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Abstract 

Motion Capture To Build A Foundation For A Computer-Controlled Instrument By Study Of  

Classical Guitar Performance 

 

Using an experimental analytic approach, the specific questions asked are: (1) How exactly is 

the guitar sound produced by the player? (2) Can the gestures required for each sound be 

identified?  (3) Can motion capture depict the mechanics of how the instrument is played 

precisely enough to be analyzed?  (4) Can the motion captured articulations be categorized in 

terms of degrees of freedom?  The results from these questions can be used to determine the 

optimal degrees of freedom necessary to build a computer-controlled representation of the 

classical guitar in the future and may contribute to the basic study of similar instruments.  

 

First, the performer/instrument interface, i.e., how the performer produces sound with the 

instrument, must be understood.  This is explained through the evolution of the classical guitar 

and its effect on how the performer's seating, left-hand and right-hand positions and support of 

the instrument developed to its current state. 

 

With an understanding of the performer/instrument interface the next question is: What is a 

musical gesture? A musical gesture can be defined as the grouping of articulations (sub-

gestures) for expressive purposes.  A musical gesture not only includes articulations but also 

includes expressive ancillary movements.  In this manner, articulations form the building 

blocks that are used to create phrasing and musical gestures and represent the way in which 

guitar tones are: (1) attacked, (2) sustained, and (3) released.  There exists in this sense an 

important distinction between musical gestures and articulations.  Viewing articulations as 

building blocks allows each articulation to be studied discretely and addressed as a separate 

entity without having to contend with how to connect one articulation to another, possibly 

overlapping as co-articulations.  If all of the classical guitar articulations can be defined, 

grouped and captured, then, in theory, all classical guitar music should be able to be 

reproduced.  

 

In the study, thirty markers are placed on the specific areas of interest on the body.  In the case 

of the classical guitarist, these sites are the fingers, thumb and wrist joints of both hands, the 
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elbows and the shoulders.  The guitarist repeats each articulation four times at three separate 

dynamic levels.  Singular value decomposition (SVD), a type of multi-dimensional scaling 

analysis used for finding patterns in highly dimensional data, and a novel method of auto-

correlation and peak detection are then applied to the data.  The result is scalable data 

reduction which yields the separate dimensional contribution of the markers for each 

individual articulation.  Four methods of threshold analysis are then applied to the marker 

contributions of each articulation, each method providing a different perspective.  Lastly, the 

concept of regions of interest (ROI) is put forth as a way to gain insight into the dimensional 

data. 

 

 

 

 



 vi 

Acknowledgments 

To my adviser Chris Chafe whose musical insight and excitement for my research was 

contagious and inspiring. 

 

To my readers Jonathan Berger and Julius Smith for their wisdom and guidance. 

 

To what I call the “digital signal processing crew”, Jonathan Abel, Ed Berdahl, Ryan Cassidy, 

Hiroko Terasawa and Julius Smith’s DSP Seminar, all at the Center for Computer Research in 

Music and Acoustics (CCRMA), for all of their help and insight.  In particular, to Tim Stilson 

whose countless hours of brainstorming and problem solving propelled this project through to 

the very end. 

   

To the motion capture company PhaseSpace Inc., Tracy McSheery and the engineers who 

donated their time, lab and equipment to this project and to guitarist Charles Ferguson.  The 

data used in this project could not have been gathered without their time and effort to set up 

and record the motion capture sessions. 

 

To Jay Kadis, Fernando Lopez-Lezcano, Chryssie Nanou, and Carr Wilkerson at CCRMA 

who have helped with technical assistance both large and small over the years. 

 

To Erin Butler, Scott Delp and Amy Ladd for their assistance with motion capture and 

biomechanical issues and to Matt Wright for his help in the initial pilot study.  

 

Most importantly, to my mother Dolores Norton, my father William Norton, my brother David 

Norton and my wife Maria von Sprecher, all to whom this dissertation is dedicated.  Without 

their continued support, unwavering patience, and their belief in me over the years, this 

dissertation would not have been possible. 

 

There are many people who are not specifically listed here to whom I wish to thank.  You will 

never know how much I appreciate your support. 

 

Thank you all. 



 vii 

Table of Contents 

Abstract .................................................................................................................................... iv 

Acknowledgments.................................................................................................................... vi 

Table of Contents.................................................................................................................... vii 

List of Tables............................................................................................................................ ix 

List of Illustrations ....................................................................................................................x 

Chapter 1  Introduction and Background...............................................................................1 

Chapter 2  Motivation ...............................................................................................................7 

Chapter 3  Understanding the Classical Guitar .....................................................................9 
 3.1  Brief History and Evolution of the Classical Guitar ..................................................9 
  3.1.1  Modern Classical Guitar..........................................................................................10 
 3.2  Playing the Guitar .......................................................................................................12 
  3.2.1   Supporting the Guitar .............................................................................................12 
  3.2.2  The Left-Hand Position ...........................................................................................16 
  3.2.3 The Right-Hand Position..........................................................................................19 
 3.3  Defining the Articulations...........................................................................................23 

Chapter 4  Methodology: Data Gathering ............................................................................34 
 4.1  Motion Capture Systems.............................................................................................34 
  4.1.1  Mechanical ..............................................................................................................36 
  4.1.2  Magnetic ..................................................................................................................37 
  4.1.3  Optical .....................................................................................................................38 
  4.1.4  Other Systems..........................................................................................................42 
 4.2  Data Collection.............................................................................................................44 
  4.2.1  Pilot Study #1 ..........................................................................................................45 
  4.2.2  Data Gloves and Travel Guitars ..............................................................................47 
  4.2.3  Pilot Study #2 ..........................................................................................................53 
  4.2.4  Main Study ..............................................................................................................56 

Chapter 5  Methodology: Data Analysis ...............................................................................63 
 5.1  Data Preparation .........................................................................................................63 
 5.2  Data Analysis................................................................................................................65 
  5.2.1  Occlusion.................................................................................................................67 
  5.2.2  Compound Motion ..................................................................................................68 
  5.2.3  Zero Out Left or Right Arm ....................................................................................69 
 5.3  Data Reduction ............................................................................................................70 
  5.3.1  Singular Value Decomposition (SVD)....................................................................70 
  5.3.2  Autocorrelation and Peak Detection........................................................................74 

Chapter 6  Results ...................................................................................................................84 
 6.1  Threshold Analysis ......................................................................................................84 
  6.1.1  First Approach.........................................................................................................86 
  6.1.2  Second Approach ....................................................................................................87 
  6.1.3  Third Approach .......................................................................................................89 
  6.1.4  Fourth Approach......................................................................................................95 



 viii 

 6.2  Regions of Interest (ROI)............................................................................................96 
  6.2.1  Right-Arm ROI........................................................................................................98 
  6.2.2  Left-Arm ROI........................................................................................................107 

Chapter 7  Conclusions .........................................................................................................117 

Chapter 8  Further Research................................................................................................121 

Chapter 9  Applications ........................................................................................................122 
 9.1  Robotics ......................................................................................................................122 
 9.2  Synthesis .....................................................................................................................123 
 9.3  Pedagogy.....................................................................................................................123 
 9.4  Animation ...................................................................................................................124 
 9.5  Composition ...............................................................................................................124 
 9.6  Network Gesture Transmission................................................................................124 

Appendix ................................................................................................................................125 
 Appendix A  Articulation Type and Trial Numbers From the Main Study ...............125 
 Appendix B  Threshold Results for Each Articulation .................................................127 
  Right-Arm Articulation Thresholds ................................................................................127 
  Left-Arm Articulation Thresholds...................................................................................134 

Bibliography...........................................................................................................................143 
 

 
 
 

 



 ix 

List of Tables 

Table 1.  Attack articulations.....................................................................................................28 
Table 2.  Attack quality .............................................................................................................28 
Table 3.  Sustain articulations ...................................................................................................29 
Table 4.  Release articulations...................................................................................................29 
Table 5.  Right and left arm marker placements........................................................................59 
Table 6.  Comparison between 3 data reduction methods.........................................................82 
Table 7.  Number of marker contributions determined by 3 approaches for the right-arm 

articulations ...............................................................................................................92 
Table 8.  Number of marker contributions determined by 3 approaches for the left-arm 

articulations ...............................................................................................................94 
Table 9.  Right-arm articulation ROI coordinates .....................................................................99 
Table 10.  Redistributed right-arm articulation ROI coordinates without small finger  

marker 23...............................................................................................................102 
Table 11.  Left-arm articulation ROI coordinates ...................................................................109 
Table 12.  Redistributed left-arm articulation ROI coordinates without small finger  
 markers 15 and 19 .................................................................................................111 
 
 

 



 x 

List of Illustrations 

Figure 1.  Progression of the size of the guitar .........................................................................10 
Figure 2.  Anatomy of the modern classical guitar ...................................................................11 
Figure 3.  Sor’s use of a table for support .................................................................................14 
Figure 4. The Aguado device for guitar support .......................................................................14 
Figure 5.  The classical guitar standard position.......................................................................15 
Figure 6.  Sor’s left-hand positions ...........................................................................................17 
Figure 7.  Right-hand position on the strings............................................................................20 
Figure 8.  Right-arm articulations by category .........................................................................31 
Figure 9.  Left-arm articulations by category............................................................................31 
Figure 10.  Number of articulations by arm..............................................................................32 
Figure 11.  Motion capture........................................................................................................35 
Figure 12.  Mechanical motion capture systems.......................................................................36 
Figure 13.  Passive optical marker cameras ..............................................................................39 
Figure 14.  PhaseSpace active optical marker system...............................................................40 
Figure 15.  The Meta Motion Gypsy Gyro with inertial sensors ..............................................43 
Figure 16.  Data glove flex sensor placement ...........................................................................48 
Figure 17.  The Yamaha SLG100N silent classical guitar........................................................52 
Figure 18.  Pilot Study #2 at PhaseSpace..................................................................................54 
Figure 19.  Anatomical view: Right and left arm marker placements ......................................58 
Figure 20.  Computer view: Right and left arm marker placements.........................................59 
Figure 21.  Main study at PhaseSpace with guitarist Charles Ferguson ...................................61 
Figure 22.  20BrushFSoft: Right middle finger fingertip trajectory, marker 30.......................65 
Figure 23.  Right thumb tip trajectories of marker 25...............................................................66 
Figure 24.  3D view of 20BrushFSoft marker trajectories ........................................................68 
Figure 25.  Singular Value Decomposition (SVD) ...................................................................71 
Figure 26.  Singular values for 20BrushFSoft...........................................................................72 
Figure 27.  20BrushFSoft ..........................................................................................................75 
Figure 28.  20BrushFSoft ..........................................................................................................77 
Figure 29.  20BrushFSoft ..........................................................................................................78 
Figure 30.  Marker contributions for 20BrushFSoft .................................................................80 
Figure 31.  Marker contribution comparison for 20BrushFSoft ...............................................81 
Figure 32.  Marker contribution comparison for 05RestTSoft ..................................................82 
Figure 33.  Marker contributions for 20BrushFSoft .................................................................85 
Figure 34.  03FreeTSoft marker contributions with 80% of total threshold line at 0.3 ............87 
Figure 35.  03FreeTSoft marker contributions..........................................................................88 
Figure 36.  Average of all marker contributions .......................................................................89 
Figure 37.  03FreeTSoft marker contributions versus the average of all right-arm marker 

contributions ..........................................................................................................91 
Figure 38.  Summary of three right-arm approaches ................................................................92 
Figure 39.  Summary of three left-arm approaches...................................................................93 
Figure 40.  Right-arm regions of interest ..................................................................................98 
Figure 41.  Right-arm regions of interest with articulations .....................................................99 
Figure 42.  Redistributed right-arm regions of interest without small finger marker 23 ........102 
Figure 43.  Full ROI example of 03FreeTSoft ........................................................................106 
Figure 44.  Full ROI example of 40FlickFMed ......................................................................107 
Figure 45.  Left-arm regions of interest ..................................................................................109 



 xi 

Figure 46.  Redistributed left-arm regions of interest without small finger 
markers 15 and 19 ................................................................................................111 

Figure 47.  Full ROI example of 16SlideFLoud .....................................................................115 
 



 1 

Chapter 1  Introduction and Background 

 

The goal of this dissertation is to examine the use of motion capture of musical gesture to 

develop the foundation to build a computer-controlled instrument of the classical guitar.  

Using an experimental analytic approach the dissertation specifically asks: (1) How exactly is 

the guitar sound produced by the player? (2) Can the gestures required for each sound be 

identified?  (3) Can motion capture depict the mechanics of how the instrument is played 

precisely enough to be analyzed?  (4) Can the motion captured articulations be categorized in 

terms of degrees of freedom?  The results from these questions can be used to determine the 

optimal degrees of freedom necessary to build a computer-controlled representation of the 

classical guitar in the future and may contribute to the basic study of similar instruments.  

 

The guitar is selected as the instrument of study because it is one of the most popular 

instruments and is used in many forms of music - such as classical, folk, popular, flamenco - 

and played in many countries and cultures. The guitar has been studied extensively, but the 

classical guitar is poorly represented in serious research, and the use of motion capture is just 

beginning in the study of the guitar. 

 

Motion capture is selected as the process to capture gestures of playing the instrument because 

it has been used in many different areas to understand the interface between movement and 

some specified result.  It was originally developed by photographer Eadweard Muybridge and 

Leland Stanford to answer the question if a trotting or galloping horse had all four hooves off 

the ground at any one stage in its stride (Clegg, 2007).  They were able to prove the horse did, 

and Muybridge continued to experiment with synthesizing motion through photography, 

laying the foundation for analytical motion photography, the forerunner of motion capture. 

 

Motion capture has been used, for example, in aircraft carrier deck simulations, movies and 

animations, video games, gait analysis, sports medicine and performance analysis.  In the field 

of music there are two main categories of use: live performance and analysis.  In both, raw 

data are typically collected by placing markers on performers to record their movements or to 

augment their sound.  In the category of live performance, motion capture is used primarily as 

a sonification tool, i.e., the movements or gestures of a performer are tracked and mapped into 
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sound (Qian et al., 2004).  In the category of analysis, motion capture can be used to track 

certain microscopic body joint ancillary movements to analyze them in relation to a specific 

question (Wanderley, 1999; 2002).   This study falls into the category of analysis. 

 

Guitar performance data collection is required for analysis.  However, there is limited existing 

research that relates directly to this area.  One of the closest studies found that tracks 

performer body movements as required for study in this dissertation does not involve the 

guitar.  Hans Sturm’s study on the double bass examined the bowing techniques of François 

Rabbath (Sturm, 2006).  Not satisfied with traditional two-dimensional printed and video 

documentation on double bass bowing, he endeavored to create a three-dimensional 

representation that could be viewed from all angles. Using a three video camera Vicon passive 

optical motion capture system running at 500Hz, he released a pedagogical study on DVD.  

Sturm investigated bow position, velocity, acceleration and angles between the bow and bass 

as well as outlined the basic principles of Rabbath’s bow technique of the arm, hand and wrist 

motions.  This type of performance movement data and its collection provides general proof of 

concept, even if not directly involved in the guitar.  However, the goal of Sturm’s study was 

mainly for students to watch and learn the basic bow strokes. Thus, the motion capture 

focused on the larger gestures of moving the bow.  The goal of this dissertation is to dissect 

such gross gestures and to look at much finer data.   The intent is to analyze the small nuances 

of the gestures by dividing them into individual articulations, categorizing the articulations by 

degrees of freedom, and then determining how many degrees of freedom are needed to 

replicate the majority of guitar articulations. 

 

Other existing research is more tangential and focuses primarily in the general categories of 

motion capture, guitar articulation and computer-controlled instruments.   Key issues of 

importance to this dissertation as borne by such tangential research include: small 

measurements of relative movements and time comparisons (Baader et al., 2005); preliminary 

steps to real-time gesture recognition (Burns and Wanderley, 2006); joint-angle analysis 

across trials (Heijink and Meulenbroek, 2002); magnetic sensors used in proximity to each 

other (Mitobe et al, 2006);  modular motion capture system (Camurri et al., 2000); neural 

network performers (Baginsky, 1992); potential achievements with limited numbers of 

degrees of freedom (Singer et al., 2003); pneumatic mechanical tappers (Jorda, 2002); and 

mechanical player of acoustic instrument (Lawrence et al., 2000).   



 3 

 

Baader et al. (2005) attempted to understand the temporal coordination between violin bowing 

and fingering using a simple video two-dimensional passive optical motion capture system.  In 

addition, a conventional video and audio recording were used.  The finger and bow trajectories 

of a group of six violinists, from four-year novice to professional, were captured and 

compared to ascertain when a finger was placed, when it was lifted and bow stroke reversals.  

They found that the finger/bow synchronization of all of the subjects varied by approximately 

50 milliseconds from perfect synchronization. Their research is useful to this dissertation in 

that it shows that the relative timing between movements can be measured in milliseconds and 

compared across trials.  However, the major focus on finger placement and bow reversal is not 

transferable to the data capture necessary for the analysis required to understand the classical 

guitar. 

 

Burns and Wanderley (2006) studied how to capture the left-hand fingerings of a guitarist in 

real-time using low-cost video cameras instead of an expensive motion capture system.  Their 

prototype system, using fret and string detection to track fingertips, was able to identify chords 

and a series of notes successfully.  This was accomplished without the use of markers on the 

hands.  Two acknowledged drawbacks of the system are that it can only capture finger 

movement on the first five frets of the guitar, and there is no way to address finger occlusion.  

Although preliminary, it was a first step to a possible real-time video automatic transcriber.  

The study investigated motion capture and guitar and proved that motion capture can be 

applied to the guitar.  This research was later expanded on in more detail (Burns, 2007).  

However, these studies only investigated the left hand.  As will be explained in the pilot 

studies section of this dissertation, it is the right hand of the classical guitarist that is extremely 

difficult to capture for analysis. 

 

Heijink and Meulenbroek (2002) researched the complexity of left-hand classical guitar 

movements.  Six professional guitarists were tracked using a Optotrak 3020 active optical 

motion capture system with four infrared light emitting diodes placed on the fingernails of the 

left hand, one on the left wrist, one each on the right index and middle fingers and three on the 

body of the guitar.  The guitarists were asked to evaluate and perform simple eleven note 

scales to determine how the guitarists functionally adapted to the positioning and repositioning 

of their finger span.  The researchers found that guitarists wanted to keep the finger span of 
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the joints in the middle of their range and tried to avoid large joint angles.   This study is 

important to this dissertation because it reviews joint angles across several trials, however, 

similarly to Burns and Wanderley, it only examined left-hand data. 

 

Another experiment analyzed the hand movements of a pianist (Mitobe et al., 2006).  This was 

more of a proof of concept than an actual experiment.  A pianist was asked to perform Sonata 

KV 331 Turkish March by Mozart while wearing magnetic sensors on the hands.  Using 16 

magnetic motion capture sensors on each hand, the researchers were able to not only capture 

x, y and z positional data but also yaw, pitch, and roll of each hand.  What is important about 

this research was that they proved multiple magnetic sensors could be used in close proximity 

to one another.  Even when the sensors were placed side by side the positional dispersion data 

was less than 0.1mm, and the angular dispersion data was less than 0.1 degree.  This slight 

amount of error was well within tolerances to measure finger movements.   

 

The EyesWeb project by Camurri et al. (2000) was a complete modular system of custom 

made hardware and software for interactive dance.  Their goal was to model the interaction 

between movement, music and the visual.  The hardware mainly consisted of on-body 

accelerometers and force sensitive resistors connected to low latency real-time wireless 

sensor-to-MIDI converters.  The second part of the hardware used a video multiplexer to 

capture the signal from two synchronized cameras.  The software component of the project 

was a set of reusable libraries that could be assembled by the user via a graphical user 

interface.  This was an important project because it was not built for a specific event, but made 

to be flexible and modular using both body sensors and video analysis for different 

environments.  

 

Baginsky (1992) created a six-stringed computer-controlled instrument named Aglaopheme.  

This instrument consisted of a guitar “neck” with a solenoid for each string that controlled 

plucking and damping.  A DC motor was used to move a bridge up and down the neck for 

pitch control, and a separate solenoid imbedded in the bridge assembly allowed the bridge to 

be pressed against or retracted from the strings.  Two large solenoids acted as legs for the 

instrument and allowed the guitar to rock with the music.  The rocking motion also controlled 

a wah-wah pedal.  What was interesting about this instrument was that it was controlled by six 

neural networks, one for each string, that learned on its own how to play music.  Control was 
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given to a single network at a time based on which one had the best solution to the current 

sensory input.  The project’s value to this dissertation is that it is a self-regulated robotic guitar 

instrument. 

 

Instead of a multiple-stringed instrument like Baginsky above, Singer et al. (2003) created a 

single-stringed computer-controlled instrument called the GuitarBot. This instrument 

consisted of four identical single-stringed robotic instruments that could be controlled via 

MIDI for live, generated or sequenced music.  Each single-stringed unit consisted of a string 

with a pitch range of over two octaves, a moving bridge assembly to affect pitch, a rotating 

block with four guitar picks to pluck the string and a clapper solenoid to damp the string.  The 

bridge assembly had one degree of freedom and as such could not disengage the string, 

becoming in essence a slide guitar.  This instrument showed the potential of what can be done 

with a limited amount of degrees of freedom. However, it lacked the degrees of freedom 

required to play multiple articulations. 

 

Another guitar robot was created by Jordà (2002) as part of an interactive multimedia 

performance based on Homer’s Odyssey.  This instrument was made of six strings, five upper 

strings for guitar and the lowest one for bass.  Unlike the guitars listed above that used some 

sort of plectrum to excite the strings, this instrument used 72 individual “fingers” to tap the 

fretboard.  Each string had 12 frets, with each fret accessed by a single pneumatic electro-

valve in real-time by a single performer.  Each string had its own MIDI channel and was 

individually controlled.  The other pneumatic instruments in the ensemble were a drum and a 

three bagpipe robot.  The last instrument was a robotic violin that had a single string that was 

excited by an EBow and used a stepper motor to control a slide that moved up and down the 

string.  All of the instruments were controlled in real-time by a single performer.  This study is 

important because it uses tappers instead of a plucker and moving bridge assembly. 

 

Lawrence et al. (2000) created a robotic rig that is placed over a regular acoustic guitar.  12 

solenoids, two per string, working in opposite directions, attach to six teflon picks and are 

placed over the strings near the soundhole to pluck the strings.  What is interesting here is that 

the picks do not travel across and parallel to the surface of the guitar, as expected, but rather 

pluck the string perpendicularly, i.e., straight down toward and away from the soundhole.  At 

the other end of the guitar, 23 solenoids, arranged over the first four frets, press down on the 
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fretboard, allowing the instrument to play a total of 29 independent notes, including open 

strings. The instrument is controlled via MIDI.  One disappointing aspect of it is that it uses 

the same dynamic level across all notes.  This is one of the few studies that instead of creating 

a new instrument, they created a robotic guitarist to play an existing acoustic instrument. 

 

The studies mentioned above were useful in formulating questions to be addressed in this 

dissertation.  In particular, they support the use of motion capture as a viable tool for data 

collection at the detailed level and degree required to meet the goals of this dissertation 

analysis.  The research also reveals that only the left hand has been studied in the field of 

guitar analysis, but not the right hand of the classical guitarist or both hands together as a 

cohesive unit in the formation of articulations.  If the goals and questions stated in this 

dissertation, using the methodology described later, are accomplished, this dissertation will 

make a contribution in its areas of research. 
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Chapter 2  Motivation 

The progression of this dissertation began to evolve several years ago.  It started when I was 

working on a tight deadline to write a soundtrack for a documentary.  A solo acoustic guitar 

was needed for one section of the video, but with no time to hire a guitarist, I resorted to my 

bank of synthesizers.  However, the synthesizers could not produce a convincing realistic 

sound.  What was missing, and why couldn’t these synthesizers produce a plausible guitar 

sound?  These questions led to my first dissertation topic entitled Realistic Reproduction of the 

Acoustic Guitar through Real-Time Control: Creating the Foundation for a New Computer-

Based Instrument.  This original idea had two goals: (1) to examine why most guitar synthesis 

techniques do not sound realistic and (2) to suggest ways to control additional parameters of 

the synthesized guitar in real time to make it sound more realistic.   

 

Close study revealed that what was missing from most synthesized acoustic guitars were the 

small nuances and guitar techniques, i.e., the articulations that made a guitar sound like a 

guitar. The ultimate goal of my earlier dissertation work was to develop a new controller with 

the ability to access the articulations of the guitar.  The new controller would hopefully be 

versatile enough to be generalized to other instruments with multiple parameters that need to 

be controlled in real time.  However, a team of researchers working on the topic at the 

Laboratory of Acoustics and Audio Signal Processing, Helsinki, Finland (Jánosy et al., 1994; 

Hiipakka, 1999) working on the topic with advanced technology, computer processor speeds 

and disk drive capacity, achieved a synthesized classical guitar that was controllable.   

 

Through the course of research for the first dissertation topic I noticed that most academic 

computer music literature only focused on one of three areas: controllers, synthesis techniques 

or the human-computer interface.  To my knowledge, no one had addressed the creation of a 

prototype method to create a computer-controlled instrument. This led to my next dissertation 

topic: Articulations à la carte: a Modular Approach to Instrument Design.  The idea was to 

create a modular single-stringed computer-controlled instrument that was modeled on the 

classical guitar. A single-stringed instrument was selected because, once completed, the 

instrument could be replicated to create either a single multi-stringed instrument or multiple 

single-stringed instruments.  The goal was to be able to add separate modules as needed that 

would add additional articulation capabilities.  As I prepared the topic, I became aware that 
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this could not be accomplished without a more precise examination and understanding of the 

articulations of the classical guitar.  I then moved away from the idea of constructing the 

instrument to developing a more in-depth understanding of the articulations of the guitar.  The 

current dissertation topic builds on these previous experiences and findings and focuses on the 

study of the articulations using motion capture technology. 
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Chapter 3  Understanding the Classical Guitar 

 

This section presents an understanding of the classical guitar relevant to the goal and questions 

of this study.  The section is divided into three parts: 

 

• Brief History and Evolution of the Classical Guitar gives a short overview of the 

guitar’s development in relation to changes in societal style and approach to music 

and then describes the physical shape, size and strings of the present-day classical 

guitar. 

• Playing of the Guitar describes the interface between the performer and the 

instrument, including how the classical guitar is supported, and the positioning of the 

left and right hands. 

• Defining the Articulations defines articulations for the classical guitar and three 

categories of articulations that should be studied for this proposal: Attack, Sustain, 

and Release. 

 

3.1  Brief History and Evolution of the Classical Guitar  

Graham Wade maintains, “it remains axiomatic that each type of musical instrument can be 

taken to a particular level of development” (Wade 1980).  At some point in the evolution of an 

instrument it reaches its peak of functionality, including playability and preference by society.  

At this juncture in time, the instrument must either reinvent itself or fall by the wayside and be 

replaced by another instrument that fills the need of society.  An instrument’s endurance is 

directly related to how composers and performers within a given time and society will use it.  

The functionality of the instrument also comes into question.  Does the instrument’s 

expressive potential reflect the role and purpose of the society of its time?  For example, over 

time the piano replaced the harpsichord due to the harpsichord’s lack of overall volume and 

dynamic expressiveness compared to other instruments.  The demand for a louder, more 

expressive instrument paved the way for the piano. 

 

It was not until the middle of the nineteenth century when the classical guitar made major 

progress towards achieving its potential.  At this time, Antonio de Torres Jurado, one of the 
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first great modern guitar makers, began his craft and unified the advantageous aspects of other 

guitars into a single package, which fit the needs of society.  Tyler sums up changes in the 

guitar style with the changes and needs of the larger society, “We have learned that these 

changes in the guitar were the result of changes in style and approaches to music; that the 

modern instrument is not the result of an unbroken ‘development’ and the quest for 

‘perfection’, but simply a tool which reflects our current approach to music, an approach 

which, like all others in the past, will also change” (Tyler, 1980). 

 

The physical development of the guitar increased in size over the years due to different 

demands and the need for more volume (Figure 1).   

 

 
Figure 1. Progression of the size of the guitar 

 (Turnbull, 1974, plate 45a) 
 

3.1.1  Modern Classical Guitar 

Although the history of the guitar’s evolution from vihuela to the modern classical guitar is 

interesting, it is not directly related to this research goal. The modern classical guitar used in 

this study was introduced by Antonio Torres in the mid to late 1800s.  The Torres guitar was 

so superior to other guitars in its day that it changed the pattern of guitar building and the 

types of music composed for it (Evans and Evans, 1977; Romanillos, 1987).   

 

The most immediately noticeable difference between Torres’ guitars and those of his 

predecessors is to be found in the shape and size of the body.  Torres’ guitars had larger upper 

and lower bouts, giving the guitar a fuller figure and deeper sides than earlier ones (Evans and 

Evans, 1977).  He standardized the scale length at 65 cm, a size that allows the guitar to 
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approach its maximum volume without either sacrificing clarity of sound or leaving the player 

with excessive left-hand stretches.  He also standardized the modern width of the fingerboard, 

making it wider than that of earlier instruments.  His pattern for the tied bridge is almost 

identical to that found on all classical guitars today (Evans and Evans, 1977; Romanillos, 

1987).  Figure 2 below shows the anatomy of the modern classical guitar based on the Torres 

design. 

 
  Figure 2.  Anatomy of the modern classical guitar  

(Evans and Evans, 1977; Sloane, 1970) 
 

Torres is most famous for developing his own distinctive style of fan strutting.  Fan strutting is 

the system of bracing that supports that sound board of the guitar.  Torres’ pattern of strutting 

is still widely used and remains the point of departure for any luthier wishing to develop 

alternative patterns of strutting design.  To demonstrate the importance of fan strutting, Torres 

constructed a guitar using a fan strutted soundboard, but the back and sides were made with 
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papier maché.  It is said that the sound of this guitar had a remarkably beautiful tone, although 

slightly lacking in volume (Turnbull, 1974).  

 

One of the most important innovations in the classical guitar after World War II was the 

introduction of nylon strings.  Previously, classical guitar strings were made of gut for trebles, 

while the basses were metal wound on floss silk cores. Gut strings provided a firm and 

brilliant tone, but had drawbacks.  They were difficult to make true, especially in the lighter 

gauges.  They went out of tune easily and frayed quickly against the frets.  Silk floss has a 

comparatively low breaking strain, so that strings must be heavily built to take the tension.  

The resulting mass diminished their ability to sustain (Evans and Evans, 1977). 

 

3.2  Playing the Guitar 

What is involved in playing the guitar?  How does a person manipulate the guitar in order to 

produce sound?  Before these questions can be answered, one must first understand the two 

components of the system individually: the guitar and the human body.  Once this is achieved, 

then the human/instrument interaction can be examined.   

 

Whether playing classical, folk, rock, flamenco or country, using a nylon stringed guitar or a 

steel stringed guitar, the same basic underlying principles of playing hold true.  These 

principles of guitar performance are: (1) supporting the instrument, (2) left-hand function and 

(3) right-hand function.   

3.2.1   Supporting the Guitar 

Supporting the guitar gives the stability that allows the hands and arms to freely move about 

the instrument.  This may sound like common sense to be taken for granted, but this was not 

always the case.  As the classical guitar developed over the years, there were many different 

ideas on how to hold and support the instrument, and many were not based on technique.  For 

example,  “At the beginning of the nineteenth century, writers spoke in terms of appearance.  

Guitarists adopted a seating position because of how it looked.  They thought that if a given 

seating position looked good and natural, it would make performance easier.  Likewise, if a 

position looked bad and unnatural, performance would be difficult” (Cox, 1978).  
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Finding a single position that looked good and facilitated technique was difficult.  Many 

different positions were tried and described.  The most common of these positions was to 

support the guitar mainly by the right thigh and the left hand.  Cox describes one of these 

positions as written by Antoine Mercel Lemoine:  

The guitar must be taken in the left hand with the neck being held between the 
thumb and the first finger, without, however, hindering the movement of the 
first finger, noticing that to do so too strongly would dull the nerves and 
hinder them from functioning for the fingering.  Secondly, rest the guitar on 
the right knee and hold the little finger of the right hand on the surface next to 
the first string without touching it.  (Cox, 1978) 

However, there are several problems with this position.  By resting the guitar on the right 

knee, all of the weight of the instrument falls into the left hand, which would hinder free 

movement.  Right hand movement would also be hindered by resting the little finger on the 

soundboard, as will be shown in the section on the right hand. 

 

As the classical guitar began to have a greater appeal and a wider repertoire was composed for 

it as a solo instrument, a better seating and support system was needed to implement the 

newfound difficulty that did not restrict movement about the instrument.  Ferdinand Sor, 

known for being very methodical and practical, actually suggests supporting the guitar with a 

table (Figure 3): 

Yet, in proportion as I have required more and more of the instrument, I have 
found it necessary to have it better fixed in its position, from which it should 
not deviate but when I wished.  To effect this, I have found nothing better 
than to have before me a table... By these means, finding myself placed in the 
position represented in Figure 7 I am enabled to pass the left hand readily 
over the finger-board, it not being obliged to support the neck of the 
instrument... (Sor, 1971) 
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Figure 3. Sor’s use of a table for support                   Figure 4. The Aguado device for guitar support                           

(Sor, 1971)                                                                     (Aguado, 1981) 
 

Dionisio Aguado, a contemporary and friend of Sor, can be credited for two different 

approaches to supporting the guitar.  The first is using an extra wide chair for support.  Here, 

the guitarist sits on one side of a wide chair and rests the end of the guitar on the chair next to 

them.  One of Aguado’s main concerns was that a person’s body damped the vibration of the 

guitar in addition to trying to free the hands from supporting the guitar.  In his own words, “In 

order for the guitar to produce brilliant sounds, it is essential not only for the strings to vibrate, 

but for the guitar itself to vibrate.  All that interferes with this must be counterproductive...” 

(Aguado, 1981).  In trying to solve these problems, he created what is known as the tripod or 

Aguado device (Figure 4).  This device holds the guitar securely via two spikes, one inserted 

into a hole at the bottom of the guitar, the other inserted into a hole in the base (Aguado, 

1981).  According to Aguado the “...of course obvious…” advantages to name a few are that: 

(1) the guitar is isolated and hence can vibrate freely, (2) the player’s hands are now 

completely free to make music, and (3) “The position of the guitar player is natural and 

graceful, and most suitable and elegant for ladies” (Aguado, 1981).  

 

Although others such as Ferdinando Carulli and Franz Knize suggested the use of left leg 

support (Cox, 1978), it was not until Francisco de Tárrega that a position was established as 

the standard position.  “Just as Torres is credited with the introduction of the modern classical 

guitar, so Francisco de Asis Tárrega Eixea (1852-1909) is associated with its musical and 

technical foundation.  Tárrega was a great player who standardized technique in vital ways.  

Playing on a larger guitar, he supported the instrument on the left leg.  He also established the 
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apoyando stroke, abandoning the old practice of resting the little finger of the right hand on 

the table” (Evans and Evans, 1977). 

 

The current standard position popularized by Tárrega (Figure 5a) and all of the above 

concerns can be summarized into the two following quotes:   

Any position must provide enough stability for the performer to feel secure 
with the instrument.  The basic ‘classical’ position offers four points of bodily 
contact: the chest, the top of the left thigh, the inside of the right thigh and the 
right forearm.  Since other positions offer only three points of contact, this 
four point contact is one very important reason why the majority of 
performers prefer it. (Duncan, 1980)  

 If you study the illustrations of the classical position, you will notice that the 
left foot is raised and resting on a small footstool…This enables the upper part 
of the left leg to provide a stable resting place for the guitar.  The guitar 
touches the chest but is not held in tightly since the back of the guitar also 
needs to resonate.  Note that the right forearm rests at the widest part of the 
instrument.  The left hand is free to move and is not supporting the weight of 
the guitar. (Noad, 1994) 

All of the contact points are shown in Figure 5b. 

 

 

                         
 
            (a) Tárrega playing a Torres guitar                                        (b) The contact points 

 
Figure 5.  The classical guitar standard position:  

(a) (Romanillos, 1987),  (b) adapted from (Duncan, 1980) 
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3.2.2  The Left-Hand Position 

In the previous section, the support of the instrument changed with the evolution of the guitar 

and the complexity of the music.  The left hand also changed with the evolution of the guitar. 

The one principle that has remained stable over time is the generally accepted labeling of the 

left-hand fingers as follows:  

 
- index finger  = “1” 
- middle finger = “2” 
- ring finger  = “3” 
- little finger = “4”  
 

The thumb is not normally labeled; however, in early music where the thumb was occasionally 

used, it is abbreviated “p” for the French term pouce and Italian term pollice or the symbols 

“*” or “+” (Cox, 1978).  There are examples of early hand positions using the thumb on the 

sixth string.  For example, Cox quoting from Lehmann’s Neue Guitarre-Schule, wrote, “The 

hand must be held so that the thumb projects only as much as the fingerboard, in order to be 

able to easily depress the lowest string by the curve of its front joint, because otherwise the 

remainder of the finger is greatly hindered in playing…” (Cox, 1978).  Cox quoting Miguel 

Rubio wrote “…against the palm of the left hand will rest the neck of the guitar being careful 

the arm is placed at the regular and flexible height, being able to run easily all the 

fingerboard…” (Cox, 1978).  Earlier the thumb was placed over the top of the fingerboard so 

that it could at times fret the sixth string.  This could only be achieved when the guitar was 

held at a lower angle.  The alignment of the hand and forearm reinforces this.  Try to hold the 

guitar in a classical position and then try to fret the sixth string with the thumb.  It’s not very 

easy or practical, and one has to strain the wrist in order to accomplish it. 

 

As the neck of the guitar became wider over time and the music more difficult, it became 

harder to advocate the use the thumb on the sixth string.  Ferdinand Sor observed the 

limitations of the use of the thumb on the sixth string and came to the conclusion that there 

must be a better placement for the thumb (Figure 6):   

I observed that most guitarists had only half the hand before the finger-board, 
because it sustained the neck, with the summit of the angle formed by the 
thumb and forefinger, fig.12…All of these inconveniences were motives 
sufficiently powerful with me not to place my hand in that manner… I 
contrived other deviations, and found that there are some which cannot be 
performed at all with the thumb, such as those of the fourth and fifth 
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examples, and which I played readily enough with the hand placed as in fig. 
14.  This experiment induced me to establish it as a principle to place the 
thumb always at half the width of the neck, facing the finger which answers to 
the second fret; never to displace it but for the purpose of barring… (Sor, 
1971) 

 

                                   
(a) Thumb used on sixth string                          (b) Thumb held behind neck 

 
Figure 6.  Sor’s left-hand positions: (a) Early position (b) Later position 

(Sor, 1971) 
 

Although referring to fingerstyle acoustic guitar, Brian Gore gave a simple and intuitive way 

to place the left hand on the guitar that can also be applied to classical guitars:   

1. Drop the fretboard hand to your side.  While it’s resting there, feel the 
weight of gravity and release all the energy and tension from your 
hand…Note the slight natural arch in the lower wrist, due to the extension of 
the thumb.  2. Bring the hand up just under the neck of the first position on the 
guitar (the first four frets) without altering the hand-to-wrist relation when 
your arm was at your side.  3. Place the thumb so that it rests on the neck 
directly behind the second finger.  Again, the wrist position should vary as 
little as possible from when your arm was at your side…the front thumb pad 
and middle thumb joint should receive the bulk of the application pressure 
required to fret notes.  You will not use the side of the thumb or the tip of the 
thumb as a basic position, since either will result in unnecessary torque to the 
thumb joints…it’s wise to avoid cradling the neck of the guitar in the palm, as 
this would create unnecessary bending of the wrist which would impede the 
movement of tendons through the carpal tunnel.  (Gore, 2005) 

 

Duncan reiterates the concept of proper alignment,  “In most forms of such activity, common 

sense (or gravity) will put the hand and arm into alignment.  Any significant deviation 

weakens the grip… That is, the line of force is broken by the nonalignment of the hand and 

arm” (Duncan, 1980).  Using this logic, the fingers of the left hand should land perpendicular 

to the string, which gives the most force.  Duncan continues, “Correct position also favors the 

weak third and fourth fingers by bringing them closer to their work and putting the support of 
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the hand directly behind them.  The geometrical neatness of the basic position also suggests its 

mechanical efficiency” (Duncan, 1980).   

 

Striking the string in this manner also has the added benefit that the adjoining strings are not 

struck by accident.  Burrows put it succinctly, “To avoid accidentally muting the other strings 

all of the fingers should be kept as vertical as possible when held against the fretboard…if 

your thumb is resting on the edge of the fingerboard, it becomes extremely difficult to keep 

the fingers vertical” (Burrows, 2003). 

 

In order for the wrist and hand to be aligned perpendicular to the guitar, it should be noted that 

the elbow must be held away from the body, but not splayed out too far.  The exact distance 

depends on the height of the angle the guitar is held and, of course, the physiology of the 

guitarist. 

 

Once the left-hand position is established, the question remains where the string should be 

fretted.  On early guitars some believed that the string should be fretted in the middle of the 

fret (Cox, 1978), but general consensus says in a small area just behind the fret.  According to 

Aguado,  

“Place the fingers of the left hand close behind each fret (see §16).  It is 
extremely important to place them here and not elsewhere in the space 
between the frets,  because with the slight pressure of the finger, the string 
necessarily rests on the fret and thus produces a clear sound, otherwise the 
more the finger moves back from this point, between frets, the duller the 
sound, however much pressure is placed on it” (Aguado, 1981).  

 This is echoed by Burrows.  “The tip of the finger should fall immediately behind the fret.  If 

it is held too far back the string is likely to buzz against the fret; if it is too close to the fret, the 

string will be muted” (Burrows, 2003). 
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3.2.3 The Right-Hand Position 

Similar to the labeling of the left hand fingers, the generally accepted principle of labeling 

finger placement on the right hand has remained unchanged over time.  Finger identification is 

based on the Spanish names: 

 

- thumb  = pulgar abbreviated “p”  
- index finger  = indice abbreviated “i”  
- middle finger  = medio abbreviated “m”  
- ring finger  = anular abbreviated “a” 
 

The use of the little finger is very rare in classical guitar music. However, the little finger did 

play a pivotal part in the history of the right-hand position.  When it was included it was 

identified as meñique, abbreviated “c” or sometimes “x” or “e”. 

 

One of the earlier right-hand positions is a technique that evolved from playing the lute, which 

used the little finger on the soundboard of the guitar to support the hand.  “...the hand must 

support itself lightly on the little finger which must place itself to the side of the chanterelle, 

and precisely in the middle of the distance from the bridge to the rosette” (Cox, 1978, from 

Ferdinando Carulli).  “The right hand must be placed between the bridge and the rosette; and 

supported by the little finger which one will place almost perpendicularly – on the soundboard 

of the guitar, two thumbs away from the bridge” (Cox, 1978, from Prosper Bigot).  The use of 

the little finger in this position is possible because the strings on the early guitar were much 

closer to the face of the instrument than on a modern guitar. 

  

As the guitar grew and music changed there was a progression away from the little finger to 

support the hand position where the little finger does not rest on the soundboard: 

To this point, we can see how the lines of division were drawn.  Those who 
clung to the traditional technique of little-finger support felt it enabled the 
right hand to be held steady and provided a point of reference with the 
soundboard and strings.  Those who advocated playing with little-finger 
support saw the new technique as a necessity for complete freedom of the 
right hand.  (Cox, 1978) 
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Regarding the classical guitar, the little finger of the right hand no longer plays a role in the 

position.  Gore gives a simple and intuitive way to position the right hand:   

1.  Drop the soundhole hand to your side... and release all the energy and 
tension from your hand.  Take a look at your hand and wrist.  Note the slight 
natural arch in the lower wrist, due to the extension of the thumb.  2.  Plant 
your fingers on the top three strings and your thumb on the lowest string 
without altering the hand-to-wrist relation when your arm was to your side. 
(Gore, 2005) 

Here, we see the placement of the fingers over the strings they normally play.  In this manner, 

finger “a” plays the first string, “m” plays the second string, “i” plays the third string, which 

leaves the thumb to play the bottom three strings (Figure 7).  Notice that the thumb of the right 

hand plays a very different role than that of the left hand.  Whereas the left-hand thumb is used 

to counter the force of the left fingers and plays a supporting role, the right-hand thumb is 

used to play the lower three strings of the guitar. 

 

 
Figure 7.  Right-hand position on the strings  

(Noad, 1994) 
 

Wrist placement is also important as mentioned by Savino,  “Contemporary guitarists playing 

on modern instruments will usually hold their right-hand wrist at an angle that is arched an 

inch or two above the soundboard, and then pluck at an angle that is more perpendicular to the 

string” (Savino, 1997).  Russell further emphasizes the importance of the wrist position, “If it 

is too low, the fingers will not be able to follow through cleanly, without plucking upwards.  If 

the wrist is too high, the tendons will restrict the movement of the follow-through and a finger 

will not be able to deflect a string properly” (Russell, 2003).  Gore reaffirms this, “Placing the 
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wrist very close to the soundhole results in a ‘claw’ formation, limiting the motion of the 

fingers to only the first two joints when plucking the strings”(Gore, 2005). 

 

Now that the hand is in position how does it excite the strings?  According to Duncan, the 

preparation begins by moving the finger, “…downward until the nail directly engages the 

string while the flesh of the fingertip simultaneously ‘damps’ the string from above.  The sole 

function of the flesh contact is to minimize any percussive click in the seating of the nail, and 

there should be no attempt to make the flesh contact actually precede the nail contact…  The 

initial contact between nail and string should be confined to a point on the left side of the nail 

for normal strokes…” (Duncan, 1980).  This statement also reinforces the above hand 

positioning, for the only way for the nails to make initial contact on the left side of the nail is 

if the hand is tilted at a slight angle.  This is reiterated by Noad,  “Note that the finger is not 

vertical to the string, but angled slightly so that the stroke is made with the left side of the nail 

as you look down on it.  The more the angle, the less the nail will catch; thus for greatest 

attack and volume the finger will be more vertical, but for a softer tone it will be angled more” 

(Noad, 1994). 

 

Then the stroke is executed,  “From the prepared position, move the finger across the 

string…by a simple flex of the finger, in which case the nail will glance slightly to the 

right…” (Duncan, 1980).  This is the basic finger stroke.  

 

The position of the wrist and thumb is also described by Duncan, “Good thumb position is 

based on a tip turned back so as to lie nearly parallel to the string, with a clear presentation of 

the nail.  Furthermore, the wrist should be a full hand span from the face of the guitar in order 

for the thumb to approach the strings at a useful angle of some 45 degrees” (Duncan, 1980).  

He goes on to say, “A thumb positioned properly is moved by flexing the ball of the thumb 

from the wrist joint….The stroke should be aimed down and to the right, moreover, so as to be 

a simple flexing movement – the same as that required to grasp a coin between thumb and 

forefinger” (Duncan, 1980).  The preparation-completion of the thumb stroke is very similar to 

that of the fingers.  The nail is “…firmly engaged while the flesh of the tip simultaneously 

damps; execute the note by aiming the stroke down and to the right, whether free or rest 

stroke” (Duncan, 1980).   
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A more specific example of playing is again given by Duncan: 

Since most guitar playing consists of free-stroke work, a major aim of right-
hand technique is a big free-stroke sound.  This in turn means a shallow angle 
of attack, and thus again the desirability of positioning the knuckle 
approximately over the tip.  A free stroke from such a position will resemble 
rest stroke in its practical effect upon the string.  The stroke originates not in 
an upward pluck from the middle joint, but rather a downward push from the 
knuckle.  (Duncan,1980)   

Here we see two important points.  The first is that the free stroke can be made to sound like a 

rest stroke.  The second point is that the stroke is initiated from the knuckle in a downward 

direction.  He goes on to reiterate and adds that a good free stroke “…is not a plucking motion 

so much as a push into the strings with a very slight recoil to the rear” (Duncan, 1980). 

 

One of the classic debates in classical guitar technique is the use of fingernails.  The use and 

length of fingernails affects the sound, and hand position is changed depending on their use.  

One should be aware of this research because it could affect the way articulations are played.  

Aguado argues:  

Without the nails, the fingers must be bent so as to grip the strings; with the 
nails, the fingers are less bent so that the string will slide along the nail.  I had 
always used the nails of all the fingers I used to pluck, including the thumb, 
but after listening to my friend Sor I decided not to use the nail on the 
thumb... because plucking with the flesh of the thumb... produces pleasing 
energetic sounds... (Aguado, 1981) 

He goes on to say, “I prefer to play with the nails, because if they are properly used, the 

resulting sound is clean, metallic and sweet...” (Aguado, 1981). 

 

On the other side of the debate in support of not using the fingernails is Sor.  “Never in my life 

have I heard a guitarist whose playing was supportable, if he plays with the nails.  The nails 

can produce but very few gradations in the quality of the sound...” (Sor, 1971).  However, Sor 

later concedes that, “It is necessary that the performance of Mr. Aguado should have so many 

excellent qualities as it possesses, to excuse his employment of the nails; and he himself 

would have condemned the use of them if he had not attained such a degree of agility…” (Sor, 

1971). 

 

One of the central points of the nail debate revolves around fast passages of notes.  As Aguado 

puts it, “If the nails are used, runs can be performed very rapidly and clearly” (Aguado, 1981).  
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Here, Sor is also in agreement, “His master played with the nails, and shone at a period when 

rapid passages alone were required of the guitar, when the only object in view was to dazzle 

and astonish” (Sor, 1971).  Later Sor has to confess that, “As to the right hand, I have never 

aimed to play scales staccato, or detached, nor with great rapidity…” (Sor, 1971) and that,  

“Should the reader wish to learn to detach notes with rapidity in a difficult passage, I cannot 

do better than refer him to the Method of Mr. Aguado, who, excelling in this kind of 

execution, is prepared to establish the best rules respecting it” (Sor, 1971). 

 

Richard Savino sums up the fingernail debate nicely:  

Which technique, then, is the most appropriate?  I propose that one keep an 
open mind regarding both.  To be sure, a certain degree of commitment to 
either nails or flesh is essential in order to develop one’s own technique to its 
fullest potential; yet as Sor and Aguado themselves recognize, both 
techniques are appropriate and allow for unique interpretive results.  (Savino, 
1997)  

 

Throughout all of the hand and seating positions illustrated above, there will be slight 

variances.  Only the basic general position for playing the classical guitar is described here.  

Variations from the basic position can be due to the fact that not all performers are the exact 

same size.  The differences in leg, torso, arm, finger and thumb lengths will ultimately dictate 

the final position as well as some room for personal taste and style.  The most important 

position is the one that gives the performer the best sound without undue strain and fatigue on 

the body. 

  

3.3  Defining the Articulations 

The Oxford Companion to Music describes an articulation as: 

A term denoting the degree to which each of a succession of notes is 
separated in performance... Articulation may be expressive or structural; if the 
latter, it is analogous to the use of punctuation in language. The shaping of 
phrases is largely dependent on articulation, particularly on keyboard 
instruments, where finely controlled attack and decay on individual notes is 
prescribed...  (White, 2008) 
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Grove Music Online describes articulations as:  

The separation of successive notes from one another, singly or in groups, by a 
performer, and the manner in which this is done. The term ‘phrasing’ implies 
a linguistic or syntactic analogy, and since the 18th century this analogy has 
constantly been invoked in discussing the grouping of successive notes, 
especially in melodies; the term ‘articulation’ refers primarily to the degree to 
which a performer detaches individual notes from one another in practice...  
(Chew, 2008) 

 

In the book, Instrumentation/Orchestration, Blatter defines an articulation as simply, “...the 

manner in which a note begins and ends” (Blatter, 1980). 

 

In the book, The Art of Classical Guitar Playing, Duncan states, “The term articulation refers 

in music to the manner in which tones are attacked and released and is distinct from phrasing, 

which pertains more to how they are grouped for expressive purpose” (Duncan, 1980).   

 

Throughout the above definitions there are three main themes regarding articulations and 

phrasing that are repeated.  The first theme maintains that articulations are the degree to which 

notes are separated, suggesting that there can be a spectrum from long to short separations 

between notes.  What is really implied is that there is a durational component to the notes 

themselves rather than the length of the silence between them.  For example, a series of legato 

notes will have a shorter note separation between them than the same notes played at the same 

tempo as staccato notes.  If it is just a matter of silence between them, a series of legato notes 

and a series of staccato notes can have the exact same amount of silence between them if the 

tempo is changed accordingly. 

 

The second theme states that articulations denote how a note starts and ends.  The exact terms 

used in the definitions are attack, begin, decay and release.  This is a more precise meaning of 

an articulation and refers to the manner in which a specific note is initiated and stopped.  Here, 

an articulation expresses more than merely a durational aspect of a note.  It conveys the 

specific way a note is started and the specific way it is ended as opposed to the space between 

the notes. 

 

The third theme establishes the connection between articulations and phrasing.  Phrasing is 

described as the way in which notes are grouped together, and the shape of the phrasing is 
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dependent on articulations.  In this manner, articulations form the building blocks, and 

phrasing is the result of the way articulations are strung together.  Terms such as linguistics, 

syntactic, and punctuation are also used throughout the definitions, suggesting a link to 

language.  This stringing together of articulations to create phrases can yield co-articulations 

(Chafe, 1994; Deng et al., 2005) in the event of overlap, a phenomenon studied in the field of 

speech.  

 

As established in the third theme, articulations can be thought of as the building blocks of 

sound.  Further defining these building blocks is the second theme, the manner in which the 

sound is initiated and the manner in which it is terminated.  This, then, expands the building 

blocks by two distinct areas, a start and an end.  The last component of the sound is the 

durational aspect derived from the first theme.  This adds to the building blocks yet another 

dimension, a sustain.  The combination of these themes collectively yields three categories, 

Attacks, Sustains and Releases, which further and more precisely define articulations.   

 
 - Attacks – Articulations involved in initiating the sound 
 - Sustains – Articulations involved in the middle phase of the sound, and 
 - Releases – Articulations involved in terminating the sound 
 

A fourth category, Attack Quality, can be included in the list as a qualifier since all of the 

attacks can be played at different dynamic levels and levels of brightness. 

 

Viewing articulations in these terms allows for each guitar sound to be studied discretely, 

which means that they can be addressed as separate entities, without having to contend with 

phrasing or co-articulations, i.e., how to connect one articulation to another. 

 

Having gained an understanding of how to define articulations, the next step consists of 

applying the definition to the classical guitar. What are the articulations of the classical guitar?  

Turning to the method books, it turns out there are surprisingly few sources in which to find 

classical guitar articulations.  A review of other sources outside the realm of classical guitar 

was deemed necessary.  

 

However, several of the articulations that can be played for classical guitar also can be played 

on other types of guitars and overlap between genres.  For example, a glossary entry is 

provided by Jim Crockett about vibrato.  “A wavering sound produced by rapidly rocking the 
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left-hand finger while it depresses a string as it is picked” Crockett (1978).  The term 

employed here is picked and betrays the fact that this description is taken from a general guitar 

glossary designed for the study of all types of guitar.  Nevertheless, it still applies to classical 

guitar. 

 

On the other hand, an example of a more detailed explanation of vibrato is supplied by 

Aguado from the classical vantage point:   

The left hand can prolong the sound using vibrato.  If after a string is stopped 
sufficiently firmly it is plucked and the finger holding it down moves 
immediately from side to side at the point of pressure, the vibration of the 
string and, consequently, its sound is prolonged; but the finger must move as 
soon as the string has been plucked in order to take advantage of the first 
vibrations which are the strongest, maintaining at least the same degree of 
pressure on the string.  These movements should not be too pronounced nor 
involve the left arm, only the wrist... 
 A successful vibrato does not depend so much on the amount of the 
pressure as on how it is applied.  The last joint must be pressed 
perpendicularly down on the string, parallel to the frets, ensuring that the 
weight of the hand on the point of pressure, offset by the thumb behind, 
maintains and prolongs the vibrations better than the excess pressure which 
may result if the arm is used.  (Aguado, 1981) 

 

While Aguado provides great detail as to how, where and when to place the finger on the 

string, he overlooks a common practice that uses a different type of vibrato at various 

positions on the fret board.  This other vibrato is briefly mentioned by Bakus in reference to 

flamenco guitar.  “Vibrato is accomplished by placing a finger of the left hand on a string then 

rapidly moving it (but not the tip) from side to side to produce minute changes of pitch (fig. 

66).  It may also be accomplished (stated to be best on frets 5-12) by moving the string up and 

down slightly...” (Bakus, 1977). 
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The variations between the different types of vibrato are spelled out more clearly by Noad in 

his classical guitar book:   

Frets1-4 and 13-19: In the first position and above the 12th fret, vibrato can be 
produced by pushing the string rapidly from side to side without releasing the 
pressure of the left hand... Frets 5-12: In this area of the guitar a type of 
vibrato can be used that is comparable to the technique used by other stringed 
instrument players.  Again, without releasing pressure on the string, the left 
hand oscillates in the plane shown by the diagram.  The slight pull and push 
of the string along its length produces a small and wavering vibration of pitch.  
(Noad, 1994) 

 

This example of how the vibrato articulation crosses into other genres of guitar is 

representative of the information found throughout the literature.  But with respect to 

articulations specific to classical guitar, a research review of the literature produced very little 

information on the subject.  A gathering of what information was available, along with my 

own knowledge as a classical guitarist, was used to compile a list.  This list was then 

submitted to local guitarists, both amateur and professional, for their input, review and 

expansion.  Only articulations that could be produced by the guitarists’ hands were included in 

the final list, and techniques that employed objects to excite, strike or damp the guitar were 

excluded.  Several of the articulations suggested involved extended techniques used for other 

types of guitars or guitar music genres and were deemed to be outside the scope of the study 

of classical guitar. This comprehensive list of the classical guitar articulations is shown below 

in Tables 1-4.  

 

Articulation Description 

• Bass Drum Strike the guitar soundboard above the sixth string with the 
ball of the right hand. 

• Brush Stroke Draw the finger of the right hand across the strings with the 
hand open. 

• Damp - Muffled String 
(Tick, Left-Hand Mute, 
Staccato) 

Percussive sound produced by lightly laying the left hand 
little finger across the strings and plucking the string. 

• Flick 
Curl the right-hand middle finger into the palm of the hand 
and then flick it across the string.  Similar to the rasgueado 
but with one finger. 

• Free-stroke (Tirando) Plucking the string with the right hand in such a way so that 
the finger or thumb comes to rest above the next string. 

• Golpe Tap the soundboard below the first string with the finger of 
the right hand. 



 28 

Articulation Description 

• Harmonic, Natural Lightly fret a note on a node with the left hand, pluck the 
string with the right hand and then release. 

• Harmonic, Artificial - 
Tapped  

Fret a note with left-hand finger and then tap the node an 
octave (12 frets) higher with the right hand. 

• Harmonic, Artificial - 
Plucked 

Fret a note with the left hand and place the right-hand finger 
lightly on the node an octave (12 frets) higher and then pluck 
the string. 

• *Harmonic, Artificial - 
Pinched 

Pluck the string firmly but allow the thumb to graze the 
string, which slightly damps the string, turning it into a 
harmonic. 

• Hammer-on - Left Hand Firmly fret a note with left-hand finger without plucking the 
string with the right hand. 

• Hammer-on - Right Hand 
(Tap, Hammer Tap)  

Firmly fret a note with right-hand finger without plucking the 
string. 

• Palm Mute (Sordamente, 
Pizzicato) 

Pluck the string while lightly touching the string with the side 
of the right palm near the bridge. 

• Pull-off - Left Hand After fretting a note with the left-hand finger, the same finger 
plucks the string with an upward motion.   

• Pull-off - Right Hand After fretting a note with the right-hand finger, the same 
finger plucks the string with a downward motion. 

• *Rasgueado A fast, sequential rolling strum using the backs of the right-
hand fingertips, starting with the little finger. 

• *Rasgueado Tremolo A continuous wave of rasgueados using both up and down 
strokes. 

• Rest-stroke (Apoyando) Plucking the string with the right hand in such a way so that 
the finger or thumb comes to rest on the next string. 

• *Scratch To strum the string with a nail of the right hand. 

• *Slap (Snare) 
Right-hand finger hammer-on hard enough to bounce off the 
fingerboard. Produces a harmonic if slapped on a harmonic 
node. 

• Tambour Strike the string lightly with the side of right thumb or finger 
near the bridge. 

 
Table 1. Attack articulations 

 
   

Articulation Description 

• *Brightness Plucking near the bridge creates a brighter tone, and near the 
fingerboard a warmer tone. 

• Loudness Change in dynamics. 
 

Table 2. Attack quality 
 

  
Articulation Description 

• Glissando After fretting a note with the left-hand finger, the same finger 
slides to a new note without lifting. 

• *No Sustain Note goes directly from attack to release. 
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Articulation Description 
• *No Movement Performer does nothing between the attack and the release. 

• Pitch Bend After fretting a note with the left-hand finger, the same finger 
pushes or pulls the string without lifting. 

• Slide Slide into the start of the note. 

• Tremolo A rapid sequential plucking, typically of the thumb, ring, 
middle and index fingers. 

• Trill A rapid continuous sequence between hammer-ons and pull-
offs. 

• Vibrato Rocking of left-hand finger back and forth while depressing a 
string. 

 
Table 3. Sustain articulations 

   
Articulation Description 

• Left-Hand Release Terminate the sound by releasing left hand pressure on the 
string. 

• Left-Hand Mute  Terminate the sound by muting the string with the left hand. 
• *Let Vibrate Let the string decay naturally. 

• Right-Hand Nail Mute Terminate the sound by muting the string with the nail of  a 
right-hand fingertip. 

• Right-Hand Palm Mute Terminate the sound by placing the right-hand palm on the 
string. 

 
Table 4. Release articulations 

 

Articulations listed in Tables 1-4 above with an asterisk (*) were later excluded from the final 

investigated list.  They could either be described as a combination of other articulations 

already on the list or were later determined to be beyond the techniques used in classical 

guitar.  For obvious reasons, articulations such as No Movement and No Sustain in the sustain 

category were not captured.  They are included in the list to illustrate different states of 

sustain.  Some of the articulations above may not be considered true classical guitar 

articulations in the strictest sense of the word.  For example, it may be argued that golpe, 

tambour or rasgueado are related to flamenco and do not represent true classical guitar 

articulations, but these articulations have been mixed into the classical repertoire and, as such, 

are included here. 

 

Articulations can be further separated into those that are created by either the right or left 

arms.  The majority of all guitar performance involves producing sounds that require the use 

of both arms.  However, when each sound is broken down into separate attack, sustain and 

release articulations, it becomes apparent that they are all produced by separate arms.  It may 
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be obvious that a rest-stroke is performed by the right hand, but how is a natural harmonic 

produced?  One could argue that a natural harmonic is produced by both hands, and still be 

correct.  Indeed, the definition listed in Table 1 states that to achieve a natural harmonic, 

“Lightly fret a note on a node with the left hand, pluck the string with the right hand and then 

release”.   

 

However, it is argued in this study that a natural harmonic is a left-hand articulation.  It is the 

light fretting of the node and its release by the left hand that makes it a natural harmonic, not 

the right-hand pluck.  An articulation would still be termed a natural harmonic, regardless of 

whether the right hand performs a thumb rest-stroke, a finger free-stroke or any other type of 

stroke, provided that the left hand lightly frets a note on a node and releases it.  The sounds 

created by the various right-hand strokes would produce different qualities of natural 

harmonics, but they would all still be classified as natural harmonics.   

 

Whether an articulation can be played by the right-hand fingers as well as with the thumb is a 

final distinction to be made.  If this is possible, such articulations can be listed separately.  For 

example, the rest-stroke articulation can be played either with the fingers or the thumb, so they 

each are noted in a separate entry.   

 

In this manner, all of the articulations can be separated into right- or left-arm articulations.  

Figures 8 and 9 show how the articulations are grouped by arm.  Similarly to Tables 1-4, 

articulations denoted with asterisks were later excluded from the final investigated list. 
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Figure 8.  Right-arm articulations by category 

 
 
 

 
Figure 9.  Left-arm articulations by category 
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There are a total of 40 unique and different articulations, of which 27 (67.5 percent) are right-

arm articulations and 13 (32.5 percent) are left-arm articulations.  Regarding the right-arm 

articulations, 20 (74 percent) of them are classified as attacks, 3 (11 percent) as sustains, and 4 

(15 percent) as releases.  For the left arm, 3 (23 percent) of the articulations are categorized as 

attacks, 7 (54 percent) as sustains, and 3 (23 percent) as releases (Figure 10).    

 

Figure 10.  Number of articulations by arm 

 

There is a nearly 2:1 ratio of right-arm articulations to left-arm articulations, and half of the 

total number of articulations are attacks by the right arm, a fact owing to the nature of playing 

the guitar.  In the most general sense, the right arm is charged with starting notes, the left arm 

with sustaining notes and both arms with releasing notes.  This occurrence is reflected in the 

number of attack articulations for the right arm, in which 74 percent of the right-arm 

articulations involve starting the notes, and, by the same token, 54 percent of the left-arm 

articulations sustain the notes.    
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For the right arm, 11 percent of the articulations are sustains, and two of the three articulations 

require no movement.  15 percent of the articulations are releases, which is almost an equal 

number to the sustains. 

 

The left-arm articulations are almost equally divided between sustain, 54 percent, and the 

other two categories of attack and release, at 23 percent each.  One aspect that is perhaps not 

reflected by the number of left-arm articulations is that the left arm is constantly fretting notes 

in music.  The right arm may be involved in many more types of articulations, but the left arm 

plays an equally important role in most music, even if it is merely fretting the notes. 
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Chapter 4  Methodology: Data Gathering 

 

This study employs motion capture to collect data on specific movements found in classical 

guitar performance to examine the questions of how the guitar sound is produced and whether 

these movements can be defined precisely enough in terms of the articulations compiled.  

 

4.1  Motion Capture Systems 

With an understanding of how the performer addresses the guitar and knowing what 

articulations can be played on the guitar, the next step is to determine how to capture the 

guitar articulations.  

 

Motion capture (mocap) can be defined as the creation of a three-dimensional (3D) 

representation of a live performance (Menache, 1999).  This is achieved by tracking and 

recording the positions, angles, velocities, accelerations and impulses of a performer at a high 

rate of speed through sensors attached to or pointed toward the body to provide an accurate 

digital representation of the movement.  Each motion capture system is comprised of a 

hardware component that measures movements of the performer, and a software component 

that calibrates the system and records the data.  Typically, this hardware and software are 

proprietary, but once these data are collected they can usually be saved as one of the common 

motion capture file formats for further processing by other end user programs. While the 

software component of the systems used to calibrate and record is essentially the same, the 

hardware components are different and have their own advantages and disadvantages. 

 

As stated earlier, motion capture was originally developed by photographer Eadweard 

Muybridge and Leland Stanford to answer the question if a trotting or galloping horse had all 

four hooves off the ground at any one stage in its stride (Clegg, 2007).  In June of 1878 

Muybridge employed a series of 12 bulky, but state of the art, stereoscopic cameras lined up in 

row parallel to the track 21 inches apart in Palo Alto, CA.  The distance between all of the 

lines covered the approximate 20 feet it took for a full horse stride.  On the opposite side was a 

sloping white backdrop for maximum contrast with lines drawn 21 inches apart (Leslie, 2001).   
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Two experiments were conducted that day, using two of Stanford’s best horses.  The first 

using a horse drawn sully that rolled over a series of tripwires connected to each camera.  In a 

technical feat to capture the motion, all 12 cameras managed to shoot in less than half a 

second.  In the second experiment the tripwires were set approximately three feet above the 

ground at about horse chest level to capture a galloping horse.  These famous photographs 

became known around the world as, The Horse in Motion (Haas, 1976) and showed that 

indeed all four of the hooves were off the ground.  It is interesting to note that the result was 

not as expected.  The expectation was that all four legs would be extended in the air, but it 

turned out that the hooves were tucked under the body at mid-stride. 

 

It is interesting to see motion capture come full circle.  128 years after the Muybridge 

experiment (Figure 11a) the San Diego Center for Human Performance, set up at the Los 

Angeles Equestrian Center in June of 2006 (Figure 11b).  The question posed here was: Could 

the movements of five different dressage horses be successfully captured?  This setup used 16 

high speed cameras around the capture area and a total of 76 markers attached to the horse and 

rider.  At the end of the sessions, over 300 equestrian moves ranging from a standard trot to an 

Andalusian passage were captured (MotionAnalysis, 2007). 

 

  
            (a) Muybridge Horse in Motion                              (b) Modern day horse motion capture 

 
Figure 11.  Motion capture: (a) Original Muybridge (Wikipedia, 2008), (b) Los Angeles Equestrian 

Center (MotionAnalysis, 2007) 
 

There are many different systems for motion capture.  These systems run the gamut from full 

blown motion capture systems with twenty or more high-speed cameras costing tens of 

thousands of dollars to improvised homemade single degree of freedom sensors. 
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However, there are three main types of motion capture systems: (1) Mechanical, (2) Magnetic, 

and (3) Optical.   

4.1.1  Mechanical 

Mechanical motion capture systems are often referred to as exoskeleton motion capture 

systems due to their external structure that is attached to the performer (Figure 12).  These 

typically rigid metal or plastic structures have articulated joints with potentiometers that 

directly measure a performer’s joint angles as he or she moves.  One of the main advantages 

of this direct measurement system is that no cameras or other sensors are needed.  Thus, the 

performer can perform in almost any environment without the fear of going out of frame of 

the cameras or worrying about reflections. These systems can have a very large capture space, 

and, if the system is wireless, the capacity of the capture volume is greatly extended.  One 

such system, the Gypsy 5 by Meta Motion, is supposed to have a capture range of up to half a 

mile outdoors which is the largest found so far (Meta Motion, 2007).  Since the sensors are 

built into the structure and no other markers are needed, there is no fear of marker 

identification problems.  The main disadvantages to the system are that the performer is 

limited to the degrees of freedom of the structure and the location of the sensor placement is 

fixed.  If the performer tries to move outside the given degrees of freedom of the system, the 

structure can be damaged or broken.  Another potential drawback is that since it is an 

exoskeleton placed on the performer it can be bulky, restrict the performer’s movement and 

could be visually distracting.  Due to these limitations, these systems are seldom used. 
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(a) commercial exoskeleton                                            (b) custom exoskeleton 

Figure 12.  Mechanical motion capture systems: (a) The Gypsy 5 (Meta Motion, 2007), (b) built for 
Afasia performance (Jordà, 2002) 
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That is not to say that it is not used in performance.  One example of its use is in an interactive 

multimedia performance (Jordà, 2002) where a single exoskeleton is used to control four 

different robotic instruments, DVD video and 2D animation.  The custom-made metal 

exoskeleton consists of four continuous potentiometer controllers, one at each elbow and knee.  

Four mercury tilt sensors, one on each index finger and one at the base of each leg prosthesis, 

were placed for detecting orientation and fast movements.  In addition to the sensors, five 

electrically isolated metal hemispheres attached to a breast plate act as keys or buttons to move 

sounds and play notes (Figure 12b).  

4.1.2  Magnetic 

Magnetic motion capture systems operate by measuring the low-frequency magnetic field 

generated by a source transmitter to its receiver.  Each transmitter and receiver has three 

orthogonal coils that measure magnetic flux between them that calculate the position of each 

sensor as well as its orientation.  There are two types of magnetic systems.  Direct current 

(DC) systems; which use square pulse waves, and alternating current (AC) systems, which use 

sine pulse waves.  One of the major advantages of these systems is that each sensor 

transmitter/receiver pair can capture six degrees of freedom (x, y, and z position coordinates 

as well as yaw, pitch and roll orientation angles) instead of the more common three degrees of 

freedom (x, y, and z position coordinates).  Thus, in theory, fewer sensors are needed.  The 

nature of the sensors means that they are never occluded and do not require special lighting.  

However, the sensors in the system, especially in AC systems, can be susceptible to 

environmental metal, magnetic fields and electrical sources such as rebar walls and floors, 

lights, cables, monitors and computers in the area.  Special care must be taken to shield 

equipment and wiring.  Although they are known to be very accurate, the sensors become 

nonlinear at the extremes of their range.  Another disadvantage is that the capture volume is 

significantly smaller than that of other systems.  

 

Morales-Manzanares et al. (2001) describe a real-time performance system, called SICIB, 

which allowed a dancer to incorporate gestures and body placement in space to trigger or 

generate music.  The system used decision rules based on the dancer’s position, proximity, 

speed, torsion, and height to control various musical elements.  Two or three magnetic sensors 

were attached to the wrists and one ankle of the dancer via wires hanging from the ceiling.  

This arrangement, however, limited the movement of the dancer.  The SICIB system was 
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tuned so that each pulsed DC sensor was reporting at a rate of 50Hz.  These sensors were 

capable of 144Hz in a ten-foot radius.   

 

One of the largest users of magnetic motion capture systems is the military.  These systems are 

used primarily for head tracking by, “...accurately measuring a pilot’s line-of-sight (LOS) 

angles, they permit precision guidance of weapons, enable intra-cockpit cueing, and maximize 

situational awareness. In short, pilots can aim weapons, acquire mission-critical information 

and receive self-protection prompts simply by looking at a target through their visor” 

(Ascension, 2008). 

 

Magnetic motion capture systems are also used in the medical field.  In the area of minimally 

invasive vascular, urological and cardiac procedures, sensors have been created as small as 0.3 

mm (Ascension, 2008).  These sensors can be placed within the body or are small enough to 

be incorporated into medical instruments.  They allow for real-time tracking within the body 

and for measuring anatomy. 

4.1.3  Optical 

The next type of large motion capture system is the optical system, which is probably the most 

common large system.  Optical motion capture systems use multiple high-speed cameras or 

video cameras to triangulate the position of each marker on the performer.  In most of these 

systems, at least two cameras must have a clear and unobstructed line of sight to a marker at 

all times, with the cameras positioned with overlapping fields of view in order to triangulate.  

The typical system mounts cameras around the perimeter of the capture area, either on tripods, 

a camera rig or the wall.   

 

The advantages of these systems are that they are capable of very high sampling rates, have a 

much larger capture volume than that of magnetic systems and that as many markers as 

needed can be used.  One disadvantage is that the cameras need a clear line of sight, and 

markers can be occluded if the cameras are not placed correctly.  In general, the larger the 

number of markers, the larger the capture volume, and multiple performers require additional 

cameras.  The cameras are very sensitive and, if bumped or moved, the whole system must be 

recalibrated.  There is also a trade-off between sample rate and resolution, in that the higher 

the sample rate the lower the resolution.  For example, systems that can record the full capture 
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area of the cameras at speeds of up to 200-500Hz will have the capture area greatly reduced at 

speeds at the maximum of 10,000Hz.  Compared to magnetic systems these systems provide 

only three degrees of freedom (x, y, and z position coordinates) and are susceptible to 

unwanted reflections.   

 

There are two main types of optical systems: (1) passive markers and (2) active markers, each 

available with either cameras or video cameras. 

 

Passive optical marker systems use various sized highly reflective markers that reflect light 

back to cameras. These markers can be adhered directly to the skin or velcroed to a body suit. 

The reflected light is generated by a ring of either visible red, near red or infrared strobe light 

emitting diodes (LEDs) around the lens of the camera (Figure 13). The cameras’ sensitivity to 

light can be adjusted so as to reject other sources of light.  The advantage of passive markers is 

that they do not require a power source such as batteries, wires or other electronic equipment.  

The disadvantage is that all of the markers appear identical to the cameras.  This means that if 

multiple markers are occluded and then come back into camera view, the cameras do not 

know which marker is which.  This is known as marker swapping and is a common problem 

with passive markers. 

 

                                
(a) Eagle-4 camera                                                  (b) MX-F40 camera 

 
Figure 13.  Passive optical marker cameras:  (a) Motion Analysis Corp (Motion Analysis, 2007) 

(b) Vicon (Vicon, 2007) 
 

Active optical marker systems are based on using powered LED’s as markers (Figure 14).  

Instead of reflecting light back to the cameras like passive markers, these markers emit their 

own either visible red or infrared light.  Similarly to passive markers, these markers can also 

be adhered directly to the skin or velcroed to a body suit.  The advantages to active markers 

are that each LED modulates at and emits a unique frequency, resulting in a unique 

identification of each marker.  This is a major advantage over passive markers.  If multiple 
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active markers are occluded and then come back into camera view, the cameras re-identify the 

marker.  This means that marker swapping is not possible.  The disadvantages are that each 

LED must be powered, so there are wires and connected electronics such as batteries and 

circuit boards involved. 

 

                       
(a) LED marker size                                        (b) Active optical camera 

 
Figure 14. PhaseSpace active optical marker system: (a) LED marker (b) Camera 

(PhaseSpace, 2007) 
 

Optical motion capture systems are used in the course of this research.  They are normally 

straightforward to use and reliable, however, trying to capture classical guitar articulations can 

be very tricky.  These quandaries will be pointed out in the pilot study section. 

 

Optical systems are used in many different areas of which the three main areas are animation, 

motion analysis and industrial research. 

 

In the field of animation it is used in such areas as film, television and video games.  Most 

films nowadays use motion capture at some point in the process, whether it is obvious or not.  

One film of particular importance was The Polar Express (2004).  This movie, starred Tom 

Hanks and was the first major motion picture in which all of the actor’s performances were 

motion captured and used to animate the characters for the entire film. Motion capture had 

been used in many films before, such as in Titanic (1997), Blade (1999), Star Wars Episode I 

(1999), Matrix (1999, 2003, 2003) series, Black Hawk Down (2001), Enemy at the Gates 

(2001), Final Fantasy (2001), Harry Potter and the Chamber of Secrets (2002), Spider Man 

(2002), Star Wars Episode II (2002), Pirates of the Caribbean (2003), The Animatrix (2003), 

Terminator 3 (2003), Chronicles of Riddick (2004) and I, Robot (2004).  However, never 

before had the actor’s performances been motion captured for the entire movie as in The Polar 

Express.   
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To add to the realism of characters it is heavily used in the field of video games.  Most of the 

popular sports and first person shooter games use optical motion capture systems to 

individualize players.  In the sports games, the trademark movements and celebrations of real 

professional and collegiate players are captured and later incorporated into the game play.  

Examples of this can be found in games from Electronic Arts Sports, Sony, Sega and 

Microsoft with titles such as Madden NFL, Arena Football, NFL Fever, ESPN NFL 2Night, 

Tiger Woods PGA Tour, NCAA Football, NHL, NBA Live, NCAA March Madness, ESPN NBA 

2Night and FIFA Soccer. 

 

Another field using optical capture systems is that of gait analysis and sports performance.  

Here, the difference is that, instead of capturing the movements for realistic playback in a film 

or video game, the movements themselves are being researched and analyzed.  In gait 

analysis, the walking ability as well as the underlying causes for walking abnormalities in 

persons with cerebral palsy, stroke, head injury and other neuromuscular problems are studied 

and diagnosed (Rose and Gamble, 2006; Butler et al., 2006).  In the realm of sports 

performance, motion capture is used as an analysis tool to improve movement, such as a golf 

swing (Mehta and Mehta, 2008; MotionGolf, 2008; Blake and Grundy, 2008; Betzler et al., 

2006; Egret et al., 2003). 

 

In the field of industrial research, optical motion capture is used for virtual design, 

ergonomics, and training.  One project that incorporates all of these aspects is Lockheed 

Martin’s Ship-Air Integration Lab, which aims at helping to reduce design and manufacturing 

costs.  Using what they call Immersive Engineering, a combination of motion capture and 

virtual reality technology, engineers, technicians, and pilots can interact with a virtual new 

plane design on a virtual aircraft carrier.  This interaction allows them to check catapult 

launches and arresting cable operation, mounting and servicing weapons on the aircraft, and 

ergonomics of access while the plane is on the flight deck.  Problems detected in the lab can 

be addressed immediately, corrected, and retested before actual production begins (Dassault 

Systemes, 2008; McConnon, 2007). 

 

Beyond of the large optical motion capture systems is a whole range of smaller optical 

systems.  For example, the Buchla Lightning I (1991) and the Lightning II (1995) are optical 

motion capture devices that consist of two wands and a base unit.  Each wand emits an 
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infrared signal that transmits its location, acceleration, velocity, and direction of travel back to 

photo sensors in the base unit (Rich, 1991) which is translated into MIDI information.  There 

is also a button on each wand that can be used to change programs.  

 

Another popular example is the Nintendo Wii.  For direct optical sensing, this motion capture 

device consists of a sensor bar and a remote.  The sensor bar uses ten infrared LED’s, five at 

each end of the bar, to triangulate the position of the pointer on the remote which can be used 

up to 16 feet away.  Rapid remote motion is measured by a three-axis accelerometer that is 

beamed back to the main console via Bluetooth radio from a range of 30 feet.  Another device, 

called the Nunchuk, can be added to the system and houses an additional three-axis 

accelerometer (Wikipedia, 2008). 

4.1.4  Other Systems 

Another type of motion capture is obtained force plate data.  Typically, several of the larger 

motion capture labs that study biometrics will have a force plate imbedded in the floor to 

capture gait and balance problems.  The plates capture the xy movement across the surface of 

the plate as well as the z plane force vector of the movement.  They can be very useful in 

capturing the swaying gestures and force of a performer performing (Chandran, Stoecker, and 

Wright, 2006).  The disadvantage of this system is that it is meant to be used in conjunction 

with another capture system.  Normally, it is added to one of the above systems to record 

additional data.   

 

Another motion capture system of interest is inertial systems.  Inertial systems use small 

inertial sensors embedded in a body suit.  These sensors, like those of the magnetic system, 

capture six degrees of freedom.  An example is Meta Motion’s Gypsy Gyro suit that contains 

eighteen inertial sensors (Figure 15).   
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Figure 15.  The Meta Motion Gypsy Gyro with inertial sensors 

(Meta Motion, 2007) 
 

The Radio Baton (Mathews, 1989, Boulanger and Mathews, 1997) is an example of radio 

based motion capture.  This system consists of a surface embedded with five copper plates that 

act as receiving antennae and two low frequency radio transmitter batons, also covered with 

copper.  Each baton transmits at a different frequency, and the system is capable of capturing 

three degrees of freedom (x, y and z positions) from each baton.  As seen with the magnetic 

motion capture systems, this system is nonlinear as the batons move farther away from the 

surface.  These systems have been used as a real-time conductor (Mathews, 1991), an 

interactive improvisation instrument such as PadMaster (Lopez-Lezcano, 1995; Lopez-

Lezcano, 1996; Syman, 1995), and a bodhran percussion instrument (Bresin et al., 2003).    

 

Pen tablets, such as the Wacom tablet (Wacom, 2008), are a type of motion capture system 

that was intended for graphic artists but has been taken over by composers and other 

performers.  Depending on the type of tablet, they can measure the xy position of the pen on 

the tablet, the pressure applied on the tip of the pen, the angle and direction of the pen relative 

to the tablet as well as various buttons on the pen.  The advantage to this system is that it is 

highly accurate across the tablet, but only one pen can be used at a time on the surface. This 

type of tablet has been used in concert many times as a gestural interface for real-time sound 

synthesis (Wright et al., 1997; Zbyszynski et al., 2007). 

 

Another type of pen system is the mechanical armature.  While rarely used in music, it has 

been used in all aspects of research that involves hand and arm gestures.  These armatures 
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have been used from hand writing analysis and research (Ramsay and Silverman, 2002) to 

haptic epidural medical simulators (MedicVision, 2008).  Because these systems are 

mechanical, all of the movements are measured from sensors embedded in its articulators.  

Some of the problems of the mechanical exoskeleton also apply here.  If the armature is not 

properly weighted, movement using it can be awkward, and also one is restricted to the 

specified degrees of freedom of the system.  One of the more complex armatures is the 

Immersion CyberForce (2007) system which marries an armature, an exoskeleton and data 

glove.  This haptic hybrid system allows force-feedback of virtual environments while at the 

same time capturing the movements. 

 

Low-cost video systems such as web cams have also been used to capture performance. 

However, these system do not have a very high resolution and are best used to capture large 

movements in the field of view. 

 

4.2  Data Collection 

To learn about collecting data using motion capture a seminar, Anatomy of Movement (Ortho 

222), at the Stanford University Medical School in the Winter of 2006 was attended.  The goal 

of the seminar was to improve understanding of the musculoskeletal function as it relates to 

human movement, and in exchange for sitting in on the seminar, an agreement was made to 

consult on one of the seminar’s projects on the acoustics and body mechanics of the evaluation 

of the golf swing.  The seminar afforded the opportunity to work with golf professionals and 

orthopedic researchers who assisted students in determining body mechanics using 3D motion 

analysis and sonification techniques used by the Center for Computer Research in Music and 

Acoustics (CCRMA). 

 

Through this seminar, access was gained to the Motion & Gait Analysis Lab at Lucile Packard 

Children’s Hospital at Stanford University and later to the Neuromuscular Biomechanics Lab, 

also at Stanford University.  Both labs had eight camera MotionAnalysis passive optical 

marker systems, but the Motion & Gait Analysis Lab was also capable of force plate data 

collection.  
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Through the Motion & Gait Analysis Lab access to another motion capture lab, the 

Neuromuscular Biomechanics Lab, was gained which combines experimental and 

computational approaches to study movement.  This group, consisting of researchers from 

computational physics, neuromuscular biology, neuroscience and robotics, investigates the 

form and function of biomechanical systems ranging from molecular motors to persons with 

movement disorders.  Working with its director Scott Delp, professor and chairman of the 

Stanford Bioengineering Department, permission was obtained to use the Neuromuscular 

Biomechanics Lab.  In this lab, the cameras using tripods could be moved in close to a human 

performer playing an instrument.  With access to this lab, the first pilot study could proceed. 

 

4.2.1  Pilot Study #1 

4.2.1.1  Goal 

In this first study the aim was to verify if it was possible to capture guitar movements with the 

given equipment.  Two goals were set out.  The first was to examine a guitarist in a classical 

position playing music.  The questions posed were: (1) Could the cameras get close enough to 

obtain accurate finger and hand motion? (2) Are there dropouts in the data?  (3) Are special 

close-up camera lenses needed?  The second goal was to examine the guitarist playing single 

notes and asked: (1) Could the data be seen?  (2) Could the data be repeated? 

 

4.2.1.2  Setup 

With the help of fellow graduate student Matt Wright playing the guitar and Erin Butler from 

the Motion & Gait Analysis Lab running the session from the computer, we set out to capture 

classical guitar gestures in the Neuromuscular Biomechanics Lab.  The setup consisted of 

using the eight Eagle-1 camera MotionAnalysis passive optical marker system already in the 

lab, but the cameras were at the extremes of the room, setup for gait analysis from all angles 

and other large scale activities.  Since the guitarist was going to be sitting in one location, half 

of the cameras were removed from the walls and placed on tripods.  This allowed for two 

banks of four cameras, one bank high on the walls and one bank low on the floor, to be 

arranged in a semicircle fashion around the guitarist. 
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Throughout the course of the session, we experimented with several different size passive 

markers and marker locations on the hands, wrists, arms and shoulders to get the best data.  

All of the cameras were repositioned at least once and many several times.  However, every 

time a camera was moved, the whole system had to be recalibrated. 

 

The session was recorded at 180Hz. 

4.2.1.3  Results 

The data captured from the individual upper body and left-hand markers of the guitarist were 

clean and relatively free of dropouts in the data stream.  This was good news and proved proof 

of concept.  The markers from the shoulders, arms, wrists, and thumbs from both sides of the 

body were all visible and easy to ascertain.  This was also true for the finger markers of the 

left hand.  The information was cleanly picked up and could be viewed over multiple trials.  

 

However, the right-hand markers were a different matter.  The nature of the right-hand fingers 

plucking the strings so close to the face of the guitar and curling under the hand toward the 

palm created many problems.  The finger markers quickly became occluded from the cameras, 

which in turn caused dropouts in the marker data streams.  These dropouts lasted anywhere 

from 50-1000 milliseconds and even reoccurred multiple times on the same finger marker.  

This means that at any given time, based on a 50-1000 millisecond dropout range at 180Hz, 

there could be a stretch of 9-180 consecutive dropouts for a single marker.  This created a 

major problem.  Since this is a passive optical system, once a marker drops out, the system 

does not know which marker it is when it comes back into view.  This problem is exacerbated 

if more than one marker is occluded at the same time, as it becomes difficult or nearly 

impossible to tell which marker is which when they return to view and the data streams 

resume.   

 

With the exception of the right thumb markers, the occlusion problem of the right-hand fingers 

was so severe that no useful data from the right hand was captured without major dropouts in 

the finger marker information.  It was clear that the majority of the body movements could be 

captured without difficulty.  However, the problem of how to overcome right-hand finger 

occlusion needed to be addressed.  Without finding a solution, none of the right-hand finger 
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articulations could be studied.  The question now was whether the occlusion could be solved 

by careful camera placement or by another means of motion capture.    

 

As it turns out, the two hardest areas of motion capture to record are the face and hands (Delp, 

2006).  The reason is that these areas of the body require higher resolution to capture much 

finer detail than that of the rest of the body.  Almost any motion capture system can capture 

the gross movements of the entire body.  Of the two areas, the face and the hands, the face has 

been more amenable to motion capture.1.  

4.2.2  Data Gloves and Travel Guitars 

The problem was no closer to being solved after having spent months experimenting with the 

Motion Analysis Corporation’s motion capture system in the Neuromuscular Biomechanics 

Lab, even after attempts at troubleshooting the issues with the company itself, so the search 

expanded to data gloves specifically created to capture hand movement. 

 

By far the largest concentration of data gloves include those with flex sensors.  A concise 

definition of flex sensors, also known as bend sensors, is that they are sensors, “...that change 

in resistance depending on the amount of bend on the sensor. They convert the change in bend 

to electrical resistance - the more the bend, the more the resistance value. They are usually in 

the form of a thin strip from 1"-5" long ... [and they] are often used in gloves to sense finger 

movement” (Bray, 2006). 

 

The simplest models of these gloves use five flex sensors, one for each finger and thumb.  The 

gloves in this category are the 5DT Data Glove 5 Ultra (2008), the DGTech Engineering 

Solutions DG5 VHand 2.0 (2008) and the noDNA X-IST DataGlove (2008).  The DG5 VHand 

2.0 also adds an accelerometer that measures pitch and roll of the hand.  The Mattel Power 

Glove (Wikipedia, 2008) also falls into this category, but it only has four flex sensors for the 

fingers and not the thumb.  The P5 Glove by Essential Reality (2008), also in this category, 

was a cross between a glove and an exoskeleton in which five flex sensors protruded from a 

module on the back of the hand.  Each finger and thumb then attaches to the sensors via 

                                                        
1 One of the latest developments comes from a company called Mova.  Using special paint, the whole 
face becomes markers without the need of passive optical markers.  Their system can track 250-10,000 
facial points instead of the 100 points typical for an optical marker system.  http://www.mova.com/ 
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fingertip hoops.  The last in the category is the Measurand ShapeHand (2008) in which a 

group of five flex sensors are external and detachable from the glove and can be reattached to 

different gloves.  The sensors in these gloves range from a 2-bit (4 position) dynamic range in 

the PowerGlove to a 10-bit (1024 position) in the DG5 VHand 2.0 and the X-IST DataGlove. 

 

These five sensor gloves, one per finger, basically measure and record the curl of each finger, 

from fingers splayed out with open palm to closed fist.  They measure the average of the 

metacarpophalangeal finger joint and the proximal interphalangeal finger joint and cannot 

actually differentiate the degrees of movement per joint (Figure 16a).  
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(a) 5 sensor placement                               (b) 14 sensor placement 

 
Figure 16.  Data glove flex sensor placement  

(noDNA, 2008) 
 

Gloves with multiple flex sensors per finger also exist.  There are two 14 sensor gloves, the 

5DT Data Glove 14 Ultra (2008) and the noDNA X-IST DataGlove HR but their placements 

are different.  The Data Glove 14 Ultra uses two flex sensors on each finger and thumb and 

one sensor between each finger and thumb to measure abduction/adduction movement.  The 

DataGlove HR places three sensors on each finger and two on the thumb.  A 15 sensor glove, 

the noDNA X-IST DataGlove HR1, adds a flex sensor under the palm to measure thumb 

crossover to the DataGlove HR.  All of the noDNA gloves have the option of either five touch 

sensors that measure fingertip pressure or an accelerometer that measures pitch and roll of the 

hand. 

 

There are two versions of the Immersion CyberGlove II (2007), one with 18 sensors and one 

with 22 sensors.  The 18 sensor glove has two flex sensors on each finger, four abduction 

sensors, in addition to sensors measuring thumb crossover, palm arch, wrist flexion, and wrist 
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abduction.  The 22 sensor glove has three flex sensors on each finger, four abduction sensors, 

a palm arch sensor, and wrist flexion and abduction sensors.  

 

Unlike the gloves that use one flex sensor per finger that measure averaged joints, the above 

gloves that use two sensors per finger measure the metacarpophalangeal joint and the proximal 

interphalangeal joint separately.  The gloves with three sensors per finger add the distal 

interphalangeal joint to the above joints (Figure 16b). 

 

Two other types of data gloves are those with exoskeletons such as the Immersion 

CyberGrasp and gloves with active or passive optical markers such as the PhaseSpace 

IMPULSE Glove (2008).  The CyberGrasp system is an exoskeleton that is placed over the 

Immersion CyberGlove that gives force feedback to each finger and thumb via small actuators, 

allowing the user to “feel” the virtual environment.   

 

The IMPULSE Glove, instead of using embedded flex sensors like the other gloves, has eight 

active LEDs, one on the tips of each finger, two on the thumb and two on the back of the hand.  

This type of glove is used by most optical motion capture companies as a quick way to place 

markers on the hands without the use of adhesives or bands.  Typically, the number of markers 

on the glove can be rapidly changed, whereas adding or subtracting flex sensors requires 

another glove. 

 

Many of the data gloves have the option of being used either wired or wireless and can be 

used either connected to a large motion capture system or used in standalone mode.  As part of 

a larger system the gloves allow independent capture of hand data which might not otherwise 

be able to be captured by the system.  Aside from gloves with optical markers, the gloves also 

allow for hand capture without worry of occlusion since the sensors are part of the glove 

system.  When used in standalone, mode the data gloves are convenient because they offer 

portability, are self contained and do not require all of the equipment necessary for other types 

of motion capture. 

 

However, they are not always the best solution.  One of the problems with data gloves is that 

the majority of them do not record precise finger joint data.  For example, the gloves that have 

five flex sensors only measure two averaged joints on each finger.  However, in many motion 
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capture situations this is acceptable for two reasons.  The first is that the motion capture is 

used to run a three-dimensional character already modeled in the computer.  In this situation, 

if the glove gives a rough position of the last joint of, say, a finger, called the end effector, the 

program can then use that data to position the rest of the joints of the hand.  This is called 

inverse kinematics and is an estimate that is often used in the animation of motion capture data 

(Hillebrand et al., 2006; Peinado, 2004).  The exact positioning of the hand is not recreated but 

rather an approximation.   

 

The second reason is that the hand information does not need to be precise.  In many 

situations, precision is outweighed by appearance.  In most areas outside of research and 

analysis the main questions are, “how does the motion look” or “does it look natural” and not, 

“how many millimeters did the finger actually move in the x dimension”.   

 

It was found that the gloves available at the time of this research were not suitable for the 

capture of right-hand classical guitar articulations.  This is not to say that these gloves cannot 

be used to capture other musical gestures, they just do not work in this application.  The 

gloves were either too bulky and not comfortable or restricted proper hand movement; did not 

have the fingertips exposed so the guitarist could pluck the strings; or did not have enough 

resolution or high enough sampling rate; or had too much jitter in the signal to capture fine 

finger movement.  Motion capture manufacturers as well as companies in the biomechanics 

and animation industries are still struggling with how to capture fine hand movements despite 

the variety of data gloves on the market.  There is normally a tradeoff between the number of 

sensors, sensor accuracy, and movement restrictions that must be weighed in order to find the 

right glove for the right application.   

 

Since part of the observed problem in the first study was the close proximity of the fingers to 

the face of the guitar, perhaps modifications could be made to change the size of the guitar or 

remove the body of the guitar entirely to get a better view of the fingers.  This led to the 

examination of travel and silent guitars.  These guitars are designed to be portable and come in 

three main categories: regularly shaped but smaller guitars, small bodied guitars, and silent 

guitars.  

 



 51 

The first category is regularly shaped but smaller guitars.  These guitars have the look of full 

sized guitars but are actually half to three-fourths the size of a regular guitar.  Their bodies are 

made from laminate, a combination of laminate and solid wood, or all solid wood.  The string 

scale lengths range from a normal 650 mm all the way down to 482 mm.  Some of the guitars 

in this category are: the Fender TG-4 Travel Guitar (2008), the Breedlove Passport D20 FS 

(2008), the Breedlove C25 Passport Travel (2008), the Taylor Baby Taylor (2008), the 

Yamaha JR1 Mini Folk Guitar (2008), the Yamaha CGS102 (2008), the Martin LXM Little 

Martin (2008), the Ibanez Daytripper DTMA (2008) and the Ovation TC012 Trekker (2008).  

The Composite Acoustics Cargo (2008) is unique in this category in that it is a three-fourths 

size travel guitar that has a carbon fiber body.  The Voyage-Air guitars, such as the VAOM-1C 

(2008), are all normal full sized but travel guitars.  What makes them portable is that they have 

an innovative neck that is hinged so that it can be folded back along the soundboard to greatly 

reduce space.  The Brunner Guitars Outdoor Guitar (2007) is also a full sized travel guitar, but 

it has a completely removable neck and bridge assembly to reduce space.   

 

The second category of guitar is small bodied guitars.  All of these guitars are full length, but 

short string scale (609 mm) guitars.  The difference is that they have very small bodies that are 

typically only twice the width of the fretboard at its largest point. However, they still possess a 

hollow body with a soundhole on the soundboard.  To aid in keeping the guitar small and 

minimize length, the bridge of the guitar is set far back on the lower bout.  The guitars in this 

category are: the Washburn Rover Travel Guitar (2008), the Martin Steel String Backpacker 

Acoustic Guitar (2008) and Classical Backpacker Acoustic Guitar (2008) and the Vagabond 

Travel Guitar (2008). 

 

The third category includes silent guitars which are all full scale length and made for travel 

and practice but have also been used for performance.  Since they are made to be silent, these 

guitars do not have hollow bodies and soundholes like other guitars.  Instead they have thin 

solid bodies that are typically only the width of the fretboard.  In order to hear what is being 

played, the guitars use different piezoelectric under-saddle pickups that can be output for 

amplification or listened to through the onboard electronics and headphone jack.  The guitars 

are also battery-operated so they can be used anywhere or be plugged in for extended use. To 

compensate for the small size of the body, silent guitars either extend the area of the body 

lower to rest on the leg or employ a series of removable frames that give the illusion of a full 
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size guitar.  Some of the guitars in this category are: the Traveler Ultra-Light Travel Guitar 

(2008), Escape Steel String Acoustic-Electric Travel Guitar (2008) and Escape MK-II Nylon 

String Travel Guitar (2008), and the Miranda Steel-String S-250 (2008) and Nylon-String 

CFX-200 (2008).   

 

The correct positioning of the guitar and the guitarist is paramount to collecting accurate 

articulation data, so only full size classical models were considered for this research.  The 

guitars considered also had to have a thin frame instead of a full wooden body or other thick 

material that would block the view of the fingers.  The three models that met this criteria were 

the Yamaha SLG100N (2007) (Figure 17), the SoloEtte Classical Model (2007), and the 

Koopal EG100 (2007). After personally experimenting with the first two guitars, this type of 

guitar was soon rejected for two main reasons.   

 

 
Figure 17.  The Yamaha SLG100N silent classical guitar 

 (Yamaha Corporation of America, 2007) 
 

The first and most important reason is that the contact points of the frames did not allow for a 

naturally correct classical guitar position.  The thin frames did not have the correct body depth 

of a traditional classical guitar which caused the guitars to lean into the guitarist’s body and 

disrupt the proper position.  Some of the guitars attempt to mitigate this by bending one of the 

frame bars back toward the guitarist to simulate guitar depth at the chest contact point, such as 

the SoloEtte Classical Model, but this merely acts as a pivot when the right forearm contacts 

the frame of the lower bout.  Without the four correct contact points, the guitar is either out of 

position or held in position awkwardly.   It should be noted that for this very reason some 

guitarists prefer to travel with an inexpensive full size guitar instead of a travel or silent guitar. 

 

The second reason is that, even with a thin guitar frame, the performer’s right knee and body 

still blocked the view of the cameras.  It somewhat helped the camera view not having a full 

solid guitar body, but not enough to make a significant difference. 
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With the data glove and travel or silent guitar approaches exhausted and found to be 

inadequate in solving the occlusion problem, the next step was to investigate camera 

placement or alternative motion capture systems.  This lead to PhaseSpace Inc. in San 

Leandro, California. 

 

4.2.3  Pilot Study #2 

PhaseSpace Inc. is a motion capture company that, after learning of this project, was interested 

in helping to solve the right-hand finger occlusion problem.  Their optical motion capture 

system differs from the Motion Analysis optical system used in the first study, but one of the 

most important differences relevant here is that the PhaseSpace system uses active LED 

markers instead of the passive reflective markers of the other system.   

 

The advantage of using active LED markers is that, even if they are occluded, when they come 

back into camera view they are not confused with any other markers.  There is no marker 

swapping because each LED modulates at a unique frequency, resulting in a unique 

identification of each marker.  This solves one of the initial problems found in the first study.   

4.2.3.1  Goal 

In this second study, there was only one question posed to the PhaseSpace engineers to solve: 

Using their system, could the right-hand fingers of a classical guitarist, using a traditional 

classical guitar, be captured without occlusion?  It had already been established in the first 

study that the shoulders, arms, and wrists of both arms and the fingers of the left hand could 

be captured, so these areas were not addressed in this study.   
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4.2.3.2  Setup 

Using myself as the guitarist, 13 LED markers were placed only on the right hand.  As seen in 

Figure 18a the markers were placed as follows:  

 

• one marker on the fingernail of each distal phalange of the fingers  
• one marker on the side of the distal phalange of the thumb  
• one marker on the proximal interphalangeal joint of each finger 
• one marker on the metacarpophalangeal joint of the thumb 
• one marker between the first and second finger metacarpals  
• one marker between the third and fourth finger metacarpals 
• one marker on the wrist crease 

 

The PhaseSpace setup consisted of using their IMPULSE camera active optical marker 

system.  The cameras were either attached to a camera rig with a groove that allowed the 

cameras to move around the capture area or set on tripods.  The number of cameras varied as 

the setup was constantly changed and repositioned. 

 

The session was recorded at 480Hz. 

 

                           
 

(a) LED markers on the hand                              (b) collecting trial right-hand data 
 

Figure 18.  Pilot Study #2 at PhaseSpace: (a) the author’s hand with active LED markers  
(b) the author performing 
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4.2.3.3  Results 

This was not a true data gathering session, but rather an exploratory search to solve a difficult 

problem.  A team of five engineers set to work, adjusting and readjusting the camera locations 

around the author to find the ideal placement to capture the right-hand finger movement.  The 

engineers experimented with rotating the author’s orientation in the camera field of view as 

well as moving the author to different levels of elevation.  Keeping the proper classical guitar 

playing position proved to be a challenge in the elevation changes but was solved by stacking 

a various number of floor mats under the feet of the author.   

 

Another problem that was found almost immediately was LED marker reflections off of the 

guitar.  The soundboard of the guitar has a gloss finish, and the light from the fingertip 

markers in close proximity to the soundboard caused ghost images.  This was seen in the real-

time monitoring software as a sudden increase in the number of markers above the 13 being 

used.  This ghosting was solved by taping black cardboard over the soundboard of the guitar 

seen in Figure 18b.   

 

At the end of the session the cameras were relatively close to the ideal locations.  There were 

still dropouts in the marker information but far less than that of the first study.  It was possible 

to get some usable right finger data but it was not always consistent, and some fingers were 

still more occluded than others.  For example, the fingertips of the index (i) finger and the 

middle (m) finger were occluded more often than the other fingers.  This may have been 

attributed to playing style and not necessarily camera placement.  Regardless of the reason for 

the index and middle finger occlusion, it still needed to be addressed and figured out.  The 

engineers assured that they would continue to work out the optimal camera placement so that 

during the next session everything would be as close as possible to ideal.   

 

With PhaseSpace willing to solve the right-hand occlusion problem and providing studio time 

with their engineers, the next step was to procure a professional classical guitarist and 

determine exactly what to capture in the main study. 
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4.2.4  Main Study 

Charles Ferguson, a lecturer of guitar performance at Stanford University with whom the 

author had previously taken classical guitar lessons, was at the top of the list of potential 

performers.  He agreed to be the guitarist and met several times to discuss all aspects of guitar 

performance and how exactly to play articulations.  We emerged ready for the next motion 

capture session with a master list of articulations and a plan of how to proceed. 

4.2.4.1  Goal 

The goals for the main motion capture study at PhaseSpace were two-fold.  The first was to 

separately capture each articulation listed in Tables 1-4, and the second was to capture short 

segments of representative music from the classical guitar repertoire.   

 

As part of the first goal, each articulation should be captured separately four times in secession 

at three dynamic levels: soft, medium and loud.  This yields a total of 12 trials for each 

articulation.  If the articulation can be played by the right-hand fingers as well as the thumb, 

both versions should be captured.  For example, the rest-stroke articulation can be played 

either with the fingers or the thumb, so both are captured. 

 

The index (i) and middle (m) fingers of the right hand should be used in an alternating pattern 

(imim) in order to capture a more natural finger stroke.  A classical guitarist normally would 

not repeat the same finger on consecutive strokes, so this is taken into account in the data 

capture.  This point is important since the articulations are played individually out of the 

normal context.  Any conditions that can help make the articulations more natural for the 

guitarist to play are advantageous. 

 

To also help ensure that the articulations are played correctly, any articulations using fingers 

should be played on the second string of the guitar instead of the first string.  This ensures that 

all of the other strings must be cleared on the approach to and from the second string.  This 

might not be the case if the fingers play the first string.  For the same reason, any articulations 

using the right thumb should be played on the fifth string instead of the sixth.  

 



 57 

The second goal was to capture short segments of approximately one minute from four 

different pieces of music from the classical guitar repertoire.  This would allow the guitarist to 

play more freely and naturally without the artificial constraints set forth to capture the 

individual articulations.  At a later date, this would allow a comparison between the individual 

articulations captured out of context to those that occurred naturally in the music.   

 

The four pieces were specifically selected for the reason that each exhibited and emphasized a 

different style of music or playing technique. The first piece, an anonymous Romance, 

emphasizes slow arpeggiation and legato movement high on the fretboard.  The second, the 

traditional Greensleeves, emphasizes a light melodic line and counterpoint on the lower part of 

the fretboard.  The third, Malagueña, uses a melody in the thumb while at the same time using 

tremolo in the fingers.  The last piece, Prelude #1 by Villa-Lobos, highlights glissandi across 

the entire fretboard and vibrato.  
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4.2.4.2  Setup 

Thirty markers were placed on the guitarist’s shoulders, arms, wrists and fingers in the 

following locations (Figure 19, Figure 20, and Table 5): 

 

 
Figure 19. Anatomical view: Right and left arm marker placements 

Adapted from (Wikimedia, 2008)  
 

Right-Arm Marker Numbers Left-Arm Markes Numbers 
Shoulder 
• 14 - clavicle 

Arm 
• 13 - outside of humerus 
• 12 - outside of radius 

Wrist 
• 11 - wrist crease 
• 9 - between first and second finger metacarpals 
• 10 - between third and fourth finger metacarpals 

Thumb 
• 8 - metacarpophalangeal joint 

Shoulder 
• 7 - clavicle 

Arm 
• 6 - outside of humerus 
• 5 - outside of radius  

Wrist 
• 4 - wrist crease 
• 2 - between first and second finger metacarpals 
• 3 - between third and fourth finger metacarpals 

Thumb 
• 1 - side of the distal phalange 
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Right-Arm Marker Numbers Left-Arm Markes Numbers 
• 25 - side of the distal phalange 

Fingers 
• 26 - proximal interphalangeal joint of 1st finger 
• 24 - proximal interphalangeal joint of 2nd finger 
• 27 - interphalangeal joint of 3rd finger 
• 28 - fingernail of 1st finger distal phalange  
• 30 - fingernail of 2nd finger distal phalange  
• 29 - fingernail of 3rd finger distal phalange  
• 23 - fingernail of 4th finger distal phalange  

 

Fingers 
• 18 - proximal interphalangeal joint of 1st finger 
• 17 - proximal interphalangeal joint of 2nd finger 
• 16 - proximal interphalangeal joint of 3rd finger  
• 15 - proximal interphalangeal joint of 4th finger 
• 21 - fingernail of 1st finger distal phalange  
• 22 - fingernail of 2nd finger distal phalange  
• 20 - fingernail of 3rd finger distal phalange  
• 19 - fingernail of 4th finger distal phalange  

 
Table 5.  Right and left arm marker placements 

 
 
 

 
 

 
Figure 20. Computer view: Right and left arm marker placements 
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The xyz coordinate orientations are shown in the lower left corner of Figure 20, where: 

x-axis  = Horizontal axis parallel to the length of the guitar 
with numbers increasing in the direction from the 
neck to the lower bout. 

y-axis  = Vertical axis with numbers increasing in the 
direction from the floor to the ceiling. 

z-axis  = Horizontal axis perpendicular to the length of the 
guitar with numbers increasing in the direction 
from the soundboard of the guitar to the guitarist. 

 

 

Eleven IMPULSE cameras were positioned to the front and sides of the guitarist.  Fingerless 

gloves were used to hold the wrist markers, in place and the arm markers were held in place 

with arm bands.  It was learned in the second pilot study that the LED markers reflected off 

the soundboard of the guitar, so black felt was taped to the soundboard of the guitar to prevent 

ghost markers. 

 

Similar to the second pilot study, this session was captured at 480Hz. 

 

It was extremely important for each and every articulation the guitarist played to be at the 

exact same consistent tempo.  This would ensure that every articulation was played at the 

same rate and allow for easier comparison analysis after the capture session.  The guitarist 

played all of the articulations to a metronome connected to an earpiece at a tempo of 60 beats 

per minute to aid the guitarist in this consistency endeavor. 

 

In addition to the motion capture setup, two reference video cameras were set up to capture the 

session from two different angles.  The first was located outside of the motion capture camera 

rig, facing directly toward the guitarist from the front. The second was also located outside of 

the motion capture camera rig but facing down the neck of the guitar to the player’s left.  

These were important to have as a visual record to compare against the raw marker data. 
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(a) Calibrating the space                                        (b) Applying markers 

 

             
(c) Waiting to start                                           (d) Recording articulations 

 
Figure 21. Main study at PhaseSpace with guitarist Charles Ferguson: (a) Engineer calibrating the 

system (b) Engineer applying markers (c) Ferguson ready to go (d) Ferguson recording articulation data 
 

4.2.4.3  Results 

Overall, the entire motion capture session was a success.  The data was much cleaner and with 

fewer dropouts caused by occlusion than either of the first two studies.  It is nearly impossible 

not to have some dropouts, but there were fewer in number than in the previous sessions and 

they had dropped to a manageable level.    

 

The only other problem encountered was that a few of the right-hand fingertip markers that 

were placed on the fingernails were pulled off while attempting the rasgueado articulation.  

Several more attempts were met with the same result thus the articulation could not be 

captured.  However, a somewhat similar single finger articulation motion, the finger flick, was 

able to be captured by carefully placing the finger against the string at the start of the stroke. 

 

Appendix A shows the 40 trial files and the five music files created from the motion capture 

session.  Each line indicates the trial number, articulation and how and where it was played on 

the guitar.  These files were recorded in the .c3d motion capture file format.  According to 

C3D.org, “The C3D format is a public domain, binary file format that is used in 
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Biomechanics, Animation and Gait Analysis laboratories to record synchronized 3D and 

analog data.  It is supported by almost all 3D Motion Capture System manufacturers, as well 

as other companies in the Biomechanics, Motion Capture and Animation Industries” (C3D, 

2008).    
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Chapter 5  Methodology: Data Analysis 

5.1  Data Preparation  

The preparation of the data into a useful format for analysis in MATLAB is a two-step 

process.  The first step takes the 40 raw .c3d files and divides them into separate files based on 

their dynamic levels.  In this manner, 87 separate articulation files are created (see Appendix 

A for the complete list) from the motion capture session data.  This is done within 

PhaseSpaces’ Recap viewer program, which can convert the output file into their .owl format 

that is a comma-delimited ASCII file.  These files have the following parts: 

 

# 1180 frames 
q 480.00 
 
f 0 
 m 0x0000,       9.000000,    -768.259949     828.426636    -156.752655  
 m 0x0001,       3.790375,    -826.459473     804.115295    -194.841843  
 m 0x0002,       9.000000,    -819.912415     742.538391    -200.787567  

 

where: 

1) Line 1 shows the total number of frames in the file. 
2) Line 2 shows the frames per second (Hz) of the file. 
3) The next group of lines contain for each frame: 

a. A line for the current frame number. 
b. A line for each marker position for that frame.  These 

marker positions are comma-delimited.   
i. The first element in the line is the marker ID 

number.   
ii. The next element is a conditional clause that 

states if the marker is not found, i.e., occluded or 
out of camera frame, the number is negative.   

iii. The last elements are the marker’s xyz position 
coordinate in terms of millimeter distance from 
the calibration point.  

 

The second step is to remove the ‘total frames in file’ and ‘frames per second’ headers, as well 

as the ‘current frame numbers’, ‘marker ID’s’ and commas from the .owl files.  This leaves 

only blocks of marker information that represent each frame captured, separated by blank lines 

that consist of the marker conditional state followed by the marker xyz position coordinate of 

each marker.  This edited file is then saved as a .txt file. 
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9.000000    -768.259949     828.426636    -156.752655 
3.790375    -826.459473     804.115295    -194.841843 
9.000000    -819.912415     742.538391    -200.787567 

 

The naming convention for the individual articulations that is used throughout this study is 

described below.  For example, the raw .c3d trill file number 28 that is initiated by a thumb 

stroke, is divided into three files: 28TrillTLoud, 28TrillTMed and 28TrillTSoft.  From this 

example, 

28TrillTLoud 

 

where :  
 ‘28’  = original trial file number 

  ‘Trill’  = type of articulation 
  ‘T’  = thumb stroke, or ‘F’ for finger stroke 
  ‘Loud’  = dynamic level played 
 

In summary, the main study produced 40 main articulation files and five music files.  The 

articulation files are further divided into 87 separate sub-files based on the dynamic level 

played.  All of these articulations fall into one of 29 unique articulation types. 

 

A word about the choice of MATLAB:  A flexible environment is needed.  The major motion 

capture companies invest a lot of time and effort into developing their systems, and most of 

their capture hardware and software is also proprietary.  Once a system is selected, it is very 

difficult to switch to another system midway through the analysis or to change things.  Adding 

to this and compounding the problem is that there are different marker placement sets 

depending on the use of the motion capture.  If the motion capture is to be used for animation, 

one set of markers is used, but if it is for medical or anatomical research then another set is 

used.  Worse yet, even within the same field of interest, these marker sets use different 

numbers of markers, and their placement can vary.  This means that before the first markers 

can be placed, the analysis program or chain of programs must be selected.  If a change of 

program is determined at a later date, the markers will most likely be in the wrong places for 

that particular program. 

 

Most capture sessions begin with a static “T” pose in which the person stands with arms 

straight out to the side with their palms down.  Most marker sets have what are called critical 

markers, semi-critical markers and optional markers.  The critical markers are the ones 
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required to activate certain regions of a body skeleton model and are used to determine joint 

centers and body segment lengths.  Semi-critical markers are added at specific locations to 

improve joint center calculations or add additional degrees of freedom.  Optional markers then 

add more degrees of freedom to the model.  From the static “T” pose the markers can then be 

identified.  However, what are critical markers for one system may only be semi-critical or 

optional or not even listed on other systems.  If one marker set is used it will most likely be 

incorrect for two different systems.  (This marker set problem shows up in the compound 

motion section later in this study.)  

 

Many of the larger motion capture companies are aware of some of these problems and 

recently have begun to offer a bridge or plug-in to the systems to popular modeling software 

packages such as AutoDesk’s MotionBuilder.  However, if the marker sets do not match, the 

parts that do not match will not be activated. 

 

5.2  Data Analysis  

One of the main questions posed in this study is, “Can motion capture depict the mechanics of 

how the instrument is played precisely enough to be analyzed?”  In order to answer this 

question it should be broken down into two parts:  (1) Is the resolution sufficient to see fine 

movement and then, (2) Can the mechanics of these movements be analyzed? 

 
Figure 22. 20BrushFSoft: Right middle finger fingertip trajectory, marker 30 
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The example shown in Figure 22 answers the question whether the resolution is sufficient 

enough to see fine movement.  This example, 20BrushFSoft, depicts a soft brush stroke 

executed by the right hand.  Here, the absolute position2 of the tip of the right-hand middle 

finger, marker 30, brushes across all of the strings, circles around and then repeats.  This 

articulation is repeated four times.  The entire stroke can be seen clearly: 

1) The fingertip starts from rest on the first (bottom) string.  This is evident by the dark 
spot. 

2) The fingertip is drawn across the six strings, all six of which can be identified. 
3) The fingertip clears the sixth (top) string,  
4) circles around to clear the strings and then 
5) comes in from below the first string to rest on the string to begin another stroke. 

 

Another example is 03FreeTSoft and 05RestTSoft, a soft free-stroke and soft thumb rest-

stroke, respectively. Here, the differences between the two strokes can clearly be identified as 

the tip of the thumb, marker 25, pushes through the string to either clear or land on the next 

string.  Figure 23a shows the trajectory of thumb marker 25 for the free-stroke: 

1) The thumb starts from rest on the fifth string.  This is evident by the dark spot. 
2) The thumb pushes the string down and out. 
3) As the string releases from the thumb, the thumb accelerates down, avoiding the 

fourth string and then 
4) circles back around to come to rest on the fifth string to complete the stroke and 

prepare for the next stroke. 
 

 
(a) Thumb free-stroke                                                   (b) Thumb rest-stroke 

 
Figure 23. Right thumb tip trajectories of marker 25: (a) 03FreeTSoft, (b) 05RestTSoft 

 

                                                        
2 The absolute xyz coordinate orientations are described in Figure 20. 
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Figure 23b shows the trajectory of thumb marker 25 for the rest-stroke: 

1) The thumb starts on the fifth string.  Notice that it does not start from rest on the 
string. 

2) The thumb pushes the string straight down and comes to rest on the fourth string. This 
is evident by the dark spot at the bottom of the graph. 

3) The thumb then circles around by moving straight out away from the guitar to avoid 
sounding the fourth string and then 

4) immediately begins the next stroke on the fifth string. 

5.2.1  Occlusion 

As mentioned earlier, one problem inherent with optical motion capture systems is that of 

occlusion.  Most motion capture involves the entire body, as shown in movies or video games 

mentioned earlier.  These generally concern large body movements, and the occurrence of 

occlusion is far less than that of small hand movements. 

 

Even with the best camera and marker placement, there is bound to be some occlusion, 

especially with the right hand of a classical guitarist.  For each frame a marker is occluded, the 

positional coordinate data from that marker drops out and is set to zero.  The question, then, is 

how to manage the dropouts.  As a first step, the dropouts must be minimized with careful 

camera and marker placement.  However, this measure is not always enough to prevent 

occlusion.  Occlusion manifests in the data as “dropouts” that return to the calibration origin 

of zero.  In order to analyze the data, these dropouts must be accounted for and addressed.  

The most straightforward approach is a linear interpolation over the dropout region.  This 

method replaces the zeros with a linear interpolation, starting with the last value before the 

dropouts and ending with the first value after the dropouts.  However, this procedure cannot be 

applied to dropouts regions that either begin or end the file.  In the case of dropouts at the start 

of the file, all of the dropouts in the region are set to the first non-dropout value.  Conversely, 

dropouts at the end of the file are set to the last value before the dropouts.  

 

On occasion, there are markers where the majority of the data is occluded.  In general, these 

dropouts are not contained in just one large region, but span several regions.  If too much of 

the data is occluded and linear interpolation is applied, is the newly created marker data true to 

that marker’s original movement?  Through trial and error, a threshold of eighty percent 

occlusion was selected.  As stated above, since the occlusion occurs throughout the file, 

enough data points remain to interpolate between them to give a general overall shape of the 

movement of the marker.  However, above eighty percent the marker data is so disjointed that 
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the overall shape of the movement is lost, which would lead to incorrect and misleading data 

analysis of the marker in subsequent analysis steps.  To help mitigate this potential problem, 

all data of a marker in which that marker has greater than eighty percent occlusion is set to 

negative one (-1) for that file.  The value -1 is used instead of zero so as to differentiate it from 

occlusion data which would automatically be interpolated. 

 

5.2.2  Compound Motion 

The next question requiring an answer is how to contend with compound motion.  Here, 

compound motion can be defined as the unintended movement of a marker or markers caused 

by the movement of another marker or markers; for example, waving goodbye by bending the 

wrist up and down while holding the fingers and thumb still.  Even though the movement is 

caused by the wrist, a motion capture system would see all of the fingers and thumb moving 

up and down.  This compound motion can be seen in the three-dimensional view of the same 

brush stroke as above (Figure 24).  All of the right-hand markers appear to be moving in orbits 

that are very similar.   This similarity between the marker movements suggests compound 

motion.  But, what is causing the markers to move uniformly together, and how can this 

movement be distinguished from independent marker movement?   

 

 
Figure 24.  3D view of 20BrushFSoft marker trajectories 
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The solution lies in computing the angles between all of the joints in the arm, wrist, and hand.  

This is called joint angle analysis.  Using these calculations, only individual changes in joint 

angle would be seen, and not the absolute movement of the markers.  In the above waving 

goodbye example, only the angle of the wrist would change over time.  The joint angles from 

the fingers and thumb would not change because they were held still. 

 

However, due to the marker set used on the guitarist, the markers were not in the correct 

critical positions to activate the models, so the joint angles could not be calculated.  Without 

being able to compute joint angles is there another way to analyze the data?   

 

This dilemma requires a shift in method, from trying to understand the biomechanical 

structure of the joints represented on the surface by markers to trying to understand the 

relative marker movements of individual markers on the surface.  Ultimately, this shift is one 

from understanding the underlying structure of the movement to reacting to movements on the 

surface. 

 

A similar solution to the joint angle question can be derived by calculating relative marker 

movement.  Relative movement subtracts the absolute movement of a marker (child) from the 

absolute movement of the marker (parent) directly upstream from its location.  For example, 

the relative movement of right-hand marker 11 is calculated by subtracting the absolute 

movement of marker 11 from the absolute movement of marker  12.  A change in the 

relationship between parent and child means that the child marker moves independently of its 

parent marker.  Conversely, if the relationship stays constant, both markers move in concert or 

did not move.  In either case, the relative movement of the child marker is zero.  Using the 

relative movement of all of the markers allows the data to express independent marker 

movement.  

5.2.3  Zero Out Left or Right Arm 

Notice that in Figure 24 the left-side markers of the guitarist are still represented in the graph. 

This means that the data from these markers are being calculated.  Since the articulation 

shown here is only produced by the right side of the guitarist’s body, the next step is to zero 

out the left-side markers.   
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Originally, separate trials were recorded if the articulation could be played by fingers or 

thumb.  For example, a vibrato that begins with a finger stroke 23VibFLoud or a thumb stroke 

24VibTLoud.  However, vibrato is defined as a left-arm sustain articulation, and, as such, the 

right arm information is unnecessary in determining how many degrees of freedom are 

involved3. 

 

Since the markers are moving in three-dimensional space, the data are placed into a xyz 

matrix, with the columns representing the 30 markers first in the x, then the y and z directions 

and the rows representing the file frames.  Each articulation is a matrix where the rows 

represent individual frames from the file, and the columns represent each marker position in 

the x, y and z dimensions, creating 90 columns.  The means were then calculated in 

preparation for analysis.  

 

5.3  Data Reduction 

5.3.1  Singular Value Decomposition (SVD) 

The approach adopted for the review and analysis of the research data set for this study 

involves the data reduction technique singular value decomposition (SVD).  SVD is an 

analysis tool which can be used to construct an approximation of the original data.  It is a 

multi-dimensional decomposition which is an expression of a matrix of data in terms of its 

fundamental shape components.  

 

SVD is used in several diverse areas of statistical analysis.  In the field of gene expression 

analysis (Alter et al., 2000; Wall et al., 2003); detecting language patterns in documents 

(Nicholas and Dahlberg, 1998); information retrieval using latent semantic indexing (Berry, 

1995; Deerwester et al., 1990); water quality assessment (Praus, 2005); in image compression 

and face recognition (Abrahamsen and Richards, 2001; Deprettere, 1988; Richards, 1993; 

                                                        
3 This is not to say that the right arm information is not important.  By using the information from both 
arms, the timings between different parts of the articulation can be examined.  For example, a natural 
harmonic, lightly fretting a note with the left hand and then releasing, is a left-arm articulation.  
However, using the information from both arms allows the timing and coordination between fretting the 
note, exciting the string, and release of the fret to be examined.  As extremely interesting as this might 
be, it is outside the scope of this study.  However, all of the pertinent information can be found in the 
raw absolute position data.  
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Vergara Villegas, et al., 2006; Zhang et al., 2005); hearing aid noise reduction (Maj et al., 

2002), and even profiling whiskey characteristics (Young et al., 2006). 

 

 
 

Figure 25.  Singular Value Decomposition (SVD).  Adapted from Wall et al. (2003)  

 

Figure 25 shows the equation for singular value decomposition 

where: 
X = Original articulation matrix where each row is the marker coordinates for 
a particular point in time and each column is the track of a particular marker 
coordinate through time. 
U = Left singular vectors that form a m × n orthonormal matrix for the frames 
of X. 
S = Singular values, a n × n diagonal matrix in which only elements on the 
diagonal are nonzero. 
VT  = Right singular vectors that form a n × n orthonormal matrix for the 
markers of X. 

 

Once computed, the SVD algorithm sorts the singular values and the corresponding vectors 

from largest to smallest.  In this manner, the largest singular value is in the upper left corner of 

the S matrix, its corresponding left singular vector is the leftmost column of U, and its right 

singular vector is the uppermost row of VT.  The smallest singular value is in the lowest right 

corner of the S matrix, its corresponding left singular vector is the rightmost column of U, and 

its right singular vector is the lowermost row of VT. 
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An example of the singular values in the S matrix is shown in Figure 26.  Since S is n × n and 

n = 90, there are 90 values on the diagonal.  This type of plot, known as a scree plot (Cattell, 

1966), shows, as indicated by line magnitude, the relative importance of each singular vector 

pair in explaining the variance of the articulation data.  

 

 
Figure 26.  Singular values for 20BrushFSoft 

 

The goal of SVD based data reduction is to reduce the amount of data by using only a subset 

of the singular values, which when reconstructed satisfactorily approximates the original data.  

The question then becomes: How many of the singular values are needed to approximate the 

data? 

 

One technique is the cumulative value approach (Wall et al., 2003; Jolliffe, 2002).  This 

approach suggests using cumulative values that are larger than a pre-defined threshold and 

ignoring any values below the threshold.  For example, taking the cumulative singular values 

that account for 60%, 70%, 90% or 95% of the total variance in the data.  Typically, the level 

is set at 95%. 

 

Another technique to select the number of singular values from the scree plot is the visual 

method, which consists in looking for the elbow, or big gap, of the plot.  Here, the elbow of 
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the plot is identified as the transition point at which the values begin to level off.  Madsen, 

Hansen, and Winther (2004) call this the point in which the singular values begin to stabilize 

and state that, “...the remaining components [are] usually contaminated with much noise and 

therefore not useful.”  The big gap of the plot is identified as the point in which there occurs a 

large fall-off or gap between the values. 

 

While the visual technique may work well in simple cases, there are problems with this 

method.  What if there are no distinct elbows or big gaps in the data values?  Conversely, what 

if there are multiple elbows or big gaps?  Which one of these is the correct one to select?  This 

dilemma brings forth the reality that the visual method is highly subjective and opinions can 

differ from one person to the next.  For example, in Figure 26, it could be argued that there are 

big gaps between values k1 and k2, between k3 and k4, and between k5 and k6.  Which one of 

these gaps is correct?  And what of the elbow?  It could also be argued that there are elbows at 

k6 and at k10.  If there is disagreement with this judgment, it just proves the point that this 

method is subjective.  The singular values selected using this method could include the first 

one, the first three, the first five, or the first nine, values depending on where the main 

determining gap or elbow is placed. 

 

There are many other approaches on how to set the level to decide which singular values to 

include and which to exclude.  Although referring to principal component analysis, Jackson 

(1993) compares and contrasts several different stopping rules for selecting the number of 

values, in this case components, from the data.  There is even an automated process of finding 

the elbow and selecting the first k singular values (Zhu and Ghodsi, 2005).   

 

However, there is one inherent problem associated with taking the first k values that have been 

computed by SVD from our dataset.  Even if a method could be devised to find the exact point 

of the elbow every time, there is still a problem with selecting the first k singular values in 

front of the elbow.  The problem lies within the singular values themselves.  A clue to this is 

provided by Wall et al. (2003) in their statement, “An important capability distinguishing 

SVD and related methods from other analysis methods is the ability to detect weak signals in 

the data.”  SVD also has the ability to detect larger signals in the data.  What if these signals, 

and hence the singular values, contain movements that are not directly related to the 

articulation?  The trouble lies not in what SVD does, but in what it might be picking up.  
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Is there a way of easily identifying movements that are obviously noise or not part of the 

articulation?  The decision process may be aided by an understanding of musical performance.  

In musical performance, movements that are not directly responsible for producing 

articulations can be defined as ancillary movements.  These movements do not actually create 

the articulations but can help the player flow with the music or provide a visual cue to other 

performers of the player’s intent.  These movements include, for example, comparing the 

rhythmic rocking back and forth of a violinist to the emotion of the music (Chandran et al., 

2006); the correlation between a vocalist’s body movement and the quality of his or her vocal 

performance (Luck and Toiviainen, 2008); the link between leg, arm, and head movement and 

clarinet performance (Peinado et al., 2004; Wanderley, 1999; Wanderley et al., 2005); and the 

question whether ancillary movements are repeated over trials (Kapur et al., 2005).  

 

In the case of this study, the inclusion of ancillary movements would cloud the underlying 

articulation movements, and therefore they need to be kept at a minimum.  The guitarist in this 

study was requested not to move, within reason, more than was necessary to perform the 

articulations.  However, the guitarist is only human, and the resolution of the marker data was 

high.  Therefore, some ancillary movement is inevitable.  How can ancillary movements be 

identified in order to filter them out of the data while at the same time selecting the singular 

values most suitable for approximating the original data? 

5.3.2  Autocorrelation and Peak Detection 

The answer as to how to identify ancillary movements while at the same time selecting the 

best singular values to approximate the original data is to apply autocorrelation and peak 

detection on the SVD data. 

 

The fact that each articulation is repeated four times at 60 beats per minute in each file can be 

used as an advantage.  Instead of analyzing each trial separately, all four trials can be 

compared as one large collective.  The key to this approach is deceptively simple.  Given that 

there are four repeated trials in each file, there should be four repetitions in the signals that 

comprise the articulation.  Therefore, only singular values whose vectors contain a periodic 

signal should be selected.  A non-periodic signal would indicate possible ancillary or spurious 

movements that were detected by SVD, or possible noise.   
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Looking at the individual left singular vectors UkSk, each signal should reveal a repeated 

pattern.  Since the articulations are recorded at 480 frames per second and played at a tempo 

of 60 beats per minute, there should be a period near 480 frames or a period near a multiple 

thereof. There are four trials in each articulation; consequently the signal should repeat four 

times. The bottom of Figure 27 graphs the first column of the left singular vector (U1S1).  This 

first left singular vector has a period of approximately 960 frames and includes four clear 

repetitions, an example of exactly what should be seen in a repeated signal.  

 

 
Figure 27. 20BrushFSoft  Top: 1st right singular vector  

Bottom: 1st left singular vector 
 

The top portion of Figure 27 is the corresponding first column of the right singular vector 

(V1S1), i.e., the first row of VT scaled by S1.  This graph shows the amount and combination of 

individual marker contributions that are associated with the first singular value S1. 

 

Typical ancillary movements that occurred during the capture session are of the guitarist 

shifting position while playing, twitching or shrugging.  These movements, while not readily 

noticed during the session because they appear natural to the eye, are all captured within the 

articulation data.  These motions normally are observed only a few times, if at all, during the 

course of the trials and occur at random moments.  Therefore, it is suggested that the 
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corresponding UkSk signal of the ancillary movement picked up by SVD would be non-

periodic.  

 

To detect and determine the amount of periodicity in each of the UkSk signals of the 

articulations, autocorrelation and then peak detection is applied. 

 

Autocorrelation is the amount of correlation a signal has with itself.  This is essentially 

executed by taking two versions of the same signal and sliding one version across the other 

over time and calculating the correlation between the two for each position along the slide4.  

The amount of time at any one instance between the signals is known as lag time.  At lag 

times where the signals line up the correlation value will be high and when the do not line up 

the correlation will be low.  A perfectly periodic signal will match exactly when the lag is a 

multiple of the signal.  Thus the autocorrelation can be used to estimate periodicity. 

 

Autocorrelation has been used in the field of music and in particular for pitch detection (de la 

Cuadra et al., 2001; Hui et al., 2006; Jeon and Driessen, 2005); musical genre identification 

(Tzanetakis et al, 2001); tempo and meter (Alonso et al., 2004; Brown, 1993); beat detection 

(Scheirer, 1997); and perceptual note attack time (Wright, 2008).  However, autocorrelation is 

used in this present study not to analyze the sounds from the guitar but the motions used to 

create the guitar sounds. 

 

A scaled autocorrelation will have an output range from -1 to 1.  At the half-way point of 

sliding the signal across itself, at offset lag time zero, the two versions will correlate exactly.  

This represents the point of maximum perfect correlation and will have a value of 1.  Any 

signal, even if it is complete noise, will always perfectly correlate with itself at this point.  The 

other range of values include zero when there is complete uncorrelation, and -1 when there is 

perfect correlation but in the opposite direction.   

 

                                                        
4 Since the two versions of the same signal slide completely across each other, the resulting output from 
an autocorrelated signal is twice as long as the original signal minus one. 
 



 77 

Another feature of the autocorrelation is that it is symmetrical about the center peak of value 

1.  This means that, since both halves are the same, only the left or the right half needs to be 

analyzed.   

 

 
Figure 28. 20BrushFSoft (a) autocorrelation of 1st left singular vector,  

(b) 1st left and right singular vectors 
 

Figure 28a shows a well-correlated signal.  This is the autocorrelation of the first column of 

the left singular vector (U1S1) signal from 20BrushFsoft (Figure 28b).  A main peak can be 

seen in the middle where the signal perfectly correlates with itself.  On either side of the main 

peak are three peaks that correspond to the three instances of high correlation of the repeated 

signal.  In a perfect world, there should be one peak for every repetition, i.e., if the signal 

repeats four times, there would be four peaks.  This means that the autocorrelation signal 

would show a central peak with three smaller peaks on either side.   

 

Another feature is that the autocorrelation signal is twice the length of the left singular vector.  

This is exactly as expected.  It also shows that in Figure 28a the overall outlined shape of the 

autocorrelation signal forms a diamond.  This is the shape of a well-correlated signal.   
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Figure 29.  20BrushFSoft (a) autocorrelation of 8th left singular vector,  

(b) 8th left and right singular vectors 
 

Figure 29a shows the autocorrelation of the eighth column of the left singular vector (U8S8) 

signal from 20BrushFsoft (Figure 29b).  This is an example of an uncorrelated signal.  The 

middle peak is still 1 due to the signal perfectly correlating with itself.  However, all of the 

side peaks are below 0.2 and appear to be less structured and more random.  This indicates 

that the signal is not periodic and only correlates when perfectly aligned with itself.   

 

The next step is peak detecting.  Since autocorrelation peaks can range from -1 to 1, and the 

center peak value is always 1, the question is: How high should a side peak be in order for the 

UkSk signal to be called repetitive? 

 

Through trial and error, a manual peak threshold of 0.29 is selected.  This is the threshold for 

the largest of the side peaks on either side of the main peak and approximately corresponds to 

the level of periodicity of the UkSk signal determined by eye.  An autocorrelation with its 

largest side peak above the given threshold is deemed to have a periodicity sufficient enough 

to select its corresponding singular value.  However, if the largest of the side peaks is below 

the given threshold, the signal does not have sufficient periodicity and can therefore be 

considered to include transient ancillary movements or noise.   

 

In the above examples, the largest side peak from the autocorrelation of the first column of the 

left singular vector (U1S1) signal, shown in Figure 28a, has a value of 0.75 which is above the 

0.29 threshold.  This signal is deemed periodic, and its singular value S1 is selected.  However, 

the largest side peak from the autocorrelation of the eighth column of the left singular vector 
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(U8S8) signal, depicted in Figure 29a, shows a value of just below 0.2 which is below the 0.29 

threshold.  This signal is not deemed periodic, so its singular value S8 is not selected. 

 

Using the method described above of taking the autocorrelation and peak detection from every 

UkSk signal, the singular values of Sk that demonstrate sufficient periodicity for each 

articulation can be determined.  

 

Once a singular value Sk is selected, the corresponding marker contributions for that singular 

value can be computed by multiplying the right singular vector by the singular value (VkSk).  

This is the equation used to compute the marker contributions for each articulation: 

 

€ 

VkSk( )2∑  

 

Once normalized, a plot of the marker contributions for each articulation is created.  Figure 30 

shows the results of 20BrushFSoft. The x-axis represents the 30 original markers in three 

dimensions: index 1-30 in the x dimension, index 31-60 in the y dimension, and index 61-90 

in the z dimension.  Since this is a right-arm articulation, the gaps in the x-axis are the zeroed 

out (actually set to -1) markers of the left side of the guitarist.  The bottom of the graph also 

shows the singular values that were selected by the autocorrelation and peak detection.  Here 

there are six: number 1, 2, 3, 4, 5 and 10. 
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Figure 30. Marker contributions for 20BrushFSoft 
 

How does this compare to other methods?  The cumulative value method of taking the first k 

singular values that account for 90% and 95% of the data variance is compared to the 

autocorrelation and peak detection method described above.  Figure 31 shows the normalized 

marker contributions from the singular values selected by all three methods on the 

20BrushFSoft articulation.  
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Figure 31. Marker contribution comparison for 20BrushFSoft 
 

All three methods produce similar results.  The autocorrelation and the 90% (s90) methods are 

very close indeed to each other.  However, while s95 uses 20 values and s90 uses 13 values, 

the autocorrelation method only uses six values.   

 

Figure 32 shows the normalized marker contributions from the singular values selected by all 

three methods on the 05RestTSoft articulation.  The singular values that were selected by the 

autocorrelation and peak detection for this articulation are number 2, 4, 7 and 12.  These 

singular values are not consecutive as they would be in the other methods and yet, when 

compared to the other methods, the results are very close together.  In this example, s95 uses 

21 values and s90 uses 13 values, while the autocorrelation method only uses four values.  The 

autocorrelation method is a good fit to the data and represents a large reduction using fewer 

values while retaining the majority of the signal.   
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Figure 32. Marker contribution comparison for 05RestTSoft 

 

Comparing the three methods across all 87 articulation files (Table 6): 

- s95 = 22.73 average singular values 
- s90 = 15.54 average singular values 
- autocorrelation = 4.45 average singular values  
 

 
 

Table 6. Comparison between 3 data reduction methods 
 
 

This means that there is a 5:1 reduction of data from s95 by the autocorrelation method and a 

3.5:1 reduction of data from s90.    
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The advantage of the autocorrelation method is two-fold.  First, it successfully reduces the 

data while maintaining the overall variance in the data, and second, it successfully removes 

ancillary movements and/or noise in the data while still capturing the essence of the data.  

 

This method is vulnerable in one way.  If an ancillary movement is repeated every trial, it will 

most probably be included in the analysis as there is no way to exclude it since it repeats.  This 

is not necessarily a disadvantage as what might be considered an ancillary movement may 

actually contribute to the articulation in a way that is not obvious.  
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Chapter 6  Results 

6.1  Threshold Analysis 

The normalized marker contributions, as seen in Figure 31, give an overview for each 

articulation.  The next step is to determine how many of these marker contributions are 

required for each articulation.  Setting the threshold on the marker contribution graph in 

essence determines the degrees of freedom for that articulation in which any marker above 

that threshold is deemed “important” or “required” for that articulation.  This determination of 

the degrees of freedom is one of the central questions set forth at the beginning of this study.  

But how should this be accomplished? 

 

At first glance, determining the threshold may seem like a trivial problem to solve, but it turns 

out to be one the most difficult areas of the research to ascertain.  For example, in  

Figure 33, should the threshold be set at line 1, line 2, or some other level?   Herein lies the 

underlying problem – which of these marker contributions are actually responsible for the 

articulation?  The term responsible takes on different meanings, depending on the context of 

the end result.  Does it encompass all of the markers necessary to reproduce the entire 

movement as executed by the guitarist or only the subset of the markers directly responsible 

for the production of the articulation?  Where does this distinction begin and end, and how is 

responsibility determined? 
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Figure 33. Marker contributions for 20BrushFSoft 

 

One possible solution would be to return to the original data and subtract marker 

contributions, one by one, from the articulation until there is a change.  This change would 

manifest itself on the end effector as a change in orbit or plane of movement.  However, this 

raises yet another threshold problem:  How much of a change in the end effector is deemed 

enough of a change to set a threshold? 

 

These questions allude to the same conclusion – it is difficult to determine a general threshold 

without having knowledge of the underlying structure of the movement,  that is to say, the 

cause and effect of each body movement, when such movement is only represented by surface 

markers.  A full kinematic and biomechanical approach to the data is outside of the scope of 

this study, but would be extremely useful in the understanding of the underlying connections 

between the surface markers.  Such an examination would yield insight into which marker 

movements may actually contribute to each articulation and, in turn, help determine where to 

set the threshold for that articulation.  
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Without the aid of the biomechanics, four approaches are described based exclusively on the 

marker contributions of the articulations.  Three of the approaches are used to determine a 

threshold.  The fourth approach addresses the threshold question from a different point of 

view.    

6.1.1  First Approach 

The first approach sets a threshold by selecting a percentage of the total marker contributions.  

It is a trial-and-error approach that determines the threshold visually by viewing the videos of 

the simplest articulations with the least amount of marker movement.  These simpler 

articulations make it easier to view which markers are actually moving, and by what amount.  

The normalized marker contributions graphs are then compared to their corresponding 

articulation videos to set a threshold level that appears to visually match the amount of 

movement. 

 

An example of an articulation that fits this category is the thumb free-stroke 03FreeTSoft.  

Here, the thumb plucks the string and comes to rest above the next string, as shown back in 

Figure 23.  After careful examination of the video, the majority of the movement for this 

articulation appears to originate from the thumb, yet also from the wrist.  This means that the 

thumb markers, marker 8 and 25, and wrist markers, marker 9, 10 and 11, should be 

scrutinized.  Figure 34 shows the normalized marker contributions for this articulation.  The 

first eight largest magnitudes are number 85, 55, 25, 41, 68, 38, 44, and 84 which correspond 

to marker dimensions 25z, 25y, 25x, 11y, 8z, 8y, 14y, and 24z, respectively.  The first six 

magnitudes represent the thumb markers and one of the wrist markers.  This reinforces what is 

seen on the video.  However, the seventh and eighth largest magnitudes, number 44 and 84, or 

in marker dimensions, 14y and 24z, respectively, are the shoulder and the knuckle of the 

middle (m) finger.  These two do not appear to be directly involved in the articulation and may 

be thought of as the beginning of the noise floor.  Therefore, the threshold should be placed at 

a level that includes the first six magnitudes but not the seventh and eighth, which is at about 

0.25.  This level corresponds to approximately 76 percent of the total marker contributions. 
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Figure 34. 03FreeTSoft marker contributions with 80% of total threshold line at 0.3 

 

Using this method, a sample of the 87 articulations is analyzed by hand and an approximate 

range of 75-82 percent of the total marker contributions established.  However, the central 

idea of this approach is to select a single threshold level.  Through trial and error, an average 

of 80 percent is found to be the best compromise in the range of marker contributions.  This 

level is not perfect, but it does seem to determine the main marker contributions while 

differentiating them from the markers that are considered part of the noise floor.  Using a 

threshold of 80 percent, the first four magnitudes, 85, 55, 25 and 41, are singled out from 

03FreeTSoft.  This is two fewer than the number of magnitudes determined by hand. 

6.1.2  Second Approach 

The first approach acknowledges that there is in fact a range of individual threshold 

percentages for the articulations, yet for the first approach a single threshold is selected.  It is 

this multiple threshold aspect that is explored in the second approach. 

 

The second approach attempts to capture the dynamic flexibility of individual thresholds for 

each articulation while at the same time trying to automate the process so as to avoid having to 

select the thresholds by hand. 
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The first step is to compute the percentage of total marker contributions as a function of the 

normalized level (Figure 35a).  This creates a single curve as the contributions increase from 0 

to 100 percent.  Any given point on the curve represents the percentage of marker 

contributions below the given level.  Therefore, at the maximum level of 1.0, 100 percent of 

the contributions are below the level, and at level 0.0, 0 percent of the contributions are below 

the level.   

 

The next step is to find the slope of the tangent to the curve where the slope is equal to one.  

That is to say: Δy/Δx = 1, representing the point at which the rate of change of the level 

accelerates faster than the rate of change for the percentage.  The idea here is to find the point 

between the markers that contribute to the articulation and those that are below the noise floor.  

Once the point of the slope of the tangent to the curve is discovered, the marker contribution 

percentage and level at that point are revealed.  This is the point where the threshold for this 

articulation is to be set.   

 

 
  (a) point where slope = 1                                      (b) 80% and slope = 1 lines 

Figure 35.  03FreeTSoft marker contributions 
 

In the 03FreeTSoft example, the point at which the slope = 1 reveals a threshold level of 0.25 

that is approximately 76% of the total.  This is indicated as the bottom line on Figure 35b 

which yields six marker contributions above the threshold: 85, 55, 25, 41, 68 and 38.  It is of 

interest to note that this is the same marker contribution threshold level that was originally 

selected by hand in the first approach.   
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Computing the percentage of total marker contributions and finding the slope of the tangent to 

the curve can both be automated, which meets one of the requirements for the approach and, at 

the same time, removes subjectivity from the equation.  Another advantage is that it can set a 

threshold level that would otherwise not be obvious by sight.   

6.1.3  Third Approach 

The third approach looks at the marker contributions from a different point of view than the 

first two approaches.  It asks the question of how each articulation individually compares to 

the other articulations as a whole.   The underlying notion here is that each articulation has a 

unique arrangement and amount of marker contributions, and this uniqueness should stand out 

beyond that of the averaged articulation space. 

 

The first step consists of grouping all of the articulations into their respective arms, either left 

or right.  This allows for a direct comparison between articulations that occur on the same 

arm.  From here, the marker contributions from each arm can be summed and then averaged.  

This yields a type of composite snapshot of the average marker contributions across all of the 

articulations for each arm.  These averages are shown in Figure 36a and Figure 36b. 

 

 
(a) right arm                                                               (b) left arm 

 
Figure 36.  Average of all marker contributions: (a) right arm, (b) left arm 

 

The first item of notice is that these thresholds are not straight lines across the graph as in the 

first two approaches, but rather skyscraper lines that consist of a different threshold for each 

individual marker contribution.  Since these thresholds vary in level, it is possible for markers 
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at the exact same level to either be above or below the threshold, depending on their individual 

threshold level. This is very different than that of the first two approaches.  

 

Of interest on the left-arm graph, Figure 36(b), are the first six largest magnitude marker 

contributions.  These are 79, 80, 4, 16, 82, and 81, which correspond to marker dimensions 

19z, 20z, 4x, 16x, 22z, and 21z, respectively.  These markers represent the fingertips of all 

four fingers in the z dimension as well as the wrist and third finger knuckle in the x 

dimension.  This means that generally across all of the articulations the largest magnitudes 

apply to all four fingertips moving orthogonally towards or away from the guitar fretboard and 

the wrist moving parallel to the neck.  This makes sense, as the fingers are used to fret notes 

on the fretboard and the wrist is used to help transport the fingers along the length of the neck.   

 

What is curious is that the two largest magnitudes, 19z and 20z, are the fingertip markers of 

the fourth and third fingers, respectively.  These fingers are used the least amount to fret the 

articulations, and not a single articulation actively uses the fourth finger.  So why do the third 

and fourth fingers represent the largest magnitudes?  As it turns out, this is a common 

occurrence that appears in several of the articulations, hence the large magnitudes.  One 

possible explanation can be attributed to the difference between mechanical and observed 

systems, which will be explained in a subsequent section. 

 

The significance of the first six largest marker contribution magnitudes from the right-arm 

graph is not as clearly defined as those from the left arm.  These magnitudes of the right arm 

are 28, 41, 84, 70, 85, and 83 and correspond to marker dimensions 28x, 11y, 24z, 10z, 25z, 

and 23z, respectively.  These markers represent several different fingertips, knuckles and the 

wrist, all seemingly going in different directions.  In the case of the largest average right-arm 

contributions, no overall structural meaning of the markers can be observed as a collective, but 

rather as independent marker magnitudes that occur throughout the right-arm articulations. 

 

It is interesting to note that the small finger fingertip, marker dimension 23z, also appears as 

one of the six largest magnitudes.  Similarly to the left-arm articulations, the right small finger 

is not actively involved in any of the right-arm articulations.  Once again, a possible 

explanation is connected to the difference between mechanical and observed systems.   
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Figure 37.  03FreeTSoft marker contributions versus the average of all right-arm marker contributions 

 

Returning to the 03FreeTSoft example, the result of comparing the marker contributions from 

03FreeTSoft to those of the right-arm average is shown in Figures 37.  This approach yields 

eleven marker contributions, 85, 55, 25, 41, 68, 44, 43, 57, 73, 72, and 14, which include 

many more than the four contributions found for the 80-percent method or the six 

contributions observed for the slope of one method.  Due to the skyscraper threshold, this 

combination of contributions also differs from the situation where there are eleven 

contributions from the other two approaches.  For comparison, the first eleven from the other 

two approaches would be: 85, 55, 25, 41, 68, 38, 44, 84, 86, 43, and 53.  Notice that the italic 

numbers 38, 84, 86, and 53 are all missing from the third approach since they would fall 

below the individual thresholds set by the right-arm average.  

 

Figures 38 and 39 show summaries of all the separate right- and left-arm articulations based 

on their marker contributions from the three different approaches.  These graphs show which 

markers are selected by each approach but not the order of the magnitudes.  The 

corresponding Tables 7 and 8, respectively, show the number of markers determined by each 

of the three approaches. 
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Figure 38. Summary of three right-arm approaches 

 

 
 

Table 7. Number of marker contributions determined by 3 approaches for the right-arm articulations 
 

 +  =  80% 
 !   =  slope of 1 
 ο   =  > arm average 
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Figure 39. Summary of three left-arm approaches 

 

 +  =  80% 
 !   =  slope of 1 
 ο   =  > arm average 
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Table 8. Number of marker contributions determined by 3 approaches for the left-arm articulations 
 

There are two overall trends that can be seen in both figures.  The first is that there are many 

more of the greater-than-arm average contributions than the number from the other 

approaches.  These arm averages are denoted as circles in the figures and can be distinguished 

by the sheer number of them.  This amount is reflected in the overall average number of 

markers determined by each approach:  11.32 for the first 80-percent approach, followed by 

12.0 for the second slope-of-one approach, and 18.01 for the third greater-than-arm average 

approach.  This means that there are approximately six more marker contributions identified 

for every articulation by the third approach than by the other two approaches. 

 

This greater number of marker contributions is seen most clearly in Figure 38 of the right- arm 

graph.  The first group of marker columns, from 8-14, is almost exclusively represented by the 

greater-than-arm average threshold approach.  Nearly every right-arm articulation has markers 

indicated by this approach in this area.  

 

The second trend observed in both figures is that there appears to be more marker agreement 

with the first two approaches than with the third approach. There are many markers that are 

selected by all three, but if only two approaches line up on the same marker, it is more likely 
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to be by the first two approaches than either one with the third approach.  Not only do the first 

two approaches agree more closely, but, as stated above, they also contain nearly the same 

number of marker contributions for each articulation, on average 11.32 for the first 80 percent 

approach and 12.0 for the second slope-of-one approach.  It would be expected that the third 

approach would agree more due to the sheer number of marker contributions identified per 

articulation, but this is not the case.  This tendency may be due in part to its skyscraper 

threshold. 

 

There are two areas of articulations where the three approaches agree the most.  The first 

concerns the left-arm articulations 55-59, which correspond to the glissandi 18GlissFLoud, 

18GlissFMed, 18GlissFSoft, 19GlissTMed, and 19GlissTSoft, respectively.  Nearly all of the 

articulations differ by just one marker contribution.  Articulation 57, 18GlissFSoft, is the only 

articulation from either arm for which all three approaches result in the exact same marker 

contributions. 

 

The second area includes the right-arm articulations 29-31, which are the tremolos 

30TremLoud, 30TremMed, and 30TremSoft, respectively.  They are not in perfect alignment, 

but closer than the other right-arm articulations, and contain the least number of extra markers 

from the third approach.  

 

All of the separate articulation marker contribution graphs for each of the three approaches 

can be found in Appendix B. 

6.1.4  Fourth Approach 

Even though the first two threshold approaches reveal a higher correlation with each other 

than with the third approach, it is still difficult to determine a general threshold without having 

knowledge of the underlying structure of the movement. 

 

One possible solution is to not actually set a threshold but to inquire what can be 

accomplished by a certain number of degrees of freedom.  This approaches the problem from 

a different perspective and side-steps the question of having to select a suitable threshold.  

Here, the desired degrees of freedom are determined first, followed by a determination of 

which articulations can be produced by such degrees of freedom.  
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An example would be to select 12 as the number of degrees of freedom.  In this scenario, the 

12 degrees of freedom could represent the number allocated by a researcher in robotics for a 

12 actuator computer-controlled guitar performer instrument.  These degrees of freedom could 

be divided and assigned to each arm of the performer, for example, six per arm.  The next step 

would compare the top six marker contributions for all of the right-arm articulations to 

determine which degrees are the most common and then repeat the process for the left arm.  

Selecting the six most common marker contributions from each arm will allow several of the 

articulations to be fully represented and reproducible while possibly allowing other 

articulations to be partially represented. Varying the number of degrees of freedom affects the 

number of articulations that could be reproduced.  Simply put, the more degrees of freedom 

available, the more accurately the articulations could be reproduced as the guitarist originally 

performed them.   

 

This technique represents a more pragmatic approach to the challenge of finding a threshold to 

determine degrees of freedom.  It relies on selecting the number of degrees of freedom and 

then determining how many articulations can be reproduced by such number of degrees. 

 

6.2  Regions of Interest (ROI) 

The four threshold analysis methods above show that there are several different possible ways 

to set a threshold.  But which approach is correct?  Where should the threshold be set? As 

stated earlier, it is difficult to determine a general threshold without having knowledge of the 

underlying structure of the movement.  The three analyses also have to contend with 90-

dimensional space which is a bit unwieldy.  Before trying to understand the 90-dimensional 

space, a simpler approach may be to take a step back to glean more insight into the 90 

dimensions. 

 

In the approach above, in which a threshold was established at 80 percent, the first step 

consisted in examining the video to determine where the largest activity was centered.  The 

main idea of regions of interest approach is based on this method.  Regions of Interest (ROI) 

can be defined as taking a subset of a data set for the purpose of identifying a particular 

structure.  For example, it is used in the field of data retrieval for filtering out irrelevant areas 

of images (Vu et al., 2003); in the field of machine vision for image detection and processing 
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of stationary and moving objects (Privitera and Stark, 2000; Mitri et al., 2005); and in the field 

of medicine for identifying structures and growths in mammographies and in functional 

magnetic resonance imaging (Tweed and Miguet, 2002; Mitsis et al, 2007).   

 

In the case of classical guitar articulations, this study applies ROI to take a subset of the 

marker dimensional displacement information and uses it as a starting point for determining 

where to begin to focus for movement.  This focus, in turn, should prove to be a stepping-off 

point to a better understanding of the dimensions of each guitar articulation.  The regions of 

interest also show how the articulations can be grouped together based on their location on the 

arm.   

 

The first step is to sum each marker’s separate xyz dimensional contributions into a single 

contribution.  For example, in the marker contribution graphs, marker 5 corresponds to 

number 5 in the x dimension, 35 in the y dimension, and 65 in the z dimension.  These three 

contributions would be summed together and simply labeled marker 5.  This process reduces 

the data from 90 dimensions to 30 dimensions, one for each marker.  The central point is not 

to be concerned about which dimension a marker moves but, rather, if a marker moves, 

regardless of direction.  The next step is to sort the 30 markers by their magnitude and then to 

select the two largest from each articulation. 

 

In order to represent the data in a meaningful way, the left and right side of the body markers 

are reordered to start from the shoulder and traverse down the arm to the fingertips (Figure 

40).  These markers can then be grouped into six regions of interest: shoulder, arm, wrist, 

knuckles, thumb, and fingertips.  This categorization will aid in the understanding of the plots 

created from the data. 

 

Figure 40 shows a recurrence plot of the regions of interest for the right-arm articulations.  

Since values are symmetrical about the diagonal on a recurrence plot, for simplicity’s sake, all 

of the data is transposed or non-transposed to fall on the bottom half of the graph.  As seen in 

Figure 20, the x-axis and y-axis are ordered from the shoulder out to the fingertips.  Each data 

point represents an articulation derived from its first two largest marker magnitudes.   
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(a) 1 region of interest                                             (b) 2 regions of interest 

 
Figure 40. Right-arm regions of interest 

 

Articulations in squares that are bisected by the diagonal are considered to be one-ROI 

articulations.  This means that the two largest marker magnitudes both lie within the same 

body region (Figure 40a).   All other articulations which are not one ROI are considered to be 

two-ROI articulations.  Here, the magnitude of the first two markers from these articulations 

are obtained from two separate body regions (Figure 40b).  The longer the distance from the 

diagonal, judged by a line vertical from the diagonal, the greater the distance along the arm 

between the two regions.  For example, an articulation at point (30,24) spans the regions from 

the fingertip to the knuckles, whereas one at point (30,11) spans a larger area from the 

fingertip to the wrist. 

6.2.1  Right-Arm ROI 

Figure 41 shows the distribution of the regions of interest for the 38 right-arm articulation 

files.  These right-arm articulations cover the regions from the wrist down to the fingertips.  

There is not a single articulation that has the shoulder or arm region as its largest marker 

magnitude; all regions are concentrated from the wrist down.  This makes sense due to the roll 

of the right arm in guitar playing.  Referring back to Figure 8, it shows that 74 percent of all 

the right-arm articulations are attacks.  For the most part, the right arm is relatively stationary 

over the area of the strings in order to excite them, and once the arm is in position, the hand 

performs most of the work.  This is demonstrated in the regions of interest.  The largest 

concentration of articulations is found in the one ROI at the fingertips, and, aside from two 

outlying points, all of the others are to the right of the graph, in the thumb and fingertip 

regions.    
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Figure 41. Right-arm regions of interest with articulations 

 

 
Table 9. Right-arm articulation ROI coordinates 
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3 6 11 
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The two points that have one ROI at the wrist, 21TamFLoud and 21TamFSoft, are both finger 

tambour articulations played at a loud and soft dynamic, respectively.  It should be recalled 

that this articulation is performed by striking the string lightly with the side of the thumb or 

finger near the bridge.  This motion requires the wrist to snap while holding the fingers 

relatively stationary in order to get the desired effect.  This snapping of the wrist is what is 

seen here as the one region of interest.   

 

What happens with the thumb tambours?  In order for the thumb to strike the string, the wrist 

must snap in a twisting motion.  22TamTSoft has two regions of interest, the wrist and the 

fingertip, where the fingertip in question is that of the small finger.  Upon further viewing, it 

appears that the small finger, marker 23, is involved in 12 separate articulations.  Why should 

the small finger be so prominent and active?  Shouldn’t it be filtered out or at least reduced by 

the relative movement?   

 

In an earlier section, ancillary movements were discussed in the context of trying to remove 

them from the data stream.  This issue touched on one of the problems inherent in attempting 

to switch from one system to the other.  These ancillary movements make up part of the 

observed system, and the small finger is also part of the observed system.  It is a system that 

may include motions that are required for a human to execute certain movements.  Or these 

movements may be caused by the motions required to execute a movement. This is a complete 

signal system that is captured through observation and shows the interrelationships.  

Furthermore, it is in essence a natural dynamic system that may help reveal the underlying 

cause and effect of the mechanics of the movement. 

 

On the other hand, these movements may be completely unnecessary and useless for a 

mechanical system. In a mechanical system, such as the GuitarBot (Singer et al., 2003) or 

Aglaopheme (Baginsky, 1992), only the necessary degrees of freedom required to achieve the 

desired articulation are included.  These systems are reduced to precise, repeatable movements 

that contain no ancillary movement, unless designed to do so.  They are engineered to provide 

the most efficient description of an articulation.  Non-essential movements are costly and 

generally avoided. 
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Returning to the case of 22TamTSoft, the small finger is reacting to the twisting rotation of the 

wrist.  This is a clear example of where the observed system differs from the mechanical 

system.  As the thumb strikes the string, the small finger moves in the opposite direction with 

equal force.   

 

It turns out that all of the articulations that have the small finger as one of the two largest 

magnitudes are caused by two forces: (1) the twisting rotation of the wrist required to perform 

the articulation, causing the small finger to move in the opposite direction, and (2) the shaking 

of the small finger that occurs when a finger strikes the string or face of the guitar from an 

orthogonal angle.  Why would this finger shake more than the others?  This may be attributed 

to the fact that in the second scenario the index (i) or middle finger (m) is striking the string or 

guitar soundboard, a movement which is caused by the wrist motion.  Unless held against the 

ring finger (a), the small finger, being at the end of the hand, will tend to move more freely in 

response to the movement than the other fingers in a sympathetic fashion. 

 

For the right-arm regions of interest, twelve articulations are relocated when the small finger, 

marker 23, is removed from the plot and substituted by the next largest magnitude marker.  

This constitutes approximately 32 percent of all of the right-arm articulations.  It is interesting 

to note that after this redistribution of the articulations without marker 23, the articulations 

stay on the same ROI row as they were with marker 23.  The lone exception is 05RestTLoud.  

 

Figure 42 shows the same information but without counting marker 23 as one of the first two 

largest magnitudes.  By removing marker 23 and replacing it with the next largest magnitude 

marker, 22TamTSoft now moves over to the one region of interest of the wrist with other 

tambour articulations.  
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Figure 42.  Redistributed right-arm regions of interest without small finger marker 23 

 

 
 

Table 10. Redistributed right-arm articulation ROI coordinates without small finger marker 23 

1 2 

12 

3 11 6 

4 

7 

10 

9 

8 13 

14 

5 

22 23 

24 



 103 

By removing marker 23, 32GolpeMed moves from (23,10) in Figure 41 to (10,9) in Figure 42.  

The golpe articulation, which is a similar motion to that of the tambour, involves tapping the 

soundboard below the first string with the finger.  Therefore, it would be expected that this 

articulation would appear in same region of interest as the tambour, and after removing marker 

23 it falls into the same single wrist ROI.    

 

The thumb rest-stroke benefits from removing marker 23 as a region of interest.  The two 

thumb rest-strokes, 05RestTMed and 05RestTSoft, both possess two ROI: the thumb and the 

wrist.  However, 05RestTLoud is located with the thumb and fingertip.  It would be expected 

that this articulation would be grouped with the other rest-strokes, but it is not. Again, it is 

marker 23.  The small finger may or may not move in response to the guitarist pushing the 

thumb into the string.  Removing this marker, results in 05RestTLoud relocating to the same 

ROI as the other two thumb rest-strokes. 

 

In contrast to the thumb rest-strokes that have two ROI, the thumb free-strokes only have one 

ROI.  This points out a key difference between the two strokes: In the rest-stroke the thumb 

comes to rest on the next string, whereas in the free-stroke the thumb comes to rest above the 

next string.  In order to clear the next string, the wrist does rotate, but not as much as the 

thumb knuckle. Hence, all of the thumb free-strokes, 03FreeTLoud, 03FreeTMed, and 

03FreeTSoft, fall in the single thumb ROI.   

 

The thumbnail mute, 39MuteTRNMed, also falls on the same ROI as the thumb free-strokes.  

Instead of coming to rest above the string like the free-stroke, the mute comes back to rest on 

the original string to stop its vibration.  Thus, the difference between the two lies in the timing 

of when the thumb returns to the original string.  For the free-stroke it occurs at the beginning 

of the stroke, whereas with the mute it happens at the completion of the stroke.  Since the 

timing of the stroke is not part of the marker contributions, they should be, and in fact they 

are, similar in terms of regions of interest. 

 

The three finger free-strokes, 02FreeFLoud, 02FreeFMed, and 02FreeFSoft, the finger flick, 

40FlickFMed, and the fingernail mute, 38muteFRNMed, all fall on the same point.  This point 

is the two ROI of the fingertip and knuckle.  In the free-stroke articulation, the finger comes to 

rest above the next string.  The relationship between finger free-stroke and fingernail mute is 
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similar to that of thumb free-stroke and thumbnail mute; the difference is when the finger 

returns to the original string.  The finger flick is in the opposite direction of the free-stroke, 

requiring the finger to extend outward.  All of these articulations mainly involve the fingertip 

and knuckle, which are reflected in the ROI. 

 

Unlike the finger free-strokes, two of the finger rest-strokes, 04RestFLoud and 04RestFSoft, 

are one ROI at the fingertip.  This is expected due to the finger coming to rest on the next 

string as opposed to lifting the finger above the next string as in the free-stroke.  The finger 

still must to be lifted in order to start the next stroke, but to a lesser extent than with the free-

stroke.  This may explain why 04RestFMed has two ROI at the knuckle and fingertip.  

Removing marker 23 from 04RestFSoft moves the articulation, but it still remains in the same 

fingertip ROI. 

 

Two artificial harmonics with the thumb, 10AHarmTMed and 10AHarmTSoft, have thumb and 

wrist ROI.  Here, the right index (i) finger frets the string, and the thumb plucks the string.  

Removing marker 23 from 10AHarmTLoud moves it over one marker, but it stays in the 

thumb and fingertip ROI.  One possible explanation for this different location is that, as the 

guitarist tries to play louder, the fingers leave the string more abruptly, thus causing the 

markers to move more.  

 

Both plucked and tapped artificial harmonics initiated by the finger, 09AHarmFMed and 

11AHarmFMed, respectively, are one ROI at the fingertip and remain at the fingertip ROI 

after removing marker 23.   

 

15PullRMed is a case where removing marker 23 moves the articulation from the fingertip and 

wrist to the knuckle and wrist ROI.  This articulation involves the right index finger (i) 

executing a hammer-on, followed by a pull-off on the fingerboard.  As seen in the tambours 

and the golpe, striking the string or guitar has a large wrist component.  The pull-off is created 

by twisting the wrist and extending the index finger.  However, this twisting motion causes the 

small finger to fly upward.  By removing marker 23, 15PullRMed moves to the wrist and the 

knuckle of the index (i) finger. 
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All three of right-hand hammer-ons, 13HamRLoud, 13HamRMed, and 13HamRSoft, are one 

ROI at the fingertip.  This articulation involves firmly fretting the string, and as such there is 

an expectation to see the wrist or knuckle as one of the largest magnitude markers.  However, 

this does not happen.  One possible explanation is that instead of snapping the wrist as in the 

tambour or golpe, the guitarist holds the wrist in a more stationary position and strikes the 

string mainly with the force of the index (i) finger.  To help gain momentum for striking the 

string, the small finger swings in the opposite direction of the index (i) finger. Hence marker 

23’s large component.  Removing marker 23 moves all three hammer-ons, but they stay in the 

one ROI at the fingertip. 

 

The palm mutes, 36MuteFRPMed and 37MuteTRPMed, have very different regions of 

interest, with one ROI at the fingertip and two ROI at the wrist and thumb, respectively.  The 

difference may lie in how the two mutes are initiated:  36MuteFRPMed begins with a finger 

stroke before muting the string with the palm, whereas 37MuteTRPMed starts out with a 

thumb stroke.  It is curious that 36MuteFRPMed does not also have a wrist ROI, since the 

wrist moves the palm to mute the string.   

 

All three of the brush strokes, 20BrushFLoud, 20BrushFMed, and 20BrushFSoft, are located 

in the two ROI at the wrist and the fingertip.  As was shown in Figure 22, the articulation 

involves drawing the finger over all of the strings.  In order to keep the finger in the same 

position relative to each string as it draws over the strings, the wrist must lift.  The 

combination of the finger bouncing over the strings and drawing motion of the wrist are 

reflected in this articulation’s two ROI. 

 

An unexpected case is that of the bass drum articulation, 31BDrumMed, at point (30,8).  This 

articulation is created by striking the soundboard above the sixth string with the base of the 

right palm.  It is initiated by a snapping motion from the wrist instead of moving the whole 

arm.  The expectation would be to see at least one wrist marker as one of the largest 

magnitudes, but this is not the case.  One possible explanation for this has to do with the 

mechanics of the motion.  As the wrist snaps down and makes contact with the soundboard, all 

of the fingers and thumb may oscillate in reaction to the impact.  These changes in movement 

over the course of the articulation may sum to larger amounts than those of the wrist markers. 
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All of the tremolos, 30TremLoud, 30TremMed, and 30TremSoft, are at the fingertip ROI.  This 

makes sense, since the hand has to remain relatively stationary in order for all of the fingers to 

reach the same string in rapid succession.   

 

In Figure 43, 03FreeTSoft, a one-ROI articulation is examined in detail, showing how ROI 

can be used to gain further understanding of the 90-dimensional marker contribution space.  

As depicted in Figure 23a, this thumb free-stroke requires the thumb to come to rest above the 

next string.  Using the right-arm ROI plot as a starting point, 03FreeTSoft is shown as one 

ROI at the thumb.  Following this to the 30-dimensional plot, the thumb marker 25 has the 

largest magnitude, followed by thumb marker 8 and then wrist marker 11.  Projecting these 

three markers to the 90-dimensional plot, it is shown that the first three largest magnitudes are 

the thumb marker 25 in the z, y and x dimensions, followed by the wrist marker 11 in the y 

dimension and then the thumb marker 8 in the z and y dimensions.  In fact, markers 25, 8 and 

11 account for the first six largest magnitudes of the articulation.  

 

 
 

Figure 43. Full ROI example of 03FreeTSoft 
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40FlickFMed, Figure 44, is an example of a two-ROI articulation at the knuckle and fingertip.  

Expanding this out to its 30-dimensional plot, what becomes apparent is that the two markers 

with the largest magnitude are both on the same index (i) finger, marker 26 on the knuckle and 

marker 28 on the fingertip.  Expanding this out to the 90-dimensional plot, markers 26 and 28 

account for the first five largest magnitudes of the articulation.  These are: marker 28 in the x 

and z dimension, marker 26 in the z dimension, marker 28 in the y dimension, and marker 26 

in the x dimension, respectively. 

 

Figure 44. Full ROI example of 40FlickFMed 
 

6.2.2  Left-Arm ROI 

Figure 45 shows the distribution of the regions of interest for the 49 left-arm articulation files.  

These left-arm articulations cover a larger range of regions of interest than that of the right 

arm.  Intuitively, this makes sense due to the different roles the two arms play.  For the 

majority of the right-arm articulations the right arm is relatively stationary over the strings in 
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order to excite them.  However, the left arm not only has to fret notes on the fretboard but also 

has to traverse the length of the fretboard to get to the fretted notes.  This is reflected in the 

regions of interest.  There is a high concentration of one ROI at the fingertips, yet there are 

also regions of interest that involve the arm of the guitarist. 
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Figure 45. Left-arm regions of interest 

 

 
 

Table 11. Left-arm articulation ROI coordinates 
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An interesting omission concerns that of the left thumb.  There is no thumb ROI in the left-

arm articulations.  Unlike its right-side counterpart, the left thumb is not directly involved in 

the creation of articulations.  As explained in the section on playing the guitar, the left thumb 

plays a supporting role and stays on the backside of the neck during the articulations.   

 

As shown in the right-arm articulations, the movement of the small right finger mainly occurs 

in response to wrist rotation and sympathetic shaking from the movement of the other fingers.  

The role of the left small finger is different than that of the right hand.  All four of the left 

fingers are normally used to fret notes in guitar playing.  The articulations captured in this 

research do not actively employ the use of the small finger.  However, in a similar fashion to 

that of the right arm small finger, the small finger of the left arm moves in conjunction to the 

movements of the entire hand and is not directly related to the production of the articulation.  

Therefore its markers, fingertip marker 19 and knuckle marker 15, are removed (Figure 46).  

This removal causes 24 articulations to move to other locations on the graph as the next 

largest magnitude marker is substituted in their place. This is a considerable number of 

articulations and accounts for nearly 49 percent of all of the left-arm articulations. 
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Figure 46. Redistributed left-arm regions of interest without small finger markers 15 and 19 

 

 
 

Table 12. Redistributed left-arm articulation ROI coordinates  
without small finger markers 15 and 19 
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As stated earlier, there is a higher concentration of articulations at the fingertip than in the case 

of the right-arm articulations.  Before relocating the articulations that involve the small finger, 

there are 30 articulations, approximately 61 percent, that have one ROI at the left fingertip.  

After relocation there are 22 articulations, approximately 45 percent, that still remain at one 

ROI at the fingertip.  This is a much higher amount than that of the right arm which only has 

11 articulations, approximately 28 percent, at one ROI at the fingertip. 

 

It is interesting that the redistribution of the left-arm articulations, without the small finger 

marker 19, remain on the same fingertip ROI column as they were with marker 19.  Here, all 

of the articulations that were one ROI at the fingertip are redistributed across the fingertip ROI 

column, with several of them now becoming two ROI.  In contrast, the right-arm 

redistribution stays within the same ROI row. 

 

All six trills, 28TrillTLoud, 28TrillTMed, 28TrillTSoft, 29TrillTLoud, 29TrillTMed, and 

29TrillTSoft, are consistent in that they are all one ROI at the fingertip.  This trill is played by 

holding the first finger on the fifth fret and performing an alternating rapid sequence between 

hammer-ons and pull-offs with the second finger on the sixth fret.  However, the third finger, 

marker 20, is one of the largest magnitudes.  Here, the third finger is moving sympathetically 

with the second finger, i.e., as the second finger performs the articulation, so too does finger 

three.  

 

The vibratos, 23VibFLoud, 23VibFSoft, and 24VibTLoud, begin as one ROI at the fingertip, 

but after removing the small finger markers relocate to two ROI at the fingertip and wrist.  

Here, the vibratos are played with a rocking motion of the first and third fingers on the fifth 

and seventh frets, respectively.  The wrist plays a role in this rocking motion, and as such, its 

movement is reflected in the relocation.  The exception is 24VibTSoft which stays at one ROI 

at the fingertip.   

 

There are nine pitch bends with the majority of them being one ROI at the fingertip.  In this 

articulation either the first or second finger pulls or pushed the string orthogonally to the 

length of the string.  For the most part the fingertip ROI is clear.  However, three pitch bends, 

25PitchFSoft, 27PitchTLoud and 27PitchTMed, all fall on two ROI at the arm and fingertip.  
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This suggests that the same articulation can be played slightly differently to the same effect.  

Here, instead of pulling mainly from the finger the guitarist invokes the arm to aid the pulling.   

 

It is interesting to note that in Figure 45 the two largest magnitudes of 25PitchFLoud are both 

located on the fourth finger.  After removing these markers, the articulation joins the others at 

one ROI at the fingertip. 

 

All five of the glissandi have two ROI at the arm and at the wrist.  This articulation slides the 

first finger up and down five frets, from the second to the seventh fret, without lifting.  In 

order to travel such a large distance, the whole arm is required to shift in a coordinated effort.  

As expected, this movement is reflected in the arm and wrist encompassing the two largest 

magnitude regions of interest.  

 

All six slides have two ROI at either the wrist and knuckle or the wrist and fingertip.  The 

slide is similar to that of the glissando, except that instead of sliding the first finger five frets 

as in the glissando it only slides one fret.  This smaller distance of travel is shown in the 

regions of interest as a change from the glisssando’s arm and wrist ROI, to the slides’ wrist 

and knuckle or wrist and fingertip ROI.   

 

The slide is the only articulation on either the right or the left ROI graphs that shows what 

appears to be an increased effort as the dynamic level increases.  16SlideFSoft begins at the 

wrist, marker 4, and first finger fingertip, marker 21.  17SlideTSoft and 17SlideTMed move up 

from the wrist and fingertip to the wrist and knuckle of the first finger, marker18.  Lastly, 

16SlideFMed, 16SlideFLoud, and 17SlideTLoud move from the wrist and knuckle to the wrist 

and knuckle of the second finger, marker 17.  This last movement might be the guitarist 

imparting more energy to play the louder dynamic, which in turn causes the second finger to 

move sympathetically, as demonstrated in other articulations. 

 

The three pull-offs, 14PullLLoud, 14PullLMed, and 14PullLSoft, all share the same fingertip 

ROI but have different second ROI.  Ideally, these three articulations would exhibit an 

increase in effort as the dynamic level increases.  However, this is not the case.   The loud 

dynamic has a second ROI at the wrist, the medium at the fingertip, and the soft at the arm.   
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All of the natural harmonics, except for 07NHarmFLoud, have the fourth finger marker 19 as 

one of their largest magnitudes.  After relocation, all but one harmonic have one ROI at the 

fingertip.  The articulation is played by lightly fretting and then releasing the string by the first 

and third fingers on the fifth and seventh frets, respectively.  This release is a slight motion, 

and as such is reflected in the fingertip ROI.  07NHarnFMed is the only natural harmonic with 

two ROI – at the wrist and fingertip.  A possible explanation is that the guitarist moves the 

finger further than in the case of the other articulations.  This extended finger release 

movement requires the wrist to also move, hence the wrist ROI. 

 

The damps, 33DampTLoud, 33DampTMed, and 33DampTSoft, all require the fourth finger to 

lie across the string and lightly mute it.  In order to keep the finger straight and release the 

note, for a small release the movement comes from the knuckle, while for a larger movement 

it comes from the knuckle and the wrist.  These are the regions that are active here.  

 

The hammer-on, 12HamLMed, and the mutes are all one ROI at the fingertip, with the 

exception of 34MuteTSoft which has two ROI at the fingertip and at the knuckle.  These two 

opposite articulations are actually quite similar.  The hammer-on starts from above the string 

and then firmly frets the string, whereas the mute is the exact opposite: It starts on the string 

and then releases the pressure on it.  Since there is no temporal information contained in the 

ROI, the two articulations look similar. 

 

A similar process as was used for the right-arm analysis, as shown in Figure 43, can also be 

applied to the detailed analysis of the left arm.  Using the left-arm ROI as a starting point, 

16SlideFLoud is shown as two ROI at the wrist and at the knuckle (Figure 47).  Following this 

to the 30-dimensional plot, the largest magnitude is the wrist, marker 4, followed by the 

knuckle marker 17.  However, when these markers are projected onto the 90-dimensional plot, 

they only represent four out of the top ten individual marker magnitudes.  Why is this?    
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Figure 47. Full ROI example of 16SlideFLoud 
 

This question illuminates the true usefulness of ROI.  To begin an analysis by looking at the 

90-dimensional plot, the prominence of marker 4, consisting of 4y, 4x, and 4z, then the arm 

marker of 6z, followed by the fingertip marker of 21z, and the knuckle marker of 17x 

rounding out the top six largest magnitudes stand out.  In this light, it would appear that the 

whole arm is involved in the articulation in a similar fashion to the glissando.  However, while 

the arm marker of 6z may have a large magnitude, it is smaller than the combined magnitudes 

of the knuckle marker of 17.  This observation does not negate the possible roll of the arm in 

the articulation, but rather points out that the main regions of interest for this articulation fall 

on the wrist and knuckle.  This might not have been noticed by starting an analysis from the 

90-dimensional plot. 

 

On the whole, the left-arm ROI are harder to grasp than those of the right arm.  It is clear that 

the small finger on the right hand moves in a dynamic fashion in response to the wrist 

movement and sympathetically with the other fingers.  By removing the small finger marker 
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from the right-arm ROI graph, many of the articulations relocate to positions that are expected 

and align themselves with similar articulations. This is not the case with the left arm.  On the 

one hand, the left-arm ROI graph does indeed show the dual role of the arm, which consists in 

not only fretting the notes but also traversing the length of the fretboard.  There is a large 

grouping at one ROI at the fingertip, and there are ROI that involve the arm.  On the other 

hand, the role of which fingers are moving sympathetically is not entirely clear.   

 

Almost half of the left-arm articulations fall on the fourth finger markers, markers 15 and 19, 

even though this finger does not seem to be directly involved in creating the articulation.  This 

suggests a similar situation to that of the right-arm articulations.  However, once the fourth 

finger markers are removed, the majority of the articulations relocate to the third finger 

markers which, on several of the articulations, also do not seem to be directly related.  Should 

the markers on this third finger be removed too?  What if after these markers are removed, the 

same issue arises on another marker?   

 

This brings to the fore the beauty of the concept of regions of interest.  ROI are exactly that – 

regions of interest.  The system identifies the areas with the most activity, but not necessarily 

the exact markers that create the articulation.  However, even if a wrong marker is identified, 

in most cases that marker’s ROI is correct based on the other marker activity in that region. 
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Chapter 7  Conclusions 

At the outset of this study, four central questions were posed that shaped the direction of the 

research.  The first question asked: How exactly are guitar sounds produced by the player?  In 

order to answer this question, there must first be an understanding of the instrument itself.  To 

this end, it is essential to examine how the impact of evolving classical guitar structures and 

techniques, as well as the changing styles of music, affected the way the guitarist holds and 

plays the instrument.  

 

The structure of the modern-day classical guitar culminated in the mid- to late-nineteenth 

century with the emergence of the Torres guitar.  This guitar brought together many 

innovative features from other luthiers, successfully combining them into a single unified 

package, and standardized the overall dimensions of the guitar as well as introduced a 

distinctive style of fan-strutting.  At the same time that the guitar was beginning to be 

standardized, so too was the classical guitar position.  To some extent, this standardized 

position can be attributed to Tárrega, a performer and composer whose playing style on the 

Torres guitar was highly admired and often copied.  This position emphasized four contact 

points between the performer and instrument to add stability, thereby allowing the hands and 

arms to move freely about the instrument.  These four points were the chest, right forearm, 

inside right thigh, and the top of the left thigh.  In addition to establishing the contact points, 

the left foot was raised by a foot rest in order to position the guitar properly for playing.   

 

The second main question asked: Can the gestures required for each sound be identified? Once 

an understanding of how the performer addresses the instrument has been gained, the question 

of how guitar sounds are produced can be addressed.  The production of guitar sounds is 

accomplished through articulations, which Duncan (1980) defines as “...the manner in which 

tones are attacked and released and is distinct from phrasing, which pertains more to how they 

are grouped for expressive purpose”.  In this sense, articulations form the building blocks for 

guitar sounds.  These building blocks can then be divided into separate articulation categories: 

those that initiate sound, those in the middle phase of sound, and those that terminate sound.  

Although this division is known in music synthesis parlance as attacks, sustains and releases, 

respectively, this is a unique way of categorizing the articulations of an acoustic instrument.  

Using these categories, the articulations can then be further organized into those that are 
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produced either by the right or the left arm.  This allows each articulation to be broken down 

into its key components and analyzed discretely. 

 

The third main question asked: Can motion capture depict the mechanics of how the 

instrument is played precisely enough to be analyzed?  Motion capture is a powerful tool that, 

like any technology, is constantly changing and improving.  It is not until fairly recently that 

the resolution needed to record the fine motor movements of a classical guitarist has been 

available.  However, the main problem now is not necessarily the resolution of the motion 

capture systems themselves, but rather how to exactly capture the movement of the hands.  

This is especially true of classical guitarists, since their fingers curl inward toward the palm, 

causing them to be potentially occluded from view.   Further complicating the problem is the 

close proximity of the fingers to the soundboard of the guitar. 

 

Large body movements have always been the staple of motion capture systems, but capturing 

the fine movements of the hand are still a struggle for the industry as a whole.  To try and 

solve this, several different approaches, mainly using data acquisition gloves, have been 

attempted.  However, in the case of right-hand classical guitar articulations, these gloves 

proved to be either too bulky, did not have the fingertips exposed so the guitarist could pluck 

the strings, or did not have enough resolution or a high enough sampling rate to capture fine 

finger movement.  In the end, the solution established in this study came down to careful 

camera placement and the use of active LED markers.  It will only be a matter of time before 

data gloves will be able to remove the limitations encountered during this research and reveal 

the true potential of motion capture systems.   

 

The data captured in this study definitively demonstrate that motion capture can be precise 

enough to analyze fine movements.  For example, in Figure 22 of a right-hand brush stroke, 

the orbit of the middle finger and each of the six individual guitar strings can be identified and 

clearly distinguished as the finger bounces over each string and circles around to complete the 

articulation four times.  In the figures of a thumb free-stroke and rest-stroke (Figure 23), the 

differences between the two strokes can clearly be identified as the tip of the thumb pushes 

through the string to either land on or clear the next string. 
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The fourth main question asked: Can motion captured articulations be categorized in terms of 

degrees of freedom?  This is a much more difficult question to answer.  The general answer is 

‘yes’, if the proper conditions are met, but the specific answer is ‘no’, not from this research.   

 

Several tribulations were encountered during the course of this research.  One of the first was 

that the markers were not in the correct placement for proper joint angle analysis.  While not 

tragic, this meant that the true degrees of freedom of each joint could not be ascertained.  

However, another approach was put forth, and the relative marker movement of each marker 

was instead calculated.  These relative movement calculations allowed compound marker 

movements to be filtered out in much the same way as it would be done with joint angle 

analysis.   

 

Once compound marker movements were filtered out, the remaining marker movements could 

be analyzed.  Through the use of the multi-dimensional data reduction technique of singular 

value decomposition (SVD), each articulation was reduced to its fundamental shape 

components, in this case frames and markers.  It soon became a question of which components 

to select.  The answer was a novel approach that involved using autocorrelation and peak 

detection to pick only those components that exhibited a certain level of periodicity.  This 

information was then used to create a 90-dimensional marker contribution graph for each 

articulation.   

 

The identification of the 90-dimensional marker contributions for each articulation led to a 

problem of how to set a threshold on the marker contribution graph that would ultimately 

determine the degrees of freedom for that articulation.  Part of the problem is that to fully 

understand which degrees of freedom are truly responsible for the articulation, the underlying 

structure of the marker movement must be understood.  Without this biomechanical 

knowledge, it is difficult to set a true degrees of freedom threshold.   

 

This is the dividing point of the main question.  If the markers had been placed so that the 

joint angles could have been calculated, and the kinematic and biomechanical cause and effect 

known, then a threshold could have been set so that each articulation could be categorized in 

terms of degrees of freedom.  However, this is not the case here, and, therefore, a definitive 

threshold cannot be set with certainty. 
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What can be determined without knowing the joint angles are adaptive dimensionality data 

reduction schemes which yield the separate dimensional contribution of the markers for each 

individual articulation.  Four different approaches were investigated.  The first set a threshold 

at 80 percent of the marker contributions.  The second set a dynamic threshold by finding the 

point where the slope of the tangent to the curve equaled one.  The third set two skyscraper 

thresholds, one for each arm, by averaging all of the arm articulations together and then 

comparing them against each articulation individually.  The fourth approach side-stepped the 

question of thresholds and instead asked what could be accomplished by using a certain 

number of degrees of freedom.  Each of the first three approaches yielded different answers; 

however, the first two approaches were much closer together in terms of findings than either 

one of them to the third approach. 

 

Finally, to aid in the threshold investigation and dimensionality data reduction, the concept of 

regions of interest (ROI) was introduced.  ROI indicated where to begin looking for marker 

activity for each articulation.  This marker activity was divided into separate regions: shoulder, 

arm, wrist, knuckles, thumb and fingertip along both arms. 

 

In summary, yes, motion captured articulations can be categorized in terms of degrees of 

freedom, provided that the underlying structure of the movement is understood and the joint 

angles from the movement are calculated.  However, given the marker set used here, the 

proper joint angles could not be calculated and, thus, a true threshold for degrees of freedom 

could not be set for certain. 
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Chapter 8  Further Research 

In addition to the findings and conclusions above, the results from this research suggest 

additional gesture data study opportunities for possible future research by expanding upon 

marker sets, trials obtained, and data set comparisons.   

 

With respect to marker sets, future investigation might address issues of marker placement for 

data collection.  In a future study, markers would be placed on all main joints of the fingers, 

hands, and upper and lower body.  The purpose of working with such a marker set is two-fold.  

(1) The use of the selected marker set would allow for joint angles to be calculated that eluded 

calculation in the present study.  (2) The application from such a data collection and analysis 

might be used to unlock the entire skeleton function, providing analysis programs access to 

entire body movement for animated full-body gestures. 

 

Another issue encouraging further investigation would be the repetitions of the trials of each 

articulation.  The guitarist would play more repeated trials of each articulation, so that only a 

selective collection of exemplary trials would be studied.  For example, if the guitarist played 

each articulation six times in series instead of the four in this research, the middle four could 

be used for analysis while the first and last trials are discarded.  The reason to discard the first 

and last articulation played in the series is that they are sometimes not ideal.  The first 

repetition is the initial articulation, and sometimes it takes one stroke to get into the flow of 

playing the articulation.  The last repetition can be incomplete due to the guitarist resting or 

muting the strings afterwards. 

 

In regard to data set comparison, if the experiment was repeated and the joint angle conditions 

were met, a comparison between the joint angle approach and the relative movement approach 

put forth in this research could be made.  This could reinforce the findings obtained with the 

approaches set forth in this study.   

 

A second data set comparison could be conducted between the individual articulations 

performed out of context and those found in the musical excerpts.  Both data sets were 

captured in this study.  Further exploration may yield answers to whether the articulations 

found in isolation under laboratory conditions reflect those found in real performance.  
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Chapter 9  Applications 

There is a multitude of potential uses for the raw classical guitar motion capture files as well 

as the lexicon of analyzed articulations produced by this study. 

9.1  Robotics 

One use of the data would be to build a computer-controlled instrument of the classical guitar.  

This was the original intention for the use of the data collected.  Ultimately, every articulation 

would be defined by its specific degrees of freedom, which would allow a builder to pick and 

choose which articulations their guitar instrument should have and then to incorporate the 

appropriate degrees of freedom.  This lexicon of individual articulations described by their 

degrees of freedom would give the builder tremendous freedom from having to initially 

calculate the number of movements needed for each and every articulation. 

 

Conversely, builders could work in the opposite direction by defining the number of degrees 

of freedom desired in their instrument and then compare those degrees to the articulations 

capable of being produced by such degrees.  This method could lead to a modular approach to 

computer-controlled instrument building.  For example, an instrument could be designed from 

initial concept to have all degrees of freedom necessary to perform all classical guitar 

articulations.  So-called degrees of freedom actuator modules could then be added or 

subtracted, depending on the number of articulations desired at any given time.  The 

straightforward design of the GuitarBot (Singer et al., 2003) would be a perfect candidate for 

this approach.  It consists of four identical single instruments that can be coupled to act as a 

single instrument or as four individual instruments. Degrees of freedom actuator modules 

could easily be adapted to the GuitarBot design, adding functionality and more expressiveness 

to enhance its capabilities. 

 

Another application for robotics is more immediate.  Once an instrument is created, the raw 

articulation data gathered through the motion capture could be applied directly to control the 

instrument.  If the instrument is scaled to anatomically correct dimensions of the guitarist used 

in this study, there could be a one-to-one mapping from the marker data to the actuators in the 

instrument. 
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9.2  Synthesis 

In the field of synthesis, the lexicon of articulations could be used in conjunction with a 

physical model of a classical guitar.  The data could be used to determine the parameters 

needed to drive the model or to control an interface for the model.  Models such as plucked 

string synthesis (Tolonen et al., 1998; Välimäki and Tolonen, 1997), scanned synthesis, 

(Verplank et al., 2000), and many guitar models (Hiipakka, 1999; Karjalainen et al., 1993; 

Laurson et al., 2001; Tolonen et al., 1998), could all benefit from the real-time articulation 

data generated by the motion capture in this study.  The data could be used for plucking virtual 

strings or for developing a one-to-one mapping or cross-mapping for gesture control of the 

models.   

9.3  Pedagogy 

The lexicon of articulations could be beneficial in the field of classical guitar pedagogy. It 

could also be of value for other string instruments such as discussed in Hans Sturm’s study on 

the double bass, which examined the bowing techniques of François Rabbath (Sturm 2006).  

The classical guitar articulations go beyond the bow techniques of the double bass by 

including all of the normal articulations for the instrument.  This could serve as a powerful 

teaching tool. As an example, a student could view the motion capture from every angle to see 

exactly how the hands are positioned and how the articulation is executed.  

 

Furthermore, a student could adjust the playback speed of each articulation to allow him or her 

to learn the timings between the movements.  An added benefit to using motion capture data 

would be that individual markers could be turned on or off to isolate certain movements or 

groups of movements. 

 

One aspect of the data that has not been explored is the actual timings between the movements 

that create the articulation.  This includes the question, for example, of how to play a natural 

harmonic or an artificial harmonic.  How soon after the string is plucked should the finger 

resting on the node of the string be released?  Is there a timing difference between a natural 

harmonic and an artificial harmonic?  Since the movement of both arms is contained in the 

raw motion capture files, this information could be ascertained and the timings investigated.  

This could also lead to the charting of the entire sequence of movements that make up an 

articulation. 



 124 

9.4  Animation 

In the field of animation, the raw motion capture data could be applied directly.  Since the 

articulations already exist in the form of motion capture data, the marker data could be used to 

control a computer-generated guitarist that plays real articulations.  An example of this would 

be to add realism to an AniMusic guitar.  AniMusic is a company that creates computer-

generated animated instruments that play music.  As stated in the future research section, by 

unlocking the entire skeleton function, the full-body gestures created from the motion capture 

data could be used to animate a virtual guitarist. 

9.5  Composition 

Another potential application for the lexicon of articulations could be live control for music.  

Here, as a guitarist plays music, the movements of certain articulations could be identified and 

mapped to produce sound or trigger other processes.  It is a common feature for an 

instrumentalist to trigger events using a note follower, but not to trigger the events by the 

articulation of the note.  This idea has been used in interactive dance systems that use pattern 

matching of previously motion captured dance movements to trigger both visuals and music 

(Qiun et al., 2004). 

9.6  Network Gesture Transmission 

The same articulation identification and mapping described above for composition could be 

used for network gesture transmission.  This would allow for low-latency video cueing.  Burns 

and Wanderley (2006) demonstrated the potential of a possible guitar gesture retrieval system 

for guitar fingering.  If such a system were perfected, the bandwidth for live video 

transmission could be greatly reduced.  Instead of a constant video stream of a guitarist, a 

computer could be trained to watch for a certain gesture and only transmit a signal after the 

event in question has occurred.   
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Appendix 

Appendix A  Articulation Type and Trial Numbers From the Main 

Study 

Guitar Articulations 7/6/07 
 
Trial  
 # Articulation type, fingers used to play, and on what string 
1 Static pose of markers 
2 Free stroke – fingers IMIM 
3 Free stroke – thumb  
4 Rest stroke – fingers IMIM 
5 Rest stroke – thumb  
6 Natural harmonic – fingers IMIM 5th & 7th frets (ABORTED) 
7 Natural harmonic – fingers IMIM, fingers 1 and 3 on 5th & 7th frets  
8 Natural harmonic – thumb, fingers 1 and 3 on 5th & 7th frets 
9 Artificial harmonic (plucked) – finger (1 trail only), using IA 
10 Artificial harmonic (plucked) – thumb, using IP 
11 Artificial harmonic (tapped) – finger I (5th string-7th fret, 1 trial only) 
12 Hammer on – left hand (5th string,1st-3rd fingers, 1 trial only) 
13 Hammer on – right hand (5th string, I finger, 7th fret) 
14 Pull off – left hand (5th string, start w/ right thumb pluck), fingers 1 and 3 (used some vibrato) 
15 Pull off – right hand (5th string, 5th fret, start w/ hammer tap, 1 trial only), using I 
16 Slide – up/down 1 fret (start w/finger pluck, 5th string, 1st-2nd frets), using finger 1 and finger I 
17 Slide – up/down 1 fret (start w/thumb pluck, 2nd string, 1st-2nd frets) 
18 Glissando – up/down 5 frets (start w/finger pluck, 5th string, 2nd-7th frets) 
19 Glissando – up/down 5 frets (start w/thumb pluck, 2nd string, 2nd-7th frets) 
20 Brush stroke – M finger, across all strings 
21 Tambour – M finger (1 soft trial and 1 loud trial) 
22 Tambour – thumb (1 soft trial and 1 loud trial) 
23 Vibrato – finger pluck (5th string, 1st-3rd fingers on 5th-7th frets, 1 soft trial and 1 loud more 
   aggressive trial) 
24 Vibrato – thumb pluck (2th string, 1st-3rd fingers on 5th-7th frets, 1 soft trial and 1 loud more 
  aggressive trial) 
25 Pitch bend – finger pluck (2th string, 7th fret), finger 2 bends 
26 Pitch bend – thumb pluck (5th string, 7th fret), finger 1 bends (vent comes on) 
27 Pitch bend – thumb pluck (5th string, 7th fret) REDUE, finger 1 bends 
28 Trill – finger thumb pluck (2nd string, 1st-2nd fingers on 5th-6th frets) 
29 Trill – thumb pluck (5th string, 1st-2nd fingers on 5th-6th frets) 
30 Tremolo – PAMI (P on 2nd string and AMI on 6th string, P-A-M-I sequence) 
31 Bass drum – palm on upper bout (1 trial 8 times) 
32 Golpe – 1 trial 8 times (Fingertips next to bridge) 
33 Damp – left-hand mute (thumb pluck, 6th fret), finger 1 
34 Mute – left-hand release (thumb pluck, 1st-3rd fingers on 5th-7th frets 2nd string) 
35 Mute – left-hand release (thumb pluck, 1st-3rd fingers on 5th-7th frets 2nd string) 
36 Mute – right-hand palm (finger pluck, 1 trial) 
37 Mute – right-hand palm (thumb pluck, 1 trial, 2 ABORTED STARTS), use last 4 
38 Mute – right-hand nails (finger pluck, 1 trial 8 times), finger I 
39 Mute – right-hand nails (thumb pluck, 1 trial 8 times) 
40 Finger Flick – 1 trial 8 times, finger I 
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Trial  
 # Articulation type, fingers used to play, and on what string 
41 Anonymous Romance 
42 Traditional Greensleeves 
43 Malagueña 
44 Malagueña, take #2 
45 Villa-Lobos, Prelude #1 
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Appendix B  Threshold Results for Each Articulation 

Right-Arm Articulation Thresholds  

Attack 
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Right-Arm Attack (con’t) 
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Right-Arm Attack (con’t) 
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Right-Arm Attack (con’t) 
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Right-Arm Attack (con’t) 
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Right-Arm Attack (con’t) 

 

 

Right-Arm Sustain 
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Right-Arm Release 
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Left-Arm Articulation Thresholds  

Attack 
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Left-Arm Attack (con’t) 
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Left-Arm Sustain 
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Left-Arm Sustain (con’t) 
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Left-Arm Sustain (con’t) 
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Left-Arm Sustain (con’t) 
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Left-Arm Sustain (con’t) 
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Left-Arm Release 
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Left-Arm Release (con’t) 
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