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The Modified Electric Guitar 
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Supervisor:  Richard Crawford 

ABSTRACT 

 

 This report describes an engineering project designed for a high school course.  In 

this project, the design process is cycled twice, with declining amounts of structure and 

guidance from the instructor.  The project includes two or three iterations of an electric 

guitar design and build.  The first iteration guides students through the design and build 

of a single-string electric guitar, with instructions for completing the build provided by 

the instructor.  Students are responsible for building all aspects of the guitar with the 

exception of tuning hardware and strings.  Thus, students build the body, coil(s), and 

circuitry for the guitar.  In the second iteration, student groups follow the design process 

to develop a prototype three-string electric guitar. Multiple options may be followed, 

determined by the instructor based on constraints such as material availability, budget, 

and access to woodworking equipment.  The report includes a review of relevant 

literature on the topic of non-engineering based guitar building courses already in place 

in high schools and colleges.
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Chapter 1  

Introduction 
 

 This report describes a possible capstone unit for the Engineer Your World (EYW) high 

school engineering course developed the UTeachEngineering program at The University of 

Texas at Austin.  This is a high school engineering/physics/mathematics unit that implements all 

or most of the concepts previously covered in the EYW course within the context of an 

introduction to audio engineering. 

 At the time when planning for the unit began in 2012 (I have been building guitars in 

physics classes since 1999), there was little information available on such courses already in 

existence.  Several high schools, notably Conroe High School (Conroe Texas), where Scott 

Rippetoe's classes have been building single-string electric guitars since the 1990's, have some 

sort of guitar building program.  Information concerning the actual science and mathematics 

behind the projects was, however, hard to find.  In the intervening time, university-sponsored 

high school courses have been developed by MIT and other universities.  These courses are 

either semester-long or year-long courses combining engineering, physics, mathematics, and 

music.  In order to meet the needs of the EYW program, the design for this unit must span a 

much smaller time period. 

 The initial plan called for building the entire guitar, with the exception of strings and 

tuning mechanism, from raw materials.  In efforts to reach an acceptable timeframe, a variety of 

guitar-building kits were examined, so that the building process may be streamlined in order to 

provide more time for study of the STEM processes involved in designing, building, testing, 

analyzing, and playing the instrument.   
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Designing and Building 

 To investigate the design possibilities, I have built guitars from torn kits, torn another one 

down and rebuilt it using different electronics, and built a fourth from entirely original parts from 

our wood shop and salvaged from donated guitars.  Other kits have been ordered for evaluation.  

With any of these options, the body, neck, tuning system, knobs, and strings are prefabricated.  

The pickup coils and electronics can be built in class.  The drawback of using the kits and/or 

donated materials is that using these parts constrains the solutions developed by the students.  

The major benefit of using the kits or tearing down existing guitars are saving significant amount 

of time by eliminating some of the design and saving much of the labor involved in building a 

guitar from scratch. The exploration and testing involved in this research project determined the 

relationship between time and cost constraints and the use of prefabricated over raw materials.  

The current estimates show the cost of using the kits is not significantly greater than the cost of 

using raw materials. 

Testing and Analysis Based on Existing EYW Units 

 This stage of the capstone project weaves together all aspects of STEM education.  

Numerous aspects of the electric guitar reflect or parallel concepts introduced in other units.  

These concepts include gears, forces and torques, and circuits. 

 The tuning system consists of a set of worm gears, which is far preferable to a friction-

based system, in that it does not allow the strings to loosen.  Worm gears are introduced in the 

Reverse Engineering unit in EYW
*
.  Students calculate the gear ratio and test to determine how 

the performance of the gear system exceeds that of a frictional system. The strings, when 

tensioned properly, supply a large amount of force to the neck and the body of the guitar.   

* http://www.engineeryourworld.org/  
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An improperly designed or adjusted guitar can be ruined by the torque on the neck.  These forces 

can be measured using available equipment from other EYW units (for instance, using Vernier 

Dual-force Probes).  Forces and torques are covered in the Reverse Engineering and Aerial 

Imaging units. 

 There are two options for circuitry in the project.  The electronics of the guitar itself are 

less complicated than those used in the EYW Xylophone mini-unit and the Aerial Imaging unit.  

The only components of the basic circuit are a potentiometer (volume knob), pickup coil, and 

output jack.  In addition, a slightly more complex circuit can be built, utilizing materials largely 

available from the Xylophone and Aerial Imaging circuitry, which provide an onboard amplifier 

powered by a 9V battery.  Research is necessary to determine both if this is feasible within time 

constraints and to determine the best way to build the circuit.  

Testing and Analysis Based on New Concepts 

 The proper specifications for the pickup coils can be determined mathematically using 

measurements made with a multimeter (also used in existing EYW units) on the other elements 

of the system.  When this capstone project is scheduled to begin in the EYW curriculum, the 

students will not have received in-depth instruction on electromagnetics.  The discussion of how 

the pickup coils and strings work together to produce sound is one of the major emphases of the 

unit.  If oscilloscopes are available, they can be used to examine waveforms, including amplitude 

and frequency, and how these phenomena relate to the perception of sound.  If not, as students 

have learned to answer, “There is an app for that.” 

Playing 

 The engineering process would not be complete without testing the final product.  This 

can again utilize oscilloscopes to analyze harmonics.  In addition to how the guitar itself works, 
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audio engineers must understand the amplification system, and even the workings of the human 

ear. 

Capstone Project Qualifications 

 The design and implementation process that form the basis of this project will provide a 

balanced representation of all that students will have learned during the EYW course.   Future 

Research will be conducted concerning whether students should be grouped as in the Aerial 

Imaging project, with subgroups working on each system, or whether smaller groups are more 

efficient.  Either way, the biggest problem foreseen at this time is, assuming the students work in 

groups, determining who gets the finished product? 

 This report includes a detailed description of this project, including an overview of the 

EYW design process, a look at the physics and mathematics involved in the project, the building 

project itself, and conclusions and future plans for the project.  The next chapter is a review of 

relevant literature concerning electric guitars and electric guitar building projects at the high 

school and college levels and a discussion of how this project relates to those that came before it. 
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Chapter 2  

Literature Review 

 

STEM Applications 

 The overarching theme of the project is to present the concepts of Science, Technology, 

Engineering, and Mathematics (STEM) to high school students in a way that is challenging and 

rigorous, and yet is enjoyable and engaging for the recipients.  According to Metz and Lukie 

(2012), “Cognitive engagement represents a mental effort that promotes deeper understanding of 

scientific concepts promoting intellectual achievement.”  While their overall study involves 

alternative forms of assessment, which might not be within the scope of this project, Metz and 

Lukie show that student engagement is a major factor in the development of mastery in science 

and engineering, and that the electric guitar can be a good way to bridge the gap between student 

and teacher, which can get in the way of such engagement. 

The history of the electric guitar and electric guitar pickup is an 

excellent method to reduce the distance between the student and 

teacher. Teachers and students are very connected to music in their 

lives and by bringing up music to them the distance between the 

teacher and student is reduced because music is what is in 

common. The story involving the need to increase the volume of 

the acoustic guitar is illuminating the need for an electromagnetic 

pickup. (Metz and Lukie, 2012, p4) 

 

 Taking a less academic view of the same type of project, high school woodworking and 

physics teachers in Ventura, CA are also implementing an electric guitar building program.  

Teachers are trained in workshops to build the guitars as a cross-curricular project.  One of the 

project directors, Scot Rabe, was quoted as saying, “We’re trying to expand high school 

students’ interest to get them excited about technical careers. We’re kind of tricking them by 

using an electric guitar.” (Ventura County Star)  While the academic rigor may not be up to the 
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level of MIT's program (this is not clear from the article), the same kind of engagement and 

excitement exists.  “I think this is one thing high school students would remember for the rest of 

their lives,” said Tom Post, woodworking and drafting instructor at Merced High School. “It 

touches a lot of people in a positive way.” (Ventura County Star)  

 The proposed EYW project will incorporate engagement and questioning, as well as 

science, technology, engineering, and mathematics.  The goal is that, in proceeding through the 

EYW Design Process, students will find the process exciting, while teachers will find it meets 

their expectations of content and rigor as they guide the classes  to understand how the guitar and 

the amplifier circuit work. 

Student Reaction 

 I have had students building one-string guitars in physics for 15 years.  It has been the 

single most noted project in my classes.  Megan Getrum, who went on to graduate from the 

University of Texas at Dallas and currently works as an engineer at Masergy (Plano, TX), says,  

Of all the build projects we did, the guitar was the one that I 

remember the most.  We got to put together so many of the things 

we had learned throughout the year.  I still have mine.  I’ve even 

taken it out and played it for friends a couple of times. 

 

I contacted teachers and students from some of the current programs and found the reaction was 

the same, though some concern was expressed for the time limitations of my project. 

My students spend an entire semester on their guitars.  We do not 

do the testing which you are including in your unit, so I would not 

expect yours (students) to have time to start from raw materials 

with just a six week period. (Chip Mills, Oxnard, CA) 

 

The guitar project was one of the most memorable things I did in 

high school.  Going in, I never thought I could do it - but I did! 

(Debbie Mills, Carpenteria, CA HS Student) 
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How the Electric Guitar Works 

 A basic knowledge of sound and wave terminology cannot be assumed, so a brief review 

of amplitude, frequency, resonance, etc. is needed.  This can come from almost any physics 

book.  From there, it can get as complicated as the instructor chooses.  One of the best physics 

textbooks ever written brings it down to one simple question. 

[To figure out how your new electric guitar works] you begin by 

examining the strings and pickups...The pickup near each string is 

a coil of wire wrapped around a small permanent magnet.  The 

permanent magnet magnetizes the steel string so that it induces an 

alternating current in the pickup coil as it vibrates back and forth. 

What provides the power for this alternating current? 
(Bloomfield, 1997) 

The answer is not intuitive, and students will come to the realization that it is they themselves 

that supply the power that causes the current, as they cause the strings to move.  Being a part of 

the system makes learning about electromagnetic induction all the more exciting (as if it weren't 

intrinsically so!).  Further explanation of the pickups and different ways of arranging them can 

be found in (Rossing, 1990, p 218) which explains that multiple pickup arrangements emphasize 

the different harmonics of the instrument. (p218)  Rossing goes on to discuss the more imposing 

topic (as does Bloomfield) of electroacoustics and amplification.   

 

The Amplifier Circuit 

“The electric power produced by the pickup coil is much too small 

to drive a speaker, so it must be amplified.” (Bloomfield, p352) 

”An amplifier is a device in which a small amount of input power 

controls a larger amount of output power.” (Rossing, p419) 

 That sounds straightforward enough.  A couple of resistors, two capacitors, and a 

transistor, all powered by a 9V battery, is all it takes.  The hard part comes in a deeper 

explanation of how these electronic components function.  Both texts provide strong discussions 
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on amplification.  Bloomfield contains an excellent section on metal-oxide-semiconductor field 

effect transistors (MOSFET) which clearly shows the MOSFET to be the heart of the amplifier 

circuit.  The Bloomfield amplifier circuit, reproduced below, is described in great detail, broken 

down into how each component functions and how it affects the circuit.  

 

Fig. 1.  Amplifier Circuit 

While the circuit is easy to build and, once the transistor is explained, easy to understand, it also 

does not do a very good job of reproducing the sound.  Methods of producing the negative 

feedback necessary to reduce distortion will be considered. 

 At the time when I began considered undertaking this project, there was little information 

available on building electric guitars in high school or college classes.  In the past few years, 

several such courses have been established, primarily at the college level.  What sets this project 

apart from those in existence is that it addresses the guitar building process using the engineering 

design process developed for the Engineer Your World high school engineering curriculum. 

  

9V 

50 

100 k 100 f 

1 f 

Output 
Input 
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Chapter 3 

The EYW Design Process 

 The modified electric guitar process was designed within the Engineer Your World 

(University of Texas) framework.  The EYW curriculum is based upon systematically exposing 

students to a cyclical design process with a series of projects which provides students increasing 

autonomy in project design as their familiarity with the design process develops.  While the 

guitar project could be modified to correspond to any design process, the Engineer Your World 

design process is presented. 

 

 
Fig. 2.  The EYW Design Process 

Copyright 2013-14 The Board of Regents of the University of Texas System.   
All Rights Reserved.  Reproduced by permission of UTeach Engineering 
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Identify the Need 

 

 According to Dr. David Allen of UTeachEngineering, “It is not engineering unless it 

meets customer needs.”  The first step of the EYW process then, is to identify what it is that the 

customer needs to have designed.  Some projects have the customer needs clearly laid out, which 

approximates a realistic client-engineering firm relationship.  Others have students going through 

a process of determining the needs, such as interviewing potential customers. 

Describe 

 The process of describing the need is divided into two codependent components, 

“describe the need,” and “characterize and analyze the system.”  Describing the need involves 

using various methods of customer needs analysis, researching existing similar products, 

identifying requirements and constraints, and defining the measurable performance needs 

(metrics).  Characterizing and analyzing the system requires students to apply the mathematics 

and science of the system, to decompose the overall system into critical subsystems, to set goals 

for performance of each subsystem as well as the overall system, and to develop models which 

describe the necessary functions of the system and subsystems.  The codependence of these 

processes represents a cycle within the overarching cyclical process, as students may find that 

they need to modify their descriptions based on their analysis. 

Generate 

  The generation step is divided into two subprocesses, concept generation and concept 

selection.  Concept generation is the step which many students resist accepting, often preferring 

in the early stages to cling to the first ideas they develop.  The introductory project of the course 

is designed to encourage students to understand the need for this process.  Methods of concept 

generation include brainstorming (individual and group), mind-mapping, and C-sketch.  Many 
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students do not initially realize a need for these processes and will need to be encouraged to 

participate.  It is emphasized that all ideas be considered acceptable, as even ideas which seem 

unrealistic can result in generation of new, workable ideas.  The concept selection process 

follows the concept generation process.  While students will often favor a popular selection type 

of selection, a quantifiable justification method is stressed. Although not shown in this diagram, 

the concept selection process may cause a return to the concept generation process if no 

acceptable concepts are identified. 

Embody 

 Once the best design has been selected, students move into the embodiment phase, which 

is where most of them want to be all along.  Here, they build their prototype, test it and evaluate 

the design, make changes based on these evaluations (refine), and then cycle back through the 

process until the design meets the needs which were defined earlier.  Ideally, this generally takes 

three iterations, as time constraints in a school setting do not allow for more than this. 

Finalization 

 Often, the final iteration of the design will not be built.  While this sometimes causes 

distress to students, it is not the most important part of the finalization process.  In this step, 

students identify necessary refinements that result in a design which best meets the customer 

needs.  The final design is submitted either in the form of a technical report or a presentation in 

which students must justify their design decisions. 

 Every high school engineering curriculum has its own version of the design process.  

While the guitar project has been constructed with the EYW design process in mind, the lesson is 

adaptable to variations in this process.  The ability to identify constraints and limitations, as well 

as characterizing and analyzing systems, requires an understanding of the science and 
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mathematics involved in the processes.  The following chapter examines the physics and 

mathematics of building an electric guitar. 
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Chapter 4 

Physics and Mathematics 

 The goal of the engineering course is for students to become familiar with the design 

process and to be able to apply it to a variety of projects.  The goal of the electric guitar project is 

the same.  As a general rule, students want to start building immediately and accomplish the task 

through an experimentation process.  While this can sometimes produce good results, it is often 

wasteful of time and materials. This approach also does not lead to deep learning. 

Why Build Guitars?  

 The musical instrument project which I assign in physics each year has always been the 

most popular project among students.  The most often built instrument is the guitar.  The simple 

cigar-box banjo design is not allowed, so building a guitar that actually plays does take quite a 

lot of effort.  From this, it can be determined that many students are interested in guitars, so 

keeping them engaged throughout a six-week project is feasible. 

 Understanding the electric guitar’s systems requires a discussion of force, worm gears, 

sound waves, resonance, beat frequencies, and electromagnetic induction.  The mathematics 

involved are algebra-based on the surface, but can be adapted to the level of the students by 

including a deeper discussion of sound waves. 

Overview 

 Students are divided into teams of 3 or 4.  The physics and mathematics of the project are 

discussed.  Teams are presented with the design challenge, which provides a fictional customer 

who has already been interviewed.  Teams build a set of one-string guitars in order to establish a 

baseline for testing and to gain building and testing experience.  Instructions on building this 

guitar are given to the teams. Teams then use the design process to develop and test a prototype 
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three-string guitar.  No further building instructions are provided.  Following the second iteration 

testing, teams design their final model to meet customer needs.  The final model is not built, but 

is described in the final presentation. 

The Design Challenge 

 A local rock band has approached your engineering firm with a request for two guitar 

designs.  Both of the band's guitarists have small hands, and would like a guitar with a smaller 

neck.  In order to accommodate this, they are prepared to accept a reduction in the number of 

strings per guitar.  The lead guitarist plays mostly on the upper three strings, while the power 

chords played by the rhythm guitarist require only the lower three strings. 

Background Information  

 While building an electric guitar is not difficult, there are several physics concepts which 

are important to understand in order to make it work properly.  If the instructor has chosen to use 

a kit for the project, some of these discussions will not be as applicable, as they will have already 

been dealt with by the manufacturer of the kit.  It is highly recommended that kit parts not be 

used for any of the electronic components (circuitry and coils).  Ideally, tuners and strings are the 

only pre-manufactured parts.   

 The strings of a guitar exert a tremendous amount of force on the body and neck of the 

guitar.  This has been demonstrated in catastrophic failures where guitar necks were broken by 

the increased force of the strings on the neck and body as the strings contracted in extreme low 

temperature/low pressure situations, such as in an airplane's cargo compartment.  The strings 

exert an inward tensile force which causes a moment at each end of the guitar.  Because the 

forces of the strings work across the neck/body joint, there is also an inward directed shear force 

applied to each section. 
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Fig. 3. Forces Exerted by Guitar Strings 

 

 The following equation that relates the tension of a string to the sound it produces: 

        , 

where T represents tension, L is the length of the string, m is the mass of the string, and f is the 

fundamental frequency of the string. The fundamental frequency is the number of vibrations per 

second at which the string produces only one half of a standing wavelength and corresponds to 

the first harmonic.   

 

Fig.4. First Three Frequencies of a Guitar String 

 Since the speed of the wave through the string is determined by the length and mass of 

the string and the tension which is applied to it, the fundamental frequency will remain constant 

as long as the guitar is in tune. From an engineering standpoint, using this equation to compute 

tensile forces on the guitar is all that is required.  However, many teachers prefer to explain 

where it comes from. This equation is derived from the basic wave equation in the following 

manner: 

f = v = 
 

 
  
 

Body 

Neck 
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f
2
 = 

  

 
 

 

where  is the wavelength corresponding to the frequency of the string’s vibration. By 

definition, the wavelength corresponding to the fundamental frequency is twice the length of the 

string, or 2L (see appendix A for an activity that shows this), so 

L

f
2
 = 

  

 
 

and  

         

Frequency 

 Now that we know the relationship between tension and frequency, what frequencies 

should we expect to find from our strings? Figure 4 tabulates notes and frequencies on a guitar. 

 

Fig.5. Guitar Frets & Their Notes vs Frequencies (source: www.acousticguitarforum.com) 
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Fig. 6.  Sound Oscilloscope App  (BOLDEN) 

Once the students have built their guitars, they use an oscilloscope or an oscilloscope app 

to make sure their strings are producing the right frequencies and that the frets are placed 

properly. Figure 5 shows a screen from the oscilloscope called Sound Oscilloscope. 

While there will be numerous harmonics, or overtones, there will be a defined peak 

frequency value that represents the fundamental frequency. Harmonics make each instrument 

sound different when playing the same note.  An A-note on a trumpet does not sound the same as 

an A-note played on a guitar. 

By measuring length and mass, and using the oscilloscope to find the frequency, the total 

force on the strings can be calculated.  (Note: This force should be approximately 75-110 

Newtons per string).  To calculate the shear force, the students determine the area of contact 

between the guitar neck and body and divide the sum of the string forces (Tnet) by this area.  Note 

that units must be consistent. If the force is measured in Newtons, the area should be in square 

meters. 

Beats  

  Beats are the alternating volume level pattern which is heard when two frequencies which 

are close together are played at the same time.  This phenomenon is produced by the interference 
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of sound waves.  The diagram below shows an interference pattern.  Playing two notes that are 

close to the same frequency will produce a similar image on the oscilloscope. 

 

Fig. 7.  Interference of Sound Waves Produces Beats 

Pickup Coils 

 Pickup coils work by a process called electromagnetic induction.  A long wire is wrapped 

around a piece of metal, in our case, a machine screw.  An exact number of coils is not provided, 

but a justification process for selecting a number follows later.  The coil is placed above a strong 

magnet.  As a string vibrates above the coil, it creates fluctuations in the magnetic field.  These 

changes in the magnetic field induce an electric current in the coil, which then passes on to the 

potentiometer and the amplifier. 

 The number of coils does affect the volume of the guitar.  Students who are familiar with 

guitars will know this.  Often, this knowledge is intuitive, rather than learned.  To determine how 

important it is to calculate the perfect number of coils is an involved process.  It is included here 

in order to convince students (and teachers) that the exact number of coils is not important, as 

long as it is, enough."   

 This is the most mathematically detailed portion of the project.  First, consider the basic 

guitar circuit, shown in Figure 8. 
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Fig. 8.  Basic Guitar Circuit 

The 1/4" jack connectors lead to ground and to an amplifier.  The resistance across the amplifier 

is constant, so it can be treated as a single resistor when analyzing the circuit.  The potentiometer 

is the knob used to control the volume of the guitar.  The resistance across the potentiometer is 

also constant for a given position of the knob. A multimeter is used to measure the resistance 

across each component.   

The equations for summation of resistors can be used to calculate the total resistance of the 

circuit.  The equation for resistors in series is: 

RT = R1 + R2 + R3 + …, 

and for resistors in parallel is:  

 

  
  

 

  
  

 

  
  

 

  
  . 

Using these equations, along with Ohm's Law, 

V = IR, 

we can develop a function for the total resistance of the circuit: 

RT =  
 

                             
 + R1. 
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R1 is the resistance between the pickup and the jack, across the potentiometer, which is the 

resistance which is controlled by the potentiometer. 

 Since we hear sound volume on a logarithmic scale with respect to intensity, in order to 

increase the volume of a sound by 1 decibel (dB), the intensity must be multiplied by ten.  The 

guitar design is based on this principle, and it also leads to the conclusion that the number of 

coils in the pickup is also related logarithmically to the volume: 

V = -N(I/t) 

where V is the volume, N is the number of loops, I is current, and t is time.  To make the 

derivation easier to follow, it is broken into several steps. 

a) Volume is proportional to the number of loops, thus V  N. 

b) Resistance is proportional to the number of loops, thus R  N. 

c) Intensity = Power/Area, so Int   Power. 

d) Power = V
2
/R, so Int   V

2
/R. 

e) Substituting N for both V and R, based on steps a and b, results in  Int   (N2
/N) = N     

f) The logarithmic nature of volume perception states that dB = 10log(Int). 

g) Substituting step e into this equation results in   dB = 10log(Int) = 10log(kN) 

The term k in equation (g) is a proportionality constant.  If k is factored out, then the sound 

pressure level in dB is 

dB = 10 log N + 10 log k. 

This means that the number of coils, as long as it is more than a couple hundred, really does not 

have enough effect to be considered, as it will be on the order of 10
-3

dB.  
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 Understanding the mathematics and science of the guitar enables students to determine 

the parameters of the electric guitar project and will guide them in generating ideas for the 

design.  The next step is building a prototype for testing. 
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Chapter 5 

Building and Testing 

Instructions for Building the One String Guitar 

(Adapted with permission from the idea of Scott Rippetoe, Conroe High School, Conroe, TX 

http://ci.conroeisd.net/Teachers/crippetoe/) 

The Guitar Body 

1. Cut a 1" x 2" x 26" piece of wood (pine or composite) for the body of the guitar. If the piece 

is bowed slightly, it can still be used as long as the holes are all drilled from the concave side 

of the board. (Fig. 11) 

2. Drill a 1/4-inch through hole 1-inch from the end of the guitar body. The edge of the hole 

should line up with the mid-line of the body. This allows the string to go straight down the 

center when it is attached later. 

3. Drill a 1/8-inch pilot hole 1-inch from the other end of the guitar body. This hole should be 

about ½ inch deep and right in the center of the board. 

4. Drill a 3/8 inch hole centered about 6 inches from the previous hole. 

5. Cut each of the 6.6-cm long craft sticks in half to make twelve frets. Make pencil marks at 

the following fret positions, measured from the ¼ inch hole drilled through the guitar body 

for the tuning key: 

Fret 1 2 3 4 5 6 7 8 9 10 11 12 

Position (cm) 1.8 4.85 8.6 11.5 14.2 16.7 19.0 21.2 23.3 25.4 27.4 29.3 

 

6. Glue the frets so the edge away from the through hole is lined up with each pencil mark. To 

ensure proper pitch, use a keyboard to play each note and match it by sliding the fret and 

marking each position. 
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The Amplifier 

Solder the components to the printed circuit (PC) board (see appendix B) as shown in the PC 

layout diagram (Fig. 9-10). The components are placed on the side of the PC board without 

traces or pads. To solder a component, hold the soldering iron on the joint for about 3 seconds, 

then place the solder on the component lead. Pull away the solder, then the iron. The component 

lead should melt the solder, not the soldering iron. Clip off the excess leads. Three pieces will be 

needed to finish the amplifier. Make sure the capacitors are connected with the positive end 

properly oriented. 

7. Solder both transistors to the PC board. When looking at the flat side of a transistor with the 

legs pointing down, the legs are the emitter, base, and collector, reading from left to right. 

Some of the transistors are reversed in the designation of which leg is the emitter, base, and 

collector. These are clearly labeled on the transistors that are reversed. Semiconductors can 

be damaged by high heat. To prevent excess heat from reaching the transistor, clip a wire 

lead between the body of the transistor and the PC board. 

8. Solder the four resistors to the pc board. Resistors can be soldered in either direction. Solder 

the three capacitors to the PC board. Capacitors must be placed with the positive end 

properly oriented. Solder the three excess leads as jumpers.  

9. Remove the insulating varnish from the ends of the coil leads. Tin the ends by heating them 

with the soldering iron and applying a minimal amount of solder to them. Solder one wire to 

the ground side of the pc board. Solder the other end to the input of the amplifier. About 7 

cm of wire should connect the coil to the amplifier.  

10. Solder the black wire of the battery clip to the ground trace of the PC board. Solder the red 

wire to the power trace of the PC board. 
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11. Remove the insulation from the ends of the speaker wire. Remove some of the braids of wire 

so the ends fit through the holes in the PC board. Solder the white marked wire to the ground  

trace of the pc board. Solder the other wire to the output of the amplifier. 

 

Fig. 9. The Amplifier Circuit 

 

Fig. 10 Amplifier Circuit Diagram 
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Back to the Body 

12. Screw the round head, slotted, wood screw into the 1/8 inch pilot hole you drilled earlier 

until the threads disappear in the wood. This is the bridge of the guitar. 

13. Insert the tuning key into the ¼ inch hole drilled through the body. The tuning key shaft 

and hole for the string should be on the same side as the bridge. Use the screws supplied 

with the tuning key or 18 x 5/8-wire nails to hold it in place. You must orient the tuning 

key so it can turn once you have it fastened.  

14. Attach the string to the small end of the guitar with an 18 x 1 ½  wire nail. It helps to angle it 

slightly away from the top. The string will then wrap around the end, over the bridge and 

through the hole in the tuning key. Leave enough slack so you can get two wraps around the 

tuning key as you tighten it. The string should wrap down the tuning key toward the body as 

it is tightened to get it a little closer to the frets. The string should pass down the center of the 

body. If desired, trim the extra string with the diagonal cutters. 

Mounting the Amplifier to the Body 

15. Slide the pick-up coil into the 3/8-inch hole. Test your amplifier by connecting a battery to 

the clip. If the transistors or battery gets warm, disconnect the battery immediately. Ask the 

instructor to check your circuit. Connect your guitar to the amplifier. Strum the string. If you 

hear sound from the amplifier, unplug and proceed to the next step. 

16. The closer the pick-up is to the string, the louder the sound. If it is too close, the string will 

hit the pick-up when it vibrates. Holding the pick-up down with a flat head screwdriver, 

shoot hot glue around it to hold it in place until the glue hardens. 

17. With the string side facing away from you, hot glue the amplifier to the top edge of the 

guitar. 
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18. Use a tie wrap to hold down the battery clip and speaker wire so they do not twist off. Leave 

enough battery wire free to allow a battery to be connected when it is on the back of the 

guitar. 

19. Hammer an 18 x 5/8-wire nail on the top near the amplifier to loop a rubber band around to 

hold the battery in place. 

 

 
 

Fig. 11. The Completed Single-String Guitar 

 

Testing the Single String Guitar 

The Pickup Coil 

 It is advisable to test the pickup before it is glued into the guitar.  The testing process 

serves not only to verify that the coil is functional, but also provides students with insight as to 

how the strings and coil actually work.  The test requires a guitar amplifier, 1/4" connector cable, 

a metal tuning fork, a microphone and an oscilloscope. 
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Fig. 12. Connecting the Coil to the 1/4" Plug 

Plug the 1/4" connector cable into the amplifier.  The other end should be attached to the 

coil. Attach the wires to the 1/4" plug as shown in Figure 12.  It does not matter which end of the 

wire goes to which part of the plug.  It may be necessary to use electrical tape to hold the wires 

in place.  

  

 

Fig. 13. Testing the Pickup Coil 

Turn on the amplifier. Hit the tuning fork on something and hold it over your pickup, as 

shown in Figure 13. If you hear the tuning fork through the amplifier, then you have a working 

pickup coil.  If you cannot hear the tone, check your connections and try again.  There is not 
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much that can go wrong with the pickup.  If all of the connections are good and no tone is 

produced, it is not likely that the problem can be found. 

 The vibrating tuning fork acts on the pickup coil in the same manner as a guitar string.  

Some students will be aware that acoustic guitar strings are made of different materials than 

electric guitar strings.  Electric guitar strings must be made of a conductive material, generally 

steel and/or nickel, in order to interact with the pickup.  Acoustic guitar strings are generally 

made of bronze or nylon and will not interact with the coil. 

Sound Quality 

 Once the guitar is assembled, it can be tested for sound quality using an oscilloscope.  

Oscilloscope use has always been a difficult skill for me to teach in a short time, and many 

schools do not have access to one.  Depending on availability of equipment and familiarity with 

the oscilloscope, it may be advisable to use an app or an online oscilloscope  Both are readily 

available at no cost.  In order to use an online oscilloscope, the computer must be equipped with 

a microphone.   

 Due to a limited supply of tuning forks, I used a 256 C.  This means tuning my B guitar 

string one step up to match the tuning fork (see Fig. 4).  The tuning fork should produce a clear 

sinusoidal pattern on the oscilloscope.  Tuning forks are not intended to have overtones.  If the 

tuning forks have been in student hands over the years, they will produce overtones due to the 

nicks and scrapes and oils that accumulate on them.  Each little flaw will change the tones 

slightly, but the results of even a beat up fork should look reasonably clear, as in the photo in 

Figure 14. 
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Fig. 14. Oscilloscope Showing 256Hz Tuning Fork 

 

Fig. 15. Oscilloscope Showing Single String Guitar 256Hz 

 The guitar string pattern shown on the oscilloscope will not be a smooth sine wave like 

the tuning fork (see Figure 15).  This is due to the harmonics which appear in the guitar string 

waveform.  Harmonics, also called overtones, are produced in nearly every musical instrument.  

Each instrument’s set of harmonics is unique, giving the instrument its sound.  The main 
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frequency of the pattern is the same (nearly) as the tuning fork pattern, but the interference 

patterns will cause shifts in the amplitude (intensity). 

Second Iteration - Three Strings 

 Students will have more freedom of design for the three-string guitar. Using the results of 

their tests, each group should return to the describe phase of the design process and review the 

requirements and restraints.  In the generate phase, body style and adapting the circuit for three 

strings should be addressed.  Students may have difficulty in redesigning the pickup coils and the 

amplifier circuit. 

 There are several possibilities for redesigning the pickups.  These generally meet one of 

the following descriptions: 

 one larger coil mounted on a larger magnet; 

 three small coils mounted on three small magnets; 

 three small coils mounted on one large magnet. 

Students should be encouraged to try any pickup design they can develop.  Teachers should be 

encouraged by the fact that, to some degree, almost anything will work.  It is possible to receive 

a good signal from any of the above configurations.  My students generally opt for the three 

small coils and three small magnets.  Most of the guitars which we have disassembled have one 

large coil around six cores all mounted on one large bar magnet.  I have not found a reasonable 

configuration which will not at least produce a sound. 
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Fig. 16. Three String Built from Disassembled Guitar 

The answer for the amplifier circuit is surprising.  While you can choose to add to it, it does not 

require any basic modification.  The same amplifier circuit used in the single string build will 

work in the three string! In the prototype shown in Figure 16, I used three coils and three 

magnets.  The circuit board was modified to include a headset jack. 

Third Iteration - Presentation 

 After all of the three string guitars have been tested and the data compiled, students have 

one more opportunity to recycle through the embody phase and develop a finalized design.  

Along with a detailed description and technical sketch, reports should include a justification of 

why the finalized design is the best for the customer. 

 The third iteration is the conclusion of the electric guitar project.  In other guitar building 

courses, the object is to build the best guitar which the students can design and embody.  If the 

constraints of time and materials allow for the embodiment of the final iteration, then students 

may be allowed to complete this phase.  In an engineering design based course, it is often 

necessary to teach students that engineers are not often involved in the production of the 
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products which they design.  There are many directions in which this project may lead, some of 

which will mentioned in the concluding chapter. 
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Chapter 6 

Conclusions 

Critique of Project and Future Work 

 The project is a solid engineering capstone project which builds on the other units in the 

EYW curriculum and which can be easily adapted to others.  The project, while being 

entertaining for students, is rigorous and focused on the engineering process.  While building a 

better guitar would actually be an easier process, building the best possible guitar is not the point.  

The end result is likely to look less like a Fender and more like a Frankenstein, but it should still 

sound reasonably good.  I found that there are a few others who are building electric guitars in 

high school and college classes as part of Maker-style projects.  Looking at the project through 

an engineering design process filter is what makes this project unique. 

 Procrastination was my biggest adversary.  It was always easy to let the rest of life get in 

the way, even up into the last few weeks.  The most difficult part of the project was having to 

allow myself to be satisfied with the amplifier circuit.  It worked in the first place, but I was 

always sure that there was a better way.  In the end, it turned out that I had overcomplicated it.   

 The unit is far from perfect.  I know that there will be many times this fall, as we work 

our way through it, that I will wish I could add to this paper.   

The UTeach MASEE Experience 

 During the UTeach MASEE application process, Theresa Dobbs asked me at least three 

times if I was sure I wanted to do this.  Her reasoning was that, since I already have a master's 

degree, why seek another one.  At the time, I had no idea how on target her questions were.  It 

took me a little over a year to find out. 
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 My response was just as valid, to me.  I consider myself to be a lifelong learner, and 

engineering is a subject which interests me.  A free University of Texas degree sounded like a 

great way to spend a few summers.  Since I was accepted, it seems to have made sense to others, 

as well.   

 We were both right.   

 This experience has been invaluable to me.  I am now teaching the Engineer Your World 

course.  I am working in the best position I have ever held, at a school which would never have 

hired me had I not had the engineering education.  I have a network of colleagues from the two 

cohorts with which I have worked.  It is not an exaggeration to say that this program has changed 

my life for the better. 

 As an experienced teacher, I have found that there are times in my professional life when 

I become stagnant.  Teaching the same course for 20 years can make one reach a point where it is 

like driving home.  You do it every day, so it takes something unusual happening to make you 

realize that you have not really been paying attention. 

 This program has been that unusual something. I would not have been prepared to teach 

engineering without it, but that is only the beginning.  My teaching has improved across the 

board, as I have a new lens to see things through.  Applying the same ideas embodied in the 

engineering program to my other courses has enabled me to refresh and invigorate those lessons.  

The education courses in the MASEE program have made me think more about the processes of 

teaching and learning.   

 Had I known how difficult many moments of the past three years would be, I probably 

would have answered the question differently.  That would have been a mistake.   
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Appendix A: Demonstrating Standing Waves 

 

Demonstrating Standing Waves:  

1. The vibrator unit consists of a small DC motor with an offset cam attached to the shaft.  I 

use a 1" segment of 1/4" dowel rod with a small hole drilled near one end to 

accommodate the shaft.  Another hole is drilled into the opposite end of the shaft, and a 

small screw is inserted halfway. 

2. Hang the vibrator from a 1m string. Adjust the length of string until a standing wave is 

obtained. To change the number of anti-nodes in the standing wave pattern, simply vary 

the length of the string.  

  

Changing the Frequency:  

1. To increase the frequency of the vibration, tighten the screw. This decreases its moment 

of inertia and causes it to spin faster.  

3. To decrease the frequency of the vibration, loosen the screw.  

4. Observe the effect these frequency changes have on the wavelength of the standing wave.  

5. Determine the effect of frequency changes on wave speed using the methods described 

below.  

Determining Wave Speed - Method 1  

1. Establish a standing wave on the string.  

2. Measure the distance between adjacent nodes. Multiply this distance by two to obtain the 

wavelength of the disturbance.  

3. Use a strobe light to measure the frequency of wave.  

4. Calculate wave speed from v = f. 
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Determining Wave Speed - Method 2  

1. Use a balance to find the mass of the vibrator unit and the mass of a string sample.  

2. Calculate the weight of the vibrator in Newtons. This equals the tension in the string (T).  

3. Find the linear density of the string (µ = mass/length).  

4. Calculate the wave speed from v =  (T/µ).  

 

Note: I have seen this activity copyrighted by numerous science supply catalogs.  I learned this 

version from Bill Franklin in 1999 at TAMU. 

 

 
Fig. 17 Standing Wave Generator 
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Appendix B:  Cost Tables 

 

1 String Guitar Parts List 

 

Item Source Cost 
2  10 F electrolytic capacitors, C1 and C3 Radio Shack   

1  47 F electrolytic capacitors, C2 Radio Shack   

2   2N2222 NPN transistor, Q1 and Q2 Radio Shack  

1   6.8 k resistor, R1 Radio Shack  

2   4.7 k resistor, R2 and R3 Radio Shack  

1   270 k resistor, R4 Radio Shack  

1   9V battery clip Radio Shack   

1   PC board (for 6 guitars) Radio Shack (276-170) 2.99 

1   RCA phono plug Radio Shack  

1   1 m of 30 AWG bell wire Radio Shack (278-1345) 0.10 

1   2 m of 22 AWG speaker wire Radio Shack (278-1385) 0.30 

1   6/32 x ½ machine screw, flat head, slotted   0.05 

1   rare earth magnet Radio Shack (64-1895) 0.75 

1   1 x 2 x 96 board (3/4 x 1½  actual) Home Depot 0.88 

1   10 x ¾ wood screw, round head, slotted Home Depot 0.05 

2   18 x 5/8 wire nails Home Depot 0.03 

1   18 x 1 ½  wire nails Home Depot 0.03 

1   5 inch long tie wrap Home Depot  

6   3 x 1/16 square craft sticks Hobby Lobby  

1   guitar string Guitar Center 0.75 

1   tuning key Guitar Center 2.00 

1   rubber band   

3   jumpers, J1, J2, and J3 resistor scraps  

Table 1: One String Guitar Cost Sheet 
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Approximate Cost per 3 String Guitar 

 

 
Table 2: Three String Guitar Cost Sheet 
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