulley, that 
ionizes the air at the points. As the belt touches the upper 
roller (3), it transfers some electrons, leaving the roller with 
a negative charge (if it is insulated from the terminal), 
which added to the negative charge in the belt generates 
enough electric field to ionize the air at the points of the 
upper comb. Electrons then leak from the belt to the upper 
comb and to the terminal, leaving the belt positively 
charged as it returns down and the terminal negatively 
charged. The sphere shields the upper roller and comb from 
the electric field generated by charges that accumulate at 
the outer surface of it, causing the discharge and change of 
polarity of the belt at the upper roller to occur practically as 
if the terminal were grounded. As the belt continues to 
move, a constant charging current travels via the belt, and 
the sphere continues to accumulate negative charge until 
the rate that charge is being lost (through leakage and coro-
na discharges) equals the charging current. The larger the 
sphere and the farther it is from ground, the higher will be 
its final potential. 

Another method for building Van de Graaff generators 
is to use the triboelectric effect. The friction between the 
belt and the rollers, one of them now made of insulating 
material, or both made with insulating materials at different 
positions on the triboelectric scale, one above and other 
below the material of the belt, charges the rollers with op-
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posite polarities. The strong e-field from the rollers then 
induces a corona discharge at the tips of the pointed comb 
electrodes. The electrodes then "spray" a charge onto the 
belt which is opposite in polarity to the charge on the roll-
ers. The remaining operation is otherwise the same as the 
voltage-injecting version above. This type of generator is 
easier to build for science fair or homemade projects, since 
it doesn't require a potentially dangerous high voltage 
source. The trade-off is that it cannot build up as high a 
voltage as the other type, that cannot also be easily regu-
lated, and operation may become difficult under humid 
conditions (which can severely reduce triboelectric effects). 

A Van de Graaff generator terminal doesn't need to be 
sphere shaped in order to work, and in fact the optimum 
shape is a sphere with an inward curve around the hole 
where the belt enters. The fact that electrically charged 
conductors of any shape have no e-field inside makes it 
possible to keep adding charges continuously. A rounded 
terminal minimizes the electric field around it, allowing 
greater potentials to be achieved without ionization of the 
surrounding air, or other dielectric gas. Outside the sphere 
the e-field quickly becomes very strong and applying 
charges from the outside would soon be prevented by the 
field. 

Since a Van de Graaff generator can supply the same 
small current at almost any level of electrical potential, it is 
an example of a nearly ideal current source. The maximum 
achievable potential is approximately equal to the sphere's 
radius multiplied by the e-field where corona discharges 
begin to form within the surrounding gas. For example, a 
polished spherical electrode 30 cm in diameter immersed in 
air at STP (which has a breakdown voltage of about 30 
kV/cm) could be expected to develop a maximum voltage 
of about 450 kV,[16]. 

MODERN ELECTROSTATIC GENERATORS,[1,16] 

 

Fig. 20. An example of a common modern device using high 
voltage (a "plasma globe", that does not use static 

electricity),[16] 

Electrostatic generators had a fundamental role in the 
investigations about the structure of matter, starting at the 
end of the 19th century. By the 1920s, it was evident that 
machines able to produce greater voltage were needed. The 
Van de Graaff generator was developed, starting in 1929, at 
MIT. The first model was demonstrated in October 1929. 
The basic idea was to use an insulating belt to transport 
electric charge to the interior of an insulated hollow termin-
al, where it could be discharged regardless of the potential 

already present on the terminal, that does not produce any 
electric field in its interior. 

The idea was not new, but the implementation using an 
electronic power supply to charge the belt was a fundamen-
tal innovation that made the old machines obsolete. The 
first machine used a silk ribbon bought at a five and dime 
store as the charge transport belt. In 1931 a version able to 
produce 1,000,000 volts was described in a patent disclo-
sure. 

Nikola Tesla wrote a Scientific American article, "Pos-
sibilities of Electro-Static Generators" in 1934 concerning 
the Van de Graaff generator (pp. 132-134 and 163-165). 
Tesla stated, "I believe that when new types [of Van de 
Graaff generators] are developed and sufficiently improved 
a great future will be assured to them". High-power ma-
chines were soon developed, working on pressurized con-
tainers to allow greater charge concentration on the surfaces 
without ionization. Variations of the Van de Graaff genera-
tor were also developed for Physics research, as the Pelle-
tron, that uses a chain with alternating insulating and con-
ducting links for charge transport. Simplified Van de Graaff 
generators are commonly seen in demonstrations about 
static electricity, due to its high-voltage capability, produc-
ing the curious effect of making the hair of people touching 
the terminal, standing over an insulating support, stand up. 

Between 1945 and 1960, the French researcher Noël Fe-
lici developed a series of high-power electrostatic genera-
tors, based on electronic excitation and using cylinders ro-
tating at high speed and hydrogen in pressurized contain-
ers,[16]. 

FUNDAMENTAL LAWS OF 

ELECTROSTATICS :  MA THEMATICAL 

FOUNDATIONS,[1-16] 

Electric charge is a fundamental, conserved property of 
some subatomic particles, such as electrons and protons. 
There are two opposite types of electric charge, known as 
positive and negative. The charge on an electron is, by con-
vention, -1, and that on a proton is +1. A pair of oppositely 
charged particles attract each other, and conversely, a pair 
of pair of particles with the same type of charge repel each 
other. 

An atom is electrically neutral (that is, its net electric 
charge is zero) because the number of protons within its 
nucleus is equal to the number of electrons surrounding the 
nucleus. If an atom gains an extra electron, it acquires a 
charge of -1; if it loses an electron, it acquires a charge of 
+1. An electrically charged atom (or group of atoms) is 
called an ion. Thus, an understanding of electric charge 
helps clarify the behavior of atoms, molecules, ions, and 
subatomic particles. 

Moreover, electrically charged matter is influenced by, 
and produces, electromagnetic fields. The interaction be-
tween a moving charge and an electromagnetic field is the 
source of the electromagnetic force (or electromagnetic 
interaction), which is one of the four fundamental forces. 



International PhD Seminar on Computational electromagnetics and optimization in electrical engineering – CEMOEE 2010 

10-13 September, Sofia, Bulgaria 

 

COULOMB'S LAW,[1-16] 

 

Fig. 21. Charles-Augustin de Coulomb, Born  14 June 1736   
Angoulême, France  23 August 1806 (aged 70) Paris, France; 
Nationality French; Fields Physics; Known for Coulomb's law. 

Charles-Augustin de Coulomb (14 June 1736 – 23 Au-
gust 1806) was a French physicist. He is best known for 
developing Coulomb's law, the definition of the electrostat-
ic force of attraction and repulsion. The SI unit of charge, 
the coulomb, was named after him. 

Coulomb was born in Angoulême, France, to a well-to-
do family. His father, Henri Coulomb, was inspector of the 
Royal Fields in Montpellier. His mother, Catherine Bajet, 
came from a wealthy family in the wool trade. When Cou-
lomb was a boy, the family moved to Paris and there Cou-
lomb studied at the prestigious Collège des Quatre-Nations. 
The courses he studied in mathematics there, under Pierre 
Charles Monnier, left him determined to pursue mathemat-
ics and similar subjects as a career. From 1757 to 1759 he 
joined his father's family in Montpellier and took part in the 
work of the academy of the city, directed by the mathemati-
cian Augustin Danyzy. With his father's approval, Coulomb 
returned to Paris in 1759 where he was successful in the 
entrance examination for the military school at Mézières. 

After he left the school in 1761, Coloumb initially took 
part in the survey for the British coastal charts and was then 
sent on a mission to Martinique in 1764 to take part in the 
construction of the Fort Bourbon under the orders of the 
lieutenant-colonel of Rochemore, as the French colony was 
insulated in the middle of the English and Spanish posses-
sions following the Seven Years' War. Coulomb spent eight 
years directing the work, contracting tropical fever. He car-
ried out several experiments on the resistance of masonries 
and the behaviour of the walls of escarpe (supportings), 
which were inspired by the ideas of Pieter van Musschen-
broek on friction. 

Upon his return to France, with the rank of Captain, he 
was employed at La Rochelle, the Isle of Aix and Cher-
bourg. He discovered an inverse relationship of the force 
between electric charges and the square of its distance, later 
named after him as Coulomb's law. 

In 1781, he was stationed permanently at Paris. On the 
outbreak of the Revolution in 1789, he resigned his ap-
pointment as intendant des eaux et fontaines and retired to a 
small estate which he possessed at Blois. He was recalled to 
Paris for a time in order to take part in the new determina-

tion of weights and measures, which had been decreed by 
the Revolutionary government. He became one of the first 
members of the French National Institute and was ap-
pointed inspector of public instruction in 1802. His health 
was already very feeble and four years later he died in Par-
is. 

Coulomb leaves a legacy as a pioneer in the field of 
geotechnical engineering for his contribution to retaining 
wall design. 

 

Coulomb or Coulombs may refer to: 

 Charles-Augustin de Coulomb (1736–1806), French 
physicist, also:  

o Coulomb, a unit of electric charge 

o Coulomb's law, in electrostatics 

o Coulomb blockade, an increased resistance of 
certain electronic devices 

o Coulomb barrier, the energy barrier that two 
nuclei need to overcome to undergo nuclear fu-
sion 

o Coulomb collision, a collision between two 
particles when the force between them is given 
by Coulomb's law 

o Coulomb damping, a type of constant mechan-
ical damping 

o Coulomb friction, a friction model which is not 
proportional to velocity and depends only on 
the direction of movement 

o Coulomb operator, a quantum mechanical op-
erator used in quantum chemistry 

o Coulomb stress transfer, an interaction crite-
rion important in the study of earthquakes 

o Mohr-Coulomb theory, a mathematical model 
describing the response of certain materials to 
stresses 

o Coulomb (crater), a lunar crater 

 Coulomb Affair, a conflict between Emma and 
Alexis Coulomb and Blavatsky and the Theosophi-
cal Society 

Definition 

One coulomb is the amount of electric charge trans-
ported in one second by a steady current of one ampere. 

 1 1 1C A s   (1) 

One coulomb is also the amount of excess charge on the 
positive side of a capacitance of one farad charged to a po-
tential difference of one volt: 

 1 1 1C F V   (2) 

Charge is the fundamental property of a matter that ex-
hibit electrostatic attraction or repulsion over other matter. 
Electric charge is a characteristic property of many sub-
atomic particles. The charges of free-standing particles are 
integer multiples of the elementary charge e; we say that 
electric charge is quantized. Michael Faraday, in his elec-
trolysis experiments, was the first to note the discrete nature 
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of electric charge. Robert Millikan's oil-drop experiment 
demonstrated this fact directly, and measured the elementa-
ry charge. 

By convention, the charge of an electron is −1, while 
that of a proton is +1. Charged particles whose charges 
have the same sign repel one another, and particles whose 
charges have different signs attract. Coulomb's law quanti-
fies the electrostatic force between two particles by assert-
ing that the force is proportional to the product of their 
charges, and inversely proportional to the square of the dis-
tance between them. 

The charge of an antiparticle equals that of the corres-
ponding particle, but with opposite sign. Quarks have frac-
tional charges of either −1⁄3 or +2⁄3, but free-standing 
quarks have never been observed (the theoretical reason for 
this fact is asymptotic freedom). 

The electric charge of a macroscopic object is the sum 
of the electric charges of the particles that make it up. This 
charge is often zero, because matter is made of atoms, and 
atoms all have equal numbers of protons and electrons. 
More generally, in every molecule, the number of anions 
(negatively charged atoms) equals the number of cations 
(positively charged atoms). When the net electric charge is 
non-zero and motionless, the phenomenon is known as stat-
ic electricity. Even when the net charge is zero, it can be 
distributed non-uniformly (e.g., due to an external electric 
field or to molecular motion), in which case the material is 
said to be polarized. The charge due to polarization is 
known as bound charge, while the excess charge brought 
from outside is called free charge. The motion of charged 
particles (especially the motion of electrons in metals) in a 
given direction is known as electric current,[16]. 

  a)              b) 

c) 

Fig. 22. a) positive electric charge, b )negative electric charge, c) 
electric charge. 

TORSION BALANCE,[3,16] 

The torsion balance, also called torsion pendulum, is 
a scientific apparatus for measuring very weak forces, 

usually credited to Charles-Augustin de Coulomb, who 
invented it in 1777, but independently invented by John 
Michell sometime before 1783. Its most well-known uses 
were by Coulomb to measure the electrostatic force be-
tween charges to establish Coulomb's Law, and by Henry 
Cavendish in 1798 in the Cavendish experiment[4] to 
measure the gravitational force between two masses to cal-
culate the density of the Earth, leading later to a value for 
the gravitational constant. 

 

Fig. 23. Drawing of Coulomb's torsion balance. From Plate 13 of 
his 1785 memoir,[3,16]. 

The torsion balance consists of a bar suspended from its 
middle by a thin fiber. The fiber acts as a very weak torsion 
spring. If an unknown force is applied at right angles to the 
ends of the bar, the bar will rotate, twisting the fiber, until it 
reaches an equilibrium where the twisting force or torque of 
the fiber balances the applied force. Then the magnitude of 
the force is proportional to the angle of the bar. The sensi-
tivity of the instrument comes from the weak spring con-
stant of the fiber, so a very weak force causes a large rota-
tion of the bar. 

In Coulomb's experiment, the torsion balance was an in-
sulating rod with a metal-coated ball attached to one end, 
suspended by a silk thread. The ball was charged with a 
known charge of static electricity, and a second charged 
ball of the same polarity was brought near it. The two 
charged balls repelled one another, twisting the fiber 
through a certain angle, which could be read from a scale 
on the instrument. By knowing how much force it took to 
twist the fiber through a given angle, Coulomb was able to 
calculate the force between the balls. Determining the force 
for different charges and different separations between the 
balls, he showed that it followed Coulomb's law. 

To measure the unknown force, the spring constant of 
the torsion fiber must first be known. This is difficult to 
measure directly because of the smallness of the force. Ca-
vendish accomplished this by a method widely used since: 
measuring the resonant vibration period of the balance. If 
the free balance is twisted and released, it will oscillate 
slowly clockwise and counterclockwise as a harmonic os-
cillator, at a frequency that depends on the moment of iner-
tia of the beam and the elasticity of the fiber. Since the iner-
tia of the beam can be found from its mass, the spring con-
stant can be calculated. 
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Coulomb first developed the theory of torsion fibers and 
the torsion balance in his 1785 memoir, Recherches theori-
ques et experimentales sur la force de torsion et sur l'elas-
ticite des fils de metal &c. This led to its use in other scien-
tific instruments, such as galvanometers, and the Nichols 
radiometer which measured the radiation pressure of light. 
In the early 1900 s gravitational torsion balances were used 
in petroleum prospecting. Today torsion balances are still 
used in physics experiments. In 1987, gravity researcher 
A.H. Cook wrote: 

 The most important advance in experiments on gravita-
tion and other delicate measurements was the introduction 
of the torsion balance by Michell and its use by Cavendish. 
It has been the basis of all the most significant experiments 
on gravitation ever since. 

The most important advance in experiments on gravita-
tion and other delicate measurements was the introduction 
of the torsion balance by Michell and its use by Cavendish. 
It has been the basis of all the most significant experiments 
on gravitation ever since,[16]. 

The fundamental equation of electrostatics is Coulomb's 
law, which describes the force between two point charges. 
The magnitude of the electrostatic force between two point 
electric charges is directly proportional to the product of the 
magnitudes of each charge and inversely proportional to the 
square of the distance between the charges, Q1 and Q2, 

 1 2
2

04

Q Q
F

r
  (3) 

where ε0 is the electric constant, a defined value: 
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in    A2s4kg-1m-3  or  C2N-1m-2  or  Fm-1. 

The electric field (in units of volts per meter) is defined 
as the force (in newtons) per unit charge (in coulombs). 
From this definition and Coulomb's law, it follows that the 
magnitude of the electric field E created by a single point 
charge Q is], 
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The electric field (in units of volts per meter) at a point 
is defined as the force (in newtons) per unit charge (in cou-
lombs) on a charge at that point, 

 F qE
 

. (6) 

From this definition and Coulomb's law, it follows that 
the magnitude of the electric field E created by a single 
point charge Q is: 
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The electric field produced by a distribution of charges 

given by the volume charge density  r


 is obtained by a 

triple integral of a vector function: 
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GALVANOMETER,[3,16] 

A galvanometer is a type of ammeter: an instrument for 
detecting and measuring electric current. It is an analog 
electromechanical transducer that produces a rotary deflec-
tion of some type of pointer in response to electric current 
flowing through its coil. The term has expanded to include 
uses of the same mechanism in recording, positioning, and 
servomechanism equipment. 

The deflection of a magnetic compass needle by current 
in a wire was first described by Hans Oersted in 1820. The 
phenomenon was studied both for its own sake and as a 
means of measuring electrical current. The earliest galva-
nometer was reported by Johann Schweigger at the Univer-
sity of Halle on 16 September 1820. André-Marie Ampère 
also contributed to its development. Early designs increased 
the effect of the magnetic field due to the current by using 
multiple turns of wire; the instruments were at first called 
"multipliers" due to this common design feature. The term 
"galvanometer", in common use by 1836, was derived from 
the surname of Italian electricity researcher Luigi Galvani, 
who discovered in 1771 that electric current could make a 
frog's leg jerk. 

Originally the instruments relied on the Earth's magnet-
ic field to provide the restoring force for the compass 
needle; these were called "tangent" galvanometers and had 
to be oriented before use. Later instruments of the "astatic" 
type used opposing magnets to become independent of the 
Earth's field and would operate in any orientation. The most 
sensitive form, the Thompson or mirror galvanometer, was 
invented by William Thomson (Lord Kelvin) and patented 
by him in 1858. Instead of a compass needle, it used tiny 
magnets attached to a small lightweight mirror, suspended 
by a thread; the deflection of a beam of light greatly magni-
fied the deflection due to small currents. Alternatively the 
deflection of the suspended magnets could be observed 
directly through a microscope. 

See electrostatic field ,[16]  

http://boardreader.com/thread/Electrostatic_Potential_fr
om_a_uniform_l_9qlmX909g.html 

ELECTROSTATIC POTENTIAL,[1-16] 

The electrostatic force is a conservative force. This 
means that the work it does on a particle depends only on 
the initial and final position of the particle, and not on the 
path followed. With each conservative force, a potential 
energy can be associated. The introduction of the potential 
energy is useful since it allows us to apply conservation of 
mechanical energy which simplifies the solution of a large 
number of problems.  

Because the electric field is irrotational, it is possible to 
express the electric field as the gradient of a scalar function, 
called the electrostatic potential (also known as the vol-
tage). An electric field, E, points from regions of high po-
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tential, φ, to regions of low potential, expressed mathemati-

cally as E  
 

. 

The electrostatic potential at a point can be defined as 
the amount of work per unit charge required to move a 
charge from infinity to the given point. 

The mutual electrostatic potential energy of two charges 
is equal to the potential energy of a charge in the electros-
tatic potential generated by the other. That is to say, if 

charge q1 generates an electrostatic potential 1( )r , 

which is a function of position r, then 2 1 2( )rEU q  .  

Also, a similar development gives 1 2 1( )rEU q  . 

This can be generalized to give an expression for a 
group of N charges, qi at positions ri: 

 
1

( )
2

r
N

E i i
i

U q   (9) 

where, for each i value, 1( )ri  is the electrostatic po-

tential due to all point charges except the one at ri. 

The factor of one half accounts for the 'double counting' 
of charge pairs. For example, consider the case of just two 
charges. 

Alternatively, the factor of one half may be dropped if 
the sum is only performed once per charge pair. This is 
done in the examples below to cut down on the math. 

The electrostatic potential energy of a system containing 
only one point charge is zero, as there are no other sources 
of electrostatic potential against which an external agent 
must do work in moving the point charge from infinity to 
its final location. One should carefully consider the possi-
bility of the point charge interacting with its own electros-
tatic potential. However, since such a potential at the loca-
tion of the point charge itself is infinite, this "self-energy" is 
intentionally excluded from an evaluation of the total (fi-
nite) electrostatic potential energy of the system. Moreover, 
one may argue that since the electrostatic potential due to 
the point charge itself provides no work in moving the point 
charge around this interaction is unimportant for most pur-
poses.  

WILLIAM THOMSON, 1ST BARON KELVIN (OR LORD 

KELVIN) ,[16]   

Did more than any other electrician up to his time in in-
troducing accurate methods and apparatus for measuring 
electricity. As early as 1845 he pointed out that the experi-
mental results of William Snow Harris were in accordance 
with the laws of Coulomb. In the Memoirs of the Roman 
Academy of Sciences for 1857 he published a description of 
his new divided ring electrometer, based on the old elec-
troscope of Johann Gottlieb Friedrich von Bohnenberger 
and he introduced a chain or series of effective instruments, 
including the quadrant electrometer, which cover the entire 
field of electrostatic measurement. He invented the current 
balance, also known as the Kelvin balance or Ampere bal-
ance (SiC), for the precise specification of the ampere, the 
standard unit of electric current. 

 

Fig. 24. William Thomson, 1st Baron Kelvin (or Lord Kelvin),  
of Largs (1824–1907) Born 26 June 1824 Belfast, Ireland ; Died 

17 December 1907 aged 83), Largs ; Residence Belfast, Glasgow, 
Cambridge ; Nationality United Kingdom of Great Britain and 
Ireland ; Institutions University of Glasgow ; Alma mater Glas-

gow University Peterhouse, Cambridge ; Academic advisors Wil-
liam Hopkins ; Notable students William Edward Ayrton William 
Murray Morrison ; Known for : Joule–Thomson  effect ; Thomson 
effect (thermoelectric) ; Mirror galvanometer ; Siphon recorder; 

Kelvin material ;Kelvin water dropper; Kelvin wave ; Kelvin–
Helmholtz instability; Kelvin–Helmholtz mechanism ; Kelvin–

Helmholtz luminosity ; Kelvin transform ; Absolute Zero ; Kelvin's 
circulation theorem ; Kelvin bridge ; Kelvin sensing ; Kelvin equ-
ation ; Magnetoresistance; Four-terminal sensing; Coining the 

term 'kinetic energy' ; Influences : John Pringle,  Nichol, 
Humphry Davy, Julius Robert von Mayer; Influenced : Andrew 
Gray ; Notable awards : Smith's Prize , Royal Medal , Copley 

Medal 

Family 

 

Fig. 25. Thomson family tree 

Thomson family tree: James Thomson (mathematician), 
James Thomson (engineer), and William Thomson, were all 
professors at Glasgow University; the later two, through 
their association with William Rankine, another Glasgow 
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professor, worked to form one of the founding schools 
thermodynamics.  

William Thomson, 1st Baron Kelvin (or Lord Kel-
vin), OM, GCVO, PC, PRS, PRSE, (26 June 1824 – 17 
December 1907) was a Belfast-born mathematical physicist 
and engineer. At the University of Glasgow he did impor-
tant work in the mathematical analysis of electricity and 
formulation of the first and second Laws of Thermodynam-
ics, and did much to unify the emerging discipline of phys-
ics in its modern form. He also had a career as an electric 
telegraph engineer and inventor, which propelled him into 
the public eye and ensured his wealth, fame and honour. 
For his work on the transatlantic telegraph project he was 
Knighted by Queen Victoria, becoming Sir William Thom-
son. He had extensive maritime interests and was most 
noted for his work on the mariner's compass, which had 
previously been limited in reliability. 

Lord Kelvin is widely known for developing the basis 
of absolute zero, and for this reason a unit of temperature 
measure is named after him. On his ennoblement in honour 
of his achievements in thermodynamics, and of his opposi-
tion to Irish Home Rule, he adopted the title Baron Kelvin 
of Largs and is therefore often described as Lord Kelvin. 
He was the first UK scientist to be elevated to the House of 
Lords. The title refers to the River Kelvin, which flows 
close by his laboratory at the university of Glasgow, Scot-
land. His home was the imposing red sandstone mansion, 
Netherhall, in Largs on the Firth of Clyde. Despite offers of 
elevated posts from several world renowned universities 
Lord Kelvin refused to leave Glasgow, remaining Professor 
of Natural Philosophy for over 50 years, until his eventual 
retirement from that post. The Hunterian Museum at the 
University of Glasgow has a permanent exhibition on the 
work of Lord Kelvin including many of his original papers, 
instruments and other artifacts. 

HELMHOLTZ : ELECTROSTATIC "POTENTIAL FUNCTION 

OF THE FREE ELECTRICITY",[1-16] 

 

Fig. 26. Hermann von Helmholtz , Born August 31, 1821 Pots-
dam, Kingdom of Prussia ; Died:  September 8, 1894 (aged 73), 

Charlottenburg, German Empire ; Residence Germany ; National-
ity Germany ; Fields Physics and physiology ; Institutions : Uni-
versity of Königsberg , University of Bonn , University of Heidel-

berg , University of Berlin ;  Alma mater Royal Friedrich-Wilhelm 
Institute ; Doctoral advisor Johannes Peter Müller ; Doctoral 
students : Albert Abraham Michelson , Wilhelm Wien , William 
James , Heinrich Hertz , Michael I. Pupin , Friedrich Schottky , 

Arthur Gordon Webster ; Other notable students : Henry Augustus 
Rowland , Wilhelm Wundt ; Known for : Conservation of energy , 

Helmholtz free energy. 

Hermann Ludwig Ferdinand von Helmholtz (August 31, 
1821 – September 8, 1894) was a German physician and 
physicist who made significant contributions to several 
widely varied areas of modern science. In physiology and 
psychology, he is known for his mathematics of the eye, 
theories of vision, ideas on the visual perception of space, 
color vision research, and on the sensation of tone, percep-
tion of sound, and empiricism. In physics, he is known for 
his theories on the conservation of energy, work in electro-
dynamics, chemical thermodynamics, and on a mechanical 
foundation of thermodynamics. As a philosopher, he is 
known for his philosophy of science, ideas on the relation 
between the laws of perception and the laws of nature, the 
science of aesthetics, and ideas on the civilizing power of 
science. A large German association of research institu-
tions, the Helmholtz Association, is named after him. 

Helmholtz was the son of the Potsdam Gymnasium 
headmaster, Ferdinand Helmholtz, who had studied classic-
al philology and philosophy, and who was a close friend of 
the publisher and philosopher Immanuel Hermann Fichte. 
Helmholtz's work is influenced by the philosophy of Fichte 
and Kant. He tried to trace their theories in empirical mat-
ters like physiology. 

As a young man, Helmholtz was interested in natural 
science, but his father wanted him to study medicine at the 
Charité because there was financial support for medical 
students. 

Helmholtz wrote about many topics ranging from the 
age of the Earth to the origin of the solar system. 

Helmholtz" redirects here. For the lunar impact crater, 
see Helmholtz (lunar crater). 

OHM'S LAW ,[1-16] 

Problems : 

 The electrical resistance   

 Electrical resistivity (also known as specific elec-
trical resistance or volume resistivity) 

 Surface resistance(also known as specific electrical 
resistance or Surface resistivity) 

The law was proposed by physicist Georg Ohm in 1843. 
Hermann von Helmholtz elaborated the law into what is 
often today known as Ohm's acoustic law, by adding that 
the quality of a tone depends solely on the number and rela-
tive strength of its partial simple tones, and not on their 
relative phases. Helmholtz championed the law in opposi-
tion to contrary evidence expounded by August Seebeck. 

Georg Simon Ohm (16 March 1789 – 6 July 1854) was 
a German physicist. As a high school teacher, Ohm began 
his research with the recently invented electrochemical cell, 
invented by Italian Count Alessandro Volta. Using equip-
ment of his own creation, Ohm determined that there is a 
direct proportionality between the potential difference 
(voltage) applied across a conductor and the resultant elec-
tric current – now known as Ohm's law. 
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Using the results of his experiments, Ohm was able to 
define the fundamental relationship among voltage, current, 
and resistance, which represents the true beginning of elec-
trical circuit analysis. 

 

Fig. 27. Georg Simon Ohm, Born 16 March 1789, Erlangen, 
Germany ; Died 6 July 1854 (aged 65), Munich, Germany ; Resi-
dence Germany ; Nationality German ; Fields Physics ; Institu-

tions University of Munich ; (1789-03-16) Alma mater University 
of Erlangen ; Doctoral advisor Karl Christian von Langsdorf ; 

Known for : Ohm's law , Ohm's phase law , Ohm's acoustic law , 
Notable awards Copley Medal (1841). 

Georg Simon Ohm was born at Erlangen, Bavaria, son 
to Johann Wolfgang Ohm, a locksmith and Maria Elizabeth 
Beck, the daughter of a tailor in Erlangen. They were a 
Protestant family. Although his parents had not been for-
mally educated, Ohm's father was a respected man who had 
educated himself to a high level and was able to give his 
sons an excellent education through his own teachings. 
Some of Ohm's brothers and sisters died in their childhood, 
only three survived. The survivors, including Georg Simon, 
were his younger brother Martin, who later became a well-
known mathematician, and his sister Elizabeth Barbara. His 
mother died when he was ten. 

From early childhood, Georg and Martin were taught by 
their father who brought them to a high standard in mathe-
matics, physics, chemistry and philosophy. Georg Simon 
attended Erlangen Gymnasium from age eleven to fifteen 
where he received little in the area of scientific training, 
which sharply contrasted with the inspired instruction that 
both Georg and Martin received from their father. This cha-
racteristic made the Ohms bear a resemblance to the Ber-
noulli family, as noted by Karl Christian von Langsdorf, a 
professor at the University of Erlangen. 

His father, concerned that his son was wasting the edu-
cational opportunity, sent Ohm to Switzerland where, in 
September 1806, he took up a post as a mathematics teach-
er in a school in Gottstadt bei Nydau. 

Karl Christian von Langsdorf left the University of Er-
langen in early 1809 to take up a post in the University of 
Heidelberg and Ohm would have liked to have gone with 
him to Heidelberg to restart his mathematical studies. 
Langsdorf, however, advised Ohm to continue with his stu-
dies of mathematics on his own, advising Ohm to read the 
works of Euler, Laplace and Lacroix. Rather reluctantly 
Ohm took his advice but he left his teaching post in 

Gottstadt bei Nydau in March 1809 to become a private 
tutor in Neuchâtel. For two years he carried out his duties 
as a tutor while he followed Langsdorf's advice and contin-
ued his private study of mathematics. Then in April 1811 
he returned to the University of Erlangen. 

His studies had stood him in good position for his re-
ceiving a doctorate from Erlangen on 25 October 1811 and 
immediately joined the staff as a mathematics lecturer. Af-
ter three semesters Ohm gave up his university post be-
cause of unpromising prospects while he couldn't make 
both ends meet with the lecturing post. The Bavarian gov-
ernment offered him a post as a teacher of mathematics and 
physics at a poor quality school in Bamberg and he took up 
the post there in January 1813. Feeling unhappy with his 
job, Georg devoted to writing an elementary book on Geo-
metry as a way to prove his true ability. The school was 
then closed down in February 1816. The Bavarian govern-
ment sent him to an overcrowded school in Bamberg to 
help out with the mathematics teaching. 

After that, he sent the manuscript to King Wilhelm III 
of Prussia upon its completion. The King was satisfied with 
Georg's work and he offered Ohm a position at a Jesuit 
Gymnasium of Cologne on 11 September 1817. Thanks to 
the school's reputation for science education, Ohm found 
himself required to teach physics as well as mathematics. 
Luckily, the physics lab was well-equipped, so Ohm de-
voted himself to experimenting on physics. Being the son 
of a Mathematically. Cologne's Jesuit College did not laud 
his work and Ohm resigned his professorial position there 
and instead applied to and was employed by the Polytech-
nic school of Nuremberg (Nürnberg). 

He came to the polytechnic school of Nuremberg in 
1833, and in 1852 became professor of experimental phys-
ics in the university of Munich, where he later died. He is 
buried in the Alter Südfriedhof in Munich. 

Ohm's law first appeared in the famous book Die galva-
nische Kette, mathematisch bearbeitet (The Galvanic Cir-
cuit Investigated Mathematically) (1827) in which he gave 
his complete theory of electricity. The book begins with the 
mathematical background necessary for an understanding 
of the rest of the work. While his work greatly influenced 
the theory and applications of current electricity, it was 
coldly received at that time. It is interesting that Ohm 
presents his theory as one of contiguous action, a theory 
which opposed the concept of action at a distance. Ohm 
believed that the communication of electricity occurred 
between "contiguous particles" which is the term Ohm him-
self used. The paper is concerned with this idea, and in par-
ticular with illustrating the differences in scientific ap-
proach between Ohm and that of Fourier and Navier. A 
detailed study of the conceptual framework used by Ohm in 
formulating Ohm's law has been presented by Archibald. 
Ohm's acoustic law, sometimes called the acoustic phase 
law or simply Ohm's law, states that a musical sound is 
perceived by the ear as a set of a number of constituent pure 
harmonic tones. It is well known to be not quite true. 

His writings were numerous. The most important was 
his pamphlet published in Berlin in 1827, with the title Die 
galvanische Kette mathematisch bearbeitet. This work, the 
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germ of which had appeared during the two preceding years 
in the journals of Schweigger and Poggendorff, has exerted 
an important influence on the development of the theory 
and applications of electric current. Ohm's name has been 
incorporated in the terminology of electrical science in 
Ohm's Law (which he first published in Die galvanische 
Kette...), the proportionality of current and voltage in a re-
sistor, and adopted as the SI unit of resistance, the ohm 
(symbol Ω). 

Although Ohm's work strongly influenced theory, at 
first it was received with little enthusiasm. However, his 
work was eventually recognized by the Royal Society with 
its award of the Copley Medal in 1841.[3] He became a 
foreign member of the Royal Society in 1842, and in 1845 
he became a full member of the Bavarian Academy of 
Sciences and Humanities. 

The ability to quantitatively measure voltage and cur-
rent allowed Georg Ohm to formulate Ohm's Law, which 
states that the voltage across a conductor is directly propor-
tional to the current through it. 

GAUSS'S LAW,[1-16] 

Gauss' law states that "the total electric flux through a 
closed surface is proportional to the total electric charge 
enclosed within the surface." The constant of proportionali-
ty is the permittivity of free space. 

 

Fig. 28. Carl Friedrich Gauss (1777–1855), painted by Christian 
Albrecht Jensen, Born 30 April 1777 Braunschweig, Electorate of 
Brunswick-Lüneburg, Holy Roman Empire    23 February 1855 
(aged 77) Göttingen, Kingdom of Hanover ; Residence Kingdom 

of Hanover ; Nationality German ; Fields Mathematician and 
physicist ; Institutions University of  Göttingen ; Alma mater Uni-
versity of  Helmstedt ; Doctoral advisor Johann Friedrich Pfaff ; 

Other academic advisors : Johann Christian Martin Bartels ; 
Doctoral students : Friedrich , Bessel , Christoph ,  Gudermann , 
Christian , Ludwig , Gerling , Richard, Dedekind , Johann Encke , 
Johann Listing , Bernhard , Riemann , Christian ,  Peters , Moritz 

Cantor ; Other notable students:  August Ferdinand Möbius , 
Julius Weisbach , L. C. Schnürlein ; Known for : Carl Friedrich 
Gauss Prize, a mathematics award; Degaussing, to demagnetize 

an object; Gauss (unit), a unit of magnetic field (B); Gauss–
Bolyai–Lobachevsky space, a hyperbolic geometry; Gauss–Bonnet 

theorem, a theorem about curvature in differential geometry; 
Gauss–Codazzi equations ; Gauss–Jordan elimination, a method 
in linear algebra ; Gauss–Kronrod quadrature formula ; Gauss–
Kuzmin–Wirsing constant, a constant in number theory ; Gauss–
Manin connection, a connection on a vector bundle over a family 
of algebraic varieties ; Gauss–Markov process ; Gauss–Markov 

theorem ; Gauss–Laplace pyramid, sometimes called the Burt–
Adelson pyramid; Gauss linking integral (knot theory) ; Gauss 
iterated map (dynamical systems) ; Gauss–Krüger coordinate 
system ; Gauss–Seidel method ; Gauss–Newton algorithm ; 

Gauss–Legendre algorithm ; Gauss–Lucas theorem ; Gauss' prin-
ciple of least constraint ; Gauss's constant, the reciprocal of the 

AGM of 1 and , in number theory ; Gauss's continued frac-
tion, an analytic continued fraction derived from the hypergeome-

tric functions ; Gauss's digamma theorem, a theorem about the 
digamma function ; Gauss error function ; Gauss' generalization 
of Wilson's theorem ; Gauss gun ; Gauss's hypergeometric theo-
rem, an identity on hypergeometric series ; Gauss's law, giving 
the relationship between flux through a closed surface and the 

enclosed source ; Gauss's law for magnetism ; Gauss's lemma in 
relation to polynomials ; Gauss's lemma in number theory ; Gauss 
map ; Gauss Peninsula, East Greenland ; Gauss sum, an exponen-

tial sum over Dirichlet characters; Gauss' theorem may refer to 
the divergence theorem, which is also known as the Ostro-
gradsky–Gauss theorem; Gauss composition ; Generalized 

Gauss–Bonnet theorem ; Gauss pseudospectral method ; Gauss 
Tower . Topics including "Gaussian" : Additive white Gaussian 

noise ; Gaussian beam ; Gaussian binomial coefficient, also 
called Gaussian polynomial or Gaussian coefficient ; Gaussian 
blur, a technique in image processing ; Gaussian curvature ; 

Gaussian distribution, also named the Normal distribution, a type 
of probability distribution ; Gaussian elimination ; Gaussian func-

tion of Gaussian distribution ; Gaussian filter ; Gaussian fixed 
point ; Gaussian free field ; Gaussian graph ; Gaussian gravita-
tional constant ; Gaussian grid ; Gaussian's modular arithmetic ; 

Gaussian integer ; Gaussian integral ; Gaussian isoperimetric 
inequality ; Gaussian measure ; Gaussian model; see Variogram ; 

Gaussian network model ; Gaussian method ; Gaussian noise ; 
Gaussian optics ; Gaussian orbital ; Gaussian period ; Gaussian 
polynomial; see Gaussian binomial coefficient ; Gaussian prime ; 

Gaussian process ; Gaussian quadrature; Gaussian rational ; 
Gaussian smoothing ; Gaussian surface ; Gaussian year ; Inverse 
Gaussian distribution, also known as the Wald distribution ; The 
GAUSSIAN software program ; Other notable achievements of 
Gauss - Proofs for conjectured theorems- Gauss's proofs : The 

quadratic reciprocity law, The fundamental theorem of algebra , 
Fermat polygonal number theorem for n = 3 proofs for theorems 

he discovered himself , Discovered and proved the theorema 
egregium ; Gauss's identities : Gauss multiplication formula may 
refer to the multiplication theorem , Gauss interpolation formula , 
Gauss-Kummer series , Gauss formula , Gauss transformation ; 
Gauss's inequality ; Gauss theorems (two theorems) about the 

Euler function ; Gauss test .  Gauss conjectures : The prime num-
ber theorem ; Gauss–Kuzmin distribution, the distribution of in-

tegers in a continued fraction ; Gauss circle problem ; Gauss 
class number problem ; Gauss made progress toward proving the 

Kepler conjecture. 

Johann Carl Friedrich Gauss (pronounced /ˈɡaʊs/; 

German: Gauß  , Latin: Carolus Fridericus Gauss) (30 
April 1777 – 23 February 1855) was a German mathemati-
cian and scientist who contributed significantly to many 
fields, including number theory, statistics, analysis, diffe-
rential geometry, geodesy, geophysics, electrostatics, as-
tronomy and optics. 

Sometimes referred to as the Princeps mathematicorum 
(Latin, "the Prince of Mathematicians" or "the foremost of 
mathematicians") and "greatest mathematician since antiq-
uity," Gauss had a remarkable influence in many fields of 
mathematics and science and is ranked as one of history's 
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most influential mathematicians. He referred to mathemat-
ics as "the queen of sciences."  

Gauss was a child prodigy. There are many anecdotes 
pertaining to his precocity while a toddler, and he made his 
first ground-breaking mathematical discoveries while still a 
teenager. He completed Disquisitiones Arithmeticae, his 
magnum opus, in 1798 at the age of 21, though it was not 
published until 1801. This work was fundamental in conso-
lidating number theory as a discipline and has shaped the 
field to the present day. 

For other uses, see Gauss (disambiguation),[16]. 

Gauss's Law The total of the electric flux out of a closed 
surface is equal to the charge enclosed divided by the per-
mittivity,[3,16]. 

 

Fig. 29.[3] 

The electric flux through an area is defined as the elec-
tric field multiplied by the area of the surface projected in a 
plane perpendicular to the field. Gauss's Law is a general 
law applying to any closed surface. It is an important tool 
since it permits the assessment of the amount of enclosed 
charge by mapping the field on a surface outside the charge 
distribution. For geometries of sufficient symmetry, it sim-
plifies the calculation of the electric field. 

Another way of visualizing this is to consider a probe of 
area A which can measure the electric field perpendicular to 
that area. If it picks any closed surface and steps over that 
surface, measuring the perpendicular field times its area, it 
will obtain a measure of the net electric charge within the 
surface, no matter how that internal charge is configured.  

Gauss' law states that "the total electric flux through a 
closed surface is proportional to the total electric charge 
enclosed within the surface". 

Mathematically, Gauss's law takes the form of an 
integral equation: 

 0 .
S V

E d A dV    
 

  (10) 

Alternatively, in differential form, the equation becomes 

 0 .E   
 

 (11) 

where 


 is the divergence operator. 

POISSON'S EQUATION,[1,3,16] 

In mathematics, Poisson's equation is a partial differen-
tial equation with broad utility in electrostatics, mechanical 
engineering and theoretical physics. It is named after the 
French mathematician, geometer and physicist Siméon-
Denis Poisson. The Poisson equation is 

 f   (12) 

where Δ is the Laplace operator, and f and φ are real or 
complex-valued functions on a manifold. When the mani-

fold is Euclidean space, the Laplace operator is often de-

noted as 
2  and so Poisson's equation is frequently writ-

ten as 

 
2 .f   (13) 

In three-dimensional Cartesian coordinates, it takes the 
form 

 

2 2 2
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 (14) 

For vanishing f, this equation becomes Laplace's equa-
tion 

 0.   (15) 

The Poisson equation may be solved using a Green's 
function; a general exposition of the Green's function for 
the Poisson equation is given in the article on the screened 
Poisson equation. There are various methods for numerical 
solution. The relaxation method, an iterative algorithm, is 
one example. 

 

Fig. 30. Siméon Denis Poisson (1781-1840), Born  21 June 
1781(1781-06-21) , Pithiviers, Loiret,  Died  25 April 1840 

(aged 58) Sceaux, Hauts-de-Seine, France ; Nationality France; 
Fields Mathematics ; Institutions : École, Polytechnique , Bureau 
des  Longitudes , Faculté des  Sciences , École de Saint-Cyr , Al-
ma mater :  École , Polytechnique ; Doctoral advisor : Joseph 

Louis ,  Lagrange ; Doctoral students : Michel Chasles , Lejeune , 
Dirichlet , Joseph Liouville ; Other notable students : Nicolas 
Léonard Sadi Carnot ; Known for : Poisson process ; Poisson 

equation; Poisson kernel; Poisson distribution; Poisson regres-
sion; Poisson summation formula; Poisson's spot; Poisson's ratio; 

Poisson zeros; Conway–Maxwell–Poisson distribution ; Euler–
Poisson–Darboux equation. 

Siméon-Denis Poisson (21 June 1781 – 25 April 1840), 
was a French mathematician, geometer, and physicist. The 

name is pronounced [simeɔ̃ dəni pwasɔ̃] in French. "Pois-
son" redirects here. For other persons and things bearing 
this name, see Poisson (disambiguation). Poisson was born 
in Pithiviers, Loiret. In 1798, he entered the École Poly-
technique in Paris as first in his year, and immediately be-
gan to attract the notice of the professors of the school, who 
left him free to make his own choices as to what he would 
study. In 1800, less than two years after his entry, he pub-
lished two memoirs, one on Étienne Bézout's method of 
elimination, the other on the number of integrals of a finite 
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difference equation. The latter was examined by Sylvestre-
François Lacroix and Adrien-Marie Legendre, who recom-
mended that it should be published in the Recueil des sa-
vants étrangers, an unprecedented honour for a youth of 
eighteen. This success at once procured entry for Poisson 
into scientific circles. Joseph Louis Lagrange, whose lec-
tures on the theory of functions he attended at the École 
Polytechnique, recognized his talent early on, and became 
his friend (the Mathematics Genealogy Project lists La-
grange as his advisor, but this may be an approximation); 
while Pierre-Simon Laplace, in whose footsteps Poisson 
followed, regarded him almost as his son. The rest of his 
career, till his death in Sceaux near Paris, was almost en-
tirely occupied by the composition and publication of his 
many works and in fulfilling the duties of the numerous 
educational positions to which he was successively ap-
pointed.Immediately after finishing his studies at the École 
Polytechnique, he was appointed répétiteur (teaching assis-
tant) there, a position which he had occupied as an amateur 
while still a pupil in the school; for his schoolmates had 
made a custom of visiting him in his room after an unusual-
ly difficult lecture to hear him repeat and explain it. He was 
made deputy professor (professeur suppléant) in 1802, and, 
in 1806 full professor succeeding Jean Baptiste Joseph 
Fourier, whom Napoleon had sent to Grenoble. In 1808 he 
became astronomer to the Bureau des Longitudes; and 
when the Faculté des Sciences was instituted in 1809 he 
was appointed professor of rational mechanics (professeur 
de mécanique rationelle). He went on to become a member 
of the Institute in 1812, examiner at the military school 
(École Militaire) at Saint-Cyr in 1815, graduation examiner 
at the École Polytechnique in 1816, councillor of the uni-
versity in 1820, and geometer to the Bureau des Longitudes 
succeeding Pierre-Simon Laplace in 1827.In 1817, he mar-
ried Nancy de Bardi and with her he had four children. His 
father, whose early experiences had led him to hate aristo-
crats, bred him in the stern creed of the First Republic. 
Throughout the Revolution, the Empire, and the following 
restoration, Poisson was not interested in politics, concen-
trating on mathematics. He was appointed to the dignity of 
baron in 1821; but he neither took out the diploma or used 
the title. In 1823, he was elected a foreign member of the 
Royal Swedish Academy of Sciences. The revolution of 
July 1830 threatened him with the loss of all his honours; 
but this disgrace to the government of Louis-Philippe was 
adroitly averted by François Jean Dominique Arago, who, 
while his "revocation" was being plotted by the council of 
ministers, procured him an invitation to dine at the Palais 
Royal, where he was openly and effusively received by the 
citizen king, who "remembered" him. After this, of course, 
his degradation was impossible, and seven years later he 
was made a peer of France, not for political reasons, but as 
a representative of French science.Like many scientists of 
his time, he was an atheist.As a teacher of mathematics 
Poisson is said to have been extraordinarily successful, as 
might have been expected from his early promise as a 
répétiteur at the École Polytechnique. As a scientific work-
er, his productivity has rarely if ever been equalled. Not-
withstanding his many official duties, he found time to pub-
lish more than three hundred works, several of them exten-

sive treatises, and many of them memoirs dealing with the 
most abstruse branches of pure mathematics, applied ma-
thematics, mathematical physics, and rational mechanics.A 
list of Poisson's works, drawn up by himself, is given at the 
end of Arago's biography. All that is possible is a brief 
mention of the more important ones. It was in the applica-
tion of mathematics to physics that his greatest services to 
science were performed. Perhaps the most original, and 
certainly the most permanent in their influence, were his 
memoirs on the theory of electricity and magnetism, which 
virtually created a new branch of mathematical phys-
ics.Next (or in the opinion of some, first) in importance 
stand the memoirs on celestial mechanics, in which he 
proved himself a worthy successor to Pierre-Simon Lap-
lace. The most important of these are his memoirs Sur les 
inégalités séculaires des moyens mouvements des planètes, 
Sur la variation des constantes arbitraires dans les questions 
de mécanique, both published in the Journal of the École 
Polytechnique (1809); Sur la libration de la lune, in Con-
naissances des temps (1821), etc.; and Sur le mouvement de 
la terre autour de son centre de gravité, in Mémoires de 
l'Académie (1827), etc. In the first of these memoirs Pois-
son discusses the famous question of the stability of the 
planetary orbits, which had already been settled by La-
grange to the first degree of approximation for the disturb-
ing forces. Poisson showed that the result could be ex-
tended to a second approximation, and thus made an impor-
tant advance in planetary theory. The memoir is remarkable 
inasmuch as it roused Lagrange, after an interval of inactiv-
ity, to compose in his old age one of the greatest of his 
memoirs, entitled Sur la théorie des variations des éléments 
des planètes, et en particulier des variations des grands axes 
de leurs orbites. So highly did he think of Poisson's memoir 
that he made a copy of it with his own hand, which was 
found among his papers after his death. Poisson made im-
portant contributions to the theory of attraction. 

The definition of electrostatic potential, combined with 
the differential form of Gauss's law (above), provides a 
relationship between the potential φ and the charge density 
ρ: 

 
2

0

.





    (16) 

This relationship is a form of Poisson's equation. Where 

0  is vacuum permittivity. 

LAPLACE'S EQUATION,[1,3,16] 

Pierre-Simon, marquis de Laplace (23 March 1749 – 5 
March 1827) was a French mathematician and astronomer 
whose work was pivotal to the development of mathemati-
cal astronomy and statistics. He summarized and extended 
the work of his predecessors in his five volume Mécanique 
Céleste (Celestial Mechanics) (1799–1825). This work 
translated the geometric study of classical mechanics to one 
based on calculus, opening up a broader range of problems. 
In statistics, the so-called Bayesian interpretation of proba-
bility was mainly developed by Laplace. He formulated 
Laplace's equation, and pioneered the Laplace transform 
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which appears in many branches of mathematical physics, a 
field that he took a leading role in forming. 

 

Fig. 31. Pierre-Simon Laplace (1749–1827). Posthumous portrait 
by Madame Feytaud, 1842. Born 23 March 1749 ,Beaumont-en-
Auge, Normandy, France; Died 5 March 1827 (aged 77), Paris, 
France ; Residence France ; Nationality French ; Fields : Astro-
nomer and Mathematician ; Institutions : École Militaire (1769–
1776); Alma mater : University of Caen ; Academic advisors :  

Jean d'Alembert , Christophe , Gadbled , Pierre Le Canu ; Doc-
toral students : Simeon Denis Poisson ; Known for : Work in Ce-

lestial Mechanics , Laplace's equation , Laplacian , Laplace 
transform , Laplace distribution , Laplace's demon , Laplace ex-

pansion , Young–Laplace equation, Laplace number, Laplace 
limit , Laplace invariant . 

The Laplacian differential operator, widely used in ap-
plied mathematics, is also named after him.He restated and 
developed the nebular hypothesis of the origin of the solar 
system and was one of the first scientists to postulate the 
existence of black holes and the notion of gravitational col-
lapse.He is remembered as one of the greatest scientists of 
all time, sometimes referred to as a French Newton or New-
ton of France, with a phenomenal natural mathematical 
faculty superior to any of his contemporaries. He became a 
count of the First French Empire in 1806 and was named a 
marquis in 1817, after the Bourbon Restoration. "Laplace" 
redirects here. For the city in Louisiana, see LaPlace, Loui-
siana. For the joint NASA-ESA space mission, see Europa 
Jupiter System Mission. 

In the absence of unpaired electric charge, the equation 
becomes 

 
2 0   (17) 

which is Laplace's equation. 

NUMERICAL TECHNIQUES FOR 

ELECTROSTATICS,[1,2,6,8,13,15,16] 

Numerical values 

In nature very large charges exist, e.g. hundreds of cou-
lombs are separated in thunderstorms, whereas in man-
made applications charges as small as 1 pC may be impor-
tant. 

Electric field strength exceeding 0.5 MVim over large 
distances in air leads to electric discharges or breakdown. 
Locally and for small distances, over ten times higher val-
ues are possible. 

The highest voltages occur in thunderstorms -hundreds 
of MV. Charged persons often have voltages over several 
kV against earth. Contact potentials are in the order of one 
volt. 

Resistivities cover a large range and the relaxation times 
vary from10-17 s for metals to 103 s for air and still more 
for good insulators in dry air. It is important to realize that 
the linear relations between voltage and current and the 
concept of exponential relaxation 

break down at large values of the electric field strength. 

The capacitance of the earth is approximately one farad, 
that of a man about 100 pF and the input capacitance of a 
good electrostatic instrument a few pF or even less. 

The electric field strength is often so high that new 
charges are created by ionization. On the other hand 
charges may be removed at such a high rate from the me-
dium that the conductivity is determined by the rate of crea-
tion of new charges by different mechanisms, e.g. radioac-
tivity. Under these circumstances the concept of resistivity 
can no longer be used. 

Mathematical model 

A mathematical model is always an approximation to 
real physical problems. We can distinguish from a mathe-
matical point of view two different kinds of problems that 
are of interest to electrostatics. 

The first one is a time dependent problem or a problem 
of evolution as a function of time from time to. An example 
of the Cauchy problem is particle kinetics: 

 0 0" ( , , ') ( ) '( ) .u f t u u u t u t     (18) 

where u is the dependent variable. This is also called the 
initial value problem. The generalization in several dimen-
sions would be parabolic equations.  

The second kind of problem is a problem of equili-
brium. It is also called the boundary value problem. An 
example of the Dirichlet problem is the computation of 
electric potentials and particle charging: 

 0 1" ( , , ') ( ) ( ) .u f x u u u x u x  α   (19) 

and we seek a solution x   .                        

The problem is time independent. When generalizing in 
several dimensions, the mathematical problem is 

(20) 

The subscript i may indicate different types of boundary 
conditions. The mathematical model is translated into a 
numerical code that should follow the best algorithm. An 
algorithm is defined with respect to its robustness, its 
speed, its flexibility, and its portability, while the program 
must be readable, user-friendly, and divided into small sub-
routines. We shall describe only a few basic ideas and basic 
algorithms with some em- 

phasis toward modern algorithms. 

When possible, it is recommended not to write all of the 
programs but rather to use library programs. They may be-
long to the IMSL library or the NAG library or to some 
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more specialized library such as the French library 
MODULEF on finite elements. 

FINITE ELEMENT MODELING OF ELECTROSTATIC 

FIELDS ,[16] 

Finite Element modelling provides a powerful tool for 
visualisation of fields in an electrostatic system. Using FE 

techniques the designer can rapidly investigate the perfor-
mance of electrode system designs early in the development 
stage. Alternative designs and modifications can be eva-
luated, giving a high degree of confidence in the perfor-
mance, before a prototype system is constructed. 

 

Fig. 32. A- elektrode system,[16]: a).. Above: A guarded touch sensitive electrode system (above) behind a plastic panel (horizontal 
band) is approached by a finger from below. Colour bands represent electric field with red as the highest and blue the lowest field 

strength. The black lines are contours of equal electric potential (voltage). b)  Above: A conductor at elevated voltage separated from a 
ground plane by a dielectric layer, for example a track on a double sided circuit board. The colour bands indicate electric potential (vol-
tage). c)  Below: A coaxial rectangular conductor at elevated voltage within a circular grounded outer electrode. The colour bands indi-

cate electric potential 

ELECTROSTATIC POTENTIAL DIFFERENCE V= U1 -U2 

(VOLTAGE),[1-16] 

The strength of the attraction or of the repulsion force 
depends upon two factors:  (1) the amount of charge on 
each object, and (2) the distance between the objects.   The 
greater the charge on the objects, the greater the electrostat-
ic field.   The greater the distance between the objects, the 
weaker  the  electrostatic  field  between  them,  and  vice 
 versa.    This  leads  us  to  the  law  of electrostatic attrac-
tion, commonly referred to as Coulomb’s Law of electros-
tatic charges, which states that the force of electrostatic 
attraction, or repulsion, is directly proportional to the prod-
uct of  the  two  charges  and  inversely  proportional  to 
 the  square  of  the  distance  between  them  as shown in 
Equation 1-1. (1-1) F K q1 q2 d2 where F = force of elec-
trostatic attraction or prepulsion (Newtons) K = constant of 
proportionality (Coulomb2/N-m2) q1 = charge of first par-
ticle (Coulombs) q2 = charge of second particle (Coulombs) 
d = distance between two particles (Meters) If  q1   and 
 q2   are  both  either Fig. 33.    Potential Difference Be-
tween Two Charged Objects positively or negatively 
charged, the force is repulsive. If    q1    and    q2    are    op-
posite polarity or charge, the force is attractive. 

Potential difference is the term used to describe how 
large the electrostatic  force  is  between two   charged ob-
jects. If   a charged body is placed between   two   objects 
with   a potential difference, the charged body will try to 
move in   one   direction,   depending upon the polarity of 
the object.   If an electron is placed between a negatively-
charged body and a positively-charged body, the action due 
to the potential difference is to push the electron toward the 
positively-charged object.   The electron, being negatively 
charged, will be repelled from the negatively-charged ob-

ject and attracted by the positively-charged object, as 
shown in Fig. 33. 

A 

 

  

 

B 

    

Fig. 33. A and B - Potential Difference Between Two Charged 
Objects,[16] 
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In electronics, the idea of Potential Difference (p.d.) is 
more important than the concept of electrostatic potential, 
upon which it is based. To understand the meaning of p.d. 
consider the situation shown in the diagram. For the sake of 
example, we can take a situation where one object has a 
negative potential, V1 = -4 Volts and the other has a posi-
tive potential, V2 = +3 Volts. The total energy released 
when an electron escapes the first object and falls on to the 
second object is E = e(V1 - V2) = -1.6×10-19×(-7) = 1.1×10-

18 Joules . The electron gained ‘4 volts worth’ of energy 
escaping from the negatively charged object, and another ‘3 
volts worth’ when it fell on to the positively charged object. 
In effect it fell through a total change in potential of 7 volts. 
The total energy gained came from the total potential dif-
ference between its starting and finishing locations.  

Now, if the destination object had been negatively 
charges to, say, -1 volts, the electron would have gained 4 
volts worth of energy escaping the first object, but will 
have then lost 1 volts worth in joining the second object. So 
the total energy it gained would have been just 3 volts. 
Once again, so far as the electron is concerned, the only 
thing that matters is the difference in voltage between 
where it starts and where it ends up. The individual poten-
tials taken separately do not really matter, what matters is 
the difference between them. If the place where the electron 
started was at -110 V, and the place where it ended was at -
100 V, it would have dropped through 10 V. If it started at 
+356 V and finished at +366 V it would have dropped 
through 10 V. The energy it would have liberated would 
have been the same in both cases. However, if it started at -
95 V and moved to -105 V it would have had to overcome a 
10 V potential difference. It would therefore have to be 
given 10 V worth of energy. When an electron moves to a 
‘more positive’ place than where it started some energy is 
released (given to the electron). To make an electron move 
to a ‘more negative’ place than where it starts, we have to 
give the electron some extra energy. This distinguishes 
movements of electrons (current) which ‘charge’ something 
(electrons moved to make their destination more negative) 
from movements which ‘discharge’ something (electrons 
move away from the more negative places). We can use the 
potential difference between two places to provide the 
energy required to push electrons around, making them do 
useful things like light a room or produce sound from a hi-
fi. However, the energy stored will quickly be used up and 
the potentials everywhere will settle to the same value un-
less we have some way of 'pumping up' some fresh elec-
trons and maintaining a useful potential difference. 

In the example illustrated above, the electron 'drop' 
from negative to positive through a light bulb. The flow of 
electrons represents an Electric Circuit through the bulb. If 
we use a suitable power supply to return electrons to the 
negative reservoir as fast as they flow through the bulb, 
then we maintain a steady potential difference across the 
bulb. If we multiply the current (number of electrons per 
second times their charge) by the potential difference we 
will get the value of the amount of electric energy per 
second going into the bulb. This power (energy divided by 
time) appears as light and heat. The bulb is an example of 
an electrical load - something which consumes electric 

power. Provided the power supply can maintain a steady 
voltage, the brightness of the bulb will remain constant. In 
order to keep the system working we need a closed loop 
around which the electrons can move. This is why the term 
electric Circuit is used. In the case shown above you can 
see that the electrons flow around a loop from the power 
supply (pump) to the negative reservoir, then through the 
lamp to the positive reservoir, and finally back to the power 
supply. If the circuit is broken, then this flow cannot be 
maintained. 

ELECTROSTATIC POTENTIAL ENERGY AND POTENTIAL 

DIFFERENCE,[1-16] 

The electrostatic force is conservative – potential energy 
can be defined Change in electric potential energy(PE) is 
negative of work done by electric force: 

 

Fig. 34. The Accelerations of Positive and Negative 
Charges,[13,16]. A positive test charge is released from A and 

accelerates towards B. Upon reaching B, the test charge continues 
to accelerate toward C. Assuming that only motion along the line 

is possible, what will a negative test charge do when released 
from rest at B ? 

Electric potential is defined as potential energy per unit 
charge: 

 
PEa

aV
q

  (21) 

Unit of electric potential: the volt (V), 1 V = 1 J/C. 

The Electron Volt, a Unit of Energy 

One electron volt (eV) is the energy gained by an elec-
tron moving through a potential difference of one volt. 

 
191 1.6 10eV J   (22) 

Electric Potential Due to Point Charges 

The electric potential due to a point charge can be de-
rived using calculus.  

 
0

1
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r r
   (23) 
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Fig. 35. These plots show the potential due to (a) positive and (b) 
negative charge,[16] 

 

Fig. 36. Electric Potential Due to Point Charges,[3] 

Using potentials instead of fields can make solving 
problems much easier – potential is a scalar quantity, whe-
reas the field is a vector,[16]. 

Only changes in potential can be measured, allowing 
free assignment of V = 0. 

Wba : work done by moving q from a to b. 

 
PE PE Wb a ba

ba b aV V V
q q


      (24) 

Analogy between gravitational and electricalpotential 
energy: 

 

 

Fig. 37.[3] 

An equipotential is a line or surface over which the po-
tential is constant. Electric field lines are perpendicular to 
equipotentials. The surface of a conductor is an equipoten-
tial,[1,3,16]. 

 

 

Fig. 38. Equipotential Lines,[1,3] 

Equipotential: line or surface along which potential 
is the same 

Electric potential of a point charge: 

0

1

4

Q Q
V k

r r
  . 

Capacitor: nontouching conductors carrying equal 
and opposite charge 

 Capacitance: 0;
A

Q CV C
d

                                         

 Capacitance of a parallel-plate capacitor: 

- A dielectric is an insulator 

- Dielectric constant gives ratio of total field to ex-
ternal field 

 Energy density in electric field: 

2
0

PE 1

2
energy density E

volume
  . 

TRIBOELECTRIC SERIES,[1,2,4,6,9] 

The triboelectric effect is a type of contact electrifica-
tion in which certain materials become electrically charged 
when they are brought into contact with a different material 
and then separated. One of the materials acquires a positive 
charge, and the other acquires an equal negative charge. 
The polarity and strength of the charges produced differ 
according to the materials, surface roughness, temperature, 
strain, and other properties. Amber, for example, can ac-
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quire an electric charge by friction with a material like 
wool. This property, first recorded by Thales of Miletus, 
was the first electrical phenomenon investigated by man. 
Other examples of materials that can acquire a significant 
charge when rubbed together include glass rubbed with 
silk, and hard rubber rubbed with fur. 

The triboelectric effect (also known as triboelectric 
charging) is a type of contact electrification in which cer-
tain materials become electrically charged after they come 
into contact with another different material and are then 
separated (such as through rubbing). The polarity and 
strength of the charges produced differ according to the 
materials, surface roughness, temperature, strain, and other 
properties. 

Thus, it is not very predictable, and only broad generali-
zations can be made. Amber, for example, can acquire an 
electric charge by contact and separation (or friction) with a 
material like wool. This property, first recorded by Thales 
of Miletus, suggested the word "electricity", from the Greek 
word for amber, ēlektron. Other examples of materials that 
can acquire a significant charge when rubbed together in-
clude glass rubbed with silk, and hard rubber rubbed with 
fur. 

Materials are often listed in order of the polarity of 
charge separation when they are touched with another ob-
ject. A material towards the bottom of the series, when 
touched to a material near the top of the series, will attain a 
more negative charge, and vice versa. The further away two 
materials are from each other on the series, the greater the 
charge transferred. Materials near to each other on the se-
ries may not exchange any charge, or may exchange the 
opposite of what is implied by the list. This depends more 
on the presence of rubbing, the presence of contaminants or 
oxides, or upon properties other than on the type of materi-
al. Lists vary somewhat as to the exact order of some mate-
rials, since the charge also varies for nearby materials. 

Although the word comes from the Greek for "rubbing", 
τρίβω (τριβή: friction), the two materials only need to come 
into contact and then separate for electrons to be ex-
changed. After coming into contact, a chemical bond is 
formed between some parts of the two surfaces, called ad-
hesion, and charges move from one material to the other to 
equalize their electrochemical potential. This is what 
creates the net charge imbalance between the objects. When 
separated, some of the bonded atoms have a tendency to 
keep extra electrons, and some a tendency to give them 
away, though the imbalance will be partially destroyed by 
tunneling or electrical breakdown (usually corona dis-
charge). In addition, some materials may exchange ions of 
differing mobility, or exchange charged fragments of larger 
molecules. 

The triboelectric effect is related to friction only be-
cause they both involve adhesion. However, the effect is 
greatly enhanced by rubbing the materials together, as they 
touch and separate many times. For surfaces with differing 
geometry, rubbing may also lead to heating of protrusions, 
causing pyroelectric charge separation which may add to 
the existing contact electrification, or which may oppose 
the existing polarity. Surface nano-effects are not well un-

derstood, and the atomic force microscope has made sud-
den progress possible in this field of physics. 

Because the surface of the material is now electrically 
charged, either negatively or positively, any contact with an 
uncharged conductive object or with an object having sub-
stantially different charge may cause an electrical discharge 
of the built-up static electricity; a spark. A person simply 
walking across a carpet may build up a charge of many 
thousands of volts, enough to cause a spark one centimeter 
long or more. Low relative humidity in the ambient air in-
creases the voltage at which electrical discharge occurs by 
increasing the ability of the insulating material to hold 
charge and by  

decreasing the conductivity of the air, making it difficult 
for the charge build-up to dissipate gradually. Simply re-
moving a nylon shirt or corset can also create sparks, and 
car travel can lead to a build-up of charge on the metal car 
body (which acts as a Faraday cage). When the driver 
alights, sparks jump from frame to driver as he makes con-
tact with the ground. 

This type of discharge is often harmless because the 
energy (  (V2 * C)/2 ) of the spark is very small, being typi-
cally several tens of micro joules in cold dry weather, and 
much less than that in humid conditions. However, such 
sparks can ignite methane-air mixtures, and is a danger 
when leaks of natural gas occur in domestic buildings, for 
example. Gas leaks are a serious hazard and can cause 
physical damage and death. 

Aircraft flying in weather will develop a static charge 
from air friction on the airframe. The static can be dis-
charged with static dischargers or static wicks. 

NASA follows what they call the Triboelectrification 
Rule whereby they will cancel a launch if the launch ve-
hicle is predicted to pass through certain types of clouds. 
Flying through high-level clouds can generate “P-static” (P 
for precipitation), which can create static around the launch 
vehicle that will interfere with radio signals sent by or to 
the vehicle. This may prevent transmitting of telemetry to 
the ground or, if the need arises, to send a signal to the ve-
hicle, particularly any critical signal for the flight termina-
tion system. When a hold is put in place due to the triboe-
lectrification rule, it remains until Space Wing and observer 
personnel such as those in reconnaissance aircraft indicate 
that the skies are clear. 

The effect is of considerable industrial importance in 
terms of both safety and potential damage to manufactured 
goods. Static discharge is a particular hazard in grain eleva-
tors owing to the danger of a dust explosion. The spark 
produced is fully able to ignite flammable vapours, for ex-
ample, petrol, ether fumes as well as methane gas. For bulk 
fuel deliveries and aircraft fueling a grounding connection 
is made between the vehicle and the receiving tank prior to 
opening the tanks. When fueling vehicles at a retail station 
it is always good practice to touch both metal on the deli-
very nozzle and metal on the vehicle (simultaneously) be-
fore inserting the nozzle into the tank spout. 

Means have to be found to discharge carts which may 
carry such liquids in hospitals. Even where only a small 
charge is produced, this can result in dust particles being 
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attracted to the rubbed surface. In the case of textile manu-
facture this can lead to a permanent grimy mark where the 
cloth has been charged. Dust attraction may be reduced by 
treating insulating surfaces with an antistatic cleaning 
agent. 

Some electronic devices, most notably CMOS inte-
grated circuits and MOSFET transistors, can be accidental-
ly destroyed by high-voltage static discharge. Such compo-
nents are usually stored in a conductive foam for protection. 
Grounding oneself by touching the workbench, others, or 
using a special bracelet or anklet is standard practice while 
handling unconnected integrated circuits. Another way of 
dissipating charge is by using conducting materials such as 
carbon black loaded rubber mats in operating theatres, for 
example. 

Devices containing sensitive components must be pro-
tected from normal use, installation, and disconnection, 
accomplished by designed-in protection at external connec-
tions where needed. Protection may be through the use of 
more robust devices or protective countermeasures at the 
device's external interfaces. These may be opto-isolators, 
less sensitive types of transistors, and static bypass devices 
such as metal oxide varistors. 

CHARGE NEUTRALIZATION,[1-16] 

Natural electrostatic phenomena are most familiar as an 
occasional annoyance in seasons of low humidity, but can 
be destructive and harmful in some situations (e.g. electron-
ics manufacturing). When working in direct contact with 
integrated circuit electronics (especially delicate MOS-
FETs), or in the presence of flammable gas, care must be 
taken to avoid accumulating and suddenly discharging a 
static charge ESD  (electrostatic discharge). 

One of the causes of ESD events is static electricity. 
Static electricity is often generated through tribocharging, 
the separation of electric charges that occurs when two ma-
terials are brought into contact and then separated. Exam-
ples of tribocharging include walking on a rug, rubbing 
plastic comb against dry hair, ascending from a fabric car 
seat, or removing some types of plastic packaging. In all 
these cases, the friction between two materials results in 
tribocharging, thus creating a difference of electrical poten-
tial that can lead to an ESD event. 

Another cause of ESD damage is through electrostatic 
induction. This occurs when an electrically charged object 
is placed near a conductive object isolated from ground. 
The presence of the charged object creates an electrostatic 
field that causes electrical charges on the surface of the 
other object to redistribute. Even though the net electrostat-
ic charge of the object has not changed, it now has regions 
of excess positive and negative charges. An ESD event may 
occur when the object comes into contact with a conductive 
path. For example, charged regions on the surfaces of styro-
foam cups or plastic bags can induce potential on nearby 
ESD sensitive components via electrostatic induction and 
an ESD event may occur if the component is touched with a 
metallic tool. 

One of the causes of ESD events is static electricity. 
Static electricity is often generated through tribocharging, 

the separation of electric charges that occurs when two ma-
terials are brought into contact and then separated. Exam-
ples of tribocharging include walking on a rug, rubbing 
plastic comb against dry hair, ascending from a fabric car 
seat, or removing some types of plastic packaging. In all 
these cases, the friction between two materials results in 
tribocharging, thus creating a difference of electrical poten-
tial that can lead to an ESD event. 

Another cause of ESD damage is through electrostatic 
induction. This occurs when an electrically charged object 
is placed near a conductive object isolated from ground. 
The presence of the charged object creates an electrostatic 
field that causes electrical charges on the surface of the 
other object to redistribute. Even though the net electrostat-
ic charge of the object has not changed, it now has regions 
of excess positive and negative charges. An ESD event may 
occur when the object comes into contact with a conductive 
path. For example, charged regions on the surfaces of styro-
foam cups or plastic bags can induce potential on nearby 
ESD sensitive components via electrostatic induction and 
an ESD event may occur if the component is touched with a 
metallic tool. 

CHARGE INDUCTION,[1-16] 

Charge induction occurs when a negatively charged ob-
ject repels electrons from the surface of a second object. 
This creates a region in the second object that is more posi-
tively charged. An attractive force is then exerted between 
the objects. For example, when a balloon is rubbed, the 
balloon will stick to the wall as an attractive force is exerted 
by two oppositely charged surfaces (the surface of the wall 
gains an electric charge due to charge induction, as the free 
electrons at the surface of the wall are repelled by the nega-
tive balloon, creating a positive wall surface, which is sub-
sequently attracted to the surface of the balloon). You can 
explore the effect with a simulation of the balloon and static 
electricity. 

Electrostatic induction is a redistribution of electrical 
charge in an object, caused by the influence of nearby 
charges. Induction was discovered by British scientist John 
Canton in 1753 and Swedish professor Johan Carl Wilcke 
in 1762. Electrostatic generators, such as the Wimshurst 
machine, the Van de Graaff generator and the electropho-
rus, use this principle. Electrostatic induction should not be 
confused with electromagnetic induction; both are often 
referred to as 'induction'. 

GENERAL PROPER TIES OF ELEC TROSTA TIC 

PHENOMENA,[1-16] 

Electrostatic phenomena are generated by the separation 
of electric charges. Following Faraday these phenomena are 
characterized by the electric field with far-reaching lines of 
force starting on positive and ending on negative charges. 
The field lines provide a simple but genious method for 
understanding electrostatic phenomena and every student is 
recommended to achieve a working knowledge of this con-
cept. If a conductor is placed in the field, charges are pulled 
along the field lines towards the surface and generate afield 
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which completely cancels the original field inside the con-
ductor. The external field is now the sum of the original 
field and the field caused by the surface charges. The in-
duced field causes a displacement of the original charges if 
they are free to move and therefore the original field can be 
modified by the introduction of the conductor.  

Similar modification effects are caused by insulators in-
troduced in an electric field -in tffe first moment because of 
the polarization of molecules, later by the conduction of 
volume and surface charges at a rate described by the relax-
ation time t . All field lines usually end in the room, on 
charges in the ambient air, on charged persons, perhaps 
moving around, on chairs and tables and objects on the ta-
ble etc. 

PARAMETERS 

The most important parameters in electrostatic problems 
are 

Fundamental:  

 electric charge  Q , coulombs ( C ) 

 electric field strength  E ,volts/meter ( V/m ) 

 electrostatic potential  U and potential difference  
V= Ul -U2 , volt ( V ) 

 electrostatic energy W , joule ( J ) 

 

Derived:  

 capacitance C = Q / V , Farads ( F ) 

 relaxation time t , seconds ( s ) 

 electric permittivity  ε=kε0, ( C/Vm ) 

 electric resistivity ρ, ohm-meter ( Ohm m ) 

 

The electric field strength is often so high that new 
charges are created by ionization. On the other hand 
charges may be removed at such a high rate from the me-
dium that the conductivity is determined by the rate of crea-
tion of new charges by different mechanisms, e.g. radioac-
tivity. Under these circumstances the concept of resistivity 
can no longer be used. 

The electric field strength is the fundamental parameter 
in electrostatic problems. 

These equations are linear in form, indicating validity of 
the superposition principle. Nonlinear effects are, however, 
common and a warning is justified, e.g. in using Ohm's law. 

BASIC INSTRUMEN TS FOR ELECTROSTA TIC 

APPLICA TIONS,[13]  

A huge number of electrostatic field intensity meters are 
commercially available. Most of them are based on the ro-
tating or vibrating capacitor principle with phase sensitive 
amplification. The frequency response may reach some 
kHz, thus permitting the study of many transient "electros-
tatic" phenomena. Sensitivities better than 1 Vim are avail-
able and values in the MV/m range are realized e.g. by pro-
viding a purging air flow, others are intrinsically safe for 

measurements in explosive environments. Field intensity 
meters can be equipped with electric probes for use as elec-
trostatic voltmeters with a reasonably small input capacit-
ance. Other options transfer the meters to warning instru-
ments for detection of electrostatic charge in the close 
neighborhood. 

A problem which always accompanies the use of elec-
trostatic field intensity meters derives from the fact that 
they are connected to earth by a cable or by being hand-
held with the result that the measured value is proportional 
to the potential rather than to the local field strength. 

Besides the field intensity meters with electric probes 
there are electrostatic voltmeters with an input resistance in 
the order of  l015 ( Ohm m ) and a capacitance of some pF. 

Modern electronic amplifiers make it possible to meas-
ure potentials from volts (and even mV) up to many kV 
without contact even on semiconducting and insulating 
surfaces with a spatial resolution in the mm range. 

A number of instruments have been designed for special 
purposes, some are accepted as national standards. Exam-
ples are instruments for measurement of  

 resistivity of hard or soft materials or of powders  

 control of charge on persons 

 resistance of floors in buildings  

 performance and field testing of electrophotographic 
devices 

 contact potentials 

 effects of antistatic additives 

 charge relaxation times 

 field strength in electric power installations. 

 

Common and important is the measurement of electric 
charge. The net charge on a body can be measured as fol-
lows. The body is placed inside a large Faraday cage with 
the surface Sand with dimensions large compared to the 
charged body. The field strength E is measured at one or 
more points of the cage. The charge is calculated according 
to Gauss' law. Abetter method involves the use of a double 
Faraday cage. 

A surface charge density can in principle be determined 
by measuring the external field strength. The disturbance 
caused by the instrument may be considerable and has to be 
corrected for. 

PRACTICAL COMPLICATIONS,[13] 

The charge distribution is almost always unknown and 
the measurements will produce a weighted average which 
can be the small difference between large positive and large 
negative charges. The space and time resolution of the in-
strument will be the main limiting factor. Another limit is 
often set by the shortest distance at which measurements 
are possible. 

The magnitude of local values of the electric field 
strength is unknown which means that there is risk for non-
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linear effects, ionization of the air or another kind of pro-
duction of new charges or elimination of existing charges 
during the measurement. 

The configuration of conducting and nonconducting, 
charged or uncharged objects in the surroundings may 
change from time to time and significantly influence the 
measurement. The existence of large charges on persons is 
almost a rule. 

Ambient temperature and humidity and atmospheric ion 
concentration may have a serious effect on the measure-
ment and must always be controlled. The time to reach 
equilibrium is sometimes extremely long. 

STATIC ELECTRICITY,[1-16] 

Before the year 1832, when Michael Faraday published 
the results of his experiment on the identity of electricities, 
physicists thought "static electricity" was somehow differ-
ent from other electrical charges. Michael Faraday proved 
that the electricity induced from the magnet, voltaic elec-
tricity produced by a battery, and static electricity are all the 
same. 

Static electricity is usually caused when certain mate-
rials are rubbed against each other, like wool on plastic or 
the soles of shoes on carpet. The process causes electrons to 
be pulled from the surface of one material and relocated on 
the surface of the other material. 

A static shock occurs when the surface of the second 
material, negatively charged with electrons, touches a posi-
tively-charged conductor, or vice-versa. 

Static electricity is commonly used in xerography, air 
filters, and some automotive paints. Static electricity is a 
build up of electric charges on two objects that have be-
come separated from each other. 

 

Fig. 39. Static electricity,[16]. 

Small electrical components can easily be damaged by 
static electricity. Component manufacturers use a number 
of antistatic devices to avoid this. 

STATIC ELECTRICITY AND CHEMICAL INDUSTRY,[4,16] 

When different materials are brought together and then 
separated, an accumulation of electric charge can occur 
which leaves one material positively charged while the oth-
er becomes negatively charged. The mild shock that you 
receive when touching a grounded object after walking on 

carpet is an example of excess electrical charge accumulat-
ing in your body from frictional charging between your 
shoes and the carpet. 

 

Fig. 40. Static electricity and chemical industry,[16]. 

The resulting charge build-up upon your body can gen-
erate a strong electrical discharge. Although experimenting 
with static electricity may be fun, similar sparks create se-
vere hazards in those industries dealing with flammable 
substances, where a small electrical spark may ignite explo-
sive mixtures with devastating consequences. 

A similar charging mechanism can occur within low 
conductivity fluids flowing through pipelines—a process 
called flow electrification. Fluids which have low electrical 
conductivity (below 50 picosiemens per meter, where pico-
siemens per meter is a measure of electrical conductivity), 
are called accumulators. Fluids having conductivities above 
50 pS/m are called non-accumulators. In non-accumulators, 
charges recombine as fast as they are separated and hence 
electrostatic charge generation is not significant. In the pe-
trochemical industry, 50 pS/m is the recommended mini-
mum value of electrical conductivity for adequate removal 
of charge from a fluid. 

An important concept for insulating fluids is the static 
relaxation time. This is similar to the time constant (tau) 
within an RC circuit. For insulating materials, it is the ratio 
of the static dielectric constant divided by the electrical 
conductivity of the material. For hydrocarbon fluids, this is 
sometimes approximated by dividing the number 18 by the 
electrical conductivity of the fluid. Thus a fluid that has an 
electrical conductivity of 1 pS/cm (100 pS/m) will have an 
estimated relaxation time of about 18 seconds. The excess 
charge within a fluid will be almost completely dissipated 
after 4 to 5 times the relaxation time, or 90 seconds for the 
fluid in the above example. 

Charge generation increases at higher fluid velocities 
and larger pipe diameters, becoming quite significant in 
pipes 8 inches (200 mm) or larger. Static charge generation 
in these systems is best controlled by limiting fluid veloci-
ty. The British standard BS PD CLC/TR 50404:2003 (for-
merly BS-5958-Part 2) Code of Practice for Control of Un-
desirable Static Electricity prescribes velocity limits. Be-
cause of its large impact on dielectric constant, the recom-
mended velocity for hydrocarbon fluids containing water 
should be limited to 1 m/s. 

Bonding and earthing are the usual ways by which 
charge buildup can be prevented. For fluids with electrical 
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conductivity below 10 pS/m, bonding and earthing are not 
adequate for charge dissipation, and anti-static additives 
may be required. 

Static electricity arises when materials in contact are se-
parated and the speed of charge movement on one or other 
surface is slow.  

If the time for charge movement is very short then 
charges of opposite polarity can move to the last point of 
contact and neutralise each other - then little charge is re-
tained. This occurs when, for example, two metals are sepa-
rated. If the time for charge movement on one material is 
very long, then charge will remain effectively static on that 
material when 

 the surfaces separate. If the other surface is a good 
conductor, but it is electrically isolated, then although 
charge can move across its surface it remains trapped on the 
conductor. With static charging no charges are actually 
created - only separated.  

The charge separation arises from differences in the 
electronic structure of the two surfaces. It is very much a 
surface effect and so very much influenced by the materials 
and by surface cleanliness.  

Charge separation occurs at individual surface separa-
tion events and in multiple and repetitive events. In the later 
case the repetitive separation is effectively a charging cur-
rent generator. The difficulty experienced by charge leaking 
away is then usually thought of, and described, as a resis-
tance. The limitations of this way of thinking will become 
apparent later.  

The present Notes are concerned primarily with static 
electricity in industry. Much of the interest is associated 
with the hazards and problems which static can cause. 
However, static is also used constructively. The following 
list indicates the range of ways that static can be of impor-
tance:  

 ignition of flammable gases: petrochemical, explo-
sives, plastics and printing and pharmaceutical in-
dustries (loss of plant/production, damage to per-
sonnel); 

 shocks to personnel: paper, packaging and printing 
industries (indirect risks of accidents and damage); 

 attraction of dust and debris: packaging and print-
ing (affects performance and cosmetic appearance); 

 cling of thin films: packaging film handling, lingerie 
(cling causes difficulties in handling, in wear and in 
appearance); 

 damage to semiconductor devices: (added costs in 
production and poor reliability); 

 upset operation of microelectronic systems: rele-
vant to malfunction of computer equipment, instru-
mentation and process control. 

The constructive uses of static are mainly in relation to 
transport and holding of particles to surfaces - for example: 
electrostatic precipitation, paint spraying, electrostatic 
clamping. 

The aim of the Lectures and these Notes is to inspire 
confidence:  

 in the ability to appreciate how, where and why 
static arises;  

 in making electrostatic measurements and assess-
ing their significance;  

 in considering actions to control or use static. 

With a better appreciation of static there is a better 
chance to recognise prospective problems in advance and 
choose materials and/or adjust processes to avoid risks and 
problems.  

It is important to appreciate that electrostatics is only 
ever a part of the overall 'system'. Electrostatic aspects must 
be viewed in conjunction with many other practical, per-
sonnel and economic factors.  

These Notes start with an outline of basic electrostatics 
followed by a discussion on measurements. These topics 
may seem to some a bit 'academic'. They are important be-
cause they form the basis for understanding and assessing 
practical problems. Not many people think about electros-
tatics as easily as they think about current flow and Ohm's 
Law - so it is important to come to terms with the basic 
concepts. In addition to references of published papers, at 
the end of each main section, a number of sources of infor-
mation are listed such as books, organisations running 
meetings, Websites and sources of standards documents.  

It is hoped these notes will be a useful guide and refer-
ence source - and will stir the imagination and enthusiasm! 

Applicable standards,[16] 

1. BS PD CLC/TR 50404:2003 Code of Practice for 
Control of Undesirable Static Electricity 

2. NFPA 77 (2007) Recommended Practice on Static 
Electricity 

3. API RP 2003 (1998) Protection Against Ignitions 
Arising Out of Static, Lightning, and Stray Currents 

STATIC ELECTRICITY, THE SILENT COMPUTER 

KILLER ,[16]  

Computer not booting, power light come on, fans are 
whirring the monitor on/off light turns from green to orange 
and signal not found appears and yet the computer fails to 
respond! 

The chances are you have a build up of static electricity. 

All of us are familiar with walking across a rug, reach-
ing out to touch a doorknob, and getting zapped by a charge 
of static electricity, what's technically known as electrostat-
ic discharge, or ESD. 

 

Fig. 41. Static Electricity, the Silent Computer Killer 
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For most of us, it's annoying; for some, dangerous 
(fireworks and explosive makers have to take special pre-
cautions to avoid static sparks); and for the sensitive elec-
tronics inside a PC, static can be a computer-killer. 

A little background: Static electricity is much more 
common than you might think, and most of it is created by 
a process called triboelectrification, when two materials 
touch (your fingers and your PC keyboard, for example) 
and then move apart or rub. Electrons are exchanged, and 
one object becomes electrically positive; the other electri-
cally negative. When you touch another object with an op-
posite charge, or a ground (neutral charge), electrons flow. 

Every time you plug a device into any computer system, 
static electricity can easily be transferred from any external 
device like the following. 

Digital cameras, I pods, Mobile phones, mice, key-
boards, flash memory sticks, external hard drives, speakers, 
network cables and the list goes on and on, basically if you 
need to plug it in, it can potentially cause damage. 

Low humidity in the computers environment helps the 
computer to build up static electricity.  Central heating in 
homes is a major contributor of low humidity in the winter 
months as is air conditioning in the summer months.  

The average person can carry up to 25,000 volts of stat-
ic charge at any given time. This sounds like a lot, but be-
cause the current level is low, you usually won't notice it. 
Just because you touched the dog's nose and he didn't yelp, 
it doesn't mean you are safe from ESD. 

Special care needs to be taken when working inside the 
computer system, to isolate static discharge. Wrist bands 
can be purchased that will give you a ground point, to dis-
charge static as it builds up while working on the insides of 
a computer system. Anti static mats can be purchased to 
stand the computer on and any tools that you are using. Just 
putting your screwdriver down onto a worktop can cause 
static build up, which is then passed into the computer sys-
tem. 

To help keep static to a minimum, keep the computer 
off any carpets and rugs, always tell the computer that you 
are removing a USB device before pulling it out, keep the 
computer out of the cold and maintain humidity (Humidifi-
ers are appropriate for this where there’s a lot of comput-
ers). Never work inside the computer without shielding 
yourself first. Please note: warranties will be voided by 
most companies if side panels removed on computer sys-
tem. Keep it safe and let the experts fit your hardware de-
vices, cheaper than buying a new computer at the end of the 
day. 

ELECTROSTATIC INDUCTION IN COMMERCIAL 

APPLICATIONS,[1-16] 

The principle of electrostatic induction has been har-
nessed to beneficial effect in industry for many years, be-
ginning with the introduction of electrostatic industrial 
painting systems for the economical and even application of 
enamel and polyurethane paints to consumer goods, includ-
ing automobiles, bicycles, and other products. 

In other words, electrostatics does not require the ab-
sence of magnetic fields or electric currents. Rather, if 
magnetic fields or electric currents do exist, they must not 
change with time, or in the worst-case, they must change 
with time only very slowly. In some problems, both elec-
trostatics and magnetostatics may be required for accurate 
predictions, but the coupling between the two can still be 
ignored. 

ELECTRIC POTENTIAL ENERGY,[1,3,6,8,9,16] 

Electric potential energy, or electrostatic potential ener-
gy, is a potential energy associated with the conservative 
Coulomb forces within a defined system of point charges. 
The term "electrostatic potential energy" is preferred here 
because it seems less likely to be misunderstood. The refer-
ence zero is usually taken to be a state in which the individ-
ual point charges are very well separated ("are at infinite 
separation") and are at rest. The electrostatic potential ener-
gy of the system (UE), relative to this zero, is equal to the 
total work W that must be done by a hypothetical external 
agent in order to bring the charges slowly, one by one, from 
infinite separation to the desired system configuration: 

 .EU W  (25) 

In this process the external agent is deemed to provide 
or absorb any relevant work, and the point charge being 
slowly moved gains no kinetic energy. 

Sometimes reference is made to the potential energy of 
a charge in an electrostatic field. This actually refers to the 
potential energy of the system containing the charge and 
the other charges that created the electrostatic field. 

To calculate the work required to bring a point charge 
into the vicinity of other (stationary) point charges, it is 
sufficient to know only (a) the total field generated by the 
other charges and (b) the charge of the point charge being 
moved. The field due to the charge being moved and the 
values of the other charges are note required. Nonetheless, 
in many circumstances it is mathematically easier to add up 
all the pairwise potential energies (as below). 

It is important to understand that electrostatics is a 18th-
19th-century theory of hypothetical entities called "point 
charges". Electrostatics is categorically not a complete 
theory of the charged physical particles that make up the 
physical world, and are subject to the Heisenberg uncertain-
ty principle and other laws of quantum mechanics. 

Electrostatic potential energy stored in a configura-
tion of discrete point charges 

The mutual electrostatic potential energy of two charges 
is equal to the potential energy of a charge in the electros-
tatic potential generated by the other. That is to say, if 

charge q1 generates an electrostatic potential 1( )r , 

which is a function of positio r, then 1 2 1( )rEU q  . 

Also, a similar development gives 2 1 2( )rEU q  . 

This can be generalized to give an expression for a 
group of N charges, qi at positions ri: 
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where, for each i value, ( )ri  is the electrostatic po-

tential due to all point charges except the one at ri.  

The factor of one half accounts for the 'double counting' 
of charge pairs. For example, consider the case of just two 
charges. 

Alternatively, the factor of one half may be dropped if 
the sum is only performed once per charge pair. This is 
done in the examples below to cut down on the math. 

One point charge 

The electrostatic potential energy of a system containing 
only one point charge is zero, as there are no other sources 
of electrostatic potential against which an external agent 
must do work in moving the point charge from infinity to 
its final location. One should carefully consider the possi-
bility of the point charge interacting with its own electros-
tatic potential. However, since such a potential at the loca-
tion of the point charge itself is infinite, this "self-energy" is 
intentionally excluded from an evaluation of the total (fi-
nite) electrostatic potential energy of the system. Moreover, 
one may argue that since the electrostatic potential due to 
the point charge itself provides no work in moving the point 
charge around this interaction is unimportant for most pur-
poses. 

Two point charges 

Consider bringing a second point charge, q2, into its fi-
nal position in the vicinity of the first point charge, q1. The 
electrostatic potential Φ(r) due to q1 is 

 1
1( ) e

q
r k

r
   (27) 

where ke is Coulomb's constant. In the International 
System of Quantities, which has been the preferred interna-
tional system since the 1970s and forms the basis for the 
definition of SI units, the Coulomb constant is given by, 
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where ε0 is the electric constant. Hence we obtain, 

 1 2

0 12

1

4
E

q q
U

r
  (29) 

where r12 is the distance between the two point charges. 

The electrostatic potential energy is negative if the 
charges have opposite sign and positive if the charges have 
the same sign. Negative mutual potential energy corres-
ponds to attraction between two point charges; positive 
mutual potential energy to repulsion between two point 
charges. 

Three or more point charges 

For three or more point charges, the electrostatic poten-
tial energy of the system may be calculated by the total 
amount of work done by an external agent in bringing indi-

vidual point charges into their final positions one after 
another. Thus, 

 1 3 2 31 2
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where 

q1, q2, ..., are the point charges 

rij   is the distance between the i  th  and  j  th point 
charges. 

Here, ε0 is the permittivity of free space. When the 
charge is in a medium the relative permittivity, ε=kε0, into 
account where k is the dielectric constant. 

ENERGY STORED IN AN ELECTROSTATIC FIELD 

DISTRIBUTION,[1,3,6,8,9,16] 

One may take the equation for the electrostatic potential 
energy of a continuous charge distribution and put it in 
terms of the electrostatic field. 

Since Gauss' law for electrostatic field in differential 
form states 
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where 

E is the electric field vector 

 ρ is the total charge density including dipole charges 
bound in a material. 

then, 
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so, now using the following divergence vector identity 
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we have 

3 30 0
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using the divergence theorem and taking the area to be 
at infinity where, 
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(35) 

So, the energy density, or energy per unit volume of the 
electrostatic field is: 



International PhD Seminar on Computational electromagnetics and optimization in electrical engineering – CEMOEE 2010 

10-13 September, Sofia, Bulgaria 

 

 
2

0

1
.

2
Eeu   (36) 

Energy in electronic elements 

Some elements in a circuit can convert energy from one 
form to another. For example, a resistor converts electrical 
energy to heat, and a capacitor stores it in its electric field. 

The total electrostatic potential energy stored in a capa-
citor is given by 

 
21

2
EU CV  (37) 

where C is the capacitance and V is the total electrostat-
ic potential. 

CONCLUSION 

Electrostatic Applications are the old/ new trade in the 
field of Electrotechnic sciences. 

Appearance of the new technologies demands even 
more scrutinizing in the field of Electrostatic Applications 
in order to be able to answer on more complicated technol-
ogical problems and procedures. 

Therefore we recommend attending a class and taking 
an exam of the  Electrostatic Applications on the University 
during the regular studies, and the Master’s and Doctoral 
degrees,too. 

Styding in the field of Electrostatic Applications implies 
precognitions from math, electrotechnic, electromagnetic, 
and the Theory of high voltage. 

On the University, Faculty of Electrical Engineering, 
the Master’s degree students are attending classes and tak-
ing an exam from the subject Electrostatic Applications. 

REFERENCES 

[1] Crowley, Joseph M., Fundamentals of applied electrostatics,  
Handbook. “A Wiley-Interscience publication “, JOHN 
WILEY & SONS, New York  Chichester  Brisbane Toronto 
Singapore,ISBN 0-471-80318-9,USA,1986. 

[2] Huges, John. F., Electrostatic power coating, Handbook. “A 
Wiley-Interscience publication “, JOHN WILEY & SONS, 
New York  Chichester  Brisbane Toronto Singapore,ISBN 0 
86380 018 1(Research Studies Press Ltd.),58B Station Road 
Letchworth,Herts.SG6 3BE,England,Department of Electric-
al Engineering, University of Southampton,1984. 

[3] Surutka, Jovan., Osnovi elektrotehnike,Prvi deo-
Elektrostatika,univerzitetski udžbenik.  “Naučna knji-
ga“,Univerzitet u Beogradu,Elektrotehnički fakultet Beo-
grad,06-3104/1 od 18 novembra 1977,III iz-
danje,Beograd,SFRJ,1980. 

[4] Jen-shih Chang, Arnold J.Kelly, Joseph M.Crowley., Hand-
book of electrostatic processes,  Handbook. “British Library 
of Congress Cataloging in-Publication Data “, Marcel Dekk-
er,Inc., 270 Madison Avenue,New York, New York  10016, 
USA,1995. 

[5] Greason, William D., Electrostatic damage in electronics: 
devices and systems,  Handbook. “British Library of Con-

gress Cataloging in-Publication Data “, JOHN WILEY & 
SONS INC., New York  Chichester  Brisbane Toronto Sin-
gapore,ISBN 0 86380 053 (Research Studies Press Ltd.), X 
Great Britain by Galliards (Printers) Ltd., Department of 
Electrical Engineering, University of Southampton,1987. 

[6] Taylor David M., Secker P.E., Industrial electrostatics: fun-
damentals and measurements, Handbook. “British Library 
of Congress Cataloging in-Publication Data “, JOHN WILEY 
& SONS INC., New York  Chichester  Brisbane Toronto 
Singapore,ISBN 0 86380 158 7 (Research Studies Press 
Ltd.),Printed in Great Britain by SRP Ltd., Exter, Research 
Studies Press Ltd., 24 Belvedere Road Taun-
ton,Somerset,England TA 1 1 HD, Department of Electrical 
Engineering, University of Southampton,1994.  

[7] Hughes John Farrell, Electrostatic particle charging: indus-
trial and health care applications, Handbook. “British Li-
brary of Congress Cataloging in-Publication Data “, JOHN 
WILEY & SONS INC., New York  Chichester  Brisbane To-
ronto Singapore,ISBN 0 86380 216 8 (Research Studies Press 
Ltd.),Printed in Great Britain by SRP Ltd., Exter, Research 
Studies Press Ltd., 24 Belvedere Road Taun-
ton,Somerset,England TA 1 1 HD, Department of Electrical 
Engineering, University of Southampton,1997.  

[8] Glor Martin, Electrostatic hazards in powder handling, 
Handbook. “ British Library of Congress Cataloging in-
Publication Data “, JOHN WILEY & SONS INC., New York  
Chichester  Brisbane Toronto Singapore,ISBN 0 86380 071 8 
(Research Studies Press Ltd.),Printed in Great Britain by SRP 
Ltd., Exter, Research Studies Press Ltd., 58B Station 
Road,Letchworth,Herts,SG6 3BE,England, Department of 
Electrical Engineering, University of Southampton,1988.  

[9] Haase, Heinz : Statische Elektrizität als Gefahr, Buch. Beur-
teilung und Bekämpfung,  “ Verlag Chemie 
GmbH,Weinheim/Bergstr.“ Colordruck Heidel-
berg,Verlagsnummer: 6804,Deutschland,Heidelberg,1968. 

[10] Berndt, Hartmut : Elektrostatic : Ursachen, Wirkungen, 
Schutzmaßnahmen,Messungen,Prüfngen,Normung, Buch. 
“ Hartmut Berndt.-Berlin;Offenbach:VDE-VERLAG,1998 
(VDE-Schriftenreihe;71:Normen verständlich),ISBN 0506-
6719,VDE-VERLAG GMBH,Berlin und Offen-
bach,Bismarckstraße 33,D-10625 Berlin,Druck: GAM Media 
GmbH,Berlin,Deutschland,1998. 

[11] Vetter, Claus: Fortschritt-Bericte VDI, Buch.  Reihe 
21,Elektrotechnik,Nr.283,Dreidimensionale numerische 
Feldberechnung mit Hilfe bikubischer Splinefunktionen, 
“VDI Verlag GmbH-Düsseldorf 1999 “,VDI Reihe 21 
Nr.283. Düsseldorf, Druck:Deutschland 1999., ISBN 0178-
9481, Deutschland,1999. 

[12] Baumgärtner,Hermann : EDS-elektrostatische Entladungen, 
Buch.” eine Zuverlässigkeitsproblem in Elektroindustrie/von 
Hermann Baumgärtner ; Reinhold Gärtner.-
München;Wien:Oldenbourg,1997,ISBN 86-23803-
5,NE:Gärtner,Reinhold:,R.Oldenbourg Verlag,Rosenheimer 
Straße 145,D-81671 München, http://www.oldenbourg.de, 
Deutschland,1997. 

[13] Lindquist,Stig, Electrostatic measurement techniques, Pa-
per.Published under the Institute of Physics imporint by IOP 
Publishing Ltd.,Techno House,Redcliffe Way,Bristol BS1 
6NX,England,242 Cherry Street,Philadelphia,PA 
19106,USA,International Conference on Electrostatic Phe-
nomena (7th:1987:st.Catherine’s Col-
lege,Oxford,England,ISBN 0-85498-177-2, 1987,pp. 307-
311. 

[14] Gaćanović Mićo, Hot,Ejup, A new solution for the static 
charge eliminators, Paper.Published under the Institute of 



International PhD Seminar on Computational electromagnetics and optimization in electrical engineering – CEMOEE 2010 

10-13 September, Sofia, Bulgaria 

 

Physics imporint by IOP Publishing Ltd.,Techno 
House,Redcliffe Way,Bristol BS1 6NX,England,242 Cherry 
Street,Philadelphia,PA 19106,USA,International Conference 
on Electrostatic Phenomena (7th:1987:st.Catherine’s Col-
lege,Oxford,England,ISBN 0-85498-177-2, 1987,pp. 91-96. 

[15] Halliday, David; Resnick, Robert; Walker, Jearl (1997). 
"Electric Potential" (in English). Fundamentals of Physics 
(5th ed.). John Wiley & Sons. ISBN 0-471-10559-7., 
Jearl,1997.  

[16] Retrieved from 
"http://en.wikipedia.org/wiki/Electric_potential_energy
" Categories: Energy in physics | Electrostatics | 
Electricity, page was last modified on 24 July 2010 at 
21:54. 

AU THOR 

Dr. Mićo Gaćanović was born in 1952. 
He is recognized and known internationally 
as a scientist in the field of applied electros-
tatics, where he has given his contribution 
through original solutions, which are pa-
tented in 136 countries throughout the 
world and applied in production. 

He received many prestigious world-
known awards and certificates for his crea-

tive work. Hence, he is included in the work of world groups of 
creativity, research and new technology in Brussels, Moscow, 
Pittsburgh and other world cities. He is also involved in research 
projects from the field of theoretical electrical engineering in 
Germany, Belgium and Russia. 


