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The harp can be a delicate musical instrument and only a well-designed harp may display

pleasant sonic characteristics while also standing the test of time. The harp designing
process involves many different aspects ranging from string band design to frame durability
considerations. All of which can be made simpler and more reliable with the help of
science and mathematics. This dissertation aims to explore the idea of creating a harp
design tool to aid harp designers. Which provides essential features for performing string
calculations to help design the string band of a harp and frame load calculations for
estimating the durability of a design. To improve the usability of the design tool built
for this dissertation and make it stand out from existing tools, several usability features
have also been added including a user interface designed to be intuitive and easy to use,
the functionality to save and load designs and the ability to visualize a design through
a 2D rendering of the design. The harp design tool is implemented as a web application
in JavaScript for easy accessibility. The React JavaScript framework is used for building
the web application and creating the user interface; the HTML Canvas element is used
for creating a 2D rendering of a harp design and the browser location storage is used to
support the save and load designs functionality. The evaluation for the design tool consists
of calculation results comparison and feature comparison against existing tools, as well
as experiments on modelling real harps. The evaluation results show that the design tool
built for this dissertation offers an extensive set of essential and unique features useful for
harp designing, and is a valuable addition to the harp building community.
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Chapter 1

Introduction

1.1 Motivation

The harp is a stringed musical instrument with numerous strings attached to a triangular
frame Farrant (2022). The frame of a harp not only supports the instrument's structural
integrity, but is also responsible for amplifying the sound of plucked strings. By having a
less substantial frame, a harp can resonate more freely which allows it to produce sound
at a higher volume and with a more pleasant timbre.

However, due to the strong tension exerted by the large quantity of strings on the frame
Kemper (2005b), a balance must be reached between the string tension and the structural
integrity of the harp frame to achieve a design that is strong enough to withstand the string
tension, without having excessive rigidity which limits the frame's ability to resonate with
plucked strings to produces a pleasing timbre at a loud volume.

Because of this, designing the harp is a challenging process with a number of signi cant
design problems in relation to the string band and the frame of a harp that need to be
addressed by the harp designer in order to produce a functional design that is pleasant
sounding with great longevity Chow (2003).

This project aims to improve the harp design process by bringing functionalities that
simplify the design process, in the form of a software tool with an intuitive graphical user
interface.

1.2 Research Question

This project explores the question whether an intuitive software design tool can be built
to improve the harp design process, and what features should be included in the said
design tool.
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1.3 Research Objectives

The following research objectives are de ne to address the research question above:

1. To review literature regarding the harp design and build process to identify the
challenges faced by harp designers, and the necessary features that would need to
be included in the software tool to help improve the design process.

2. To review state of the art harp design / string calculation tools that are currently
available.

3. To design and implement a software tool for harp designing with an extensive set
of useful features and an intuitive graphical user interface in the form of a web
application.

4. To evaluate the performance of the software tool by examining the calculation results
it produces and identify the signi cance of the included features in comparison to
existing tools.

1.4 Technical Approach

To address the research objectives, a collection of harp related literature materials pre-
sented by the supervisor as well as the internet have been the primary source of infor-
mation regarding harp designing. Through the literature review, | was able to gain a
robust knowledge and understanding of the harp design process Kemper (2005a) as well
the design problems that need to be addressed Bolles (1986). And through this knowledge
the necessary features for the software design tool were identi ed.

The existing harp string calculations tools, namely Harp String Calculator Welham
(2022) and String Wizard Dooley (2022) are evaluated to identify their strengths and
weaknesses to help re ne the design of the software design tool for this project.

The graphical user interface for the software design tool is then drafted on paper, this
includes two sections to the user interface, a graphical rendering of the harp design to help
the designer visualise how the design may look when built and a side panel that houses
the input elds for adjusting various parameters of a design as well as display calculation
results. The draft of the user interface design serves as a reference when implementing
the software tool, and the tool was named Harp Designer.

Once the design of the user interface for Harp Designer is nalised, | then implemented
it as a web application using the React.js JavaScript framework. The graphical rendering
of the harp design is implemented using the Konva.js library which is a graphical drawing
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library that renders SVGs in a HTML Canvas element. To speed up the development
process, a user interface component library React-Bootstrap has also been used in this
project to create custom input elds and buttons.

1.5 Evaluation Methodology

| have conducted a number of experiments to evaluate the performance of the software
tool built. To verify the accuracy of the string calculation results, the results obtained
from Harp Designer have been compared to results from existing string calculation tools.
The di erent set of features o ered by each tool have also been compared to identify the
strengths and weaknesses of each option and the advantage Harp Designer o ers over
the other tools. The graphical rendering of the harp design has also been evaluated by
modelling a real harp using Harp Designer by inputting real life measurements into the
tool to see if a resemblance can be observed between the rendered design and a photo of
the original harp.

1.6 Dissertation Outline

Chapter 1 -Introduction introduces the project by presenting the motivation behind the
project, the research question and objectives, as well as a brief overview of the technical
approach and evaluation methodology employed in this project.

Chapter 2 - State of the Art  provides further information regarding the background
for this project including a detailed description of the various design challenges faced
by harp designers and builders. This chapter also includes a review of the harp string
calculation tools that are currently available.

Chapter 3 - Design presents the system requirements for this project, an overview of
the approach taken for the architecture of Harp Designer as well a section on the draft
design for the tool's user interface.

Chapter 4 -Implementation  gives a more technical overview of the technologies used
in the implementation of this project as well as a detailed account of the implementation
for each section of the Harp Designer web application.

Chapter 5 - Evaluation describes the experiments performed to evaluate the perfor-
mance of Harp Designer and resents the results in tables, graphs and images.

Chapter 6 -Conclusion concludes the dissertation by assessing the feature objectives
of this project, outline the limitations of the resulting software design tool and potential
future work that could be done for further improvements.



Chapter 2

State of the Art

Introduction to the State of the Art chapter goes here.

2.1 Background

The harp is a stringed musical instrument with a structure consisting of three main parts,
the neck, the pillar and the body where the strings are attached to 2.1. Unlike other
stringed instruments, the harp strings are attached directly to the body's soundboard
instead of being attached through a bridge. When it comes to designing the harp, several
factors are important. The length, diameter and tension of the strings must be carefully
calculated to achieve the desired frequency while also keeping the overall string tension on
the instrument under a safety threshold, so that the strings do not break easily and the
soundboard stays intact without cracking and splitting from the body. Ideally, the strings
would also have consistent tactile feedback when plucked to give better playability for the
harpist. Due to the large number of strings attached to a harp, a good balance between
the structural integrity of the instrument and the string tension pulling on the neck and
soundboard must be maintained to produce an instrument with pleasant sonic charac-
teristics without compromising durability. Therefore it is also important to calculate the
total tension exerted by the strings on the instrument and compare this value with the
tensile strength of the material used in the construction to ensure the instrument's long
term durability.

2.2 String Calculation

The string calculations for the harp is based on the Mersenne's Law Berg (1998), an
equation developed by the French mathematician and music theorist Marin Mersenne
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Figure 2.1: Brian Boru Harp

in his work Harmonie Universelle published in 1636. The equation 2.1 describes the
frequency of oscillation of a stretched string, it establishes the relationship between length,
frequency, tension and mass per unit length or the linear mass density of a string in a
musical instrument. Wheref, is the fundamental frequency, L is the string length, F is
the force or string tension and is the linear mass density.

s

fox = = (21)

2.3 Fundamental Design Problems in Harps

Most stringed instruments such as guitars, banjos, violins and mandolins feature a fret
board which allow the strings to be fretted to shorten their length in order to produce

a higher note frequency, this design allows said stringed instruments to achieve a wide
frequency range while keeping the number of required strings low. The harp is unique
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in that it does not have a fret board, instead it achieves a comparably large frequency
range by featuring a much larger number of strings, each corresponding to a unique note
frequency.

2.3.1 Exponential Growth in String Length

Since the strings cannot be fretted to change their e ective length, the string lengths
on a harp need to be predetermined to produce a particular note frequency. This is
problematic as string length and frequency have a inversely proportional relationship
Tony (2017). Assuming the tension and string material linear mass density are kept
consistent throughout the harp, the string length needs to be doubled for every octave
lower. A common arrangement for the harp strings is to have seven string for each octave,
this means that a 36 string harp can contain more than ve octaves. In order to achieve
the frequencies in the lowest octave, the string lengths in the highest octave will need to
be doubled four times in total which results in the same note from the lowest octave on
the instrument having a length that is sixteen times longer than the equivalent note in
the highest octave 2.2.

Figure 2.2: String lengths of a 36 string harp with lower frequencies achieved by only
using longer strings

This exponential increase in string length is the fundamental design problem in harps.
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Assuming the A6 string in the highest octave is 120 mm in length, the A2 in the lowest
octave will need to be sixteen times longer to achieve the desirable frequency which will
result in a extremely long string length at 1920 mm. Adding on the frame of the harp,
the instrument can easily exceed 2 meters in height. Having a harp at such height is not
practical, because in order to support the large variance in string length, the harp will
need to be built with a very wide soundboard angle which can make the treble strings
unplayable as they would be so high up that they are out of reach of the harpist. If the
soundboard angle is kept at an acceptable level, the neck will then need to be built with a
steep curvature that follows the shape of a exponential curve to accommodate the strings.
This is also not a viable approach since the neck will be under a large amount of tensile
stress as well as torque from the strings, and such a construction will severely compromise
the durability of the instrument, making it more vulnerable neck twist and split.

2.3.2 Solutions to the String Length Problem

To contain the height of the instrument while keeping the lower frequencies, harp builders
used string materials with higher linear mass density Robinson (1984) in conjunction with
the appropriate string tension for the bass strings to achieve the same low frequencies at
a much more reasonable string length. The linear mass density of a string can be de ned
as = Ap where A is the cross-sectional area of the string and p is the density of the
string material. Therefore, lower frequency can be achieved at a shorter length by using
strings with a higher linear mass density such as a wrapped string. 2.3

Figure 2.3: String lengths of a 36 string harp with lower frequencies achieved by using
longer strings with higher linear mass densities

2.3.3 Neck Double Curve

Another design problem in harps in relation to the instruments durability is the unique

double-curve structure of the neck. Harps are usually constructed with a at soundboard
at an angle which can be described with a linear function. Since string length and fre-
guency are inversely proportional to each other, a note that is an octave lower need to
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be achieved by doubling the string length. This causes an exponential increase in string
length from treble to bass side which starts slowly at a rate of growth that is slower than
the linear function describing the soundboard. This is the cause of the initial dip in the
double-curve structure of the harp neck. The string lengths then ramp up quickly to
exceed the growth of the soundboard linear function to cause a rise in the neck. Then
when the strings reach a certain length, the string material changes to one with a higher
linear mass density to achieve the bass note frequencies at a shorter length, which causes
another dip in the neck curvature Jourdain (1994).

This double-curve structure of the neck is problematic, because wood can have dras-
tically di erent tensile strengths depending on the direction at which a force is applied.
The parallel-to-grain direction o ers the strongest and sti est structural properties in
wood and the perpendicular-to-grain direction is signi cantly weaker. David W. Green
and Kretschmann (1984) As a result, where using wood as a engineering material, it is
generally preferred to have a straight piece with the wood grain running along it for better
durability. The double-curve structure does not allow a consistent wood grain direction
throughout the neck and introduces vulnerable spots that often su er from cracks, twists
and splits.

2.4 Closely-Related Projects

There are existing tools for performing harp string calculations in the form of a web-based
string calculator, a spreadsheet or simply a list of suggested values for each string.

2.4.1 Harp String Calculator

One such example is the \Harp String Calculator" provided by harp builder Geo Welham

on his website \harpsatsang.com"(Welham (2022)). This web page provides a data model
of a 36 string Paraguayan harp strung with nylon mono lament strings for the rst twenty
strings from the treble side and nylon wrapped strings for the last sixteen bass strings.
The data is presented in the form of a table that contains suggested values for parameters
such as string length, diameter and tension for each string as well as the percentage
breaking strain for each string to indicate the durability of a string calculated from the
current values for the parameters.

An excel spreadsheet version of this table is also available for download. The spread-
sheet allows the user to adjust the value of frequency, length and diameter parameters in
the table and updates the other values based on this change. It also calculates the total
string tension by summing the tension of all 36 strings.
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The string calculation formula used in Harp String Calculator di ers from Mersenne's
law. Since it does not support di erent string materials, the calculations do not factor in
the density of the string material and therefore produces a less accurate result compare
to Mersenne's law, which Harp Designer's string calculations are based on.

The notes section of the web page o ers a guideline on the ideal tension each string
should have, suggesting that mono lament strings should be set to a percentage breaking
strain between 45% to 60% to ensure both playability and durability.

Harp string can be manufactured from a wide variety of materials including nylon,
gut, steel, phosphorus bronze and more. A limitation of the \Harp String Calculator"
is that the string material is limited to nylon for all strings. This makes the tool less
versatile as it would not be accurate in calculating parameter values for harps that utilize
a di erent type of string material with a di erent linear mass density value.

The \Harp String Calculator” is also limited to performing calculations for a harp of
up to 36 strings. This can be problematic when used for the string calculations of a pedal
harp which is often designed with over 40 strings.

2.4.2 String Wizard

The String Wizard by Paul Dooley on the \WireStrungHarp" website is a web tool for
performing various harp string calculations(Dooley (2022)). It allows the user to enter
string parameters and performs calculations based on the inputs. The String Wizard
supports calculations for basic parameters such as length, frequency and tension, as well
as more advanced features such as string strength calculations, lateral resistance when
the string is plucked and inharmonicity which relates to the timbre of the instrument. It
also accommodates di erent string materials by allowing the user to input a value for the
linear density of a string, this measurement is obtained by dividing the mass of a string
by its length.

The web tool comes with a comprehensive user manual on how to use the calculator,
including the parameters required for each section of the calculator as well as the units
each parameter must adhere to for the calculator to perform correctly. The about page
on the website also contains detailed information on each section of the calculator and
the mathematical theories behind the calculation for each of the parameters.

To use the calculator, the user must rst enter the known parameters of a string since
the calculator is initially empty and requires some user input before it can perform any
calculations. Once su cient parameters have been lled, the user can then click the
\Calculate" button to perform calculations for the remaining parameters.

On the lower right corner of the calculator, there are some additional information and
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Figure 2.4: Harp String Calculator Spreadsheet

tools available. The \Properties" table contains information on the mechanical properties
of popular string materials including the material density and ultimate tensile strength
which are useful for calculating the breaking strain of a string. The \Frequency Chart"
table contains notes names and their corresponding frequencies. The \Wound Strings"
table provides more information about wound harp strings and includes some suggested
values for string gauge and linear mass density using data obtained from the guitar string
manufacturer d'Addario.

The String Wizard o ers a respectable set features for performing string calculations
and comes with a wealth additional information to aid a harp designer in their designing
process. However, the user interface lacks convenience as the calculator does not have a
set of default parameter values for the strings and requires the user to enter them for each
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string manually which can be a time-consuming process. It is also limited to displaying
the parameter values for a single string at a time, this makes it cumbersome if the designer
needs to refer to a string that has been calculated for previously which will require the
parameters to be entered again. String Wizard is also missing advanced features such
as harp frame load calculations and design visualization, which are helpful features for a
harp designer

Figure 2.5: String Wizard Web App

2.5 Summary

In summary, the two aforementioned tools are of good quality and o er the essential string
calculation funtionalities to aid a harp designer. However, both tools lack an easy-to-use
graphical user interface, do not allow the harp design to be visualized and do not o er
features that allow for the calculation of the dierent forces acting on each part of a
harp which can be an important piece of information when selecting the material for and
designing the instrument.

The goal of this project is to design and build a software tool that provides a intuitive
graphical user interface that allows the user to visualize the instrument and the string
layout to aid a harp designer. The application should provide basic functionality such
as string frequency, length, diameter and tension calculations, o er multiple options for
string materials including mono lament as well as wound varieties. It should also include
more advanced features such as soundboard angle and curvature adjustment, tensile stress
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calculations on the neck, soundboard, compressive stress calculation on the pillar as well
as torque calculations on the neck.



Chapter 3

Design

3.1 System Requirements

This section outlines the major system requirements which need to be designed and im-
plemented in the Harp Designer web application. An initial set of requirements were
derived from the initial project speci cation and discussion with supervisor. After hav-
ing gained a better understanding of the harp design process through research and lit-
erature review, more features have been added to improve Harp Designer's functional-
ities as a design tool. The feature requirements can be classi ed into three categories:
String Features

1. Provide necessary calculations for string length, tension and material.

2. Support a variety of string materials including wrapped strings.

3. Capable of modeling string spacing.

4. Support common string tunings.

5. Adjustable lowest note on the harp.

6. Support any number of strings.
Harp Frame Features

1. Adjustable soundboard angle.

2. Adjustable soundboard curvature.

3. Tensile stress, compressive stress and torque calculations for the neck, body and
pillar.

13
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4. Stress calculations for Paraguayan style harp neck.

5. Option to choose between a straight or a D-shape pillar.
Usability Features

1. Harp design visualization

2. Graphical user interface with interactivity

3. Save and load designs

3.2 Overview of the Approach

The goal of this project is to implement an interactive user interface for performing vari-
ous calculations on the harp. To make the application easily accessible without the need
to download, a web based application was deemed to be the most suitable solution. The
application should have a user interface for entering values for the various parameters re-
quired to perform string calculations and display results. It should also include a graphical
representation of a harp that accurately re ect the results of calculation, respond to user
inputs and allow for interactivity via mouse hover and click events to help the user visu-
alize the design of the harp with the current settings. The interface containing the input
eld should be kept separate from the harp graphic in its own side panel to avoid visual
clutter and provide a more intuitive user experience.

The architecture of the application 3.1 includes a side panel user interface which
allows the user to input parameter values. Once the appropriate values have been entered
and applied, the application performs calculations based on those input values and then
displays the results in the side panel. The harp graphic is also updated accordingly after
a calculation is performed to re ect the newest changes in design.

3.3 Design Prototype

An initial design prototype for the application was drafted on paper to visualize the harp
graphic and side panel sections of the application. This provides an useful guideline when
implementing the web app and also helps to determine the appropriate positioning and
size of the components.

Various mouse events should be implemented on the harp graphic to give the applica-
tion interactivity. This includes a mouse hover event that triggers when the user hovers
over the pillar, neck, body of the harp or a string. The trigger of a mouse hover event
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Figure 3.1: Application Architecture

Figure 3.2: Prototype of harp graphic with user interaction

15
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causes a oating tooltip window to be rendered at the cursor's position which displays
various information on the hover over part of the harp including its parameter values. It
is also possible to click on the hovered over object to bring up further information and
options in the side panel. 3.2

The width and height values of the harp should be visible from the Ul to indicate the
size of the instrument and will update according to the change in dimension caused by a
string length change or an increase or decrease in the number of strings.

A user interface consisting mostly of input elds is located at the left-hand side of the
view window in the form of a side panel. The side panel is then split into di erent sections
corresponding to each part of the harp. At the top of the side panel is the overview section
which displays general information about the harp. Each section allows the user to enter
various parameters relevant to that section of the instrument for performing calculations
and displays the results.
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