Table of Contents

Introduction
1. Principles of Vibration and Acoustics for Guitar Designers......c.ccovveviiiiiiiiiiiieniniennes 1-1
1.1. Sound and HOW WeE HeEar . ..ouiieiii it e e e s e e e e r e e rnennanes 1-2
1.1.1 What IS SOUNA? ..uiiiiiiiii et a e as 1-2
1.1.2 B L= == PP 1-6
1.1.2.1 The anatomy Of the @ar.......ooiviiiiii e 1-6
1.1.2.2. ROUGNNESS uiiiii it s 1-9
1.1.2.3 MaSKING 1ttt e 1-12
1.1.3 Consequences for guitar designers of how we hear............ccoviiiiiiiiinnnnns 1-15
1.1.4 =T o [0 o =T U o o1 0 0 = Y/ 1-16
1.2. Simple harmonic MOTION ....iei e e e e 1-18
1.2.1 Mathematical definition of simple harmonic motion ...........c.cooiiiiiiiiiiiiiiens 1-18
1.2.2 Geometrical model of simple harmonic MotioN........coviviiiiiiiiii e 1-18
1.2.3 The period of simple harmonic MOtION .....cociiiiiiii e 1-19
1.2.4 An example of simple harmonic Motion ... 1-19
1.2.5 The energy embodied in simple harmonic motion.........ccovviiiiiiiiiiiiiie s 1-22
1.3. Introduction to the mechanics of beams ......cvveiiiiiii 1-25
1.3.1 Stiffness of simple beams ... 1-25
1.3.2 The mass of @ SIMple beaM ...t e 1-26
1.3.3 VIDrating SY S OIS vttt e e 1-26
1.4. Resonance and vibration sensitivity .......cocoiiiiiii 1-28
B O] [ 0 o] L= =TT o] = o] = PP 1-28
1.4.2.  The Helmholtz reSonator. .....oe it e s 1-30
1.4.3. Damped Simple re@SONaTOIS. .. .ouiuieiiiiieitiie it reeens 1-32
1.4.4. Driven, damped simple resonators - strings driving soundboards................... 1-33
1.4.5. The detailed behaviour of a simple driven resonator.........cccccviiiiiiiiiiiiiiiiinn, 1-39
B T o U= T O E - ot o PP 1-42
1.4.7. Mechanical IMpPedanCe ....cuiiuiiiiiii it e e e e aaneaneans 1-44
1.4.8. Impedance (Mis)MatChing ....ccoiieiriiiiiiiii e e e e e 1-45
1.4.9. Impedance, admittance and the high performance guitar..............c.coooiiiiinnns 1-46
1.4.010. BaAS .ttt e 1-48
1.5. Vibrations in strings and the forces they exert........ccoiiiiiiiiiiiiiiiiic i 1-50
1.5.1. Types of waves in strings — frame of reference ...........cocovviiiiiiiiiii, 1-50
1.5.2. Transverse Waves iN SEMNGS .uiiiuiiiiiiireiiieiiins it sanesinssansssanessanessnnssannssanes 1-51
1.5.3. Wave partials and harmoniCity .....ccooeiiiriiiii e e e e 1-52
1.5.4.  Waves in Mideal” StringS.....ooviiiiiiiiiiiiiii i 1-53
1.5.5. Forces on the terminations of an ideal string .........cccoviiiiiiiiiiiiii s 1-54
1.5.6.  REAI SEMNGS .viuiiiiiii i e 1-58
1.5.7. Plucking at places other than the centre ... 1-60
1.5.8. Forces exerted by a string on a soundboard ..........cccoviiiiiiiiiiiiiii 1-63
1.5.9.  Strings with bending stiffness........ccciiiiiii 1-66
1.5.10. SeCtion SUMMAIY ..iuiiuiiiiiiiii e 1-71
1.6. Introduction to vibrations of bars and plates - strings driving soundboards......... 1-72
1.6.1 Vibrations Of Dars ..o.uieiii i e 1-72
1.6.2 Vibrations of plates with free edges........ccovviiiiiiiiiii 1-73
1.6.3 Vibrations of flat plates fixed around their edges..........ccoiiiiiiiiiiiiiiiic i, 1-74
1.6.4 Guitar vibration modes excited by the string forces .........coviiiiiiiiiiiiennn, 1-76
1.6.5 Vibrations of curved plates (spherical shells) ........cociiiiiiiiiiiiie 1-78
1.7. Sound radiation from @ gUItAr ..o 1-81
1.7.1 How sound is radiated by a guitar.......c.cocoiiiiiiii 1-81
1.7.2 Monopole sound radiation and specific mobility ... 1-89
1.7.3 Monopole mobility and the frequency response CUrvVe ......c.cevviiiiiiiiiiiiiiennenns, 1-91
1.7.4 The anatomy of @ plucked NOte.... ..o 1-92
1.7.5 Sound radiation from the guitar cavity at middle frequencies............cccvvvvnnnns 1-93
1.7.6 Sound radiation and direCtivity ....oiiiiiii 1-95
1.7.7 Chapter SUMMIAIY ...ueieiii it e e e e e e e s aeaaneens 1-100



2. Analytical Guitar Models and their USE .....civiiiiiiiiiii i e e 2-2

2.1. Coupled resonators and simple low frequency guitar models ...........cocoviieiiinnenn. 2-2
2.2. (@00 T8 o] [=Ta [ o/ =F=To T = ] = 2-3
2.2.1 TWO Mass CoUPled rESONATON ... vttt e eaneeaeas 2-4
2.3. 2-DOF model of a guitar’s low frequencCy reSPONSE ........coevviviiiiiiiiiieiiiiiieieieaeaans 2-8
2.3.1. Low frequency response of a guitar with a stiff back...........cccoviiiiiiiiiiiiienn 2-8
2.3.2. Two mass coupled resonator model for guitars ........cocovviiiiiiiiiiii i 2-10
2.3.3. Using the 2-DOF model to determine fh........cccoiiiiiiiii e 2-13
2.3.4. Direct determination of the Helmholtz frequency.........cocovviiiiiiiiiiiicneeees 2-14
2.3.5. Use of the 2-DOF model in the wWorkshop ......cccciiiiiiiiiiiic e 2-15
2.3.6. Using the 2-DOF model for guitars with live backs...........cccoviiiiiiiiiininnns 2-17
2.3.7. Some unusual features of guitar shaped cavities...........ccccveiiiiiiiiiiiiiinnen 2-17
2.3.8. “Live back” guitar low freqQUENCY rE€SPONSE .....viuiiriiiiiieiie i reaaeaeraenens 2-18
2.3.9. Coupled top plate and back plate guitar model .........ccocviiiiiiiiiiiii e 2-19
2.3.10. Target values for the main top and main air resonanCes ........ccvvevvrvvierinennenns. 2-24
2.3.11. Investigative modelling — working in the frequency domain..............c.cocvenne. 2-25
2.3.12. Empirical adjustment of plate frequencies ..........ccoviiiiiiiiii 2-26
2.3.12.1. Top response to small perturbations in Mass.........cceeviiiiiiiiiiiiiiie s 2-27
2.3.12.2. Guitar response t0 Side MaASS .. ..iuiiiiiiiiiiiii i i aeaaaeas 2-28
2.4. Simulation of a guitar’s freqUeNCY rESPONSE .....cvivieiiiiie i 2-31
2.4.1. A 4-DOF model of low frequency guitar function ..........ccoeviiiiiiiiiiiiiic i, 2-32
2.4.1.1. 4-DOF model sensitivity analysis ....ocvviiiiiiiiiiiiiiic i 2-38
2.4.1.2. 4-DOF model and Mlive” BacKsS .....cvviiiiiiii i 2-40
2.4.2 The behaviour of superimposed simple SOUNd SOUICES .....ccvvvviviiiriineiieiinennens 2-42
2.4.3 Combining the 4-DOF model with superimposed simple sources..................... 2-46
2.5. Coupling of strings to souNdboards .........cooviiiiiiiiiii 2-50
2.6 (@1 F=] o) =T oYU [ 0] 1= VPP 2-51
3. The Design Objective - The Perfect GUItar.......c.oovviiiiiiii e 3-2
3.1. PlaY @i ity v s 3-2
3.1.1.  Plucking hand feel ......ouiniiii i 3-3
3.1.2.  Fretting hand feel ... 3-4
3.1.2.1. Scale leNGEh e e 3-4
3.1.2.2 TUNEADIIEY 1ee e e 3-5
3.1.2.3 Yot o [0 o PP 3-6
3.1.2.4 String height @t the NUL.....co i e 3-9
3.1.2.5 2] = P 3-9
3.1.2.6 Frethboard CUMVatUNe. ... e e e e s 3-11
3.1.2.7 Neck profile/nut Width. ... ..o 3-12
3.1.2.8 Y =P 3-13
3.1.2.9. NECK fiNiSh 1uetii i e 3-14
3.1.2.10. Neck to body joint position; cutaways ......ccovviiiiiiiiiiiii e 3-14
G0 0 e R [T 0 1T o) 1 = 3-15
3.2. U= ot 13 PP 3-15
3.2.1.  Consonance and diSSONANCE ... ....uiuieiuiitieinetre et rae et rtaeaearsaerearenerneess 3-15
3.2.1.1. Experimental demonstration of consonance and dissonance................... 3-16
3.2.1.2. The consonance of iINtervals.....cuvviiiiii e 3-17
3.2.1.3. A brief history of sCales.....ccoiiiiiiiii 3-19
3.2.1.4. The tuning gap (between what you tune to and what you’d like to hear).. 3-21
3.2.1.5. The tuning error (between what you tune to and what your guitar plays). 3-22
3.2.1.6. Achieving pitch aCcCuracy ....ccoviii i 3-23
3.2.1.7. Dealing with inharmonicity .......coooiiiiii 3-23
3.2.2. The acoustic response characteristics of a guitar........cccooviiiiiiiiiiiiiic e 3-23
3.2.2.1 A perfect freqQUENCY MESPONSE? vttt ittt ittt eatea e eaeaaaereaaneanes 3-24
3.2.2.2 Guitar performance factors: “Volume and tone”........cocvvviiiiiiiieieniennnnen 3-29
3.2.2.3 NOMENCIATUIE ... e 3-29
3.2.2.4 Tonal qualities of a Dreadnought guitar used for flat picking................... 3-33
3.2.2.5 Tonal qualities of a steel string guitar for finger style playing ................. 3-35



3.2.2.6. Tonal qualities of a classical guitar.........c.coviiiiiiiiii s 3-36
3.2.2.7 Tonal qualities of a flamenco guitar (flamenco blanca)............cceviiini 3-38

4. (00T g 0707 0 T=T 0| ol 10 7<= T o 4-2
4.1. Wood as an organic Material.....cooi i e e e 4-2
4.1.1.  The compoOSItion Of WOOM ....c.viuiiiiiiii e aeeas 4-3
4.1.2.  The @nnuUal CYClIE .ttt e e e e a e e e e e 4-5
4.1.3. Dealing With MOISTUIE ....ciuiiiii i e e e ae e 4-5
4.1.4. Dealing With runOUL ... 4-9
4.1.5.  SEOMNG WOOM .uiuiiiitiiiii e ettt ra 4-11
4.2. [T UT = 0 To T £ P 4-12
0 O o o IR o oY -3 P 4-13
4.2.2. (1= Lol 1= To JE=] o [T Yo Yo =3P 4-14
L T 1= To Qo Yo Yo =P 4-15
A S = | = YR To Yo Yo 3O 4-15
4.2.5. Fretboard WOOdS. ... ..oviiiiiiiii e 4-16
4.2.6. Bridge WOOAS ittt e e 4-17
4.2.7. Woods for other COmMPONENES......oviuiii e 4-17
4.3. Wood properties that matter.....c.oviiiiiii 4-18
4.3.1. The sound radiation coeffiCient .......cooviriiiiiii e 4-18
4.3.2.  The damping faCtor. ... oo e 4-20
4.3.3.  Measuring WOO PrOPeItiES ...uiuuiieeiriiieeite it iiteane it ean e eaeeateaneranaaneanes 4-21
4.3.3.1 MeEaSUrEMENT Of Q uuuuiiiiiiiiiiii i et et a e e aaaeaaeas 4-21
4.3.3.2 Measurement of logarithmic decrement.........c.coviiiiiiiiiiiiii e 4-23
4.3.3.3 Potential difficulties .......ccvriiiii 4-26
4.3.3.4 Long grain damping vs. cross grain damping.......ccoeeiiiiiiiiiiiiiiiiniieenan, 4-28
4.3.3.5. Tap testing fOr Q" oo 4-29
Z490C 7 SR ©(o 1 T 1 o [o] o 1 T 1YY o [ PP 4-29
LG T TR Y=ot o (o1 a IN=10] 0 1| 4 1= 1 Y/ P 4-30
4.4, Design of braces and bracing SystemMS.......cocvuiiiiiiiiiii e 4-31
4.4.1.  Bending St NesS .uiuiiii i 4-31
4.4.2.  Brace deSign Criteria ....ouiuiiiiiiiiiii it 4-32
4.4.3. Calculating the second moment of area of abrace .........ccccviiiiiiiiiiinns 4-35
4.4.4. Measurement of Young’s modulus E for brace material ...........coocviiiiiiiinnnne. 4-38
4.4.5 Determination of soundboard flexural rigidity .......coooiiiiiiiiiiiii 4-40
4.4.6. Carbon fibre reinforced braCes.....c.ciiiiiiiiiii i e 4-45
4.4.6.1. Designing CompoSite BraCes ..uiviuiiiiiiiiiiiiiiii i i i aaee s 4-46
4.4.6.2. Balancing brace stiffness to panel stiffness .........ccocvviiiiiii, 4-48
4.4.7.  Stress lImits fOr DraCes . .uui it e e e e 4-48
4.4.8. Top bracing layout - gUIdeliNeS .....cciiiiiiiiiii e 4-52
4.4.9.  BacCK DraCing . .uiuciiieiiiiiiii e 4-52
L S O B Y <o [ =1 [ .2 = /2 4-53
4.5. DESIgN Of Plales « ittt s 4-55
4.5.1.  Waves iN Plates ..o e 4-55
4.5.2. The tap tone method of establishing wood properties ..........c.cocveiiiiiiiiininnn. 4-57
4.5.3. Establishing the target plate thickness........cocoviiiiiiiiii 4-60
4.5.4. Sensitivity to long and cross grain stiffness variations............c.cooviiiiiiiennn. 4-64
4.5.5.  Panel design deCISIONS . ...ttt 4-64
I ST O T- o) =1 ol =¥ [ 0] 0 0 = | o V20 PP 4-65
4.6. Body shapes and the design of other components........ccooviiiiiiiiiinii e 4-66
4.6.1.  Bridge deSIgN . .uiuiiiiuiiiitiii e 4-66
4.6.1.1. The bridge as a distributor of string loading .........ccccoiiiiiiiiiiiiiiici 4-66
4.6.1.2. Positioning the bridge on X-braced guitars...........coovviiiiiiiiiiiiinees 4-66
4.6.1.3. Bridge mass and Stiffness.....cv i 4-68
4.6.1.4. Steel string bridge planform ... ... 4-69
4.6.1.5. The bridge plate. ..o 4-71
4.6.1.6. Classical guitar bridges ...o.viieiie i 4-71
4.6.2. I 1 T 1= P 4-73
L ST T = o T I o Lo T &P 4-73



4.6.4.  CULAWAYS 1.ttt ittt st e e e e 4-73
4.6.5. NECK JOINE . it e 4-74
4.6.6. Fretboard - fret SPaCing ......cocvviiiiiii 4-77
4.6.7. Neck cross sectional Shape ......cooviiiiiiiiii 4-77

L I TR I ol § (= o Yo £ N 4-80

L 7= TR I o 1= N o U PP 4-81
4.6.10. HeEAdSEOCK ..iviniiiii e 4-82
4.6.11. BOAY SNaP ..ttt e e 4-84
4.6.11.1.  Size @nd ShAPE ..ouiuiieiii i 4-84
4.6.11.2. Body Shape PropoOrtiONS ..i.ueieiieiiiiiiiiii s 4-87
4.6.11.3. Designing body Shapes ......cciiiiiiiiiiiii e 4-88

L T I Y <o [ o =] [ 2 =1 o/ 4-90
4.7. e 0 = o o 4-91
4.7.1. A first source of iNtONAtioN ErTOr .....vvii i e 4-91
4.7.2. A second source of iNtoNation Error.......vcvvvieiie i e e 4-93
4.7.2.1 Fixing intonation errors due to body resonances.........cccevvieviiiieniiiinnnnnns 4-93
4.7.2.2 Resonance shifting ....oviiiiiiii 4-93
4.7.2.3. Empirical nut and saddle intonation ...........cccoiiiiii 4-95
4.7.2.4 A simple iNtoNation fiX ..oviiii e 4-98
4.7.3. Intonation for a high performance guitar ........ccooiiiiiiiiiiiicii 4-99
4.7.3.1 Measuring a string’s longitudinal stiffness..........coooiiiiiiiiii 4-99
4.7.3.2 Calculating the change in path length as the string is fretted................. 4-103
4.7.3.3 The effect of string bending stiffness on intonation error...................o.. 4-111
4.7.4. Compensation without most of the mathematics...........c.cocoviiiiiiiin, 4-112
S TR Y < Tot u To ] o I U1 010 0= VPP 4-113
LAY OUL PrOCEAUI. .. ettt ettt e e e et e et s e e e e e e a s e e eeees 5-2

5.1. Drafting the layout of a steel string guitar ..o 5-2
5.2. Drafting the layout of a classical guitar.........coiiiiiiii i 5-5
5.3 ST <ot o [0 o =1 0T 0 0 =1 5-6
AI 1. Technical note on collecting spectrographic data............coooviiiiiiiiin Al 1l
Al 2. Using Chladni’s technique to visualise vibration modes ..........c.cocooviiiiiiiiiiinnnn, Al 3
AII 1. Deflection of the soundboard under oscillating longitudinal string forces ............. All 1
AII 2. 4 Degree of Freedom model of low frequency guitar function .............c.cocvvivnnne. AIl 5
AII 3. Fretboard CUrvature ... e AIl 11
AIIT 1. Frequency 100K-up table ... ..o AIIl 1

AIV 1. Bending waves 0N Plates ......iviiiii AIV 1



