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1 Discovery of Electricity 
 
The first know reference to what we now understand to be electricity appeared in 
Egyptian writings dating back to 2750 BC describing the shock that could be received by 
touching a certain species of fish that lived in the Nile River.  Ancient Greeks and 
Romans also described the numbing effect that could result from touching catfish and 
torpedo rays.  
 
Around 600 BC a Greek scientist named Thales of Miletus noticed that if amber 
(hardened tree sap) was rubbed with a piece of animal fur, it had the ability to pick up 
dust, small bits of leaves, and other similar small light object.  In fact, these objects 
jumped from a distance and stuck to the amber.  What Thales had discovered was static 
electricity. 
 

 

 
 

Figure 1  A piece of amber with imbedded insect  (source: Chemistry World) 
 

 
Thales is also credited with discovering the magnetic characteristics of lodestone, that is, 
the ability of lodestone to attract iron (Figure 2).  Lodestone not only attracts iron, it also 
magnetizes the iron as well, permitting the iron to in tern attract other iron object. 
 
Lodestone is a special type of magnetite which often occurs in igneous and metamorphic 
rocks and is found around the world.  However, lodestone is relatively rare compared to 
other forms of magnetite. 
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Figure 2   Iron nails clinging to a lodestone (source: Wikipedia) 
 
 
Scientist have long questioned how lodestone is formed and why it is relatively rare 
compared to other forms of magnetite.  An article by the National High Magnetic Field 
Laboratory (http://www.magnet.fsu.edu/education/tutorials/museum/lodestone.html) 
reports that Dr. Peter Wasilewski of NASA's Goddard Space Flight Center recently 
demonstrated that only magnetite with a specific composition and crystal structure has 
the potential to become lodestone. The pieces of magnetite that naturally realized this 
potential, Wasilewski believes, did so by being struck with lightning. The electric 
discharge that accompanies lightning creates a temporary, but very strong magnetic field. 
This field, Wasilewski argues, is strong enough to magnetize lodestone, while the earth’s 
magnetic field is not. Wasilewski has successfully demonstrated the magnetization of 
pieces of magnetite at a laboratory in New Mexico that specializes in lightning studies, 
providing strong support for his theory. 
 
The Chinese, in the 4th century BC, were the first to use the magnetic properties of 
lodestone to create a crude compass intended for navigation.  It consisted of a magnetized 
needle secured to a wooden fish which floated in a bowl of water.  The needle caused the 
fish to rotate so that it pointed in a north – south direction. 
 
French scholar Peter Peregrinus described lodestone experiments that he conducted and 
the description of a compass in his treatise "Epistola de magnete" written in 1269.  The 
treatise was actually a letter written to his friend Sigerus de Foucaucort.  In the letter 
Peregrinus revealed that a spherical lodestone contained two distinct magnetic poles and 
described the procedure of identifying the location of both poles.  The process consisted 
of placing an iron needle on the lodestone sphere.  In doing so, the needle adhered to the 
sphere and twisted to a particular orientation.  A line was drawn around the lodestone in 
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the direction of the needle.  The needle was moved to a different position on the 
lodestone and the process repeated.  This was done a number of times.  All of the lines 
crossed at two points.  These two points corresponded to the lodestone magnetic poles.  
To identify which pole was the north facing pole, Peregrinus suggested placing the 
lodestone sphere in a wooden dish such that the axis between the sphere's two poles was 
horizontal.  The dish was then placed in a much larger container of water.  The floating 
dish slowly rotated until one of the lodestone poles faced north while the other faced 
south.  Peregrinus explained that every lodestone fragment, however small, is a complete 
magnet containing two poles.  In addition, like poles repelled each other while unlike 
poles attracted one an other.  Peregrinus described a compass consisting of an elongated 
piece of lodestone placed in a wooden capsule which was then floated in a container of 
water.  The capsule rotated until it pointed north and south 
  

1.1 The Scientific Revolution  
 
For over a thousand years static electricity remained only an interesting phenomenon.  In 
1600 William Gilbert, an English physician, physicist and natural philosopher made a 
careful study of the static electricity produced by rubbing amber.  Gilbert also invented 
an electroscope (Figure 3), an instrument used to measure the presence of electric charge.  
Gilbert's crude electroscope consisted of a light metallic needle balanced on a pivot like a 
compass needle.  Gilbert used the device to prove that other types of material, in addition 
to amber, could be electrified by rubbing them with wool and other material.  Gilbert is 
credited with originating the term electric meaning "like amber in attractive properties".  

 
 

 
 

 
Figure 3   Gilbert’s Electroscope  (source: Wikipedia) 

 
 
Gilbert and his study of static electricity were part of the scientific revolution that marked 
the emergence of modern science.  The scientific revolution began in Europe toward the 
end of the Renaissance era with rapid developments in astronomy, mathematics, physics, 
chemistry, and biology.  These developments transformed the views of society.   
 
Copernicus published his book "On the Revolutions of the Celestial Spheres" just before 
his death in 1543 (see appendix: Heliocentric Universe).  Publication of this book is 
considered one of the major events in the history of science.  In the book Copernicus 
formulated his heliocentric model of the universe which places the Sun, rather than the 
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Earth, at the center of our solar system.  This view was so radical that it was vigorously 
and hotly opposed by most of society at the time. 
 
In 1605 Sir Francis Bacon published his book "The Proficiency and Advancement of 
Learning" in which he described what we now know as the scientific method.  His 
insistence on planned procedures for all scientific investigations marked a turning point 
in the theoretical framework of science.  Bacon was knighted in 1603 and thus became 
the first scientist to receive knighthood. 
 
The accomplishments of Italian physicist, mathematician, and astronomer Galileo Galilei 
(see appendix: Heliocentric Universe) include improvements to the telescope invented by 
Hans Lippershey in the Netherlands.  With his improved telescope, Galileo was able to 
make astronomical observations that supported Copernicus's heliocentric model.  Galileo 
is often called the father of modern observational astronomy.  Galileo built his first 
telescope in 1609, with a magnification of about 3x, based on a description of the 
telescope built by Lippershey the year before.  Galileo made continuous improvements in 
his telescope eventually reaching a magnification of about 30x.  Using his telescopes, 
Galileo became one of the first Europeans to observe sunspots, thus beginning the study 
of solar dynamics which we so heavily depend on for HF radio communications.  On 
January 7, 1610 Galileo discovered the four largest moons of Jupiter.  Later that year he 
observed the phases of Venus as the planet orbited the Sun.   
 
German mathematician and astronomer Johannes Kepler developed the laws of planetary 
motion (see appendix: Heliocentric Universe).  Kepler published his first two laws in 
1609, developing them by analyzing the astronomical observations of  Tycho Brahe.  
Kepler's third law was published in 1619.   
 
English physicist and mathematician Sir Isaac Newton is widely regarded as one of the 
most influential scientists of all time and was a key figure in the scientific revolution (see 
appendix: Isaac Newton).  Newton published his laws of motion and universal gravitation 
in 1687.  These laws are based in part on the work that Kepler had done.  Newton's laws 
demonstrated that the motion of celestial bodies could be described by the same 
principles as the motion of objects on the Earth, removing the last doubts concerning the 
validity of the heliocentric model.  Newton's three laws of motion have provided the 
foundation for our understanding of classical mechanics for over three hundred years.  
They describe the relationship between a physical body, the forces acting on it, and its 
motion resulting from those forces.  These laws accurately describe the dynamics of both 
large and small objects under everyday conditions.  However, they do not accurately 
predict the motion of particles on a very small scale and at very high speeds.  For 
example, they do not adequately explain the movement of charged particles (electrons 
and holes) in semiconductor devices, and the optical properties of substances.  
Explanation of these phenomenal require quantum field theory and Einstein's general 
theory of relativity. 
 
Isaac Newton and Gottfried Leibniz are both credited with the invention of differential 
and integral calculus. Newton developed calculus as a tool in solving physics problems, 
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including development of his laws of motion.  Leibniz focused on formulizing the rules 
of calculus and developed much of the notation used in calculus today.  He provided a 
clear set of rules for working with infinitesimal quantities that permitted the computation 
of second and higher derivatives.  He also defined the product rule and chain rule of 
calculus in their differential and integral forms.  In addition, Leibniz did extensive work 
in the field of determinants and matrices to solve systems of simultaneous linear 
equations. 
 
The field of scientific chemistry was separated from the medieval practice of alchemy by  
Englishman Robert Boyle in the mid 1600s.  As such he is considered the founder of 
modern chemistry and was one of the pioneers of the scientific method.  He is best know 
for Boyle's law which he published in 1662.  The law describes the inverse proportional 
relationship between the absolute pressure and volume of gas if temperature is kept 
constant.  Chemistry has played a major role in the development of radio technology, 
particularly in the development of batteries and in the development of materials on which 
modern radio technology depends.  Many of the early experimenters with electricity also 
studied chemistry as well, for example, using the new understanding of electricity to 
isolate and identify previously unknown chemical elements and compounds.   
 
This is the environment in which Gilbert performed his static electricity studies, and the 
foundation for the work that eventually lead to Morse's development of the electric 
telegraph.  
 

1.2 Electricity Becomes a Major Field of Study 
 
During the 1700s everyone was fascinated by electricity. Demonstrations of static electric 
generators were attractions at many popular lectures.  However, during this period 
electricity also became a serious field of scientific research. 
 
Englishman Stephen Gray discovered conductivity.  He proved that electricity could flow 
a considerable distance through ordinary twine if the twine were suspended in the air by 
ribbons of silk thread.  This lead Gray, and others, to believe that electricity was a fluid.  
Gray discovered that some materials such as silk, glass, and resin held a charge while 
others, such as metals, seemed to transfer charge from one place to another.  From this 
discovery the concept of electrical insulators and electrical conductors gradually 
emerged. 
 
Charles DuFay, a member of the French Academy of Science, added to the early 
understanding of electricity by building on the work performed by Gray.  Through 
extensive experimentation DuFay showed that an electrical charge can be developed on 
most materials by simply rubbing the material against a material of a different type.  
Rubbing two materials of the same type together did not produce a charge.  DuFay found 
that glass that had been charged by rubbing it would repel a piece of gold leaf.  In 
contrast, rubbed amber, gum, and wax were attracted to the charged glass.  This lead him 
to believe that there were two types of electricity.  Objects that were charged with the 
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same type of electricity repelled each other while those that were charged with opposite 
types of electricity were attracted to one another. 
 
Historians report that Benjamin Franklin was so fascinate by electricity that he sold most 
of his possessions to fund his electrical experimentation.  Whether or not he actually went 
to that extend is uncertain.  However, it is clear that Franklin's work contributed 
significantly to the understanding of electricity.  
 
Franklin became convinced that there was only one type of electric fluid, not two as 
proposed by DuFay.  In addition, he contended that all material contains this fluid.  A 
material in its normal or neutral state contains a certain amount of electric fluid.  A fluid 
transfer occurs when two different materials are rubbed together.  As a result, one object 
ends up with an excess of fluid while the other has a deficit.  In accordance with 
Franklin's theory, a material with an excess of fluid is positively charged (has more fluid 
than it should have in its neutral state).  A material with a deficit (too little fluid) is 
negatively charged.  It is necessary for electrical fluid to flow from the positively charged 
material to the negatively charged object in order to restore both materials to their neutral 
state.  Thus Franklin established the direction of conventional current flow from positive 
to negative, which we still use today.  
 
Franklin's reasoning was correct.  What he did not know is that electric "fluid" physically 
consists of negatively charged electrons.  Thus an object with excessive fluid has more 
electrons than it should, giving the object a negative electrical charge.  An object with a 
deficiency of fluid has too few electrons giving it a positive electrical charge.  In 
accordance with Coulomb's Law, electrons (physical electrical current or fluid) must flow 
from negative to positive, in the opposite direction theorized by Franklin.  However, 
Franklin can not be faulted.  A clear understanding of conductivity and electrical current 
did not emerge until the early 1900s.  By 1914, experiments by physicists Rutherford, 
Moseley, and others had largely established the structure of an atom as a dense nucleus of 
positively charged protons surrounded by a cloud of low mass electrons each with a 
negative charge (see appendix: The Atom).  How do we know that an electron is 
negatively charged and a proton has a positive charge?  If it were the reverse, Franklin's 
theory would have been both conceptually and physically correct.  The answer is 
relatively easy.  A stream of electrons, for example in a cathode ray tube, in the presence 
of a magnetic field will be bent one direction if negatively charged and in the opposite 
direction if the charge is positive.  Experiments performed in the late 1800s showed that a 
stream of electrons is bent in the direction identifying them as negatively charged 
particles. An electric current flows when electrons loosely held by their parent atoms 
break free and drift in the direction opposite of the externally applied electric field, that is 
from negative to positive. 
 
Franklin's one fluid theory was not initially well accepted.  As late as the 1860s the two 
fluid concept, originally proposed by DuFay, was still in use.  Electrical practitioners 
found the two fluid theory (a positive fluid and a negative fluid) conceptually easier to 
work with, while admitting that current flow was probably due to some more complex 
mechanism. 
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Benjamin Franklin demonstrated that lightning is a very dangerous form of static 
electricity.  He discovered that lightning is attracted to the sharp end of a grounded metal 
rod.   He invented the lightning rod, based on this discovery, which he sold to farmers 
through out northeastern United States.  Prior to lightning rods, lightning all too often 
struck the rain soaked wooden roofs of unlucky barns resulting in the barns being burned 
to the ground.  Mounting lightning rods along the peak of a barn roof largely solved that 
problem.  Lightning rods attracted the lightning away from the barn roof and diverted the 
energy from the strike along heavy wires to rods driven into the ground around the 
periphery of the barn.  The lightening rod was one of the first commercially successful 
electric consumer products.  
 
Franklin was deeply involved with Pennsylvanian politics and became a member of the 
Pennsylvania Assembly.  In the 1850s and 60s he made several trips to England and 
Europe representing the interests of Pennsylvania.  He also served as the Pennsylvania 
delegate to the Second Continental Congress.  On July 26, 1775 the Second Continental 
Congress established the United States Post Office and named Benjamin Franklin as the 
first United States Postmaster General.  In June 1776 he was appointed a member of the 
Committee of Five that drafted the Declaration of Independence.  He is the only 
Founding Father who signed all four of the major documents establishing the United 
States, The Declaration of Independence, the Treaty of Alliance with France, the Treaty 
of Paris (signed on September 3, 1783, ending the American Revolutionary War) and the 
United States Constitution.  Franklin served as the United States Ambassador to France 
throughout the war, holding this post from December 1776 to 1785.   
 

1.2.1 Electrostatic Generators   
 
All experiments with electricity in the 1700s were performed using static electricity, the 
only form of electricity known at the time.  However, to perform these experiments a 
device had to be invented that was capable of generating static electricity on demand.  
This device was the rotating electrostatic generator in its various forms (also known as a 
friction machine).  For over a hundred years the hand driven electrostatic generator was 
the primary means of generating electricity.  Otto von Guericke is credited with 
developing the first primitive electrostatic generator in 1663 when he produced static 
electricity by rubbing a sulfur globe with his hands.  
 
The most common way to create static electricity is by a process known as the 
triboelectric effect.  This consists of pressing two dissimilar non-conductive materials 
(insulators) together and then quickly separating them.  We are all familiar with this 
process.  Walking across a carpeted floor on a very dry low humidity day results in 
charges being transferred between the carpet and the soles of our shoes.  We become very 
aware of this charge transfer when we reach out to touch a door knob and are shocked by 
a static electric discharge (a spark) between ourselves and the door knob, usually 
accompanied with a verbal response of ouch!   
 



October 2021                                                                                         Ken Larson KJ6RZ 

9 

Static electric discharges of this type can destroy today's sensitive semiconductor 
electronic devices without any indication that damage has been done.  This is why 
technicians and engineers working on electronic equipment must perform this work on 
static protected workbenches and wear grounded wrist straps.  The ground strap bleeds 
off static electricity from the worker's body preventing a static discharge through 
sensitive semiconductor devices.  
 
Quality electronic equipment manufacturers actually spend a considerable amount of 
engineering time designing electrostatic discharge protection into the control panels and 
internal circuitry of their equipment.  If they didn't, a static discharge occurring in the 
simple task of turning the equipment on could serious damage the equipment with no 
external indication other than the equipment no longer working.           
 
Some materials such as human skin, wool, and fur tend to give up electrons easily.  Other 
material such as hard rubber, amber, glass and plastics tend to absorb electrons.  If a hard 
rubber rod is rubbed with wool, some electrons transfer from the wool to the rod.  When 
the wool and rubber rod are separated, electrons transferred from the wool remain on the 
rubber rod giving it a negative charge and leaving the wool positively charged, in concept 
what Franklin theorized.  The transfer of electrons from the wool to the rubber rod is not 
the result of friction.  Charge is transferred from the wool to the rod simply by laying the 
wool on the rubber rod.  However, since most materials have a rough surface (particularly 
when viewed under a microscope), it takes longer to transfer electrons from the wool to 
the rod simply by placing the wool in contact with the rubber rod.  Rubbing the two 
together increases the amount of contact between the two surfaces greatly increasing the 
charge transfer and the amount of static electricity generated.   
 
The first electrostatic generators were called friction machines because of the friction 
used in the generation process.  These handcrafted machines typically consisted of a glass 
globe that was rotated rapidly while the operator's assistant held his hands against the 
globe, as shown in the Figure 4.  In later versions the assistant held a woolen cloth pad 
against the rotating globe instead of using his hands.  As the result of this mechanism a 
large negative charge was developed on the surface of the glass globe.  
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Figure 4  Early Friction Machine   (source: Alamy) 
 
 
Many different types of friction machines were developed throughout the 18th century, 
including the cylindrical and rotating glass plate machines shown in Figures 5 and 6.  
 
 

 
 

 
 

Figure 5   Cylindrical glass electrostatic generator (source: John Jenkins Spark Museum) 
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Figure 6  Glass plate electrostatic generator  (source: John Jenkins Spark Museum)  
 
 
These machines produced very high voltages, on the order of several thousand volts, but 
delivered very little current.  Consequently, they were "relatively" safe to work with, 
unlike lightning.  However, the low current meant that these generators produced very 
little power (since power is equal to the voltage times the current delivered).  The power 
produced was sufficient for electrical experimentation but not for powering electrical 
equipment designed to do useful work.  For example, several electrostatic telegraphs 
were developed in the late 1700s, but none were successful do in part to the inadequate 
and temperamental electrostatic power sources available at the time. 
 
 

1.2.2 The Leyden Jar 
 
Trying to perform electric experiments while your assistant is continually "cranking" the 
electrostatic generator to produce the needed electricity is certainly not very convenient.  
A device was needed that could store the electricity produced by an electrostatic 
generator so that the stored electricity could be used in performing experiments.  The 
Leyden jar was such a device.     
 
In the 1700s electricity was viewed as a fluid.  As such it was reasoned that electricity 
could be collected and stored in a jar much the same way that water was collected and 
stored in a bucket.  
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The idea for such a jar was independently invented by two teams of scientists in 1744, 
Ewald Georg von Kleist a German scientist and  Dutch scientists Pieter von 
Musschenbroek and Andreas Cunaeus at the University of Leiden. 
 
Musschenbroek and Cuneus performed a number of experiments with static electricity 
that they produced using a rotating glass sphere electrostatic generator.  In one of  their 
experiments the generator was connected to a metal chain suspended from a bar into a 
glass jar filled with water.  A large charged accumulated in the water and an opposite 
charge on the hands of the person holding the jar.  A considerable shock was received 
when the chain was touched.  Musschenbroek and Cuneus concluded that charge was 
being stored in the water. 
 
Von Kleist lined the inside of a glass jar with silver foil, filled the jar with water and 
charged the foil using an electrostatic generator connected to a chain suspended in the 
water.  Kleist received a sizable shock from the device also convincing him that 
electricity was being stored in the water jar.   
  
The designs eventually evolved into a glass jar with silver or tin foil coating the inner and 
outer surfaces of the jar. The jar was typically filled with water and corked at the top.  A 
metal rod protruded through the cork stopper and connected to the inner foil at the bottom 
of the jar by a hanging chain.  The jar was charged by connecting the metal rod to an 
electrostatic generator while the outer foil was connected to ground.  The inner and outer 
foils of the jar thus stored equal but opposite charges. The device became know as the 
Leyden jar named after the University of Leiden where Musschenbroek and Cunaeus 
conducted their work. The Leyden jar is the earliest version of today's capacitor. 
 

 
 

 
 

Figure 7  Cunaeus Discovering the Leyden Jar  (source: Wikipedia)  
 
 



October 2021                                                                                         Ken Larson KJ6RZ 

13 

It was initially believed that the charge was stored in the water filling the Leyden jar.  
Extensive investigation by Benjamin Franklin led him to conclude that the charge was 
stored in the glass separating the two foil electrodes, not in the water.  Franklin was close.  
Equal and opposite charges are stored on the inner and outer foils of the Leyden jar 
creating a strong electric field in the jar’s glass dielectric separating the two foils. 
 

 

Chain

Outer
 Foil

Outer
 Foil Inner

 Foil

Glass
 Jar

 
 

Figure 8  Leyden Jar Capacitor  (source: author) 
 
 
The charge stored in the Leyden jar capacitor is  
 

Q = CV 
 
where Q is the stored charge, V is the voltage between the two foils, and C is the 
capacitance of the device.  The capacitance is 
 

𝐶 =
𝑘𝜀!𝐴
𝑑  

 
where 
 
A = the surface area of the smaller foil (assuming that the foils are not the same size) 
 
d = the separation between the two foils (the thickness of the glass jar) 
 
𝜀! = the permittivity of free space = 8.854 (10-12) fards/meter 
 
k = the dielectric constant for the material separating the foils. 
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For glass k = 10 
 
Converting to inches from meters, and incorporating the value of  𝜀!, the equation for 
capacitance becomes 
 
 

𝐶 =
2.248 10!!   𝑘𝐴

𝑑   𝜇𝐹 
 
A 6" diameter Leyden Jar is shown in Figure 9.  The capacitance of this Leyden jar, 
assuming that the outer foil covers only the side of the jar (does not cover the bottom of 
the jar) is calculated below: 
 
 
 

 
 

Figure 9  Typical Leyden Jar Capacitor  (source: author) 
 
 
Assume that the thickness of the glass jar  d = 0.05" 
 

𝐴 = 𝜋𝐷ℎ 
 
where D is the diameter of the jar (D = 6") and h is the height of the outer foil (h = 6").  
Thus 
 

𝐴 = 𝜋𝐷ℎ = 3.14 6 6 = 113    𝑠𝑞𝑢𝑎𝑟𝑒  𝑖𝑛𝑐ℎ𝑒𝑠 
 

6"

6"

 Inner
Chain

Outer
 Foil

Ground
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The capacitance of this Leyden jar is therefore 
 
 

𝐶 =
2.248 10!! 𝑘𝐴

𝑑   𝜇𝐹 =
2.248 10!! 10 113

0.05 =
25.4 10!!

5 ≈ 0.005  𝜇𝐹 
 

 
Daniel Gralath was the first to combine several Leyden jars in parallel to form a capacitor 
battery, significantly increasing the total charge that could be stored.  The term battery 
was suggested by Benjamin Franklin who compared the parallel connected Leyden jars to 
an artillery battery (a group of cannons grouped together to increase fire power). 
 
By connecting Leyden jars in parallel, Gralath demonstrated that the total capacitance of 
capacitors connected in parallel is the sum of the individual capacitors.  That is, the total 
capacitance when connecting four capacitors in parallel is 
 

CTOTAL = C1 + C2 + C3 + C4 
 
Gralath no doubt tried connecting Leyden jars in series and found that didn't work too 
well.  The total capacitance of capacitors connected in series is less than the capacitance 
of the smallest capacitor.  Specifically, the total capacitance of four capacitors connected 
in series is 
 

𝐶!"!#$ =
1

1
𝐶!
+ 1
𝐶!
+ 1
𝐶!
+ 1
𝐶!

 

 
 
The Leyden jar was extensively used by Benjamin Franklin and others experimenting 
with electricity in the late 18th century.   However, the Leyden jar only stored electricity, 
it did not generate it.  The electrical charge stored in a Leyden jar was quickly drained 
when performing experiments, requiring the Leyden jar to be frequently recharged from 
an electrostatic generator.   
 
 

1.2.3 Detecting Electrical Charge 
 
A device capable of  detecting the presence of an electric charge and its magnitude was 
needed.   
 
Electroscopes were invented in the late 1700s for this purpose.  These devices generally 
gave only a rough, qualitative, indication of the amount of charge stored on an object.  
Later more sensitive instruments called Electrometers were developed to measure charge 
quantitatively. 
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The thee most popular electroscopes at the time were the: 
 

• Pith Ball Electroscope,  
 

• Gold-leaf Electroscope, and 
 

• The Condenser Electroscope. 
 

1.2.3.1 Pith Ball Electroscope 
 
The pith-ball electroscope was invented by English experimenter John Canton in 1754.  
The scope consisted of a small lightweight nonconductive ball suspended by a silk thread 
from the hook of an insulated stand as shown in Figure 10.  In the original scope a 
spongy plant material called pith was used. 

 
 

 
 

Figure 10 Pith Ball Electroscope  (source: Wikipedia) 
 
 
The pith ball is attracted to any highly charged object that is brought near to the 
electroscope.  The attraction is the result of an induced electric charge in the pith ball that 
is opposite to that of the charged object.  The electric field from the charged object 
slightly deforms the electron cloud surrounding each of the pith ball atoms.  The 
electrons are drawn slightly toward the object if that object happens to be positively 
charged.  This creates a negative charge on the side of the pith ball nearest the object, 
resulting in the pith ball being attracted by and moving toward the object.  Since the pith 
ball was originally uncharged and electrically neutral, it must remain that way.  
Consequently, a positive charge develops on the side of the pith ball furthest from the 
object.  Similarly, the pith ball electrons will be slightly repelled by a negatively charged 
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object.  This causes a positive charge to develop on the side of the pith ball closest to the 
object drawing the pith ball toward the object. 
 
The pith ball can also be intentionally charged by touching it to a material with a known 
charge, for example to a charged rod.  If the pith ball is positively charged, it will be 
attracted to a negatively charged object and repelled by an object that is positively 
charged.  The pith ball electroscope can thus be used to identify the presence and polarity 
of charge on an object being tested.  
 

1.2.3.2 Gold-leaf Electroscope 
 
The gold-leaf electroscope was invented by British physicist Abraham Bennet in 1787.  
Bennet developed the gold-leaf electroscope to achieve better sensitivity in detecting 
electrical charges than was possible with the pith ball electroscopes being used at the 
time. 
 
The gold leaf electroscope consisted of two parallel strips of thin flexible gold leaf 
suspended from the end of a vertical metal rod, as illustrated in Figure 11.  

 
 

 
 

Figure 11  Gold leaf electroscope   (source: Wikipedia) 
 
 
The rod and suspended leaves were enclosed in a glass jar open at the bottom to protect 
the sensitive leaves from air drafts.  A metal sphere was usually attached to the top of the 
rod to server as the electroscope terminal. 
 
Touching the spherical ball at the top of the rod with a charged object caused some of the 
charge to travel down the rod and onto the two gold leaves.  Since both leaves received 
the same polarity charge, the two leaves repelled each other causing the leaves to 
separate.  Removing the charged object and grounding the top of the rod, usually by 
touching it, removed the charge from the leaves causing them to again close. 
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The charged object did not actually have to touch the electroscope.  Simply bringing the 
charged object close to the electroscope's spherical terminal caused the gold leaves to 
separate.  For example, the electric field from a negatively charged object repelled 
electrons on the surface of the electroscope's spherical terminal causing them to travel 
down the rod to the gold leaves at the bottom (Figure 12).  The sphere thus became 
positively charged and the leaves at the bottom of the rod negatively charged.  Since both 
leaves contained the same polarity charge, they repelled each other and separated. 

 

+
+
++

++
++

 
 

Figure 12  Gold leaf electroscope and negatively charged object  (source: author) 
 
 
Most of the electroscope glass bottles had grounded metal foil strips at the bottom to 
protect the fragile gold leaves, as illustrated in Figure 13.  The separated gold leaves 
would touch these foil strips if excessive charge were applied to the scope, discharging 
the gold leaves  and preventing them from tearing.  
 

 
 
Figure 13  Gold leaf electroscope with protective metal strips at bottom  (source: author) 
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The pith ball and the gold leaf electroscopes were both high voltage devices designed to 
detect the accumulation of charge produced by static electricity. 
 

1.2.3.3 Condensing Electroscope   
 
The condensing electroscope is a modification of the gold leaf electroscope.  It was 
developed by Italian scientist Alessandro Volta in 1780 to measure smaller charges than 
could be detected with the standard gold leaf electroscope.  This was indeed an ingenious 
device. 
 
The modification consisted of removing the spherical terminal from the top of the 
electroscope and replacing it with a flat plate as shown in Figure 14. 
 

 

 
 

Figure 14  Condensing Electroscope   (source: author) 
 
The electroscope also includes a second removable plate, shown in red in Figure 14, 
which had a glass insulated handle (shown in blue).  The bottom of the upper (red) plate 
and the top of the lower (white) plate were coated with varnish.  The varnish served as a 
dielectric insulator that separated the two plates when the upper plate was placed on top 
of the lower one, as illustrated in Figure 15.  Placing the upper plate on the lower one 
created a fairly good capacitor. 
 
The condensing electroscope operates as follows.  Connecting a battery across the plates 
charges the capacitor as shown in Figure 16.  When originally developed by Volta, the 
lower plate was connected to ground and the charged object under test was touched to the 
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upper plate.  The charge stored on each plate of the capacitor is equal to Q = CV where Q 
is the charge stored on each plate, C is the capacitance of the capacitor, and V is the 
voltage between the two plates when charging is complete.   
 

 
 

 
 

Figure 15  Condensing electroscope: two plates form a capacitor   (source: author) 
 
 
 
 

 

+
+++++++++++
+ +

 
 

Figure 16  Charging a condensing electroscope   (source: author) 
 
 
The capacitance of the plate capacitor is equal to 
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𝐶 =
𝑘𝜀!𝐴
𝑑  

 
were 
 
𝜀! = The permittivity of air 
 
k = The dielectric constant of the insulating material separating the two plates 
 
A = The area of each plate 
 
d = The separation of the two plates. 
 
In the case of the condensing electroscope, the area A of each plate is relatively large 
while the distance d between the plates (the thickness of the varnish) is extremely small.  
Consequently the capacitance of the two plates is significant. 
 
For example, if the two plates are each a 5" disk then the area of each plate is 
 

𝐴 = 𝜋
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2

!

= 19.63    𝑠𝑞𝑢𝑎𝑟𝑒  𝑖𝑛𝑐ℎ𝑒𝑠 
 
If the thickness of the varnish separating the two plates is  d = 0.001 inches, and its 
dielectric constant is approximately  k = 3,  then the capacitance of the condensing 
electroscope in this example is 
 

𝐶 =
2.248 10!! 𝑘𝐴

𝑑   𝜇𝐹 =
2.248 10!! 3 19.63

0.001 ≈ 0.013  𝜇𝐹 
 
The battery is remove once the capacitor is charged.  
 
At the time the condensing electroscope was developed batteries had not yet been 
invented. So instead of a battery the charging circuit consisted of  connecting the lower 
plate to ground and touching the upper plate with a charged object.  
 
The electrical charge placed on the two plates of the capacitor remain there when the 
charging circuit is removed.  In this illustration, a positive charge exists on the upper 
plate and an equal but opposite negative charge on the lower plate. 
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+++++++++++
+ +

 
 

Figure 17  Charged condensing electroscope   (source: author) 
 
Notice that the two gold leaves at the bottom of the electroscope center rod are hanging 
straight down in Figure 17.  Charging of the electroscope's capacitor plates at this point 
has had no affect on the gold leaves. 
 
According to Coulomb's Law (next chapter), the force between the charge  QU  on the 
upper plate and the charge  QL  on the lower plate is equal to 
 

𝐹! =
𝑄!𝑄!

4𝜋𝑘𝜀!𝑑!
 

 
In this case 
 

QL = - QU 
 
The force F is quite large primarily because the distance d between the two plates is 
extremely small.  This large force holds the charges  QU and  QL bound to the facing 
surfaces of the two capacitor plates as shown in Figure 17.  The electric field between the 
two sets of charges is very intense, but exists only in the tinny space between the two 
plates.  The electric fields from the upper charge  QU and the lower charge  QL cancel out 
above and below the plates.  Thus the electric field in the vicinity of the gold leaves is 
zero, and with no charge deposited on the leaves, they hang straight down as shown. 
 
This situation changes drastically when the person conducting the experiment, holding on 
to the glass handle, removes the upper plate (Figure 18). 
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+++++++++++
+ +

 
 

Figure 18  Top plate of condensing electroscope moved upward  (source: author) 
 
 
The distance between the two plates is now D where  𝐷 ≫ 𝑑.  In fact, D is huge 
compared to d.  Consequently, the new electrostatic force 2F  between the two plates is 
very small and equal to 
 

𝐹! =
𝑄!𝑄!

4𝜋𝑘𝜀!𝐷!
 

 
 
This force is too small to hold the charge  QL  bound to surface of the lower plate.  
Instead, the individual charges making up  QL  diffuse throughout the lower plate, down 
the electroscope's center rod and onto the gold leaves causing them to separate.   
 
The situation would reverse itself if the upper plate were again placed onto of the lower 
one.  Doing this would cause all of the charges to be drawn back again to the boundary 
between the two plates, and the gold leaves would again hang straight down.  Grounding 
the two plates bleeds off all of the charge from both plates leaving the electroscope in its 
original uncharged state. 
 
It is worth noting that the process of separating the electroscope's two charged plates 
generates a very high voltage between the two plates.  When initially charged, with the 
top plate resting on the lower one, the charge - voltage relationship was 
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Q = C1V1 
 
where 
 

𝐶! =
𝑘𝜀!𝐴
𝑑  

 
When the plates are separate a distance of D, by removing the upper plate from the lower 
one, the new value of the capacitance between the plates becomes 
 

𝐶! =
𝑘𝜀!𝐴
𝐷  

 
Because d is so very small, separating the plates a distance of D, where D is several 
inches, means that D could easily be several thousand times greater than d.  Consequently  
C2 will be several thousand times smaller than  C1 .  However, the charge stored on the 
capacitor plates remains the same, that is equal to Q.  Consequently, the voltage  V2 
between the plates when they are separated must be several thousand volts.  Specifically,  
 

C1V1 = Q = C2V2 
 
If  C1 (the capacitance when the upper plate is resting on the lower one) is a thousand 
times larger than  C2  (the capacitance when the plates are separated), then 
 

C2V2 = Q = C1V1 = 1000 C2V1   
 
Dividing by  C2 gives 
 

V2 = 1000 V1. 
 
If the charging voltage V1 is 3 volts, then the voltage  V2  produced by removing the 
upper plate is 3,000 volts! 
 
In summary, using the condensing electroscope is a two step process.  First, the 
electroscope's parallel plate capacitor is charged by the test object with the upper plate 
resting on the lower one.  A considerable amount of charge is deposited on the two plates 
because of their high capacitance in this configuration.  Second, the upper plate is 
removed allowing the charges on the lower plate to flow down to the gold leaves causing 
them to separate.   
 
The capacitor action of the condensing electroscope allows it to detect charges hundreds 
of times smaller than could be detected with a conventional gold leaf electroscope.  The 
condensing electroscope was an instrumental tool in Volta's discover and development of 
his voltaic pile battery.  
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1.3  Coulomb’s Law 
 
In the late 1700s theories on the nature of electricity, including the attractive and 
repulsive characteristics of charged objects, slowly began to immerge. 
 
Englishman Joseph Priestley was one of the first to suspect that the force between 
electrical charges obeyed an inverse-square law similar to Newton's law of gravity.  
Priestley's suspicions were based on experiments that he was performing on electrically 
charged spheres in the 1760s.  However, he did not generalize or elaborate on his 
conjectures. 
 
In the 1770s Henry Cavendish, also of England, discovered that the force between 
charged bodies depended upon the amount of charge on each object and their distance 
apart.  However, he did not publish his results. 
 
In 1785 the French physicist Charles-Augustin de Coulomb published his first three 
reports on electricity and magnetism.  In these reports he derived the mathematics 
describing the force between two charged particles. 
 

 

 
 

Figure 1  Charles-Augustin de Coulomb   (source: Wikipedia) 
 
Coulomb was born in Angouleme, France on June 14, 1736.  Both of his parents were 
from well established aristocratic families.   His father, Henri Coulomb, was a lawyer.  
Later the family moved from Angouleme to Paris.  Coulomb attended the College 
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Mazarin in Paris where he studied philosophy, language, literature, mathematics, 
astronomy, chemistry and botany. 
 
Coulomb attended military school, the Royal Engineering School of Mezieres, from 1759 
until his graduation in 1761.  Coulomb served in the military for the next 20 years.  For 
nine years, 1764 through 1773,  he was stationed in Martinique, West Indies, where he 
was in charge of building Fort Bourbon. 
 
Coulomb began some of his most important work on applied mechanics when he returned 
from Martinique.  His first technical paper "Statistical Problems applied to Architecture" 
was published in 1773.  In the paper, Coulomb made impressive use of calculus to solve 
various architectural engineering problems that had not be previously resolved.   
 
Coulomb's interests gradually shifted to the study of physics.  In 1784 he published a 
paper on the elasticity of wires under twisting stress.  This work lead to his development 
of the torsion balance. 
 
The three papers on electricity and magnetism that he published in 1875 reported on the 
results he had obtained in studying the forces between charged particles.  These results 
became known as Coulomb's Law.  This law states that the force between two electrically 
charged objects is proportional to the product of the charges on the two objects and 
inversely proportional to the square of the distance separating them. It is analogous to 
Isaac Newton's inverse-square law of universal gravitation. Specifically the force 𝐹!"  in 
newtons exerted on a charge of 𝑞! coulombs by a charge of 𝑞!  coulombs is equal to 
 
 

𝐹!" =
1
4𝜋𝜀

𝑞!𝑞!
𝑅! 𝑎! 

 
where 
 
𝐹!" = the force in newtons exerted on a charge of  q2  coulombs by another charge of  q1 
          coulombs. 
 
𝑎! = the unit vector in the direction from 𝑞! to 𝑞!  
 
R = the distance from 𝑞! to 𝑞!  
 
𝜀 = the electric permittivity of the medium in which 𝑞! and 𝑞! are located 
 
Units of  𝜀 = !"#$"%&' !

!"#$%!    !"#"$%!
= !"#$"%&' !

!"#$%&    !"#"$
= !"#"$%

!"#"$
  

 
𝜀! = electric permittivity in free space 
 
𝜀! = 8.854 10!!"  farads per meter 
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Coulomb derived the law by using his torsion balance (Figure 2) to study the repulsion 
and attraction forces between charged balls.  The torsion balance consisted of an 
insulated bar suspended from its middle by a silk thread and containing a metal coated 
ball (red ball in Figure 2) on one end.  The silk tread acted as a weak torsion spring.  
Coulomb used static electricity to charge the ball to a know charge.  He then brought a 
second ball (green ball Figure 2) with the same charge close to the first.  The two balls 
repelled each other causing the ball on the torsion bar to swing away.  A  scale mounted 
to the instrument was used to determine how far the bar rotated.  Coulomb was able to 
determine the force between the two balls by knowing the torque required to rotate the 
torsion bar through a given angle.  Coulomb repeated this experiment many times using 
different charges on the balls and changing the initial separation between them.  The data 
collected from these experiments allowed him to formulate his law and derive the 
associated mathematics. 

 
 

 
 
 

Figure 2  Coulomb torsion balance   (source: ResearchGate) 
 
Coulomb, like many aristocrats, was expelled from the government when the French 
Revolution began.  In 1791 he retired from the military and devoted the remainder of his 
life to scientific research at his Blois estate.   
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Coulomb's Law was an enormous step forward in understanding the nature of electrical 
charge and a major building block in the development of electromagnetic theory on 
which the discovery of radio waves was based.  The unit of electrical charge is the 
coulomb, named in his honor.  Coulomb died in Paris on August 23, 1806 at the age of 
70.  
 
Several important concepts are derived from Coulomb’s Law. These include 
 

• An electric force field  𝐸 
 

• Electrical work 
 

• Potential difference – the volt 
 
 

1.3.1 Electric Force Field 
 
The charged particle 𝑞! creates a radial electric force field that extends throughout all of 
space.  This field exerts a force of  
 

𝐹!" =
𝑞!𝑞!
4𝜋𝜀𝑅! 𝑎! 

 
 
on any charged particle 𝑞! located within the field  
 
where 
 
𝐹!" = the force in newtons exerted on 𝑞! by the force field of 𝑞! 
𝑞! = the charge in coulombs of particle 1 
𝑞!  = the charge in coulombs of particle 2 
R = the distance from 𝑞! to 𝑞!  
𝜀  = the electric permittivity of the medium in which 𝑞! and 𝑞! are located 
𝑎! = the unit vector in the direction from 𝑞! to 𝑞!  
 
The electric force field  𝑬𝟏  created by the charged particle 𝑞! is defined as 
 

𝐸! = lim
!!→!

𝐹!"
𝑞!

=
𝑞!

4𝜋𝜀𝑅! 𝑎! 

 
 
Units of  𝐸! =

!"#$%!&
!"#$"%&
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Restated, the electric force field 𝐸! is equal to the electric force per unit charge exerted 
on any charged particle 𝑞! within the electric field of  𝑞! . 
 
The total force on any charged particle  q2  is thus 
 

𝑞!𝐸! = 𝐹!" =
𝑞!𝑞!
4𝜋𝜀𝑅! 𝑎! 

 
The limit 𝑞! → 0 in the above equation requires some explaining. The only way that we 
can determine the strength of the electric field 𝐸! , created by q1 , is to measure the force 
which that field exerts on some charge q2. Thus q2 is a “test” charge inserted in the 
electric field to determine its strength.   However, in making this measurement, q2 must 
be small enough so that it does not disrupt the electric field 𝐸! that we are trying to 
measure. Consequently, the nomenclature limit as  𝑞! → 0 signifies that q2 is so small 
that it has no detectable influence what so ever on the electric field 𝐸!  created by q1. 
 

1.3.2 Electric Force Field of Distributed Charges 
 
The electric force field produced by a point charge q is as defined above 
 

• A Point Charge q 
 

𝐸 =
𝑞

4𝜋𝜀𝑅! 𝑎! 
 
However, electric fields will be created whenever there are one or more, or even trillions, 
of charges within a small, or even large, region of space. 
 
For example, the electric field produced by a collection of point charges  𝑞! is 
 

• Many Point Charges 𝑞!  
 

𝐸 =
1
4𝜋𝜀

𝑞!
𝑅!!
𝑎!

!

!!!

 

 
 
If a very large number of charges are distributed throughout a volume of space, such that 
the charge density at any point is 𝜌! , then the electric field created is   
 

• A Volume Charge Density 𝜌!  
 

𝐸 =
1
4𝜋𝜀

𝜌!
𝑅!
  

!
𝑑𝑣    𝑎! 
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Finally, if a very large number of charges are distributed on some surface, such that the 
charge density at any point on that surface is 𝜌! , then the electric field created is   
 

• A Surface Charge Density 𝜌!  
 

𝐸 =
1
4𝜋𝜀

𝜌!
𝑅!
  

!
𝑑𝑠    𝑎! 

 
 

1.3.3 Force On A Charged Particle 
 
Any particle 𝑞! that resides in an electric force field E will experience a continuous force 
equal to 
 

𝐹! = 𝑞!𝐸 
 
The force will be in the same direction as the E field. 
 
The E field is the Unit Electric Force Field in that E is equal to the magnitude and 
direction of the force experienced by a particle with a charge 𝑞! = 1  𝑐𝑜𝑢𝑙𝑜𝑚𝑏  .  That is 
 

𝐸 = lim
∆!→!

  
𝐹
∆𝑞 

 
In Practice, so long as ∆𝑞 is very small compared to the source producing the electric 
field, its introduction into the field may be presumed to have little influence on the 
behavior of the source. 
 

1.3.4 Electric Potential Energy Field 
 
The vector field E is irrotational,  a fact readily established by demonstrating that E can 
be derived as the gradient of a scalar field Φ .  By inspection it is clear that if 
 

Φ =
𝑞

4𝜋𝜀𝑅 
 
Then 

𝐸 = −∇Φ = −
𝑞
4𝜋𝜀

𝛿 1𝑅
𝛿𝑅 𝑎! = +

𝑞
4𝜋𝜀𝑅!   𝑎! 

where 
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q = the charge creating the force field E 
 
Since 
 
E =  the unit charge force field created by q 
 
Then  
 
Φ  = the unit charge potential energy field created by q. 
 
Φ is the energy (or force times distance work) required to bring a unit charge 𝑞!  (a 
charge with a value of 1 coulomb) from ∞ to a distance of R from the charge q producing 
the force field. 
 

Φ = 𝐸
!

!
∙ 𝑑𝑙 =

𝑞
4𝜋𝜀

1
𝑅 −

1
∞ =

𝑞
4𝜋𝜀𝑅 

 
The unit electric force field E is equal to the negative gradient of the unit potential energy 
field 
 

𝐸 = −∇Φ 
 
The negative sign can be understood physically from the fact that E points in the 
direction that a positive charge moves, hence in the direction of decreasing potential, the 
positive charge being repelled by the central positive charge responsible for creating the 
electric force and potential energy fields. 
 
The electric force field is Conservative, that is if a charge is moved around any closed 
path, no net energy will be expended. 
 

1.3.5 Potential Energy Difference (Volt) 
 
The line integral of the unit electric force field E from point 𝑃!    𝑡𝑜    𝑃!  is equal to the unit 
potential energy difference Φ!" between  𝑃!    𝑎𝑛𝑑    𝑃! . 
 

Φ!" = Φ! 𝑎𝑡  𝑃! −Φ! 𝑎𝑡  𝑃! = 𝐸
!!

!!
∙ 𝑑𝑙 

 
The unit potential energy difference is the work to move a unit positive charge from 
𝑃!    𝑡𝑜    𝑃! . 
 
The unit of electric potential energy is the Volt.   
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A difference of potential Φ! 𝑎𝑡  𝑃! −Φ! 𝑎𝑡  𝑃!  of 1 volt means that 1 joule of work is 
required to move 1 coulomb of charge from 𝑃!    𝑡𝑜    𝑃! . 
 

1.3.6 Electric Force, Work, and Power 
 
The electrical force per coulomb in an electric force field is 𝐸 .  The total electrical force 
in newtons exerted on an object containing a charge of q coulombs is 
 

𝐹𝑜𝑟𝑐𝑒        𝐹 = 𝑞𝐸    𝑛𝑒𝑤𝑡𝑜𝑛𝑠 
 
The voltage 𝑣!" between points 1 and 2 in an electric force field is the work per coulomb 
required to move a charged object from Point 1 to Point 2. The total work in joules 
required to move an object containing a charge of q coulombs from Point 1 to Point 2 is 
 

𝑊𝑜𝑟𝑘 = 𝑞𝑣!"      𝑗𝑜𝑢𝑙𝑒𝑠 
 
Power P in watts is the rate of doing work. That is 
 

𝑃 =
𝑑(𝑊𝑜𝑟𝑘)

𝑑𝑡 =
𝑑 𝑞𝑣!"
𝑑𝑡 =

𝑑𝑞
𝑑𝑡 𝑣!" 

 
However 

𝑑𝑞
𝑑𝑡 = 𝑖            𝑖𝑒. 𝑐𝑢𝑟𝑟𝑒𝑛𝑡  𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  𝑖𝑛  𝑎𝑚𝑝𝑠 

 
Thus power 

𝑃𝑜𝑤𝑒𝑟        𝑃 = 𝑖!" ∙   𝑣!"      𝑤𝑎𝑡𝑡𝑠 
 
 
 

1.4 Invention of the Battery 
 
Invention of the electrical battery was a major technological breakthrough in the early 
history of electricity.  Prior to the battery, electrostatic generators and Leyden jars were 
the only source of electrical energy, and neither one could sustain a constant electrical 
current.  They were adequate for limited experimentation but not for powering useful 
electrical equipment.  The battery changed all of that.  Batteries, even the early ones, 
were capable of delivering the sustained electrical current necessary for major 
advancements in the study of chemistry and electricity, including development of 
electrolysis.  In 1808 batteries were used in the electrolysis process that isolated sodium, 
potassium and the alkaline earth metals from their associated compounds.  The battery 
allowed Hans Christian Orsted in 1820 to discover the magnetic effect of electrical 
current.  Andre-Marie Ampere expanded upon Orsted's work developing mathematical 
relationships between electrical current and magnetism.  In 1827 German scientist Georg 
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Ohm developed his law relating voltage, electrical current, and resistance.  British 
scientist William Sturgeon invented the electromagnet in 1824.  United States scientist 
Joseph Henry developed an improved electromagnet in 1827.   In the 1820s Michael 
Faraday demonstrated the first primitive concepts that lead eventually to the electric 
motor.  In 1831 Faraday and Henry separately discovered electromagnetic induction.  The 
electric battery was the critical element necessary for these and other advancements in 
science.   
 

1.4.1 Luigi Galvani – Animal Electricity 
  
Invention of the battery began unintentionally in 1789 with a study of what was called at 
the time animal electricity.   
 
During the 1780's Professor Luigi Galvani and his students at the University of Bologna 
Italy extensively studied the anatomy of frogs.  On one occasion the leg of a frog being 
dissected twitched when it was touched with a steel scalpel.  This alarming event was 
totally unexpected.  They had dissected a lot of frogs over the course of their studies 
without encountering this phenomena.  Exactly what happened is not well documented.  
One account suggests that the handle of the steel scalpel being used by one of the 
students accidently touched the brass hook holding the frog leg in place.  Another 
account suggests that the steel scalpel may have been accidently charged by an 
electrostatic generator that was next to the dissecting table.   
 
The incident caused Galvani to suspect that electricity was some how involved.  Galvani 
conducted extensive experiments in an attempt to understand why the frog leg acted as it 
did.  The experiments no doubt included both of the above accounts.    
   
 

 
 
     Luigi Galvani 
 
These experiments lead Galvani to conclude that the frog, and in fact all animals, 
contained an electrical "fluid".  He named this fluid animal electricity.  He believed that 
this fluid was produced in the brain and conducted by nerves to muscles in the frog's leg.  
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From his experiments Galvani concluded that the muscles were similar to a Leyden Jar.  
That is, a positive charge was stored by the nerves on the inside of the muscle and a 
negative charge was stored on the muscle's outer surface.  Touching the muscle and nerve 
with a metal scalpel caused an electrical discharge to occur in the muscle similar to 
electrically discharging a Leyden Jar by shorting together the jar's inner and outer foil 
plates.  Galvani reasoned that this electrical discharge was the reason that the frog leg 
violently contracted when touched by a metal scalpel.  Galvani published his findings in 
1791. 
 

1.4.2 Alessandro Volta – Metallic Electricity 
 
Many scientist were excited by Galvani's results and began performing their own 
experiments to better understand animal electricity.  One of these was Galvani's friend 
and fellow Italian scientist Alessandro Volta. 
 

 
 
Volta was one of the leading European scientist in the late 1700s.  He was born on 
February 18, 1745 to an aristocratic family in the town of Como in northern Italy near the 
Swiss border.  His father and mother were both of noble lineage.  Volta was one of nine 
children and was initially believed to be mentally retarded.  He had still not learned to 
talk at the age of four.  It was believed that he would never be able to speak.  However, 
this all changed quickly.  At the age of seven he was regarded as one of the brightest 
students at the Jesuit run school that he attended.  He later studied at the Benzi Royal 
Seminary in Como where he developed a deep interest in physics, chemistry, and 
electricity,  abandoning his study of law which his parents had wished him to peruse.  
 
Volta was fluent in many languages including Italian, German, French, and English.  His 
command of languages allowed him to correspond with and remain well informed on the 
work being done by the leading scientist in Europe as well as the accomplishments of  
Benjamin Franklin in the United States. 
 
In 1778 Volta became head of physics at the University of Pavia which is 25 miles south 
of Milan, Italy.  Volta taught at the university for 27 years (1771 – 1805).  Volta's work 
included considerable research into the behavior of gases including the discovery of 
swamp gas (inflammable air), today know as Methane Gas 4CH .   
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Volta also did considerable work with capacitor type devices that he called condensers.  
The most important of these devices was the very sensitive condenser electroscope 
described earlier in Section 2.1.6.3.   
 
Volta initially agreed with Galvani's conclusions and began performing his own 
experiments to better understand animal electricity.  However, these experiments raised 
questions which lead Volta to doubt the validity of Galvani's theory.  Volta repeated 
some of the experiments originally performed by Sulzer in an attempt to resolve the 
differences between the results he was obtaining and the conclusions drawn by Galvani.  
Volta experienced a sour taste when he placed a silver coin at back of his tongue and, 
using copper wire, connected the coin to a piece of tinfoil on the tip of his tongue.  Volta 
repeated the experiment replacing the silver coin and copper wire with a silver spoon, 
allowing the spoon handle to rest on the tinfoil.  The results were the same.  Volta 
experienced a sensation of light when he used dissimilar metals to make contact between 
his tongue and his forehead.  In concept these experiments were the same as the incident 
with the frog leg when the handle of the steel scalpel touched the bronze hook holding the 
frog leg.  In all of these cases dissimilar metals were connected together at one end, either 
directly or through a connecting wire, and connected at the other end through animal (or 
human) tissue.  Volta concluded that the sour taste, sensation of light, and the twitching 
frog leg were all the result of electricity, but not animal electricity.  He maintained that 
the electricity was produced by connecting together dissimilar metals. 
 
Volta published his conclusions in 1792 after two years of experimentation.  Volta 
credited Galvani with the initial discovery but disagreed with Galvani on what caused the 
observed phenomena.  In his paper Volta stated that it was electricity created by 
dissimilar metals, and not animal electricity, that caused frog legs to twitch. Supporters of 
Galvani argued that Galvani's results could be obtained using a single scalpel without a 
second dissimilar metal being present.  Volta countered that rust, heat and other 
contaminants made different parts of the same knife act as dissimilar metals.  He then 
proceeded to prove this.  To further prove his point, Volta joined two dissimilar metals at 
one end and separated them at the other end by brine soaked paper instead of animal 
tissue.  Using his condenser electroscope he demonstrated that the resulting assembly 
created electricity similar to that created when using animal tissue.  The brine soaked 
paper clearly did not contain animal electricity.  By 1794 Volta had become an outspoken 
opponent of animal electricity, proposing instead his own theory of metallic electricity. 
 
Galvani was a modest individual.  As such he avoided any public confrontation with 
Volta.  However, Volta's conclusive demonstrations that animal electricity did not exist 
were a devastating blow to Galvani from which he never recovered.   
 
Volta repeated his experiments using a variety of different metals.  He found that some 
combinations of dissimilar metals yield stronger results than other combinations.  In 1794 
he published his list of metals arranged in their order of effectiveness.  Zinc was at the 
top of his list followed by tin, lead, iron, copper, platinum, gold, silver, graphite, and 
charcoal.  Volta demonstrated that the effect of two dissimilar metals was stronger the 
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further they were apart on the list.  Thus the effect produced by Zinc and charcoal was 
stronger than any other combination of metals.  Volta's list eventually became know as 
the "electrochemical series"  which is extensively used by chemist and engineers today.  
For example, the electrochemical series predicts in part the amount of corrosion that can 
be expected over time in equipment and fasteners built using dissimilar metals. 
 

1.4.3 Voltaic Pile – The First Battery 
 
By 1794 Volta was so consumed with disproving the animal electricity theory, and 
promoting his own theory concerning metallic electricity, that he did not grasp the true 
significants of his experiments.  Two years later it gradually occurred to him that his 
work with dissimilar metals might lead to an effective way to generate useful electricity.  
With this thought in mind, he began investigating the conditions under which various 
combinations of dissimilar metals created electricity.  Zinc was at the top of his 
electrochemical list while platinum, gold, and silver were near the bottom.  As predicted 
by his earlier experiments, zinc – platinum, zinc – gold, and zinc – silver combinations of 
metals all proved affective in creating electricity.  However, with the exception of zinc, 
these metal were expensive.  Copper on the other hand was plentiful, inexpensive and just 
above platinum in his electrochemical list.  A copper – zinc combination proved to be 
nearly as affective in creating electricity and much more affordable. 
 
Volta was able to created electricity that he could detect with his condensing electroscope 
using a zinc – copper combination separated by a piece of brine soaked paper.  But this 
electricity was weak compared to that stored in a battery of parallel connected Leyden 
Jars, or even that stored in a single jar.   
 
It seemed reasonable that stacking copper and zinc disks should develop an electrical 
strength considerably greater than that of a single copper - zinc pair, provided that brine 
soaked paper was inserted between each pair of disk .  He reasoned that a stack of 10 
copper – zinc pairs should develop a strength ten times that of a single pair, just as 
connecting 10 Leyden Jars together stored ten times the charge of a single jar.    
However, the electrical strength (voltage) of the stack always remained the same as a 
single zinc - copper pair, regardless of the number of disks used.  The figure below shows 
why (in this drawing Cu represents a copper disk and Zn a zinc disk).  The voltage 
created by a copper – zinc pair is cancelled by that produced by the zinc – copper pair 
below it, if the zinc disk is common to both pairs.  The voltage is always equal to that 
developed by the first and last disk in the stack.  All of the intermediate zinc, copper, and 
brine soaked paper simply act as a conductor between the first copper and last zinc disk.  
Volta eventually figured this out and removed the paper between copper – zinc pairs so 
that the zinc disk from the upper pair rested directly on the copper disk of the lower pair.  
As simple as this sounds, it was a tremendous break through that allowed Volta to 
succeed in building an electric battery.  Removing the paper between copper – zinc pairs 
resulted in the electrical strength of the stack being directly proportional to the number of 
copper – zinc pairs.  For example, if the voltage developed by a single copper – zinc pair 
was CV , then  a stack with 20 copper – zinc pairs developed a voltage equal to 20 CV , just 
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as Volta had hoped.  This approach for connecting together battery cells was used in all 
future electro-chemical battery designs.   
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Volta's first attempt at stacking disks 
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Volta's Voltaic Pile, the first battery 
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Volta announced his invention to the Royal Society of London in a letter written on 
March 20, 1800.  At this same time the Chappe brothers were developing and installing 
their visual telegraph system through out France. 
 
Volta's invention became know as the Voltaic Pile.  The basic concept of the Voltaic Pile 
is shown in the above drawing.  The voltage of the pile was equal to the voltage of a 
single cell CV  times the number of cells in the pile.  Copper – zinc Voltaic Piles, using 
brine soaked paper as the electrolyte, had a cell voltage of  approximately 0.7 volts 
( CV 0.7≈  volts).  Some very large Voltaic Piles were built.  A typical Voltaic Pile with 
30 cells, similar to the one shown in the picture below, developed a voltage of 
approximately 21 volts. 
 
Limitations with the brine electrolyte and impurities in the zinc disks prevented the pile 
from operation for more than about an hour.  The life of a typical Voltaic Pile used in 
supplying electricity for chemistry and electrical experiments was often only ten to 
fifteen minutes.  After that time the pile had to be disassembled, the disks cleaned, and 
the pile rebuilt with new brine soaked paper.  It is interesting to note that at this point in 
time the relationship between voltage, resistance, and electrical current was poorly 
understood since Ohm's Law had not yet been discovered.  Because of this lack of 
knowledge, the load placed across a Voltaic Pile when performing electrical and 
chemical experiments was nearly a direct short.  
 
While 15 minutes to an hour was a relatively short battery life, it was an enormous 
improvement over the Leyden Jars that were being used at the time.  Consequently, the 
Voltaic Pile replaced the Leyden Jar as the source of electricity used in electrical and 
chemistry experiments.   
 
In November 1801, at the invitation of Napoleon Bonaparte,  Volta demonstrated his 
Voltaic Pile and his other work with electricity in a series of lectures at the Institut de 
France.  These lectures were attended by many of France's leading scientists and by 
Napoleon himself.  Shortly after the lectures Volta was appointed one of only eight 
foreign members to the Institut de France.  Several years later Napoleon conferred on 
Volta the title of Count.  These honors were two of the many honors given to Volta for 
his very important work with electricity.  The unit of measure for electric potential 
energy was established by the International Electrical Congress in 1881 as the volt in 
honor of Volta.  
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 Voltaic Pile 
 
 
In his later years Volta continuously referred to a whole family of electrical phenomena 
as galvanism, acknowledging his great debt and respect for his friend Galvani.  The term 
"galvanic" is still extensively used today in the field of electro-chemistry.  In 1819 Volta 
retired to his estate in Como where he spent the rest of his life.  He died at his home in 
Como on March 5, 1827 at the age of 82. 
 

1.4.4 The First Liquid Acid Batteries 
 
The first Voltaic Piles had a number of problems.  The brine soaked paper or cloth used 
between the copper and zinc disks quickly dried out causing the pile to stop working.  
The weight associated with the stack of copper and zinc disks was also a problem.  This 
weight squeezed the brine electrolyte out of the soaked paper shorting out lower sections 
of the pile as the brine ran down the side of the structure. 
 
A number of liquid acid batteries were developed by experimenters in the 30 years 
following Volta's announcement of his first Voltaic Pile.  The Cruickshank Trough and 
the Couronne de Tasses batteries are representative of these. 
 

1.4.4.1 The Cruickshank Trough Battery  
 
William Cruickshank in England solved the problems of the brine soaked paper drying 
out and the electrolyte leaking by arranging the copper – zinc cells horizontally in a 
wooden box instead of stacking the cells vertically.  This became known as the Trough 
Battery. 
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                     The Trough Battery 
 
 
The inside of the wooden box was shellacked to form a layer of insulation covering the 
wood.  Pairs of zinc and copper plates, joined at the top, were slipped into evenly spaced 
slots cut into the box.  The first slot contained a single copper plate while the last slot at 
the opposite end of the box contained a single zinc plate.  The space between the plates 
was filled with a dilute solution of sulfuric acid.  These details are shown in the drawing 
below.  
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A single cell of the battery consisted of a copper and zinc plate separated by a solution of 
sulfuric acid.  The zinc plate was physically attached to the copper plate of the next cell 
as shown above.  The complete battery was formed by assembling together as many cells 
as desired. 
 
A cell in the Trough Battery operates as follows. 
 
The weak solution of sulfuric acid 2 4H SO  disassociates into hydrogen ions ( )H+ , each 

with a single positive charge, and sulfate ions ( )24SO−  with a minus 2 charge, as shown 
below. 
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The outer electrons of copper atoms, as in all good conductors, are so loosely held that 
they easily break away from their parent atoms.  Consequently, at the atomic level the 
atoms forming a copper plate are engulf in a sea of freely moving electrons.  However, 
the copper plate is electrically neutral since the total number of electrons in the material 
is equal to the total number of protons. 
 
A hydrogen ion ( )H+ steals one of the copper plate's freely moving electrons when it 
collides with the plate.  The process of stealing an electron converts the hydrogen ion into 
a neutral hydrogen atom.  However, the copper plate becomes electrically unbalanced as 
the result of losing an electron to the hydrogen ion.  The copper plate develops a positive 
charge as millions of hydrogen ions collide with the plate each stealing an electron.  
 
Sulfate ions ( )24SO+  near a zinc plate draw zinc atoms from the surface of the plate into 

solution as zinc ions ( )2Zn+ , forming a solution of zinc sulfate ( )4ZnSO  mixed with the 

already existing sulfuric acid ( )2 4H SO .  This process leaves the zinc plate with an excess 
of two electrons.  A negative charge develops on the zinc plate as millions of zinc ions 
are drawn into solution.  
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The net electric field inside a cell is zero.  The electric field created by the positive charge 
on the copper plate and negatively charged zinc plate is exactly cancelled by the 
oppositely directed fields created by the solution of positive zinc and hydrogen ions and 
negatively charged sulfate ions. 
 
The only electric fields external to a cell is the field created by the positively charged 
copper plate and the negative zinc plate.  The strength of the electric field between the 
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Trough Battery's positive copper terminal (on the left side of the battery in the above 
drawing) and its negative zinc terminal is equal to the electric field created by a single 
cell times the number of cells composing the battery.  Connecting a wire or other 
electrical components between the positive and negative terminals forms an electric 
circuit through which electrons flow from the negative zinc to the positive copper 
terminal. 
 
Chemically, the reaction within a cell consists of two half reactions.  Specifically 
 

( ) ( )
( )2

s aqZn Zn 2e −+→ +      and 
 

( ) ( )
( )2 g2H 2e H+ −+ →  

 
where (aq) denotes an aqueous solution, that is ions dissolved in water, (s) denotes a 
solid, and (g) indicates a gas.  Adding the two half reactions together gives the complete 
chemical reaction occurring in the cell 
 

( )
( )

( ) ( )
2

s aq 2 gZn 2H Zn H+ ++ → +  . 
 
The ability of a chemical reaction to separate electric charges with in a cell is called 
electromotive force (EMF) and is measured in volts.  The strength of the Electromotive 
Force is equal to the electric potential energy in the external electric field between the 
cell's copper and zinc plates.  The voltage developed by a cell depends on the particular 
dissimilar metals used and the acidic solution in which they are placed. Chemical tables 
have been created which list the voltages produced by a wide assortment of half 
reactions.  These are hypothetical voltages.  The actual voltage produced by a chemical 
reaction is equal to the sum of the voltages for the two half reactions.   
 
For a Trough Battery cell, the electromotive force associate with the first half reaction is 
 

( ) ( )
( )2

s aqZn Zn 2e −+→ +   equals +0.76 volts. 
 
The electromotive force associated with the second half reaction is by convention 
 

( ) ( )
( )2 g2H 2e H+ −+ →   equals +0.00 volts. 

 
The total electromotive force developed by the complete chemical reaction is 
 

( )
( )

( ) ( )
2

s aq 2 gZn 2H Zn H+ ++ → +   equals +0.76 volts, the sum of the two half reaction 
voltages. 
 
The voltage between the battery's positive copper terminal and its negative zinc terminal 
at the other end of the battery is equal to 0.76 volts times the number of battery cells.  If 
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the battery contains four cells, as shown above, then the battery voltage is 4 * (0.76) = 
3.04 volts.  
 
The similarities and differences between the Trough Battery and the original Voltaic Pile 
are clearly illustrated by the above drawings.  The zinc plate of one cell is in direct 
physical contact with the copper plate of the next cell, just as in the Voltaic Pile.  In the 
Trough Battery, the brine soaked paper is replaced with a liquid solution of dilute sulfuric 
acid.  The Trough Battery is built horizontally, as it must be, to prevent the sulfuric acid 
electrolyte from spilling out of the battery.   
 

1.4.4.2 Couronne de Tasses Battery 
 
Volta developed a version of the Trough Battery that had better performance.  In Volta's 
design each cell of the battery consisted of a glass jar filled with weak sulfuric acid into 
which an individual copper and zinc plate were placed as shown below.  Cells were 
combined into a battery by connecting the zinc plate of one cell to the copper plate of the 
next cell.  Volta called this assembly of cells the Couronne de Tasses Battery. 
 
This battery worked better than the Cruickshank Trough Battery because the copper and 
zinc plates were separated.  This separation created a larger surface area on each plate 
with which the sulfuric acid could interact.  
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                     Two Cell Couronne de Tasses Battery 
 
The voltage developed by each cell of a Couronne de Tasses Battery was also 0.76 volts 
since it utilized the same chemical reaction as in the Cruickshank Trough Battery. 
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1.4.4.3 Problems Encountered With The Early Liquid Acid Batteries 
 
These batteries were extensively used for many years as the power source for both 
electrical and chemistry studies.  While they were considerably better than the original 
Voltaic Piles, the voltages produced by these batteries were erratic and continuously 
dropped as the battery was used.  Often the useful life of a battery was again limited to 
ten to fifteen minutes, depending on the experiment being performed and the amount of 
electrical current drawn by the experiment.   
 
Hydrogen gas surrounding the copper plates was one cause of these problems.  As 
discussed earlier, a hydrogen ion colliding with the copper plate stole an electron from 
the plate producing a neutral hydrogen atom.  These atoms in turn formed hydrogen gas 
molecules ( )2H as the hydrogen atoms collided with one and other.  Consequently, as the 
battery was used a barrier of insulating hydrogen gas formed around the copper plate 
reducing the interaction between the plate and the sulfuric acid.    
 

1.4.5 The Daniell Cell 
  
The Daniell Cell was invented in 1836 by British chemist John Frederic Daniell to solve 
the hydrogen gas problem experienced with the liquid acid batteries.  
 
 

 
 
  A battery consisting of 6 Daniell Cells 
 

1.4.5.1 Construction of the Daniell Cell 
 
Daniell solved the hydrogen problem by building his cell with two chambers.  The outer 
chamber was a copper pot filled with a copper sulfate solution, 4CuSO .  The copper pot 
formed the cell's positive electrode.  An unglazed earthenware container filled with a 
dilute solution of sulfuric acid, 2 4H SO  , was used as the inner chamber.  This chamber 
contained the zinc electrode, as shown below.  
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                                         Daniell Cell 
 
It should be noted that one of the more popular designs for the Daniell Cell consisted of a 
copper cylinder inserted into a glass tumbler instead of the copper pot. 
 

1.4.5.2 Daniell Cell Theory of Operation 
 
The copper sulfate solution was formed by dissolving copper sulfate crystals in distilled 
water.  When dissolved the copper sulfate forms positive copper ions ( )2Cu+  and 

negative sulfate ions ( )24SO − .  The sulfuric acid solution consists of positive hydrogen 

ions ( )H+  and negative sulfate ions, ( )24SO − .  The porous earthenware container kept 
the sulfuric acid and the copper sulfate solutions separated while allowing the sulfate ions 
to freely pass between the two chambers.   
 
As described earlier, the outer electrons of copper atoms are so loosely held that they 
easily break away from their parent atoms.  Consequently, at the atomic level the atoms 
forming the copper pot are engulf in a sea of freely moving electrons.  However, the 
copper pot is electrically neutral since the total number of electrons in the material is 
equal to the total number of protons. 
 
A copper ion ( )2Cu+  steals two of the pot's freely moving electrons when it collides with 
the copper pot's inner wall.  Stealing two electrons causes the copper ion to "plate out" as 
solid copper (Cu) on the surface of the pot.  This process results in the copper pot 
becoming electrically unbalanced.  The copper ion, with its +2 charge,  adds 27 positive 
protons to the pot material but only 27 electrons when it plates out on the pot's inner wall.  
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Consequently the copper pot develops a positive charge as millions of copper ions plate 
out on the pot's surface. 
 
Notice that with the Daniell Cell it is copper, a conductor, that is plating out on the 
copper pot, not a barrier of insulating hydrogen gas.  Thus filling the copper pot with a 
solution of copper sulfate instead of sulfuric acid eliminated the hydrogen gas problem of 
the earlier liquid acid cells. 
 
In the battery's inner chamber, the zinc rod slowly dissolves in the sulfuric acid.  As it 
dissolves, positively charged zinc ions ( )2Zn+  leave the surface of the rod and mix with 

the sulfate ions ( )24SO−  to form a mixed solution of zinc sulfate ( )4ZnSO  and sulfuric 

acid ( )2 4H SO , as shown below.  A negative charge develops in the zinc rod as millions 
of zinc ions separate from the rod and go into solution. 
 
In the outer chamber an excess of sulfate ions develop as copper ions plate out on the 
surface of the copper pot.  In the inner chamber (inside the earthenware container) a 
deficiency of sulfate ions develop as zinc ions dissolve into the sulfuric acid ( )2 4H SO  

and mix with the sulfate ions to form zinc sulfate ( )4ZnSO .  The zinc ions compete with 
the hydrogen ions for the available negatively charged sulfate ions. 
 
The net electric field inside the cell is zero.  The electric field created by the positive 
charge on the copper pot and negatively charged zinc rod is exactly cancelled by the 
oppositely directed fields created by the positive zinc and hydrogen ions and negatively 
charged sulfate ions. 
 
While there is no net electric field within the cell, there still remains a concentration 
imbalance with an excess of sulfate ions in the outer chamber and a deficiency of sulfate 
ions in the inner chamber.  The concentration imbalance cause sulfate ions to diffuse 
from the outer chamber through the porous pot to the inner chamber. 
 
Chemically, the reaction within the cell consists of two half reactions.  Specifically 
 

( ) ( )
( )2

s aqZn Zn 2e −+→ +      and 
 

( )
( ) ( )

( )
2
aq sCu 2e Cu+ −+ →  
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where (aq) denotes an aqueous solution, that is ions dissolved in water, and (s) denotes a 
solid.  Adding the two half reactions together gives the complete chemical reaction 
occurring in the cell 
 

( ) ( )
( )

( ) ( )
2 2

s aq aq sZn Cu Zn Cu+ ++ → +  . 
 
The electromotive force associate with the first half reaction is 
 

( ) ( )
( )2

s aqZn Zn 2e −+→ +   equals +0.76 volts. 
 
The electromotive force associated with the second half reaction is 
 

( )
( ) ( )

( )
2
aq sCu 2e Cu+ −+ →   equals +0.34 volts. 

 
The total electromotive force developed by the complete chemical reaction is 
 

( ) ( )
( )

( ) ( )
2 2

s aq aq sZn Cu Zn Cu+ ++ → +   equals +1.10 volts. 
 
The only electric fields external to the cell is the field created by the positively charged 
copper pot and negatively charged zinc rod.  Connecting a digital voltmeter, or any other 
electrical components, between the copper pot and the zinc rod creates an electrical 
circuit in which electrons from the negatively charged zinc rod flow to the positively 
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charged copper pot.  Within the cell the electric circuit continues as negatively charged 
sulfate ions diffuse away from the copper pot through the porous earthenware container 
to the zinc rod, creating a complete electrical circuit. 
 
It is important that the earthenware container be porous.  For example, using a non-
porous ceramic material for the inner container, instead of earthenware, would block the 
diffusion of sulfate ions from the outer to the inner chamber, preventing the cell from 
working.   
 
The copper – zinc Daniell Cell was the first electrical cell capable of delivering a 
significant amount of current for an extended period of time.    The Daniell Cell provided 
an operating voltage of roughly 1.1 volts and was extensively used to build local circuit 
batteries in the early telegraph networks.  
 
One of the problems encountered with the Daniell Cell was that copper deposits would 
build up over time on the outer surface of the earthenware container plugging its pores.  
The build up eventually caused the cell to stop working. 
  

1.4.6 Gravity Cell 
 
A simpler version of the Daniell Cell was invented in the 1860s.  This cell consisted of a 
glass jar, typically 6 inches in diameter and 8 inches high.  A copper electrode with an 
insulated wire was placed at the bottom of the jar and a zinc crow foot shaped electrode 
was supported from the top lip of the jar as shown in the figure below. 
 
 
 

 
 
 
The jar was filled with enough water to completely cover the zinc electrode.  Ideally, 
distilled water was used.  However, distilled water was not available at most telegraph 
stations so clean rain water was used instead.  Once the jar was filled with water, copper 
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sulfate crystals were poured in completely filling the bottom of the jar.  This had to be 
done carefully so as not to get any crystals on the zinc crow foot.  Telegraph company 
operating procedures usually required the jar to be filled with water and the crystals 
added before inserting the zinc crow foot.    
 
The cell was activated by placing about a teaspoon of sulfuric acid in the top of the jar 
followed by shorting the cell for about 24 hours.  That is, connecting the wire from the 
positive copper electrode directly to the negative zinc crow foot.  Sulfate ions from the 
sulfuric acid initially drew zinc ions into solution, beginning the cell's chemical reaction, 
while copper ions plated out on the copper electrode creating an excess of sulfate ions at 
the bottom of the jar.  The excess ions diffused upward sustaining production of zinc 
sulfate around the zinc electrode.  About a quarter inch of mineral oil was added to the 
cell to prevent zinc crystals from creeping over the top edge of the jar.  The mineral oil 
floating on top of the zinc sulfate also prevented evaporation.  The copper sulfate 
solution, which is blue in color, is more dense than the clear solution of zinc sulfate and 
thus remained at the bottom of the jar.  In a properly operating cell, the bottom half of the 
jar was blue in color while the top half was clear.  Like the Daniell Cell, the Gravity Cell 
produced a voltage of approximately 1.1 volts. 
 
In this cell gravity maintained the necessary separation between the copper sulfate and 
zinc sulfate solutions while allowing sulfate ions to flow freely between the two 
solutions. This eliminated the need for a porous membrane (such as the earthenware 
container used in the Daniell Cell) reducing the cost and complexity of the cell while 
greatly improving cell life and reliability. However, the Gravity Cell was restricted to use 
in fixed installations since any vibrating or shaking of the glass jar would cause the two 
solutions to mix preventing the cell from operating. 
 
The Gravity Cell was very easy to maintain.  Copper sulfate crystals were added to the 
cell if the blue copper sulfate solution faded in color or fell to the point that it was just 
covering the copper electrode.  Care had to be taken to ensure the copper sulfate crystals 
fell to the bottom of the jar and not on the zinc crow foot.  The copper sulfate solution 
was siphoned out if it came too near the zinc electrode.  A black mud of copper oxide 
(CuO) formed on the zinc element, destroying the cell, if the copper sulfate came in 
contact with the zinc crow foot.   
 
An interesting aspect of the Gravity Cell is that it had to operate continuously to maintain 
the zinc sulfate solution and prevent copper sulfate from creeping up toward the zinc 
electrode.  That is, electrical current had to be continuously flowing through the cell.  The 
zinc sulfate solution increased in density as the cell was used.  Some of the zinc sulfate 
solution was siphoned out and water added to the cell if the specific gravity of the zinc 
sulfate solution became more than 1.15.  
 
A Gravity Cell typically lasted 5 to 8 weeks in a telegraph circuit.  A cell had to be 
replaced when its zinc crow foot dissolved away (all of the zinc was used up).  One of the 
problems with the zinc element in the Gravity Cell was that iron and nickel impurities in 
the zinc caused the zinc element to dissolve irregularly shortening the life of the cell.  
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This same problem occurred in the Daniell Cell and other cells using zinc as one of the 
cell electrodes.  This problem was resolved by a process known as amalgamating the 
zinc.  This involved dipping the zinc electrode in mercury to prevent the cell's sulfuric 
acid from reacting too rapidly with the impurities.    
 
Gravity Cell batteries became the primary type of battery used in the world wide 
telegraph networks from 1870 on.  They were still in use in some remote areas as late as 
the 1940s. 
 

1.4.7 The Grove Cell 
 
The Grove Cell was invented by William Grove in 1839, three years after the Daniell 
Cell was invented.  The Grove Cell was similar to the Daniell Cell in construction.  The 
Grove Cell consisted of a zinc cylinder outer chamber inserted in a glass jar.  The 
cylinder was filled with sulfuric acid.  A porous pot formed the inner chamber, similar to 
a Daniell Cell.  However, the Grove Cell inner chamber was filled with nitric acid.  A 
platinum strip, generally one inch wide and 3 inches long was inserted into the nitric acid.  
To form a battery, the zinc cylinder of one cell was connected to the platinum strip of the 
next cell.  A cheaper version of the Grove Cell used a graphite rod in place of the 
platinum strip.  This cell was called the Bunsen Cell. 
 
An excess of hydrogen ions developed in the outer chamber as the sulfuric acid drew zinc 
ions into solution.  The hydrogen ions diffused through the porous pot and interacted with 
the nitric acid ( )3HNO  to form nitrous acid ( )2HNO and nitric oxide ( )NO fumes. 
 
The Grove Cell was extensively used by the telegraph industry for nearly 20 years to 
power the telegraph main (long distance) circuits because of its higher voltage and 
current capacity.  The local circuits were powered by either Grove or Daniell cells.   
 
The Grove Cell had an operating voltage of 2.0 volts, nearly twice that of the Daniell 
Cell.  Operationally this difference was very important. The battery for a telegraph office 
might typically contain 40 Grove Cells arranged on a wooden rack coated with tar or 
paraffin as shown below. A rack of 80 Daniell Cells would be required to deliver the 
same power. The tar or paraffin coating protected the wooden rack from spilled acid and 
helped prevent short circuits.   
 
The offensive smell and health issues resulting from the poisonous nitric oxide fumes 
given off by the Grove Cell caused it to eventually be replaced by the safer and easier to 
maintain Gravity Cell. 
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1.5 Electromagnetics 
 
The scientific foundation for the electric telegraph was largely developed in the 35 years 
following invention of the battery, that is from 1800 through 1835. Early on it was 
believed that electricity and magnetism were two separate entities. Beginning around 
1819 a number of scientists made discoveries hinting that electricity and magnetism were 
closely related. The scientists involved in this work included: 
 

• Hans Christian Orsted 
 
• Jean-Baptiste Biot, and Felix Savart 
 
• Andre-Marie Ampere 

 
• George Simon Ohm 

 
• Michael Faraday 

 
• Joseph Henry 

 
• Johann Carl Friedrich Gauss 
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• James Clerk Maxwell 
 
 
 
 

1.5.1 Hans Christian Oersted 
 
In 1819 Hans Christian Oersted was demonstrating the flow of electricity through a wire 
to his students.  Each time he turned on the electrical current he noticed the needle of a 
magnetic compass deflect. The compass just happened to be sitting on the table beside 
the experiment. The deflecting needle seemed to indicate that the electrical current was 
generating a magnetic field.  
 

1.5.2 Jean-Baptiste Biot, and Felix Savart 
 
In 1820 Jean-Baptiste Biot, and the physicist Felix Savart discovered that the strength of 
a magnetic field at a given distance from a current carrying wire is directly proportional 
to both the electrical current flowing in the conductor and the length of the current 
carrying segment under consideration. In addition, the strength of the magnetic field is 
inversely proportional to the square of the distance from the wire. This relationship is 
now known as the Biot-Savart law. In equation form 
 

𝑑𝐵 =
𝜇!
4𝜋

𝐼  𝑑𝑠×𝑟
𝑟!  

 
where, as illustrated in Figure 50, 
 
𝑑𝐵 = an element of the magnetic field 
𝜇! = permeability of free space 
𝐼 = electrical current 
𝑑𝑠 = an infinitesimal length of a conductor carrying the electrical current 𝐼 
𝑟 = unit vector of distance in the  r  direction 
r = distance from  𝑑𝑠  to the magnetic field element 𝑑𝐵  
𝜃 = the angle between  𝑑𝑠  and  𝑟 
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Figure 50  Biot-Savart law  (source: Share Education Ideas) 

 
 
The total magnetic field  B  is found by integrating  ds  along the wire. This is equal to 
 

𝐵   =
𝜇!  𝐼
4𝜋   

𝑑𝑠×𝑟
𝑟!      

 
This equation leads to the right hand rule illustrated in Figure 51. Thumb points in the 
direction of the electric current and fingers curl around the current indicating the 
direction of the magnetic field. 
 

 

 
 

Figure 51  Right Hand Rule  (source: Science Facts.net) 
 
 
Performing the integration, the magnetic field around a long straight wire becomes 
 

𝐵   =
𝜇!  𝐼
2𝜋𝑟   
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The Biot-Savart law  
 

𝑑𝐵 =
𝜇!
4𝜋

𝐼  𝑑𝑠×𝑟
𝑟!  

 
is similar to Coulomb’s law which relates an electric field to the charges which creates it. 
In equation form 
 

𝑑𝐸 =
𝜌!  𝑑𝑣
4𝜋𝜀!𝑟!

𝑟 

 
where 
 
𝑑𝐸 = an infinitesimal element of the total electric field 
𝜌! = electrical charge density per unit volume 
𝑑𝑣 = an infinitesimal volume 
r = distance from  𝜌!  to the field point  𝑑𝐸 
𝑟  = unit vector in the  r  direction 
𝜀! = permittivity in free space 
 
 

1.5.3 Andre-Marie Ampere 
 
Based on Oersted’s discovery, in 1820 Ampere developed his law of force. This law 
states that the force of attraction or repulsion between two wires carrying electrical 
currents is proportional to the intensities of currents passing through them. In equation 
form Ampere’s Force Law is 
 

𝐹!" =
−𝜇!  𝐼!𝐼!
2𝜋𝑑   𝑎! 

 
where 
 
𝐹!" = is the force between the two wires 
𝜇! = permeability of free space 
𝐼! = electrical current in wire 1 
𝐼! = electrical current in wire 2 
d = the distance between wire 1 and wire 2 
𝑎! = the unit vector in the direction from wire 1 to wire 2 
 
When   𝐼!  and  𝐼!  are in the same direction, the two conductors experience an attractive 
force.  When   𝐼!  and  𝐼!  are oppositely directed, the conductors repel each other. 
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Later, in 1826 Ampere discovered that the strength of the magnetic field around a current 
carrying wire is proportional to the current times the permeability of the medium around 
the wire. This is know as Ampere’s Circulation Law, specifically 
 

𝐵      ∙   𝑑𝑙 = 𝜇!𝐼 

where 
 
𝐵   = magnetic field 
𝑑𝑙 = an element of length along the conductor loop 
𝜇! = permeability of free space 
𝐼   = electrical current in the wire loop 
 
This equation is easily derived from the Biot-Savart law. In Figure 52, from Biot-Savart 
the magnetic field due to a long straight wire is 
 

𝐵   =
𝜇!  𝐼
2𝜋𝑟 

 
Therefore 
 

  𝐵 ∙ 𝑑𝑙 =  
𝜇!  𝐼
2𝜋𝑟    𝑑𝑙 

 
 

  𝐵 ∙ 𝑑𝑙 =  
𝜇!  𝐼
2𝜋𝑟    2𝜋𝑟  

 
 

  𝐵 ∙ 𝑑𝑙 = 𝜇!  𝐼     
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Figure 52 Deriving Ampere’s Circulation Law  (source: Science Facts.net) 

 
 
 

1.5.4 George Simon Ohm 
 
 
 
 
 
 

1.5.5 Michael Faraday 
 
In 1831 Faraday made what may be his most important discovery, namely that of electro-
magnetic induction. This discovery was the opposite of that which Oersted had 
discovered ten years earlier. Faraday showed that a magnet could induce an electrical 
current in a wire. Thus he was able to convert mechanical energy into electrical energy 
and discovered the first dynamo (a machine for converting mechanical energy into 
electrical energy). 
 
 
 
 

1.5.6 Joseph Henry 
 
 
 
 
 
 



October 2021                                                                                         Ken Larson KJ6RZ 

57 

 
 

1.5.7 Johann Carl Friedrich Gauss 
 
Gauss ranks as one of history's greatest mathematicians.  He had a considerable influence 
in many fields of mathematics and science including number theory, algebra, statistics, 
differential geometry, geophysics, optics, astronomy, and electrostatics. 
 
 

    
 
  
Gauss was born to poor working-class German parents on 30 April 1777.  His mother 
was illiterate and never recorded the date of his birth.  She simply remembered that he 
was born on a Wednesday eight days before the Feast of the Ascension (which occurs 40 
days after Easter).  Later in his life Gauss worked the problem backwards to determine 
the actual date of his birth. 
 
Gauss was a child prodigy making his first mathematic discoveries while a teenager.  His 
remarkable capabilities attracted the attention of the Duke of Brunswick.  The Duke sent 
Gauss to the Braunschweig University of Technology (from 1792 through 1795) and then 
to the University of Gottingen from 1795 to 1798.  Gauss began his serious mathematical 
work while at the Universities.  This worked continued until his death in 1855.  
 
In 1831 Gauss began working with physics professor Wilhelm Weber.  Together they 
developed a considerable knowledge of magnetism, including developing a method to 
measure the horizontal intensity of the Earth's magnetic field.  As a part of this work, 
Gauss created a mathematical theory for separating the inner and outer sources of Earth's 
magnetic field.  The inner source being that part of the magnetic field generated within 
the Earth's core and the outer source presumably created by phenomena occurring above 
the Earth's surface.  Today we understand that the outer sources include the Earth's 
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magnetosphere and currents circulating in the Earth's upper atmosphere, both of which 
have an affect on the long distance transmission of high frequency radio waves. 
 
In 1835 Gauss developed a flux theorem that relates the distribution of electric charge to 
the resulting electric field.  This theorem became known as Gauss's Law.   
 
Gauss's law can be used to derive Coulomb's law and vice versa.  It is interesting to note, 
however, that Gauss was 8 years old when Coulomb published his law.  Gauss's law was 
developed 50 years later.  
 
Gauss's Law is one of four laws used by James Clerk Maxwell to develop his equations 
for the unified electromagnetic theory.  The other three being Gauss's law of magnetism, 
Faraday's law of induction, and Ampere's law.  
 
Gauss's Law in mathematical terms is 
 
 

𝐸
  

!
∙ 𝑑𝑠 = ∇ ∙ 𝐸

  

!
  𝑑𝑣 =

𝑞!
𝜀

!

!!!

=
𝑄
𝜀  

 
 
This equation states that the Total outflow of the electric field 𝐸   from a closed surface 𝑆   
(a sphere of volume V in Figure 3) is proportional to the total strength Q of all the 
charges 𝑞!  contained within the sphere. The constant of proportionality is 

!
!
  where 𝜀 is 

the electric permittivity of the medium in which the charges are located. 
 
Looking at this equation piece by piece, the total outflow of the electric field 𝐸   from a 
closed surface 𝑆   is equal to the surface integral 
 

𝐸
  

!
∙ 𝑑𝑠 

 
A surface vector  𝑆   is a vector whose length is equal to the magnitude of a surface area 
and whose direction is normal to the surface (see appendix: Vector Analysis). When the 
surface is a closed surface, such as that in Figure3, the positive normal is the direction 
outward from the closed surface. For an open surface, the positive normal is the direction 
specified by the right hand rule with the fingers of the right hand curled around the 
periphery of the surface and the thumb pointing in the direction of the surface normal. 
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Figure 3 Gauss' Flux Theorem   (source: author) 
 
 
If  𝑬   is the electric field vector and  𝑑𝑠  is a vector element of area on the surface S, then 
the integral of the dot produce 
 

𝐸      ∙ 𝑑𝑠   
 
taken over the extent of the surface is called the surface integral which is a scalar 
quantity.   
 

𝐸      ∙ 𝑑𝑠  
  

!
 

 
The dot product 
 

𝐸      ∙ 𝑑𝑠   = 𝐸  𝑑𝑠   cos𝜃 
 
where  𝜃 is the angle between the two vectors  𝐸    𝑎𝑛𝑑    𝑑𝑠 . The dot product  
 

𝐸      ∙ 𝑑𝑠   
 
is a scalar (non-vector) quantity, i.e. a magnitude without any implied direction. Air 
temperature is a typical scalar quantity. 
   
When the surface is a closed surface, as it is in Gauss's Law, the surface integral is 
denoted by 
 

𝐸      ∙ 𝑑𝑠  
  

!
 

 
The sum of the charges located within the closed surface is obvious. It is 
 

E

Individual
 Charge Closed Surface

           S

Enclosed Volumn
             V
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𝑞!
𝜀

!

!!!

=
𝑄
𝜀  

 
The term in the middle of  Gauss's Law 
 

∇ ∙ 𝐸
  

!
  𝑑𝑣 

 
is the divergence term.  The Dell operator  ∇ is a vector equal to 
 

∇  = 𝑎!
𝜕
𝜕𝑥 + 𝑎!

𝜕
𝜕𝑦 + 𝑎!

𝜕
𝜕𝑧 

 
The divergence of  𝐸 
 

∇ ∙ 𝐸 
 
measures the change in the strength of  𝐸 for a very small change in the  x  direction  !

!"
 

plus the change in a small  y direction  !
!"

  plus the change in the z direction   !
!"

 .  The 

divergence of  𝐸 is thus the strength of the 𝐸 at some very small point within the volume 
of the sphere in Figure 3. Integrating the divergence throughout the entire volume of the 
sphere  
 

∇ ∙ 𝐸
  

!
  𝑑𝑣 

 
produces the total strength of the electric field withing the sphere. Since the electric field 
flows throughout all of space, the total strength of the electric field must be equal to the 
total electric field flowing through the surface of the sphere 
 

𝐸      ∙ 𝑑𝑠  
  

!
 

 
Thus 

𝐸
  

!
∙ 𝑑𝑠 = ∇ ∙ 𝐸

  

!
  𝑑𝑣 

 
 
which in turn must be equal to the total charge Q within the sphere, that is 
 

𝐸
  

!
∙ 𝑑𝑠 = ∇ ∙ 𝐸

  

!
  𝑑𝑣 =

𝑄
𝜀  
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If the total charge located within the sphere is a single point charge  q , located at the 
center of a sphere, then 
 

𝐸
  

!
∙ 𝑑𝑠 = 𝐸 ∙ 𝐴!"!!"! =

𝑞
4𝜋𝜀𝑅! ∙ 4𝜋𝑅

! =
𝑞
𝜀 

 
 

1.5.8 James Clerk Maxwell 
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