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Abstract

In the present study, reeds and reed matArishdodonaxL are evaluated in a lorigrm
degradation studylnvestigations into the macroscopic and microscopic behaviour of reeds
suggests several deterioration mechanisms. Results can be used to inform manufacturers as to
methods by which product quality control ¢tdibe improved. The anatomical and material
properties evaluated could be used to inform the design of synthetic reeds exhibiting more
authentic static and dynamic behaviour.

Spatially dependent bending stiffness is analysed for reeds over their lfeefuid
compared with objective rankings by a professional musiCharacteriation of crosssectional
anatomical structures is also perfoorm&@b j ect i ve measurements from
compared with a larger set of reeds of various manufacturer r&kmprimental techniques
include cantilever bending testing, optical microscopy and image andgsglts show a stark
decrease in bemly stiffnesswith increasing reed age and overall stiffness is shown to be
accurately predicted by the spatial density of specific anatomical structures. A model is developed
to predict reed stiffness with improved accuracy over manufacturer methods.urkeint i an 6 s
rankings are also found to be dependent on stiffness asymmflesirating the importance of
more accurate stiffnesharacteriation

Evaluation of reed degradation at multiple length scales is performed using a series of
materialcharacterigtion methods. Experiments are performed on new and used reed samples, as
well as on rawArundo donax LsamplesNanoindentation results show differences in the nano
mechanical behaviour of anatomical structures tastéte longitudinal direction (crossction)
of samples. Elasticity and viscoelasticity are assessed, specifically. The behaviour of the two
structures of interest is found to depend on exposure to moisture cycles, and each exhibit
fundamentally different trends with increasing moisture exposChanges in elasticity and
viscoelasticity are associated with chemical degradation of different Arundo phases in the cell
wall. Significant differences between new and used samples are found in terms of chemical
constituentsand results are comparadth a control sample to verify finding$hese material
property changes are thought to contribute to changing damping properties, measured

macroscopically.



In-situ swelling of Arundo donax Lis analysed using microomputed tomography at
different relative humidity. The effects of moisture cycling on anatomical morphology are also
considered during this experimeArundo donax Lswelling is found to be linearly dependent on
relative humidity with little difference in tangential and radial swelling. Longitudinal swelling is
comparatively negligibleSwelling in the tangentiaiadial plane is highly heterogeneous and large
local strains surrouridlg specific anatomical structures suggests orexhanism for matrix
deterioration during reed aging. Image analysis on tomographic stacks shows a loss of matrix
material with increasing exposure to moisture cycles. Morphological changes are also noted and
are primarily confined to the matrix materialhd macroscopic impact of these changes is

discussed in the context of bending stiffness of real reeds.



Résumeé

Dans cette étude, la qualité des anches d'instruments provenant de la canne de Provence
(Arundo donax ), est®t udi ®e | ors dobéune d®gradation ~ | or
macroscopique et microscopique des roseaux suggerent plusieurs mécanismes de détérioration.
Les résultats peuvent étre utilisés par les fabricants pour identifier des méthodes permettan
déoam®l i orer | e contrlle de |l a qualit® des anct

pourraient °tre wutilis®es pour |l a conception

comportement statique et dynamique plus authentique efte2ali

La rigidité a la flexion dépendante de la dimension spatiale est analysée pour les anches au
cours de leur vie utile et comparée aux classements objectifs réalisés par un musicien
professionnel. La caractérisation des structures anatomiques teatssest également effectuée.

Les mesures objectives de I'ensemble du musicien sont comparées a une sélection diverse d'anches
de différentes qualités. Les technigues expérimentales comprennent les essais de flexion en porte
afaux, la microscopie optiquet I'analyse d'images. Les résultats montrent une diminution de la
rigidité a la flexion avec l'augmentation de I'age des anches et la rigidité spatiale de structures
anatomiques spécifiques permet de prédire avec précision la rigidité globale. Un exwidele
développé pour prédire la rigidité des anches avec une précision améliorée par rapport aux
méthodes du fabricant. Les classements du musicien sont également dépendant de l'asymétrie de

la rigidité, illustrant I'importance d'une caractérisation plusipeéde la rigidité.

L'évaluation de la dégradation des anches a plusieurs échelles de longueur est réalisée a
l'aide d'une série de méthodes de caractérisation des matériaux. Les expériences sont effectuées
sur des ®chantil | oyssiqgidsarmesBobantillonghbnuts s'Arento Doreva g ® s
Les résultats au niveau du nandentation montrent des différences dans le comportement nano
mécanique des structures anatomiques testées dans la direction longitudinale (coupe transversale)
des échatillons. Spécifiquement, I'élasticité et la viscoélasticité sont évaluées. Le comportement
des deux structures concernées dépend de I'exposition aux cycles d’humidité et chacune présente
des tendances fondamentalement différentes avec une exposition
accue a I'humidité. Les changements d'élasticité et de viscoélasticité sont associés a la dégradation

chimique de différentes phases d'Arundo dans la paroi cellulaire. Des différences significatives



entre les échantillons nouveaux et utilisés sont constatéesmes de constituants chimiques, et
les résultats sont comparés a un échantillon témoin pour vérifier les résultats. Ces modifications
des propriétés des matériaux contribueraient a modifier les propriétés

do®t ouf fement, mesur ®es macroscopi quement .

Le gonflement in situ d’Arundo Donax est analysé en utilisant une tomodensitométrie
microc al cul ®e ~ di ff ®rents degr®s d' humidit® re
sur la morphologie anatomique sont également pris en compte lors déteeéele gonflement
d'Arundo est dépendant linéairement de I'humidité relative, avec peu de différence dans le
gonflement tangentiel et radial. Le gonflement longitudinal est comparativement négligeable. Le
gonflement dans le plan tangentiatlial est tés hétérogéne et des tensions locales entourent des
structures anatomiques spécifiques suggérant un mécanisme de détérioration de la matrice pendant
le vieillissement des roseaux. L'analyse d'images sur des piles tomographiques montre une perte
de matériappr ovenant de | a matrice | ors doébune expos
modifications morphologiques sont également notées et se limitent principalement au matériau de
la matrice. L'impact macroscopique de ces changements est discuté aarteXtede la rigidité

a la flexion des anches.
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was performed by C. Kemp. D. Derome supervised the research and oversaw
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experimental design. The manuscript was written by C. Kemp and edited by S.

Kolokytha, D. Derome and G. Scavone.

1 Appendix A
This study was performed asn exploratory investigation into the vibrational
degradation of Arundo Donax samples. G. Scavone supervised the research and edited

the manuscript (written by C. Kemp). This manuscript is published as follows:

Kemp, C. and Scavone, G. (20IMjcrostructure Contributions to Vibrational
Damping and Identification of Damage Mechanisms in Arundo Donax L: Resel Ca
for Woodwind InstrumentsMaterials Research Society AdvancEgsb. 2017, DOI:
10.1557/adv.2017.223, ppi.20.
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Chapter 1

1 Introduction and Objectives

Arundo donax Lis the natural material used for the manufacture of reeds used on clarinets,
saxophones, oboes and bassoAnsndo donax |Lknown under the vernacular name cane or giant
cane or giant reeds aperennial grass species and member of the Poaceae faatilgrows
rapidly to produce tall (3 meter) shoot§l]. These shoots are primarily grown in France and
South Anericaand dried for 1 year in ambient conditions after harvesfingndo donax Lhas a
typical monocotyledonous structure made of randomly distributed vascular bundles surrounded by
cells with thick walls, with all these elements embedded in a matrix of soft parendhgeus. are
machined from the internode sections of the harvestiaa to specific dimensions dictated by the
type of reed to be manufactured (i.e., classical, jdazinet, alto saxophone, baritone saxophone
etc). The overall dimensions of finished reeds remain consistent for single instrument types,

although the vibring tip of the reed, known as the vamp, differs in thickness and profile.

The vibrational properties @&frundo donax lare considered desirable for musical purposes
[2]7[4], howeverthe material exhibitseveral limitatios andundesirable characteristichese
include mechanical considei@ts such as stiffness degradation, changes in damping properties
and moisture deterioration due to chemical degradation and geometric w@drpmgnoisture
related swelling and shrinkage hysteresiSpvironmental effects such as temperature and
humidity also contribute to changing reed propeft¢sSynthetic reeds are often used for acoustic
experimentation on mouthpiegastrument systemfs] due to their consistent properties and
insensitivity to ambient conditions. It is desirable to combine this environmental insensitivity and
improved durability of synthetic materialstivithe vibrational properties of naturaiundo donax
L. The material properties that are most important for consistent reed perfoarasti# not well
understood, nor are the mechanisms by which these properties change with time. In order to create
synthetic reeds in a truly biomimetic manner further research into reed properties, degradation and

fatigue behaviour is required.

Although acoustidefinitionsassociateavith the description of sound produced by reeds is

generally agreed upon by maisins(i.e., brightness and stiffnes#eir personal preferences vary



[7]. This variance betweemusiciansmay be related to the variability in reed behaviour and
properties considered abovihe general agreement on the definition of acoustic brightness and
its association with reed stiffness makes bending stiffness a good candidate for static evaluation of
reeds. For clarinet reeds, the dynamic modulus has been linearly related to timeostakics[8],
providing further justificion for the use of static evaluation of reeds. Static methods are employed
by the manufacturer for reed sorting and these methaisslate well to manufacturing
environments where dynamic tests are too time consuming and/or too difficult to run rahdbly
repeatably.

Previous research on ttamatomical structure oArundo donax Land its relationship to
musical quality have either focused on optdaracteriation of the microstructund], [9], [10],
have considered a sithset of reeds chemical[$], [11] or have considered the biomechanics of
the culm of Arundo donax Lusing a physiological and evolutionary appro@th]. Acoustic
characterigtion of Arundo donax Lbars has been considered at various hugnidvels [2],
althoughthe relationships between damping properties and anatomical structure was limited to
measures of sample density. Little is known about the m&rd nanemechanical properties of
the two main anatomical constituents of #heindo donax Lculm, the vasculabundles and
parenchyma cells, and the degradation of these properties with exposure to moisture is not
understood. All of these considerations suggest that a degradation study on the properties of
Arundo donax Lanatomical structures could yield important insight as to the behaviour of real

reeds during a typical lifecycle.

The primary objective of this thesis is tuantify the changing anatomical, microstructural,
material and mechanical properties that ai®ophone reeds experience during their useful life.
Previous research has been limited to new reeds and reed matenalq donax ). and has not
considered changing material properties at multiple length scesugh this thesis a better
understandig of the objective and subjective bending stiffness rankings of alto saxophone reeds
during their lifecycle is gaine@s played by a professional musicidfyaluation of static bending
stiffness is completed using a spatially sensitive method to quatitifiess heterogeneigcross
reed tips an approach that has not previously been utiliZédts experimeniconstitutes the first
portion of the thesisSamples taken from played and-played reeds aranalyse at multiple

length scales, including chemical analysis using thermogravimetric methods, nanoindentation on



vascular bundles and parenchyma cells analdiffraction on powdered samples. Each of these
techniques yields information ragling the deteriation of anatomical and chemical constituents
of reed samples andjuantifies the corresponding changes in local mechanical properties
(indentation moduli) of these structur@fiese methodologies and results form the middle part of
the thesisAn investigaion into the swelling behaviour of Arundo material is also undertaken
using an imsitu micreacomputed tomographic approach, similar to methods previously used for
wood[13]i [15]. This type of analysis has not prevsbubeen performed oftfrundo donax land
represents an important step towards understanding the behaviour of fully saturate@ihiseds.

swelling experiment is provided as the final component of the thedis

1.1 Organisation of Thesis

This thesis is comprised @ix main chapters. An overview of main chapter contents is
provided below.

Chapter 2 provides a literature review of pertinent studies on wood type materials and
experimentation o\rundo donax L Previous experimental techniguare considered as they
relate to the objectives of this thesis. The constituents of wood cell walls are also described due to

thesimilaritiesbetweerthe structure ofvoody plantsandArundo donax L

Chapter 3 briefly considers some of the details opexmentation from each subsequent chapter.
These details were not included in their respective manuscripts for brevity. Specifically, sample
preparation techniques for microscopy, nanoindentation aredy Xliffraction are covered. The
experimental setupof moisture cycling of samples with regard taesitu swelling is also

described.

Chapter 4 considers the degradation dal reeds as played by a musician and evaluates the
changing stiffness parameters with respect to anatomical features obtained througkatioss
image analysis. A composite model dependent on these anatomical features is presented as an

alternative beding stiffness predictor versus typical methods employed by manufacturers.

Chapter 5 evaluates changesAanundo donax Imaterial properties at multiple length scales using
nanoindentation, Xay diffraction and thermogravimetric techniques. Viscoglasidentation

parameters are extracted from the results using models previously published for polymeric and



biological materialsResults are presented with respect to the number of full saturation cycles each

sample was subjected to.

Chapter 6 considersthe insitu swelling of Arundo samples using-r&y micrecomputed

tomographic imaging. Results are analysed using a number of anatomical features to evaluate
changes with increasing exposure to moisture cycling. Swelling and shrinkage strains in the
tangemial and radial directions are extracted from image stacks for new samples, and changes in

the morphology of parenchyma matrix cells are quantified using anatomical image analysis.

Chapter 7 presents a brief summary of the results and the main concluketrere drawn from

the work. Recommendations for future work are also provided.

Appendix A provides the exploratory manuscript evaluating the impaci@fstructural features

on damping properties for samples exposed to short term moisture degradation.



Chapter 2

2 Literature Review

2.1 Microstructure and the Cell Wall in Wood-Type Materials

In order to consider the effect of the cane material on reed quality, modeling techniques for
natur al i Kawdothat eri als must be [Ekhaweidavedogeda Qi n g
micromechanical model that predicts the elastic properties of softwoods using several parameter
inputs (microfibril angles, cell wall thickness, cell cregxtion shape and density). The authors
note that micromechanicaladels of wood can be divided into three categories, including cellular
models, homogenization models and composite models. In their work, Qing and Mishnaevsky
combine attributes of each of the aforementioned models and evaluate the effect of interfsce laye
microfibril angles, cell wall thickness and cressction shape on elastic properties. In terms of
geometry Figure2-1), their celtlevel (microstucture) representation of softwood is comprised of
a network of interconnected hexagonal cells with gl regions of interfacial layers with
varying mechanical properties. The authors examined the stress distributions within these layers

when subjedd to different loading modes (including tensile, compressive and pure shear).

Figure 2-1: Finite element cell struct
model used for experimentation (fr
[16]).



It was found that the thickness of the middle interface layer (the blue |&yiguie2-1) is greatest

such that support during shear loading is mted. Additionally, the surrounding layers (red layers

in Figure2-1) have increased stiffness with respect to the middle layer such that deflections due
to shear loading are not excessive. In terms of microfibril angles in the surrounding cell layer
(white layer inFigure2-1) a change in elastic modulus was observed by the authors for changing
angles. This was measured as a normalized fraction of the elastic modulus for isotropic behaviour.
In general terms, the miciibfil angle represents the orientation of cellulose fibers with respect to
the cell axis (in the case Bigure2-1, the cell axis is parallel to thed hexagonal layer). In these
simulations, the authors observed the greatest deviation in tensile modulus (parallel to the cell axis)
and shear modulus. In terms of magnitude, both the tensile and shear moduli were found to vary
by over a factor of two fomicrofibril angle variations of up to 30 degrees. This indicates a strong
anisotropic elastic behaviour for woods of varying microstructural orientations. It should be noted
that each of the simulations performed included a moisture content of 12%dellts&gucture

(this is important for considering the potential effects of humidity on elasticity). Relative to the
differences observed in elastic moduli for varying microfibril angles, the contribution of cell wall
thickness to this effect was found te much more subtle. In this case, simulations indicate that
moduli changes of less than 1% are realized for thickness changes of up to 10%. For the influence
of cell shape, the authors varied the angle of the hexagonal structure (from symmetric to an
elongated cell) and found that significant elastic moduli changes were observed in the direction
perpendicular to the cell wall angle. In general, the authors concluded that elastic properties were
most significantly dependent on the microfibril angle of tHaulmse fibers while the cell cross

sectional shape had the strongest effect on elastic anisotropy.

Mishnaevsky and QinflL7] have also considered the general micromechamniodkeling
of wood struct umiemi cikni ntgedr nfst hoef mbobdied i ng of sy
biological counterparts). They describe the macroscopic properties of wood as being primarily
orthotropic with the important properties including Idndinal, radial and transverse
directionality. Extending this description to the microscopic scale, the microstructure of wood
contains a honeycorrlike configuration that is akin to a fibireinforced composite system. Here
the cellulose fibrils act asrainforcing phase while the matrix is comprised of hemicelluloses and
lignin. In terms of mechanical properties, the cellulose fibrils control the longitudinal strength

while the transverse strength is governed by the hemicelluloses and lignin. The aigbors
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consider general characteristics of wood which should be accounted for when modeling wood
microstructures. These characteristics include the effects of moisture (decrease in strength), time
dependent deformation (due to the amorphous sections afosellmicrofibrils) and the large

variation in properties from one species of wood to another. Mishnaevsky and Qing describe the
cellular level (or mesoscale) of the wood microstructure in terms of an idealized hexagonal

geometry (shown ifrigure2-2).

\

T

Figure 2-2: Hexagone
geometry of the cell structt
depicting the shape and len
parameters and the radial

tangential directions (fro

[17]).

I n terms of edl aktidbcistty,ucttue eélmdamhe cell can
theory with rigid joints and deformations which are limited tplane deflections. Elastic stiffness

in the longitudinal direction is proportional to theioaof wall thickness to cell size, while the
transverse stiffness is proportional to the cube of this ratio. Thus, the authors note that larger cells
results in reduced strength and stiffness. As the authors note, the transition from micromechanical
modelng to macroscopic length scales can be accomplished through homogenization schemes
where representative volume elements can be used to replicate the responselev&weterial
structures. For example, at the micron level fibres of crystalline aondoaiwus cellulose can be

used in a matrix to mimic the complex interactions of hemicellulose, lignin and cellulose
microfibrils using a MorTanka composite regime. As the length scale is reduced, the individual
contributions of the aforementioned consitts must be including in simulations. At the scale of



the cell wall itself, laminate models can be used to include the effects of multipleetitesall

layers. In these models, cell walls of varying microfibril orientations (generally referred to as
laminae) can be overlaid on one another and the resulting structure behaves similarly to composites
with various fibre orientations and can be modeled as a layered composite. Combining the meso
and micrescale models enables very accurate mechanical respesislts to be obtained using

the finite element approach.

Koponen et al[18] investigated the elastic propegief wood as a result of the underlying
cell structure. Using a similar beamethod as discussed[iti7], Koponen et al. developed a model
for softwoods that considered the mmal angle of the hexagonal unit cells and their characteristic
length such that the resulting mesmale strain could be calculated for a variety of honeycomb
configurations and parameters. Variations in longitudinal elastic modulus were observed for
charging internal cell angles, similar to the result416]. The effect of density on longitudinal
modulus was also considered, with modulus varying tigeaith density. Interestingly, large
variations in modulus were observed for models of different internal moisture percentages (results
as shown irFigure2-3).
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Figure 2-3: Variation of longitudinal (left) and tangential (right) elastic moduli with moit
content (fron{18]).



The authors note that significant anisotropy observed for elasticity can be attributed to the
molecular structure of the wood itself and the inhomogeneity of the cellular structure. Furthermore,
it is suggested that the elastic properties, moisture content, microfibril properties (shape volume,
orientation), celwall structure and crossectionakhape are required to obtain generalized elastic
constants for wood materials. The authors continue on to suggest that elastic behaviour estimation
in wood can be accomplished through the analysis of microstructural constituents and morphology.
This conclsion was attributed to the fact that macroscopic wood properties are directly reflective

of their microstructur al componentso perfor ma

2.2 Reed/Wood Microstructural Characterisation

Studies have also been completed on the microstructural analysis of wood atypeane
materials. Obataya and Norimdi®@] have completed an acoustical analysig\nindo donax L
(the raw material used for reeds) and the influence of vgaleble extractives on its performance.
The authors suggestthatthewateo | ubl e extractives can greatly
modul us and internal friction of reeds in the
create moisture gradients within the reed. Using affiee beam flexural test, the influence of
watersoluble extractives was examined by completing vibre¢ixperiments at different levels of
relative humidity. By analyzing the resulting resonant frequencies, the authors were able to
calculate dynamic modulus and internal friction values. Results for dynamic modulus are provided

in Figure2-4.
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Figure 2-4. Effect of relative humidity on tt

dynamic Young's modulus of reed sample
the first mode of vibration. Untreated, wa
extracted and glucosempregnated reeds ¢
represented by the black circles, open cil

and black squares, respectively (frp2i).

The authors found that the extractives enhanced the dynamic modulus at low levels of relative
humidity but did not significantly affect it at higher relative humidity levels. Changes in reed
guality due to these effects were also considbyeaaving professional clarinetists play each reed

that had been subjected to wagetraction and glucosenpregnation. Overall, wategxtraction

was found to decrease the apparent richness and softness of the reeds, although ease of vibration
and resporss increased. Additionally, glucosmpregnation only contributed to the ease of
vibration and response of the reed (in which case both were reduced relative to the control). The
authors reasoned that the extractives improved the tone quality of the mdagsoa removal of

these constituents, tone quality could be recovered through glinpeegnation. In general, the

authors note the important relationship between reed performance and moisture content as reed
wetting percent ag e butersignificaetiatb Gariationsein olvserved stiffnress n't r i
and playability.

Perdug]1] compiled a complete revieof the grass speciésrundo donax Lwhich has
been used for the construction of musical instruments dating back 5000 years. In this review,
Perdue examines the physical, morphological, chemical, environmental and historical

characteristics ofrundo donax L(often referred to as bamboo reehysically, bamboo reed is
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a tall, candike grass measuring 2 to 8 meters in height at full maturation. When examining its
internal morphology, bamboo reed culms have a typical monocotyledonous structure consisting of
randomly distributed vascular buedlembedded in a matrix of parenchyma. All vascular bundles
share a common orientation and are surrounded by-wadk of fiber. There is a marked
difference in the morphology of these fibers at the periphery of the culm, with vascular bundles
decreasingn size and increase fib#o-wall ratios. Volumetrically, the vascular bundles occupy
roughly 24% of the internal culm space, the vascular tissue and fibers 33% and the parenchyma
matrix accounting for the remaining 43%. Perdue also notes that chenabais of bamboo reed

has indicated a high silica content which can be attribute to highly silicified cells within the
vascular bundles and epidermal tissue. Environmentally, the author mentions that little agreement
has been reached as to the requireddcemditions necessary for quality reed production (a fact
illustrated by the wide variety of growth regions of bamboo reed). In terms ainaedg Figure

2-5) and physical testing, Perdue suggests that some insight as to the tone quality of reeds can be
obtained through the use of bending recovery tests (similar to hysteresis type situations) during

manufacturing.

Figure 2-5: The stages of clarinet reed manufacturing (left) starting
the raw bamboo reed culm and a micrograph (right) of a fully mac
reed (from[1]).
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Perdue also notes the potential variability in cut and finished reeds due to culmifoymities.

This wvariability also affects the maceration
providedin (Figure2-5). Chemical analysis has shown there to be four primary constituents in the

culm of bamboo reed, including cellulose, pentosans, lignin and ash. The results compiled by

Purdue from a number of literature sources are providédhie2-1.

Table 2-1: Chemical analysis compilation 8fundo donax lfrom various literature findings (froffd]).

Source (compiled in[1]) Cellulose (%) Pentosans (%) Lignin (%) Ash (%)
Raitt 42.8 33.6 9.4 7.4
Tomeo et al. 40.1-44.4 22.7-27.5 23.424.4  3.84.8
Jayme et al. 44.4 24.3 16.4 2.9
Bhat and Virmani 58.0 18.4 22.0 3.6
Kocevar and JavorniKosler | 43.8 20.8 22.4 2.5

Additionally, the use of other bamboo variants (specifically Phyllostachys bambusoides and
Semiarundinaaria fastuosa) for reeds has yielded undesirable results. Plastic reeds have also been
used, dating as far back as the 19500s, al t ho

been considered a major hurdle to the development of synthetic reeds.

The interesting properties of wood have also been investigated in terms of wettability.
Gardner et al[19] conducted dynamic wettability experiments on red oak samples with a cellulose
content (471 53%) similar to that ofArundo donax L These exp@émnents are important for
understanding the effect of surface aging on wettability, absorption and capillarity. Gardner et al.
found that the use of dynamic wettability experiments provided more accurate results compared to
static measurements. This wagihtited to the high levels of surface roughness (and thus high
thermodynamic free energy) found on most wood
findings of surface aging effects. I n order t
sanded to remove oxide products and compared with naturally aged samples. It was found that the
fresh surfaces were much more easily wetted than the aged samples. The authors correlate these
results with xray photoelectron spectroscopy (XPS) chemical sarfatalysis that indicated

increased levels of carbon on the surface of aged samples. This carbon content has been shown to
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contribute significantly to hydrophobicity. Additionally, the critical surface tension of several
wood species was examined in ortierdetermine surface free energy. Through comparison of
contact angle measurements with chemical surface analysis it was found that the lignin and
cellulose content of the sample contributed most significantly to its surface tension. Generally,
higher weidnt percentages of lignin and cellulose correlated with an increase in critical surface
tension (indicating a more hydrophobic surface). These results illustrate the importance of aging
and chemical considerations whemaracteri;mg the mechanical behaviowf woodlike

materials.

In addition to chemical analysis, the mierechanical behaviour of wood and other
fiborous materials has been studied by Holmberg e{28ll. Here the authors note that the
microstructure of wood can be used to explain its lgiglon-linear stresstrain behaviour and
elasticity. Similar to the findings ifiL], Holmberg et al. note that the highest percentage of cell
types in wood culms are all oriented nearly parallel with the axis of stem growth. The structural
arrangement of these cells is such that starkly different properties are obtained in each of the
longitudinal, radial and tangential directions. The structure of the cell wall is also discussed as it
contains several laye(Eigure2-6) which each ontribute to the macroscopic performance of the
body.

(T} Primany wall
Zacondarny wall:

(2 Cuter layer (54)
(3 Midkda layar [Sab
@' Inner layar {Sq)
(E) Migda mella

Figure 2-6: A generic schematic diagram of the la
within the cell wall (from[20]).
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The authors describe this arrangement of layers as behaving similarly to -seififfoeced

composite with cellulose chains in a hemicellulose and lignin matrix. This system forms repeating,

threadlike units and represent the microfibrils of thedlcThe orientations of these microfibrils

are different in each layer of the cell wall as are their chemical compositions. For these reasons,

wood is highly anisotropic and its elasticity can be described using the classic orthotropic

compliancetensor(n t er ms

of

modul i and dir

tensor developed by Holmberg et alprsvided inFigure 2-7.
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The authors notehat the symmetry of the compliance tensor enables one to wright the

relationships between radial, longitudinal and tangential compliance in the following way:

R

S

Here, 6306 represents the Poissonbs

(2-1)

rat.i

0]

bet we

elastic modulus. Due to the longitudinal orientation of most cellulose fibers, the strength and

stiffness of the wood are greatest in this direction. T fis further illustrated in the generic

stressstrain  behaviour

microstructural analysis hasown that the intecell bonded regions (ie. the microfibril structures

ofwood (Figure 2-7).

Scanning electron microscopy (SEM)

from Figure2-6) experience the greatest level of stress during loading. This can lead to failure of

the cell wall, similar to delamination failure in composites. In addition to theirostructural

modeling, Holmberg et al. suggest that further experimefiatacteriation of the wood cell

structure is required for the improvement of finite element models. These improvements could
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consider geometry, chemiaanstituents (microfibrils), microfibril arrangement (relative lamellae

angles) and moisture absorption properties.

More generatharacteriation of fiborous wood structures has been carried out by Justiz
Smith et al[21] by analyzing three different natural cellulosic fiber materials. @¢vests were
performed in this study including fiber diameter determination, ASTM moisture content and
absorption rates and chemical analysis of the samples (including natural and metallic composition).
The authors found that significant variability ibdr diameter was common for all samples tested
which suggests that control of mechanical properties can be difficult for cellulosic materials. Water
absorption was highest for materials with the largest weight percentage of hemicellulose present
in the cum. This was also found to be inversely proportional to the tensile strength of the fibers.
The authors also note that this behaviour appears to be dependent on the metal ion concentration
in the wood as larger water absorption rates were observed forspeos with increased weight
percentages of silicon ions ¢9i The authors suggest that low values of metal ion content are
often desirable as they tend to increase the brittleness of cellulose fibers. All of these factors
indicate that there are conel interactions between properties at the microstructural level which

contribute to the mechanical performance of wogee materials.

Chemical and anatomical analysisArundo donax Land the corresponding effects on
reed quality has been completed biawe et al.[3]. In this study, the authors performedss
sectional analysis of amanufactured reeds using optical microscopy, SEM and patrticle induced
x-ray emissior{PIXE). In preparation for imaging analysis, thin (2 micron) sections were cut from
the reeds and sputter coated with gold and palladium in order to provide a conductive surface for
SEM. Micrographs of O6goodd and nbupicgans)ilfustrgtedal i t vy
some subtle differences in the vascular bundles of the stems. The authors observed that reeds of
poor quality contained occluded (overgrown and damaged) vessels, which were attributed to
tylosis.In wood plants, a tylosis a tissue generated by penetration through axial parenchyma cell
pits andinto xylem vesseldt is the result of a physiologicptocess of the occlusion in the xylem
as a response to a cyptogamic attack or other injurtes authors continue to sugtj¢hat care
should be taken when harvesting the cane to prevent such internal damage. Chemical analysis of
the reed samples indicated little difference in phosphorus, sulfur, chlorine, potassium and calcium

concentrations along the reed epidermis betweed and poor reeds. However, silicon was found
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in two major concentrations along the epidermis in the case of poor reeds. This second

concentration was not observed in good reéiigure 2-8 provides the optical and scanning

electron micrographs of thenalysis samples.

Figure 2-8: Optical (coloured) and scanning electron (greyscale) micrographs of the reed samples. Note the sc
each image are 50 microns. The arrows in each image at the top right indicate the orientation towards the ext

culm. The occluded vests of the poor quality reed are shown on the right (fio®h).

An important microstructural feature of thecalled good reed is the twisted vascular bundles as

seen in the middle image of Figd8. Previous results have suggested that variation in orientation

of the vascular bundles (here two bundles are obsemitdpne oriented radially and the other
tangentially relative to the epidermis) contributes to their observed quality. It should be noted that
this study did not contain a large sample size in terms of the number ofredgse. This fact

was also meioned by the authors as they suggest that future studies draw from a larger reed
source. Preand postmanufacturing analysis in addition to pesnd postharvest analysis is also
suggested in order to isolate t keatuwatdausesgi ngo

overgrowth, or harvesting damage).

A review on the structure of wood was completed by VingZ2ltin which an overview
of mechanical properties, internal structure, testing and design was considecetht discusses
the arrangement of microfibrils within the cell wall and their orientationsayXdiffraction
methods can be used to measure these orientations throughout the entire cell wall and in the cell
crosssection (due to the crystalline natutettboe microstructure in these regions). These results
could be used as input data for a miorechanical model using finite element methods. Vincent

also provides insight as to the number of cells required within the-seatisn of a model before
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accurag wood response is observed. For structures in which the cells are geometrically isotropic,
this number is approximately 16. Furthermore, miarad naneindentation tests (using a diamond

tip indenter) can be used to measure both the hardness and sotrdpp ungos modul us
cells. In terms of internal structure, nmvasive techniques such as computedwtomography

have been used to evaluate the structure of stringed instrument wood species. Vincent suggests
that further analysis using this anther methods is required as the consistency of the internal
structure alone does not appear to correlate with perceived quality. With regardado donax

L reeds, Vincent mentions that good musical performance has been associated with reeds
containing a high proportion of vascular bundles and bundles with a high fiber to xylem and
phloem ratio. In general, Vincent notes that the microstructural understaoidiwgod cell
structures requires further development and correspondingly, the microstructural influence on

micromechanical performance is essential.

Additional surface analysis on various wood species has been completed by Sinn et al.
[23]. Here the authorssed XPS methods to determine the surface oxygen to carbon ratio (O/C)
for different wood samples prepared using both traditional sanding methods and by micotome.
Morphologically, it was found (using scanning electron microscopy) that both sanded and
microtomed surfaces retained many of the same features. Contrastingly, the anatomical structure
of each wood sample was significantly damaged by the sanding operation. The authors suggest
that this result should be taken into account when forming wood maferialgplications where
it is desirable to retain their O6natural d beh
were found to have lower values than the microtomed ones indicating a reduction in surface
oxygen content. The authors postulate tt@tsidering the lower O/C ratio observed in lignin
compared to that of cellulose, sanding enriches the surface in lignin. This is important to consider
as lignin is more ductile than cellulose and correspondingly has a very different elastic behaviour.
This drop in O/C ratio was also found to depend on the initial wood density. This suggests that
guality control of even basic material properties is critical for repeatability in manufactured wood

components.

The variability ofArundo donax Lproperties witin single plants has been investigated by
Neto et al[24]. In their study, Neto et al. considered chemical composition changes as a function

of morphological regins within bamboo reeds at a maturation age of approximately 6 months.
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Each harvested plant was segmented into 6 sections such thatantrahemical variations could
beanalysé. General analysis on the water content, lignin percentage and holoeetialldose
percentage in each section indicated significant variability. Specifically, water content varied by
as much as 3% while lignin and holocellulose varied by 6.5% and 5% respectively. Thus the
authors found that older bamboo reeds contained ldig@in amounts than younger plant
sections. More specifically, the sections cut close to the bamboo joints yielded lower levels of
cellulose on average when compared to the sections cut from thgointeiegions. The same

trend was observed for lignooncentrations. The authors suggest that the changing morphology

of the bamboo reed microstructure could cause this segregation. Overall, these results illustrate the
importance of location on resulting component behaviour (ie. for the case of reedshehessl

is cut from the culm).

Using a more mechanistic approach, the specific vibrational and acoustical properties of
wood have beemnalyse in relation to grain directionality by Obataya et [@5]. In their
experiments, the authors considered the dynam
respect to the grain orientation oettvood. They also defined an acoustic conversion efficiency
term (U) that was dependent on the dynamic Y
relation is provided below).

—1_ (from[25]) (2-2)

I — —— (from[25]) (2-3)

The acoustic efficiency can be defined as the ratio of acoustic energy radiated from the beam to its
vibrational energy. Also, equati@3 shows the ratio developed by Obataya et al. which describes

the anisotropy of the wood. As can be seen, the anoparameter depends on the ratio of
dynamic Youngds modulus to dynamic shear modu!
anisotropy ratio is larger in wood materials than in metals or plastics due to cell wall anisotropy at

the microstructurdevel. The authors used an experimental setup similar to tfi2t iof order to

measure the flexural vibration of beanmgdes. Torsional vibration was also considered such that
anisotropic effects would beapturel, and the dynamic shear modulus could be measured. The
authors found that there was a good correlation between acoustic efficiency and the anisotropy
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ratio (Figure2-9). It is also noted that the vibrational properties of wood beams discussed in the
present study are nearly independent of macroscopic density and depend most significantly on the
structure of the cell wall. The authors illustrate this bgamentioning the variability in vibrational
performance of multiple samples of the same species. Continuing, Obataya et al. consider the
relationship between the viscoelastic properties spruce wood and its microstructure. This is
performed by using a delall model which models the lignin constituent asaamorphougand

thus isotropic) matrix with embedded elastic fibrils which impart directionality into the model.

The resulting complex equations for (tthhtee Young
fibril orientation) are developed such that a relation between the individual fibril moduli and fibril
volume fraction is obtained. This method is similar to that utilized for cdiibentype composite

calculations.
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Figure 2-9: Correlation between acoustic efficiel

and wood anisotropy (frofi25]).

From their findings the authors suggest that for wooden soundboards, smaller fibril angles in the
cell wall yield more desirable results. These findings are somewhat limited as only one wood

species was examined although the cell wall models could beapplito other wood materials.
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The use of wood fibers for natwsynthetic composite systems has been evaluated in terms
of mechanical behaviour by Bledzki and Faf@6]. Specifically, the authors examined the
resulting changes in properties when coupling agents added to wood fiber prior to insertion
in a polymeric matrix. These agents were used to promote interfacial adhesion between the fibers
and matrix. SEM analysis of both hardwood and softwood fibers was also completed to determine
any morphological discpancies between the two. In general, large variations in fiber size and
shape were observed for all samples. Damping potential measurements which considered the ratio
of dissipated energy (loss energy) to stored energy (strain energy) were conductechpesthg
toughness tests. The authors note that loss energy can be described as internal irreversible
deformation, energy dissipation from the creation of matrix cracks, delamination of layers and
fiber fracture. Overall the addition of coupling agents veam#l to decrease the damping index
considerably (up to 100% reduction in hardwood samples). The results of their experiments are
shown inFigure2-10. This is an important finding as it demonstrates the importance of matrix
fiber bonding on the resulting energy absorption. Although the authahgsé a naturakynthetic
composite systenm their study, it is reasonable to deduce the importance of cellulosdidjier

matrix bonding in bamboo cane on the resulting vibratory behaviour.
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Figure 2-10: The importance of interface bonding Ween fiber an

matrix on the resulting damping potential (fr¢26]).
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2.3 Considerations for Arundo Material Microstructure Models and Degradation

Before a choice in multiscale modeling technique (in terms eflomm or bottoraup) can
be made, consideration should be given to the attributes of each and the requirements of the system
in question. Toglown methods involve the observation of systentufes at the macroscopic
level followed by loweilevel investigations to decipher which miesoaled contributions can
account for the highdevel observationg27]. A limitation of this method resides the difficulty
in isolating potential micrscaled phenomena which could account for macede behaviour. At
these reduced length scales there is often a complex interplay between several mechanisms which
may not be easily modeled in the 4dpwn methodimgy. Examining material behaviour
mechanisms at higher spatial and temporal resolutions constitutes the-bptimethod. The
dynamics of material behaviour are attributed to the interactions of- nanmicro-scaled
constituents (or on the potentiallyantum scale for atomic and beyond resolutions). Modeling
the complex details of material behaviour at these length scales can facilitate the development of
models which more accurately represent macroscopic behaviour. Several limitations exist
including limits of computational power (which usually increase as length scales decrease due to
a reduction in the analysis volume), a lack of prior knowledge on constituent properties (lack of
experimental findings) and the requirement of coupling techniques tdhenknicro and nano
levels such that applied problems can be solved (i.e., engineering design of components at the
macrascale). Some of the typical coupling techniques used for batfoapproaches have been
discussed in previous sections. Others haved{@8] that hierarchical multiscale modeling of
microstructwal damage for structural analysis (masoale) is complicated by the complex
dependencies of single damage modes to multiple spatial damage modes-atatesevels.
Damage evolution is also difficult to consider as the length scales over which e#elsrmaoctive
can change during deformatiof28]. Topdown methdologies may provide a more
computationally convenient average behaviour, however changes in periodicity and geometry as
length scale changes can complicate the analysis. Knoth¢ZBateas provided motivation as to
the bottoraup modeling of bone mechanophysiology in contrast to years of research focused on
the reverse engineering (tolown) of bone. Motivation for this shift com&®m the desire to
create new materials inspired by natural systems. This requires the development of highly accurate
mathematical models coupled with experimemtadracteriation at the basic, cellular level in
order to better predict material performanc
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Extending the discussion of bottemp modeling there is reason to support this
methodology for the case of reeds (more specifigaliyndo donax L. Upon first inspection it is
apparent that the modeling techniques used for vikednaterials would be well suited to the
analysis ofArundo donax L(ADL). Specifically, the previously discussed softwood modeling of
Bader et al[30] could be applied to ADL modeling (that is, the general methodology). While the
microstructure of ADL shares similarities with that of wood, there are some notable differences

(seeFigure2-11).

spruce wood microstructure via scanning electron microscopy. The top surface re

the radialtangential plane (frorf81]). Right: SampléArundo donax Lmicrostructure vi
micro-computed tomography. The illustrated sample orientation represents the

tangential plane.

Firstly, the micrescaled honeycomb structure of wood (which is usually assumed periodic) is not
as weltdefined in ADL. Cell wall structures are prevalent around the-fikervascular bundles;
however the microstructure is more randomly distributeds Buiggests that a Mefianaka
approach for inclusicimatrix modeling may more accurately account for the distribution of
reinforcing vascular bundles (VB) within the polymiie matrix. Reducing the spatial scale to
the submicron level, damage at the @nface between the VB structures and the matrix would also
be an important consideration. Fiber palit models for interface coherency strength could be
used at this scale in a similar manner to those of composite mag2hl&iven the importance

of microstructural damage and potehé&wolution, damage mechanisms should be investigated at
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the micreto nanescales (similar to the approaches mentioned by Souza and[88En It is
important to first consider these mechanisms as otherwise damage evolution can be difficult to
predict using either tedown orbottomup approaches, as previously mentioned. In ADL, damage

is likely to occur in part due to moisture gradients and drying effects which suggests the use of
poroelastic models to predict internal stresses and microcracking due to pore pressuresdapd poro
variations. Given that the level of porosity changes with length scale it is important to consider the
micro and nandevels first as they contribute to lower spatial level pord8®y}. Plasticity due to

the deformation of crystalline constituents (i.e., cellulose fibrils) may also contribute to
deformation behaviour and damage evolution which can be modeled ushugrsa#itent and
Mori-Tanaka approachg84]. The macroscopic geometry diet reed itself is also likely to
contribute to highly notinear gradients of damage and viscoelastic effects. At the reed tip, overall
thickness is highly reduced compared to the
wetting phenomena alorthe tip are likely to differ from the bulk behaviour. During excitation,

the reed tip would also likely undergo more rapid changes in moisture gradients due to the
increased driving force for fluid flow in the pores (a consequence of thinness). Micromathan
stiffness variations due to interfacial coherency fluctuations are also important to examine in the
context of frequency dependent vibrational behaviour. Average methods (rule of mixtures, Voigt
and Reuss models) would not capture these variatiorttidwahlly, experimentatharacteriation

of micro to nanescaled ADL constituents could provide material inputs at a fundamental level
(previous macroscopic testing has been inconclusive in terms of quantifyingeetebehaviour

[2]). Similar to the reasoning presented by Knothe T28¢ understanding the interplay between
mechanics and fluid transport, mechanics and material constituents and damage mechanisms at
high spatial resolutions is required in order to reveal the phenomena behind theurebhv
natural materials. This reasoning suggest a bettprapproach to ADL modeling.

It is also prudent to examine the microstructure and reed tip configuration more closely. In
terms of microstructural constituents, it is well known that size eféactsnfluence the results of
equivalent volume analyd[i85]. Analysis of RVEs with identical morphology containing different
microstructural features (voids and lisions with different absolute size) reveals that the active
deformation mode depends on the size scale of the microstructure. As the microstructural size
approaches a negligible level with respect to the length scale of the macroscopic deformation field

the material begins to behave periodically (the contribution of higher order deformation modes to
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overall response is reduced). In these cases, a first order approximation to the internal stress state
(such as the aforementioned Pi#lachhoff stress) aasrately describes material deformation

[35]. Other size effects also become relevant when the given microstructural length scale (even if
it is constant) becomes sifjoant with respect to the macroscopic scale (for reeds, this would
represent the thin tip region). In this case, gradients of macroscopic deformation control the overall
material response due to microstructural domination of macroscopic behaviour. Samilar
microstructural length scale variations, fistler homogenization schemes do not capture these
effects as higher order deformation modes become important. As mentioned, these effects become
important for materials exhibiting microstructural elemeasitse to free surfaces or within thin

films where surface effects significantly contribute to deformation modes.

2.4 Dynamic Testing of Wood Type Materials

Measurements of internal damping in reticulated spruce have also been completed over the
audible frequeay range (20Hz to 20kHZ36]. Of interest to the authors of this study was the loss
angle of a spruce sample as measured by the phase angle between stress and strain during
sinusoidaltime-dependent deformation. The more common loss tangent can be calculated from
this angle ) astan(d)( el sewhere termed tan(uiu)). This | os
imaginary and real components of the complex elastic modulus and repredeniati@n from
the timeindependent Hookeian behaviour of linear elastic materials. In terms of experimental
setup, the authors use a compression rig with piezoelectric load sensors to subject a spruce rod (5
mm diameter) to sinusoidal compressive stresHes rig actuator allows a frequency sweep to be
applied to the sample and analysis of the signal is conducted using an FFT. Results showed that
the loss angle exhibits a linear dependency on frequency within the audible range; this result is
expected athe viscoelastic behaviour of wood at the mdexeel is known to follow the classic
Kelvin-Voigt rheological model. Several peaks in the frequency domain with respect to loss angle
do appear at 4000, 8000, 9000 and 17000Hz, although the authors dowiae peasoning for
these observations. It is likely that other wood species would exhibit different peak locations and

magnitudes due to structural differences (both material constituent distributions and porosity).

More rigorous analysis of damping andndynic elastic moduli has been completed for
Norway spruce and sycamore wood samplg8Bly Both tre damping and dynamic moduli (shear

and Young6s) are experimentally determined by
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model of a beam, including consideration of shear deformation and inertial components. Using
this method, the damping factar§] can be computed as the ratio
curve at half of the maximum amplitude (alternatively, the half power level can be used, which is
the 3dB Il evel) to the resonant frequenchy. The
resonant frequency for both wood species (for a resonant frequency range of 500 to 6000Hz).
Observabl e di-feforanteetatiorship bhetween theespruce and sycamore samples
were noted as the spruce wood exhibited a more drastic variatiomesnant frequency. The

potential mechanisms behind this difference are considered by SpychdBé{ ml.terms of the

material constituents of each wood species. The authors note that previous experimental studies
on organic, amorphous polymers illustrate a pronounced frequency dependence of dynamic
properties (where attenuation of sound waves @cdue to synchronized movements of large
molecular segments within the polymer). Given the increase in lignin (an organic polymer) content

of Norway spruce versus sycamore (27% and 23%, respectively) it is estimated that the degree of
crystallinity within the cell wall and the microstructural arrangement of the amorphous polymer

sections contribute significantly to frequency dependent internal darf§yhg

It is also prudent to consider the inherent anisotropy of wood and other natural materials
within the context of viscoelasticity and damping. Amada and Lf&&shave examined the
dynamic viscoelastic properties of bamboo in both dry and wet conditions over a frequency range
of 0.01 to 1000Hz. A similar testing method to that of Spycher ¢8#&l.was implemented for
torsional and bending measurements of dynamic
exhibit little dependence on frequency within the range mentioned above. The torsional values of
tan(ld) were slightly greater than those obtai
tan(0) measurements for wet s amp | eal.nearStmea | | p
1000Hz (dry, torsion) and 100Hz (wet, bending) spectral components which may be due to the
micro-level distribution of lignin and cellulose with respect to each of these orientations, as well
as the viscoelastic response of the material ih @¢hese modes. For instance, in bending the
values of tan(0) are dominated by the ratio
torsion matrix contributions dominate (the matrix compliance is more important). Thus it can be
reasoned that thebfir ous mat er i al constituents play a ma,
while the relatively compliant matrix constit

these differences and the well known anisotropy in the cellular structure of danbdowvood
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more generally, it i s somewhat surprising tha
torsional and bending modes (as is also mentioned by Amada and [B&8KesIn terms of
modeling the frequency depend§8]notetthatfolloivihg be hav
the methodol ogies of cellul ar weanadaqelularsaid ¢ o mg
would correspond with those of the solid material from which it is comprised. Fluid flow within

the pores for the wetted case is not considered as no significant peaks in the frequency spectrum
were observed and small peaks whichhevaebserved were quite narrow (< 10Hz). It follows that

a purely cellular model of damping would not be adequate for capturing potential anisotropy in
damping behaviour as anisotropy in porosity would not alter the-celliglar relationship of

t a n ( uey. Amaad and Lak¢38] suggest that molecular orientation of material constituents

may be contribute to damping anisotropy as well as the existence of two solid phases-at a sub

micron level.

Ultrasonic methodsan also be used for the characterisation of wood orthotropic properties
(including elastic moduli)[38]. This ultrasonic methodology vyields nine elastic constants,
representing the 9 independent orthotropic elastic moduli. In this method, wood anisotropy can be
expressed as ratios of various velocities and acoustic invariants. For estimating the quality of
spruce for resonant wood (as used in violins and other musical instruments), the ratio between
Youngbés modulus in the |l ongitudinal axi-s and
tangential) provides a good quality estimation index. This mettiddsting yields substantial
elastic and acoustic data regarding the properties of wood, although sample preparation can be
difficult, and for the case dArundo donax Lis somewhat limiting due to size constraints versus

larger wooden samples.
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Chapter 3

3 Experimental Techniques

This section is intended to provide additional information regarding the preparation of samples
used for Chapters 4 and 5 and to give an overview of the moisture cycling setup used in Chapter
6. The experimentaetup for irsitu X-ray micro CT scanning is also provided. These details are

not provided in their respective journal manuscripts.

3.1 Samples and Sample Preparation

Arundo samples taken from the heels of reeds played by the musician were prepared using
a modified histological approach. Microscopy samples were first removed from the reed heel using
a razor blade to an approximate thickness of 3 mm. Samples were thedde in paraffin wax
for fixation and their crossectional surfaces prepared using a sliding microtome. All surface
preparation was performed on the tangesnadial plane of each sample (corresponding to the
crosssection of the Arundo culm). The sal@p were microtomed at a slice thickness of 20
microns until even, flat surfaces were obtained. No further surface treatments were performed to
prevent unwanted surface damage to the delicate microstructure. A few samplesaieyd for
surface roughneas prior to nanoindentation testing using an optical surface profiler (Zygo
NewView 8000). This was conducted to ensure that surface roughness was acceptable for
nanoindentation using the surface preparation technique. A sample profile is providgdren
3-1
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Figure 3-1: Surface profile for a vascular bundle
prepared using histologicgirocessing. The area
interest for nanoindentation testing is noted by

dashed area

Note that large profile values are due to the open pores of the parenchyma cells. The RMS
roughness of the nanoindentation area was ~10Aithough not repesentative of the entire
material, the solid fibers of the vascular bundles contribute most significantly to the longitudinal
stiffness of the reed. This longitudinal stiffness controls the bending rigidity of the reed and thus
measures of fiber longituddl modulus are important for understanding the behaviour of the
macraescaled materialNanoindentation measurements were also performed on parenchyma cell
walls, and these structures combined with the solid fibers represent all of the solid matenal prese
in the reed microstructure. Characterising the longitudinal moduli of these structures provides a
basis for the development of composite models quantifying the macroscopic mechanical properties

of the reed.

For comparison with reed heels, reed tips were prepared using an identical methodology,
although microtome slices were limited to 10 microns as damage was found to be more significant
in the tip samples if larger slices were taken (the esestional widh of reed heels was 2.5 to 3
mm, while tips were 1.25 to 1.5 mm). Moisture cycled samples were also prepared using this
methodology. For these samples a single piece of Arundo culm internode (obtained from the reed
manufacturer) was sectioned into 3.5 by By 3.5 mm samples, all aligned longitudinally. This

longitudinal alignment was used to minimize irs@ample variance that could impact measured
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differences in nanmonechanical behaviour. A schematic of the sample orientation is shown in

Figure3-2.

Tangentialradial orientation of samples

Longitudinal orientation of samples

e

T U0 0 00 T

Figure 3-2: Orientation of moisture cycling samples
nanoindentation testing. In this diagram, samples were cut {
single internode (bottom) using 4 successive cuts. The posit

each sample with respect to the cresstionis also shown (abow

All fixated samples were stored at 50 to 60% RH to prevent deformation due to shrinkage strains

during moisture desorption.

Samples for Xray diffraction testing were taken from the same locations as the
nanoindentation samples of the used reeds. A tt@ade was use to cut off equal amounts (by
mass) of reed heel and tip samples from the used set. Samples were dried at 100°C for 1 hour prior
to powdering to reduce residual moisture content. Samples were powdered using a razor blade and
mortar and pesti¢to a final size of approximately 800 microns). This procedure was used to
prevent the final powder size from being too fine and impacting the XRD results. Samples were

stored under vacuum desiccation prior to testing.
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TGA samples were sectioneiddarly to the XRD samples. Matching heel and tip samples
were obtained from the played reed set using a razor bhadedo donax Lexhibits strong
longitudinal symmetry in terms of anatomical structures (specifically vascular bundles), therefore
each TG\ sample set was taken from the same location along the length of the reed. Heel and tip
samples were all of equal mass (~1.5 mg) and were stored at ambient temperature and 40 to 50%
RH prior to pyrolysis. Samples were not dehydrated as equilibrium nmmisturtent for each
sample was determined during the TGA ranppto 100°C. A diagram depicting the orientation of
TGA samples relative to the reed is showfrigure3-3.

Heel crosssection Overviewof the reed

Figure 3-3: Schematic of TGA samples cut from the alto saxophone
samples. The longitudinalignment of both heel and tip samples is noted.
overalltop view of the reed is depicted, although samples were taken frc
underside where radial depth of the culm is ediual, the side that clamps o
the mouthpiece).

3.2 Experimental Setupi Additional Information

Measurements of tan U were obtained through
stressstrain setup. The experimental design included a shaker rig used to input dynamic
displacementtaspecified freqaencies. Input displacement was measured using a chromatic-(white
light) confocal displacement sensor (STIL GOBtima+) with the sensor focused on the point of
contact between the shaker stinger and the sample surface. Output force was measured using a
piezoelectric transducer in contact with the opposite sample surface. The use of sandbags and foam
aided in eliminating resonances of the setup between 100 andHx0Q@tent lag in the system
(between input and output measurements) was compensated viaticadibsing a solid aluminum

block (assumed to contribute a negligible amount of kguiput lag relative to the system). This
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calibration was performed between 100 and 1600 and used as a calibration curve for

measurements on Arundo samples betweesetltwo frequencies.

The experimental setup for micro CT moisture cycled samples is shdviguire3-4. Here
the process of exposing samples to rsdion cycles was automated due to the precision required
and the time needed to complete all cycles.

RH conditioning chamber

Sample retainer

Programmable switch Pump Reservoir Ultra-sonic humidifier

Figure 3-4: Automated moisture cycling setup for the micro CT samples. Note that only deionized wz

used in the reservoir.

The power switch was programmed to cycle the pump on and off at specified intervals and the
exact cycle profile is provided in Chapter 6. The udtbmic humidifier was set to maintain the
samples at 70% RH during each desorption cycle. The flow rate pitinp was set such that the
equilibrium water level of both the reservoir and sample chambers was just above the height of the
sample retainer during an absorption cycle. Perforations in the sample chamber allowed water to

completely flow out during desption.
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3.3 Image Analysis

Some general comments should be made with regards to the error introduced when using
thresholding operations for image processing. Several anatomical and microstructural features
were extracted from various micrographs during thiskwasing thresholded binary images.
Intensity thresholds were mainly used for the results of Chapter 6 where large contrast differences
between the sample tissue and the surrounding air volume were optaaiédted by the quality
of X-ray CT micrograps obtained Features extracted from these imagese obtained as
averages over the entirerdy CT stack and slight changes in threshold levels wouldffesttthe
relative differences between samples that are discussed. As an example, measures of cell diameter
could fluctuate in terms of absolute value with changing threshold levels, but these fluctuations
would be consistent between image and sample sets thleesame threshold limits were used for
binarization. Therefore, for the purposes of these comparisons the thresholding operations would

not introduce significant error.

Feature extraction on images of Chapter 4 was also performed on binarized intlzgegha
the binarization process was different from the above noted method. In this case, thresholding was
performed using the neans clustering procedure in ImageJ and a training set of classifiers from
each of the two regions of interest within eachrogcaph. In this way, small differences in
intensity values between micrographs did not influence the results of the clustering segmentation
as the classifying training set inckatisamples from the entire collection of micrographs. Similar
to the limitatons mentioned for Chapter 6 micrographs, absolute values for fiber area fraction and
cell shape parameters (such as diameter) could exhibit a dependency on the segmentation
classifiers chosen, however relative values would not be affected. The diffelbetwesn reeds
of a setis the main point of interest for this study and the magnitude of these differences would
not change due to thresholding fluctuations. The useroElns clustering for image segmentation
also eliminates any variance in binarizatmperations as the resalj segmented imagesene

binary in nature (solid fibers and surrounding parenchyma tissue).
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Chapter 4

4 Static Bending Stiffness and Aging Behaviour of Alto Saxophone

Reeds: A Practical and Anatomical Approach
C. Kemg, G. Scavonk

1Computational Acoustic Modeling Laboratory, Department of Music Research, McGill

University

This chapter is in manuscript style and intended to be published. This component of the thesis
work examined the degradation behaviour of actualsdxophone reeds using bending stiffness

as a mechanical characterisation method.
Abstract:

The present study examines the static bending stiffness behaviour of alto saxophone reeds
manufactured fromArundo donax L Reeds are quantified both experimentally and through
stiffness evaluation by a musician during their playing lifecycle. Spatiaigrient stiffness is
considered and stiffness asymmetry is found to be an important metric of reed performance as
assessed by the musician. The reeds played by the musician aamalis®E with respect to
several different reeds sets ranging from saostifbin terms of manufacturer stiffness rating. This

was conducted to examine similarities and differences between reed sets from an anatomical
perspective. Correlations between bending stiffness and anatomical structures are found and a
Euler beam bendg stiffness model that is dependent on these anatomical structures is developed
to account for minute differences between reeds. Good agreement between the model and
measured results is observed. This work may lead to the development of more accurgtarsbrt
categorization methods for currently manufactured reeds, reducing the variability often observed

by musicians.
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4.1 Introduction

The reed and its vibrational behavi@rea critical component of any reed instrument. The
woodwind reed is manufacturetbin Arundo donax land is clamped to the mouthpiece during
playing for single reed instruments. Although reeds are sorted and categorized by the manufacturer
according to stiffness, significant variability is often observed between reeds. Initial asgessmen
of the performance (mechanical, acoustical) of reeds also does not remain constant and further
contributes to reed variability and the difficulty in assessing reed behaviour (and ultimately
musical performance). The proper objective classificationerfgés an interesting problem from

an engineering perspective with the goal of producing reeds that are more consistent.

4.1.1 Background and Motivation

Research into the mechanical behaviour of the mouthpésmk system has, in general,
considered the esl as a second order vibrating system with homogenous proga&]ed his
model simplifies the simulation of fluid flow behaviour, although it neiglsome of the intricate
anatomical features of the reed that contribute to-neted variability. Previous studies on clarinet
reeds have noted that at the tip, reed displacements are large compared to the thickness of the
crosssection ( > 10% strairf}0]. The crosssection of alto saxophone reed tips range from 100
to 200 microns in thickness, meaning that the inner cortex of the Arundo culm contributes
significantly to the mechanical properties governing reed vibration, especially around the center
of the reed. Thénner cortex represents the inner diameter of the Arundo culm-sectisn the
inner to outer cortex is the bottom to top directiothefFigure4-1 micrograph and is comprised
of a composite mixture of several anatomical structures, primarily stiffening vascular bundles and
more compliant parenchyma cells as a surrounding matrix. Theuheai bundles contain a
perimeter of solid fibers that contribute significantly to longitudinal and radial (bending) stiffness
while the parenchyma cells form a celldlédee structure similar to that of a honeycomb. Both of
these anatomical structureseaitlustrated inFigure 4-1 (the micrograph on the right)The
importance of vascular bundle fibers within the inner cortex on the musical quality of clarinet reeds
has previously been notdd], although the influence of these fibers on pertinent mechanical
properties such as bending stiffness has not been considered thoroughly. Additionally, caanparat
differences in fiber structures between individual reeds in a nominally identical set have not been

analyséd (i.e., only general trends of anatomical parameters and the impact on reed quality have
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been considered). The distribution of vascular bunglésn the parenchyma of the inner cortex
is not uniform and significant differences can be observed between nominally identical reeds. It is
not clear the way in which these differences contribute to either objective or subjective reed

properties and ismaarea requiring further analysis.

Another aspect ohe relationship between reed mechanical, microstructural and anatomical
propertiesthatis not well understoo the consideration afhanging reed properties alongside
longerterm degradation behaviouSpatz et al[12] considered the anatomical features that
contribute to Youngos roond that,amongstfothdr factorsAhe langed 0 ¢
Youngd6s modulus in the I ongitudinal direction
of solid fibers surrounding reinforcing vascular bundles. Investigations into the dependence of reed
guality on amtomical features have only considered the analysis of a small set of reeds and to the
best of the authorsdé6 knowl edge, no studies he
aging reed propertidd], [10], [41]. These properties are important as initial assessments of reeds

do not always hold true and their behaviob@amges with time.

4.1.2 Arundo donaxL

A typical Arundo culm crossection is provided irFigure 4-1. The primary material
directions of interest are the radial and longitudinal directions, also noted in the figure. Reeds are
manufactured such that the length of the reed is aligned witbripudinal direction and the flat
underside is closest to the inside diameter of the culm wall. A typical Arundo culm contains node
and internode regions although only internode regions are considered in the present study as they
are the sections used f@oodwind reed manufacturing.
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Figure 4-1: Left: Orientation of the longitudinal direction with respect to the Arundo culm and a manufactured reed. Rigt
(R) direction and thdongitudinal direction (circle, into the cresgction) with respect to a typical Arundo cresstior

micrograph.The circle highlights a vascular bundle structure and the square highlights the surrounding parenchyma c

Biomechanically, the nodggnd caps of the culm shown on tleét of Figure4-1) are
important for structural rigidity and it would be interestingtmsider proximity to these regions
on the influence of reed bending stiffness in future studies, although this is not considered in the
present work. The main microstructural and anatomical features of interest are the vascular
bundles, surrounding solifibers and the parenchyma cells. Although the epidermal layer is
important to the biomechanical strength of the Arundo dahits importance is less significant
for woodwind reeds where the majority of vibrating material is confined to the tip region.
Manufactured reeds are machined from the outside to inside diameter of the culm with the flat
underside of the vamp correspondiiogthe inside diameter. This results in a reed tip entirely
comprised of the inner 10 to 20 % of the culm wall thickness. Previously it has beernl2jted
that the density of vastar bundles is dependent on the radial position within the culm wall. This
is similar to the structure observed in many types of barfdjp although the asrage size and
shape of vascular bundles differs between the two species. The radial dependence of vascular
bundle density results in a gradient in the s
most region being an order of magnitude lowerntibe outer region with a logarithmic
relationship with respect to radial positifi?]. The importance of radial position is not just
confined to the spatial density of vascular dles, but also to the size and density of the solid

fibers that surround their perimefdi, [43]. These solid bers provide most of the longitudinal
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and bending stiffness to the Arundo culm and their density is likely important to the vibrational

performance of the reed.

4.1.3 Anatomical Structures and Quality

Good quality reeds have previously been associated withalkensity of vascular bundles
exhibiting continuous solid fiber perimetd#s]. The solid fber perimeter surrounds each of the
vascular bundles as previously mentioned and can be seen as the small white ring surrounding the
bundle depicted ifrigure4-1 (highlighted by the yellow circle). Thus, much data and insight into
the structural performance of reeds can be obtained through careful analysis of the vascular bundle
anatomy. The surrounding parenchyma cells form a structure that is more compliatitethan
vascular bundles and this coupled with the scale of the cells and vascular bundles can influence tip
bending significantly. In bending, deflection of the tip is greater for regions with reduced vascular
bundle density and depending of the spatial gearent of vascular bundles, this can result in a
nortuniform bending profile. This would influence the vibrational performance of the reed (in
addition to other factors, such as-tipening displacement) and is not taken into account by typical
reedmouthpece acoustic models. All of these biomechanical contributions highlight the
importance of radial positioning with respect to the strength and stiffness of machined reeds in
their final geometry. The microstructural and anatomical measurements consierethave not
previously been directly compared with bending stiffness measurements or stiffness ratings (by a
musician) for single reeds of a specific set. The potential correlation of these measurements with
reeds of varying bending stiffness is also ama requiring investigation. General studies
considering the rankings of reeds (i.e., good versus poor performance) have thus far been unable
to draw clear conclusions from the d§td]. Kolesik et al.[4] and other studief] found no
statisical evidence that vascular bundle density contributed to musical quality, although for
bassoon reeds Heinridd3] found that the fiber density surrounding the vascular bundle was

important.

4.1.4 Static Stiffness

Stiffness is an important parameter for sorting and comparing reeds as it is a metric that
manufacturers use and one that musicians agwea the definition of7]. Musicians can also
consistently identify reeds according to theirfs@ts. It has also been considered as the foundation

for good acoustic performance in clarinet regldd and thus is an important property to consider
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in the objective classificatioof reeds. More recent studies on static vs dynamic compliance in
clarinet reeds has shown a linear relationship between the two, at least when the dynamic
compliance of the first bending mode is consid¢8dThis is important as it suggests that static
measurements (which are easier to penfby the manufacturer, practically speaking) can be used

to categorize dynamizehaviour These mechanical measurements of the reed were also shown to
be highly correlated with ratings by musicians, including ease of playing and brightness, further
highlighting their importance. Reeds of equal static compliance could not explain all of the
differences in ease of playing ratings, although an arbitrary unit for static compliance was used in
this case and only a single measurement position was tested. Differences due to blowing pressure,
lip position and other mouthpieceed interactions notwisitanding, it is still of interest to test
highly calibrated bending stiffness measurements with respect to tip microstructure variability to
investigate potential sources of variation in nominally identical reeds. Given that stiffness is used
as a baselinéor sorting and anticipating reed performance, stiffness is used as the primary

descriptor for reed variability in the present study.

4.1.5 Degradation and Tip-Stiffness Importance

As has been noted, reed performance changes with time and exposure to niRestdse.
are played in a fully saturated state (at least at the tip of the reed) and then stored between sessions
in an unsaturated state (although usually at elevated relative humidity to prevent warping). This
repeated moisture cycling coupled with mechaliatigue contributes to the degradation of reeds
and their changing properties. Mechanically it is relatively easy to quantify reed degradation
behaviour by testing changing bending stiffness values during the lifespan of a reed. It is common
for musicians to report differences in reed stiffness for purchased reeds, however the magnitude
of these differences in comparison with objective measurements has not been well studied to date.
Manufacturers sort machined reeds according to their bending stiffattb®ugh this
measurement is only performed in one location along the length of the reed and does not capture
differences due to variable anatomical distributions. These localized differences are important as
several anatomical features have a length sbatas the same order of magnitude as the thickness
of the reed tip. This suggests that the distribution and local material properties of anatomical
features within the tip region are important for more rigorous classification of reeds. This is

especial true when the modal shapes of tip vibration are considered in the context of tip deflection
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magnitude[40]. If the tip is significantly heterogenous in terms of stiffness, this could lead to
localized differences in tip vibration (i.e., tip stiffness asymmetry) aggktdifferences would not

be obvious from average bending stiffness values taken further away from these heterogeneities.

4.1.6 Summary

Of additional interest is the relationship between changing objective stiffness
measurements and perceived stiffness valuesgl the lifecycle of a reed. While more reliable
prediction of initial reed bending stiffness is desirable, changing stiffness values are also an
important measure of reed consistency. The current study observes changing objective and
perceived reed sfiiess over the course of several months to evaluate changes that occur during
the natural lifecycle of played alto saxophone reeds. Upon completion of the playing portion of
the study, anatomical features of the reedsaatyse to extract potential obgive measures that

better predict reed stiffness and aging behaviour as compared to typical bending stiffness values.
4.2 Experimental Design

4.2.1 Materials and Samples

For the purposes of tracking reeds over their lifecycle, a set of reeds from the same
manufactued batch (i.e., same raw material and harvest) were obtained from the manufacturer.
These reeds were all nominally identical according to the manufacturer specified stiffness and
showed no significant differences in tip geometry. This geometry was meéasuerms of tip
thickness at six different locations and values between reeds were all within 5%. A total of 8 reeds
from this batch were selected randomly for the study in order to observe changes during normal
playing. The reeds were apecified witha stiffnesso f f3HWhere H is wused
descriptor. Reeds of this cut are available in all different stiffnesses ranging from 2 to 4 and include
intermediate ratings of soft, medium and hard (S,M and H). With this rating system the musician
is abde to be more precise in their selection of reeds by stiffness. The magnitude of differences in
between reeds of these ratings was not well understood prior to this study, in terms of calibrated
static bending stiffness.

4.2.2 Objective Stiffness Testing
In order to quantify potential stiffness asymmetry along the tip of the reed, six different

measurements of bending stiffness were taken at six different spatial positions as ioUFiigec:

39



4-2 below. A rounded dowel pin was used to perform point stiffness measurements that highlighted
differences in onand offaxis values. Two measurements per reed were takemisrfalong the
centerline of the reed vamp) and 4 measurements were takexisfNote that in this context,
onaxis represestmeasurements at A2 and B2 positions (along the reed vamp centerline)}and off
axis represestall measurementtakencloser to the edge of theed (Al, A3, B1, B3)These
measurements were performed at 70% relative humidity (RH) and 23 to 25°C. All 8 reeds were

measured initially in aseceived conditions before they were played by the musician.

i

Figure 4-2: Experimental setup illustrating the stiffness testing technique along with the spatial position of stiffn

Note that the dowel pin {gositioned in the center of the clamp (shown by the arrow). A typical dowel pin (used for
the tip stiffness) is also illustratedgttom right illustrationd = 1 mm).
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Prior to beginning the study, a test reed of the same 3H stiffness ranking (also from the
same set of reeds) was fitted with a strain gauge 3 mm away from the tip. This strain gauge was

attached to the flat underside of the reed vamp and is sindwgure4-3.

Figure 4-3: Strain gauge fitted to the underside of
alto saxophone reed. The underside of the

normally sits against the lay of thgouthpiece.

It is difficult to make invivo measurements of reed bending behavjdét and it was desirable

to obtain approximate values of strain magnitude during playing by the test musician. The
placement of the strain gauge was meant to provide a measure of bending strain at the same
location as one of the static bending stiffnreesasurement positions. The addition of a strain gauge

to the tip of the reed likely influenced the overall vibrational and acoustic performance of the reed
although it was noted that the musician did not find it difficult to play the reed, nor were any
significant differences between this test reed and a normal reed offered by the musician. These
measurements were useful for determining average bending stress values for reeds-dwong in

use. This provided an indication of the magnitude of bending @diucthe reed tip during normal
playing. The influence of increased lip force (in this case, style of play) on the reed tip is also

considered.

4.2.3 Perceived Stiffness Testing

Reeds were evaluated for perceived stiffness by a professional alto saxophomesigirn.
Initially, the entire set was ranked by the musician after the first set of objective stiffness
measurements were taken. The reeds were then
and a stiffness ranking tracking sheet was providiacgs sheet was used for recording the duration

played on each reed per session and the current ranking of stiffnessala toml to 8, where
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number 8 represented the stiffest reed and number 1 the softest. For consistency, the reeds were
played forthe same amount of time during each practise session and stored at 70% RH between
sessions. The reeds weraamked from soft to stiff during each playing session, unless no changes

in ranking were detected. The reed placed in theasiking was considerd t o be the fic
reed and would be selected for use in a concert performance (this system was adopted as part of
the musicianés nor mal routine). A schedule wa
could be made in conjunction with the peived stiffness ratings and the reeds were completely
re-ranked several times (without the aid of the tracking sheet) to prevent previous ranking entries
from influencing the current rankings. This was done to ensure that perceived rankings were

independat of previous findings.

Overall, the study tracked the life of the reeds for 2.5 months, with objective measurements
of stiffness being conducted once per week. Care was taken to monitor the storage conditions of
the reeds to make sure that they werd laslclose to 70% RH as possible. This was done through
the use of a calibrated temperature/humidity logger and an 80% RH saline pack placed inside the
reed container. Prexperimental monitoring of the container found that an 80% RH pack was
required to mintain the RH level of the container at 70%. Reeds were only stored indoors and
thus temperature fluctuations were minimized to ambient conditions (23%5CG). Temperature
and relative humidity measurements were recordednainlite intervals during stage of the
reeds in the experiment so that conditions could be monitored and verified. The study was
concluded when the musician felt that the reeds had reached the end of their useful life, a point at
which they would normally be replaced in their nornagation.By the end of the study, each reed
had accumulated approximately 300 minutes of playing time at an average rate of 5 to 7 minutes

per day.

4.2.4 Bending Stiffness Measurements

Objective stiffness measurements were conducted usimgiceo-tensilecompressive
loading stage with a 1Pound load cell. Static loading conditions were used (similar to
manufacturer testing) with an applied displacement rate of 0.025 mm/second. Each tested point
along the reed tip was loaded to a constamgla@iement of 1.5 mm. This value was chosen to be
large enough for an accurate measure of linear elastic bending stiffness to be measured while

preventing damage due to fiber breakage and/or fracture.
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Reeds were loaded using a cantilever beam g&igpre4-2) intended to mimic the way
that reeds are normally mounted on the mouthpiece of a saxophone. The clamping condition of the
cantilever was made to simulate a ligature on the mouthpiece witintierside of the reed pressed
flat against a steel adaptor. The length of the unsupported end of the reed (as measured from the
tip) was 38.25 mm and the length of the supported end was 32.55 mm. The clamp was positioned
such that the boundary conditionsre representative of a rigidly supported beam. Displacement
measurements were taken from the linear displacement sensor of thedemgitessive rig. The
locations of the bending stiffness measurements along the reed tip are rfotpaed-2.

The O0A6 position measurements were taken 1
measurements were 6 mm from the tip. The A2 and B2 values were aigngdhe center of the
reed vamp with Al, A3, B1 and B3 values takenadis on either side of the A2 and B2 values.
The 6Ad6 position measurements were each 3 mm
(refer to the diagramin Figure 4-2 for an overview). It was desirable to maintain several
millimeters of distance from the edges of the reed for testing to prevent damage to the vamp. The
loading condition was such that the dowel pin was perpendicular to the surface of the reed tip
during deflection. A rounded dowel pin was chosen to prevent excessive localized stress from
penetrating the reed surface. As previously noted, these measuremenier@med at Six
different locations along the tip during each measurement session. Reeds were not played by the
musician for 24 hours leading up to each bending stiffness measurement to allow the reeds to
stabilize at the nominal storage condition. Reedsses were also receddduring each
measurement session to capture potential changes in moisture content, and any mass changes

related to deposition of skin or mineral materials during repeated playing sessions.

4.2.5 Microstructure and Anatomical Evaluation

All reeds of the set wer@nalysé for several microstructural features in addition to the high
spatial resolution stiffness measurements conducted. Upon completion of the playing portion of
the study, samples from the heel section (the back-sext®n of the reed) of each reed were
taken. These samples were 1.5 to 3 mm in thickness and captured the entisectiossof the
reed. Crossections are indicative of the reed tip along the bottom edge due to the high
longitudinal symmetry of the Arundo culm. This was verified by analyttieglistribution of solid

fibers surround vascular bundles at both the tip and heel of the reed. Images of the underside of
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several reeds were obtained and segmented to separate solid fibers from the surrounding
parenchyma. Subections from the tip andebl sections were then compared to check for the

continuity of fibers along the longitudinal axis. Examples of this are providEdyure4-4 and
Figure4-5.

o, (HRIBHARCH I SNV EY TR LT BIUARER ) -
T URRGEILEIHE NN LN SUEEAIN L

Figure 4-4: A) Optical image of the underside of an alto saxophone reedcdinesponding segmen
image depicting solid fibers (red) is shown beldalid fibers are optically opaque to white light
comparison to the parenchyma tissue (matrix material). Therefore, image segmentation was perfor
thresholded greyvaluésr om t he fidar ko sections of the re

matrix. B) Subsections of segmented images providing a comparison between tip and heel secti
reeds. The continuity of fibers along the longitudinal directibthe reed can be observed here as s
fiber symmetry between tip and heel images is apparent. Note that all scalebars aredlh@al versus 1
sections are denoted by the AHO and ATO | abe

44



170
160

S 150 r TN |
%130 f q W ( n f/ («i
% 110 W \
SRR J

80

00 10 18 26 34 42 50 58 66 74 82 90 98 1061714
Distance Across Reed (Tangential Direction, in mm)

Figure 4-5: Plot of the area averaged grey value for-settion images (as in Figure
B) for heel (orange) and tip (blue) locations of a sample 3H reed. Note that wl
width of solid fiber bundles varies slitly, the location of bundles is uniform betweer

heel and tip data.

Although not shown here, slight differences in tip versus heel solid fiber distributions can be
explained by the flatness of the machined reed relative to the Arundo culhn Wis context

the longitudinal direction of the culm may not be perfectly aligned with the machining plane, and
slight bending along the longitudinal axis that occurs naturalyrimdo donax Ican cause solid

fiber bundles to appear misaligned whem &nd heel segmented images are compared. The
locations of solid fibers in both heel and tip sections are depicted as the maxima of grey values in
Figure4-5. Overall strong continuity in fiber location between heel and tip sections is observed,
confirming the assumption of high longitudinal symmetry for vascular bundles and solid fibers

within the Arundo culm.

Samples were cut using a Struerdés microtome
using a Lecia vibrating microtome. Composite optical microscopy images for the entire heel cross
section of each reed were obtained by stitching hageteveral individual micrographs at 10x
magnification. The resulting micrographs were roughly 13 by 3.5 mm in size and were used for
further identification, classification and quantification. The microstructural and anatomical
features used in the analysvere centered around the vascular bundles (VB) of the reeds. Most of
the analysis focused on these elements as they play an important role in determining the

mechanical and vibrational properties of regds[12], [43].
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All of the anatomical features extracted from thierographs were compared analytically
with measurements of stiffness for each of the spatial positions considered. It was also possible to
compare changing stiffness values for each reed with these extracted features by fitting aging
curves to the measuwtestiffiness values over the duration of the study. These aging rates were
calculated as a loss of bending stiffness per hour of playing. Objective aging rates were also

compared with subjective changes in stiffness ranks for each reed over the duridigostody.

Reed micrographs were pgaibcessed to extract the features of interest. The above
analysis and extraction was performed in MATLAB and in ImggéJi [48]. Routines were
written to automatically quantify the desired properties, plot themasistgtal distributions and

save descriptive parameters. A general outline of this process is shbigarie4-6.

Optical L o
micrograph — Classification — Binarization
|
Vi
Constrained Generation of
region growing : phase mask

Figure 4-6: Overview of the image processing technique used to extract the desired anatomical features from each
micrograph.

Classification of the optical micrographs is performed using ImageJ and a trainablets¢igmen
procedure. The segmentation is used to create two main phases from each micrograph, specifically
parenchyma and VB fibers. It is important to consider the location and density of these VB fibers,

as several metrics related to the shape, densitggnéa t i a | arrangement of VI
from these segmented images in subsequent image analysis. The segmentation routine requires

that a training set for classification is provided.
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Figure 4-7: From top to bottom Initial,

unprocessed optical micrograph of the |
crosssection. Segmented image of s
fibers. Phase mask image of vascular but

and surrounding matrix.
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This training set was taken from each reed heel micrograph separately to prevent variation in
exposure and brightness from influencing the results. A subsection from a typical micrograph

along with its corresponding segmented image is showigure4-7.

Regions containing small, 5 to 30 Om di ame
at random for the first classifier training. Larger (50 to 300 um) sections of parenchyma cells were
selected for the second classifier (green portions of the middleeimagigure 4-7). Heel
micrographs were also cropped to a rectangular section that captured the entire height of the reed
heel (crossection) measurmroughly 10 x 3.4 mm. The exact size of the crop was dependent on
the heel crossection beingnalyse as the height of reed heels was slightly variable.

The fully segmented images were then binarized to facilitate further processing including
constraikd regi on growing. This operation invol vec
phase mask was produced. The growing region was confined to the limits of the cropped heel
micrograph and seed points were selected to completely fill the spacewiaben adj acent \
This mask represented a binary i mage that <con
(bottom image ofigure4-7). This map of VB masks simplified the automatic recognition of VB
centroids during image processé@able 4-1 outlines the features that weamalyse for each
reed/micrograp and theselescriptoravereextracted from thes€B masks usinghe analytical
techniquesnentioned aboveExtracted features were found to exhibié besgoochessof-fit to
Weibull distributions and shape parameters #merefore are described using tywarameter
(shape and location)Veibull curves. Some features did exhibit fits more similar to a normal

distribution and were modeled as such. Normally distributed features are noted where appropriate.
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Table 4-1: Overview of the anatomical and microstructural feataredysel.

Microstructural Feature Description

VB maximum distance f The maxi mum Euclidean distance
VB minimum distance T The mini mum Euclidean distance
VB A2 density 1 The Euclidean distance of neighboring VB centroids from a cen

located at the A2 stiffness position dfet crosssection. This value is
computed usinganeareste i ghbour approach v
surrounding the A2 position are found. A fitted Weibull curve to

results yields a location parameter that is used as the VB A2 density"

VB area 1 The area of any VB in terms of an equivalent diameter (i.e., idealize«
circle)

VB ellipse 1 The aspect ratio of an ellipse fitted to any VB in the egesgtion (where
the limiting cases of 0 and 1 represent a circle and a line seg
respectively)

VB area fraction 1 The ratio of VB area to overall parenchyma (crssstional) area in th

analyse micrograph
Fiber area T The ratio of solid fiber area

area in theanalyse micrograph

VB distribution T An overall metric of the Eucli

VB Al density 1 Computed in the same way as for the A2 density but using an Al cel
position.

VB A3 density 1 Computed in the same way as for the A2 density but using aert8oid
position.

All features are presented as statistical distributions (primarily normal and Weibull types,
depending of the fit) with distribution shape and location/center parameters used for further
analysis. The distribution features werechasen a metri c of the spati al
to test for obvious microstructural differences between reed-sex$®ns. More specifically, the

VB center metrics at the Al, A2 and A3 positions were taken tosasegsasymmetry in the
arrangementfovB density throughout the reed cressction. This asymmetry was quantified by
comparing the magnitudes of differences between VB Al, A2 and A3 center values.
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4.2.6 Comparison Reed Set

The geometry between reeds of different static stiffness (of the sameactaned cut,
such as jazz or classical) does not vary significantly in terms of tip-seatiosn. Given that
manufacturers offer reeds in half and quarter stiffnesses it was deemed prudent to compare the set
of reeds played by the musician (3H) with tha$ehe same cut and different stiffness ratings.
Thus, four additional sets of samples were compiled including 10 reeds of rating 2S, 10 of 3S, 10
of 3M and 10 of 4H. The samples were selected to provide a measure of differences in the static

bending stifness between reeds of similar and dissimilar manufacturer ratings.

These samples (referred to as the comparison set) were subjected to the same mechanical
testing procedures as the musician set although only 2 spatial positions were examined, both along
the central axis of the reed. In total, 80 measurements were made with 40 A2 position and 40 B2
position data points. Reeds were conditioned at 70% RH and 23°C for 48 hours prior to mechanical
testing to ensure that the initial conditions were the sanveebetall reed samples in the study.

The reed heel micrograph preparation method was identical to that of the musician set, as was the
image acquisition method. All of the anatomical features extracted from the musician set were also
analysd for the compason set. Overall this experimental setup provided 48 reeds of varying

manufactured stiffness ratings with 5 sets (10,10,10,10 and 8) of identical stiffness ratings.
4.3 Results

4.3.1 Overall Tip Stiffness

A visualization of reed tip stiffness values for the misi set (3H set) can deund in
Figure4-8. Thesefigures present plots of spatially dependent stiffness values for each of the 8 3H
reeds played by the musician. Each pl ot repr
lifecycle. Spatially dependent plots of stiffness rate of change are also presented (measured as a
bending stiffness loss per hour of playing). The distance units for all of the plots are given in mm
and are representative of the actual locations for bending ssffineasurements. Graphs are
plotted on the same stiffness scale for all positions with each of the 6 spatial positions where
measurements were made being depicted. General observations between the plots and the
musi ciands r anki ng stheaontextadrees prefatence.AAs mevieudly natédt h i n
the reeds ranked between 3 and 5 of the8ed set wer e considered O0cc

reeds by the musician in accordance with their normal reed maintenance technique. All values
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have been noralized with respect to the thickness of the reed tip at each measured location. The
measurements presented in the plots were obtained by calculating the slope of linear fittings
through the origin to loadisplacement data at each of the 6 spatial locatested(assuming

linear elasticity with no timelependence over the testing duratidif)erefore, the measurements

presented represeatmeasuref linear bending stiffnedar a 1.25 mm input displacement.
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Figure 4-8: Initial (dashed) and endf life (solid) bending stiffness (N/mm) for the-r@ec
musician set. All 6 data points for each reed are used tepddially dependent stiffness a
and B (black and red lines, respectively) positions along th&&pd numbers within the

are depicted on each tife plots.



The orientation of these plots is such that thexis represents distance along the reed tip
(in the tangential direction, with respect to the ADL culm), where the 0 mm point is located at the
centerline of the reed vamp along the longitudinal directismg data from the A and B positions,
these plots create a stiffness map of the reed vamp. The longitudinal axis is aligned wékishe y
and these plots represent spatially dependent stiffness within the longiiasigantial plane of
the Arundo culmResults fottip stiffness for the final measurement taken on all reeds at the end
of their lifegycle are also providedt should be noted that the influence of torsional deformation
on bending stiffness was not considered here. Although torsion is likely to be induced by bending
along the offaxis positions, a reduction in bending stiffness from the beginning to ene sitithy
is still indicative of the aging process and not only due to miRede deformation types.
Additionally, lower offaxis bending stiffness is still an indicator of stiffness asymmetry as more
symmetrical stiffness profiles along the tip would suggesiple bending dominates the
deformation mode, with less torsional influence. This information is also useful towards the

understanding of intereed variability and aging related changes.

Contour plots of stiffness rat&-change are provided Figure4-9. These plots illustrate
stiffness changes along the reed vamp during their lifecycle. There are two scalebars in the figure
to account for relately large changes in the stiffness of two specific reeds during the study (as

mentioned in the figure caption).
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The plots of stiffness rate of change indicate thquoAition values (i.e., the ones closest
to the reed tip deteriorate more significantly and more rapidly thapdBition values. This
suggests that degradation along the tip is the most significant component of deterioration during a
reedoés |l ifecycle, including mecréneesbetweehreedsid mo
within this set are quickly visualized through these degradation plots. This will be discussed in
further detail with respect to the musicianods
may indicate that complete reecktting during playing is confined to the tip region of the reed
vamp and thus degradation of parenchyma cells due to cell wall collapse is less prevalent as the
distance from the reed tip increases (fibers do not exhibit significant elastic degradation during a

complete reed lifecycle).

4.3.2 Subjective Stiffness Evaluation

Consideration is also given to the musici e
Figure 4-10 provides the average stiffness rank for each reed over the duration of the study.
Rankings in this plot represent temporal averages, including 24 ranking events. Reed 7 is shown
without error bars as this reed was always considered to btfftest by the musician.
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Figure 4-10: Subjective stiffness rankings over the lifespan of each reed. Stiffness rank

change is also shown on the right axis. Error bars are provided as standard deviation.
Temporal changes in subjective rankings are also shown in this figure via stiffness rate of change.
Rate of change is provided as the change in stiffness rank per hour of playing and is an indicator
of reeds that the musician found to change more signtficthan others. Larger values of this
metric indicate a larger net change in subjective stiffness relative to the other reeds in the set. For
example, the musician considered reed #1 to vary much more significantly than reed #4 and overall
found it to beome softer with time. The musician also found reed #3 to vary significantly, although
they found it to become stiffer with time. Reed 7 exhibited the least amount of variability in terms
of musician ranking, as shown from the rank deltaigure4-10.

A summary of objective and subjective measurements is providédune4-11. These
plots facilitate the comparison of all objective and subjective rankings per reed over the duration
of the study. Here each box contains the upper and lower ranking bounds and the average rank for
the entire stugl The box plots also illustrate the importance ofafis stiffness measurements in
terms of predicting the subjective stiffness rankangl hey provide a quick visual reference for

reed variability, where large boxes indicate reeds that changedagtlifiduring their lifecycle.
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Figure 4-11: Box plots of stiffness ranks for objective measurements and the musician's asse

The reed number is noted in the lower right quadrant of each plot. Rankings are presented ¢

scale, where 1 and 8 represent the softest and stiffest repéctigely.
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Figure 4-12 provides a direct comparison between average stiffness rankings for the
musi cianbds ratings and bendi ng sThaBfpositeosis me as
depicted as it providke t he strongest corr el at Statisticalyi t h  t |
significant correlations between objective and subjective stiffness rankings and time dependence
will be considered in the discussion. Although differences are observed for reeds # apdears
t hat the musiciands per cept-axis valuoof bemdiagestffness i f f n

6 mm from the reed tip.

Average Stiffnes Rank
o = N w N (6} (o)) ~ oo [{e)

[EnY
N
w

4 5 6 7 8
Reed #

® Musician ®B3

Figure 4-12. Comparison of the musician's stiffnesskings with B3 spati
location bending stiffness rankings (average values over the duration of the
Error bars are provided as standard deviation.

4.3.3 Comparison Reed Set

Static bending stiffness values at A2 and B2 spatial positions were obtained foiréeel 40
comparison set. This was performed to examine the quality control of typical stiffness sorted reeds.
As previously mentioned, 10 reeds from 4 different manufacstiféness ratings (2S, 3S, 3M and
4H) were measured and the results are shovagure4-13 for A2 and B2 stiffness positions. It
was expected that the Jideds from the musician set would fall in between reeds of 3M and 4H
rating, although the magnitude of differences was unknown. The stiffness data for the 3H reeds
compared here was obtained prior to beginning the study with the musician (i.e., ihigg o

stiffness).
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There is a large amount of overlap in stiffness between sets measured at the A2 position.
This suggests that more rigorous material classification of the tip is necessary to elucidate
differences in reeds at this spatocation. For these A2 stiffness positions no single reed set was
statistically different from every other set, although the 4H reeds were stiffer than all but the 3M
set (p < 0.01). The musiciands set 6 Bthe) was
differences being observed. In general, the 2S and 3S reeds were softer than the others, but not
significantly different from each other. Statistically, the B2 stiffnefsethe 2S and 3S reed sets
were significantly different from each other aadbtother sets (p < 0.05), indicating that on average
they are indeed the softest reeds. Reed sets 3H and 4H were substantially stiffer than all but the
3M reed set. There is still significant overlap as denoted by the standard deviation suggesting that
it is likely to receive reeds in a 2S box that could be found in a 3S set and it is also possible to
obtain 4H rated reeds in a 3H box. Differences between reed sets of rating 3M and stiffer are not
so clear and suggest that the ratings offered by mantdastaould be improved to mitigate
variability. It is possible that reed stiffness changes-poging and packaging that could influence

the results of initial testing during manufacturing. It may be worthwhile for manufacturers to
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condition reeds for soe time after machining and prior to sorting/packaging, although the benefits
of this (in terms of mitigating variability) with regards to the current accepted method of testing

bending stiffness is not known.

4.3.4 Anatomical Structures

In addition to the anatomical features considere@iable4-1 several other metrics were
alsoanalysé. These other metrics weaealyse to captureand find correlations with changes in
bending stiffness over time and smalyseasymmetry in bending stiffness and anatomical
structures. Asymmetry was quantified by calculating the difference between distribution means
for vascular bundle (VB) centroidg three spatial locations along the tip. These were located at
the Al, A2 and A3 positions along theaxis (tangential direction) of the micrograph cross
section. A typical heel crossection that has been processed, segmented and classified is shown
in Figure4-14. Several of the extracted anatomical metrics are also illustrated in this fidjure.
spatially (radial with respect to micrograph crgsstion) dependent measurements such as fiber
area fraction and VB area fraction have been provided with respect to a normalized (0 to 1) heel
crosssection height. In these cases, the 0 positioresgmits the flat underside of the reed vamp
(i.e., the inside diameter of the Arundo culm) and the 1 position the outer epidermal layer of the

reed (i.e., the outside diameter of the Arundo culm).
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Figure 4-14: Crosssection of a typical reed hedghat has been processed and segme

Visualizations ofjuantification methods for several anatomical feataregprovidedNote that thes
binary images were denoised prior to automated analysise imagesepresent the phase masks
were obtained from the image processing

surrounding points Al, A2 and A3 are only provided as an illustration and do not represent

number of sur r od Reaferto §able/Bfdr smoreadetails. y z e

In this figure the VB centers are shown with respect to their corresponding spatial position. The
Al, A2 and A3 positions represent centroids about which the nearest vascular bundle neighbours

were locatd and analysed in terms of Euclidian distance.

Other metrics aimed at classifying anatomical structure size and morphology included
shape parameters for VB spatial arrangement, VB centroid positions and VB area distributions.
These metrics were all compdrto measured bending stiffness values. The shape metrics were
measured as Weibull shape parameters and their importance relates to the quantification of VB
spatial distributions (i.e., skewness). Typical results for the comparison set reed heels dee provi
in Figure4-15. The asymmetry of these distributions
throughout the reed crasgction, with density increasing towards the inside diameter of the culm.
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Figure 4-15: Left: Distributions of vascular bundle area, distance between vascular bundle centr
minimum average distance (nearest neighbour) between vascular bundle centroids for a 2S reed.

same distributions presten for a 4H reed. Note distance between vascular bundles is a distribution of E
distance between each centroid pair within the heel-@®sison. This provides a measure of average st
and spacing densitfror vascular bundle area a Weibubtdbution is fit to the data and shown as a red
The location parameter for the fitted Weibull distribution is provided for the minimum vascular bundle
as a red asterisk. All units are in microns and tHaeig limits of each correspondimpdpt pair are equal.
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PCA was used to visualize all the gathered anatomical and bending stiffness data for all
the measured reeds. This was performed on all the reeds in a combined data set to check for overall
trends of stiffness dependency ontéeas of interest. 5 principle components were found to
account for 70% of the variance in the data. From the PCA results, components 1, 2 and 3 account
for 21.94%, 14.59% and 11.98% of the wvariance
surroundiig the central axis (VB A2 density) of the reed vamp appear to be negatively correlated
with stiffness at position B2, and less significantly correlated with A2 stiffness. VB area fraction
is positively correlated with stiffness at both spatial locatiotifn&ss at the A2 position appears
to be influenced by more localized VB morphology including VB area (i.e., size of individual
bundles) and VB perimeter (indicative of the size of continuous fiber rings surrounding the inner
VB). Although notanalyse for the comparison reed set (and thus not studied here), it is likely that
the density of VBO0s surrounding spati al | ocat

stiffness at those locations, following the trend observed along the central reed axi

Further data analysis on all reed samples using Pearson correlation coefficients has been
summarized inTable 4-2. The correlation was performed time entire reed set, regardless of

manufacturer stiffness rating.

Table 4-2: Summary of correlations between A2 and B2 reed bending stiffness and anatomical structures.

Correlated Variables Correlation Coefficient p-value
A2 Stiffnessi VB Area Fraction 0.344 <0.03
B2 Stiffness VB Distribution 0.299 <0.05
B2 Stiffness VB Maximum Centroid

_ -0.292 <0.05
Separation
B2 Stiffness’ VB Center Density (central axis -0.384 <0.01
B2 Stiffness VB AreaFraction 0.630 < 0.0001
B2 Stiffness VB Center Density (Offaxis A3

-0.523 < 0.0001

position)
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From these correlations the spatial den-sity,
section influence central axis bending stiffness most significantly. It also suggests that reed sorting
according to several VB metrics could lead to less baitiain terms of stiffness. The relationship
between bending stiffness and VB area fraction is showigure4-16. As previously discussed,

the stffness overlap between reeds of different manufacturer rating is evident here.
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Figure 4-16: A) A2 position stiffness versus VB area fraction for all the reeds in the
(i.e., both themusician and comparison sets). Individual manufacturer stiffness ratir
colour coded according to the legend. (r = 0.33, p < OBBYhe same results preser

for the B2 position bending stiffness measurements 0.630, p < 0.0001)
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The asymmetry of reed stiffness and spatially dependent anatomical features were of
specific interest for the musician reed set where more stiffness measurements per reed tip were
made. To perform this comparison, stiffness metrics included the magnitddeiase (positive
or negative) of differences between Al and A2, and A3 and A2 bending stiffness values. Such
metrics thus represent asymmetry about the central reed axis (along the longitudinal direction).
These same differences were also calculatethioB stiffness positions. It should be reiterated
that all stiffness values were normalized with respetttitikness Stiffness measurements on this
reed set were repeated 8 times over the duration of the study to examine changes with time.
Consideringhis, Pearson correlations were computed for all anatomical variables of the musician
reed set (consistent with the method outlinedTable 4-2 resuts), initial stiffness values and
time-dependent stiffness values to examine linear relationships between the variables. This
facilitated more detailed comparison of reeds of equal manufacturer stiffness rating. A summary

of findings is presented ifiable4-3.

Table 4-3: Pearson correlations between anatomical structures and stiffness parametensfsidiae reed set (3H

rating).

Correlated Variables Correlation Coefficient p-value
A2 and A3 Stiffness endf-life I Asymmetry -0.911,-0.862 <0.01
B2 Stiffness enaf-life i Solid Fiber Modulus | -0.761 <0.03
A3 Stiffness enef-life i Solid Fiber Modulus | 0.800 <0.03
A2 Stiffness Deltd VB Ellipse (aspect ratio) | -0.792 <0.03
A3 Stiffness Deltd VB Centroid Density (A2

bosition) -0.781 <0.03
B3 Initial Stiffnessi VB Perimeter 0.735 <0.05

It was also discovered that after the time played on each reed was greater than 1.5 hours,
stiffness at positions Al, A2, B1 and B2 correlated with VB Area Fraction (r > 0.773, p < 0.03 for
all cases). This is interesting given that VB Area Fraction & @dsitively correlated with initial
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stiffness for reeds of different manufacturer rating and suggests that predictions of reeds exhibiting
reduced stiffness upon aging could be predicted using this metric. VB area (i.e., the area of an
individual bundle ad not area fraction) was also correlated with the modulus of solid fibers (r =
0.850, p < 0.01). This suggest sorastiffesdlidfibegse ds h a
and the importance of VB size and distribution cannot be overstated withctes bending

stiffness. The A3 stiffness delta was also found to be correlated with A1, A2 and A3 stiffness when
reed playing time was greater than 2 hours per reed. The growth of the Arundo culm may lead to
ani sotropy i n the thedosssettiani resalting io dn ofixiB dosiinated t h i n
stiffness after significant fatigue. As is evidenced by the negative correlation between&?2 end

life stiffness and solid fiber modulus and the opposite correlation for Adklifé stiffness, the
microstructural mechanism controlling stiffness of the tip may be different from areas closer to the
heart of the vamp (further towards the heel of the reed). Directly at the-pipgiions), this result

suggests that solid fibers contribute most sigaiftty to bending stiffness, while at the B2
positions the surrounding parenchyma cells play a more significant role. The stiffness delta for A2
positions is also negatively correlated with
Here VB morphtogies approaching a circular perimeter appear to age less significantly than more

el liptical VB&6s (i . e. ,Thismaybkeefgaometital econsbqguendeas a s
|l oad sharing between the VBO6s afor Highpspecteratic hy ma
VBOS.

Comparisons with variability in musician rankings were asalysd. Variability in
subjective rankings was an important metric as difficulty in assessing the current stiffness of a reed
may be indicative of more rapidly changing reeds. For this the standard deviation of subjective
stiffness rank per reed was used, agas notable that one reed was continuously ranked as the
stiffest by the musician, while some of the other reeds deviated during the study. For the 8 reeds
in the musician set (of manufacturer rating 3
with stiffness asymmetry of the-position measurements (r-6.282, p < 0.03). The stiffness
asymmetry at these positions is a measure of the magnitude of stiffness disparity between the A1,
A2 and A3 locations. The negative correlation here indicateéghtbanusician identifies reeds as
being softer when the e#xis stiffness values (at A1 and A3) at the tip are different from the A2
val ues. The standard deviation of the musici

positively correlated withhe A3 stiffness delta of each reed. Thus, reeds that undergo more rapid
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changes in bending stiffness are more difficult to asses in terms of perceived stiffness. Rate of
change of subjective stiffness rankings was also considered and found to corréldte WiB

Area parameter. These results are showsigare4-17.
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Figure 4-17: Changingstiffness rankings by the musician over the duration of the study cor

with VB area. (r = 0.736, p < 0.05)

Increased measured bending stiffness towardsoélite is correlated with reeds
containing | ar ger V Bo6rshe musicigthese vesuttuirglicaye thdtiresds u s s e
perceiveds increasing in stiffness during their lifave a larger area fractiongdrenchyma cells
than reeds that are perceived to softéansidering these two findings it would suggest that the
mu s i ¢ i a ndnefstfffreess cs eopttolied to a greater degree by the parenchyma cells as reeds

with a smaller average VB area contain a larger (in terms of area fraction) percentage of

parenchyma cells.

4.3.5 Solid Fiber Density and Distribution

All the segmented reed dleimages weranalyse at 4 radial positions along the radial
direction of the heel. In this way, the segmented heel micrographs were separated into 4 different
crosssectional slices to give radial dependent measurements of solid fiber area fraction (wit

respect to overall micrograph area and parenchyma). An example of these slices and the original

micrograph are shown irigure4-18.
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Figure 4-18: Left: Original micrograph of reed heel cressction. Right: Segmented image to identify solid fi
surroundhg theVB's. The four analyzed radial sections are shown as, from outside to inside diameter, A,

A represents 1 in the normalized radial distance used from graphing the relationship of solid fiber area fr:
radial position.

All micrographs were obtained at the same optical magnification and thus the physical spatial
distances in each micrograph is the same, and thus all reed scales are equal. All of the trendlines
for fiber area fraction versus normalized radial position @esented as quadratics as they
exhibited the best fit to the data. Previous measurements of solid fiber distributions in bamboo

have also shown similar fits to be the most appropriate for the fiber density gfd€jeAttypical
result between two reeds is showrigure4-19.
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Figure 4-19: Radial dependence of solid fiber area fraction surrounding the VB's. Shown here
reeds from the musician set.

The dependence of fiber area fraction on radial position with respect to the Arundo culm indicates
thatreed tip geometry and thickness will greatly influence the resulting bending stiffness of the

finished product.

Changing reed masses during the study were also monitored to detect potential changes in
moisture absorption. Moisture uptake was measuredeamtrease in mass relative to the initial
reed mass and was found to depend on the size of VB perimeters within theectass Figure
4-20).
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Figure 4-20: Mass increase due to moisture absorption in reeds from the m

set and the dependence on VB Perimeter.

4.4 Analysis and Discussion

The use of a strain gauge to determine average bending strain during playing was previously
discussed in the introduction section. A typical siraime curve for an arpeggio played with a
crescendo is shown iRigure4-21. Note that strain peaks represent eatlthe sustained notes

played.
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Figure 4-21: Microstrain plot of reed tip bending for a 3H rated reedivto. The musice

structure played on the alto saxophone was an arpeggio.
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The bending strain during playing was used to calculate an average stress in the reed, assuming a
bendng modulus of ~ 6 GPa. This modulus was calculated from a model developed in the latter
part of this section. Using the maximum value of strain from this data, an average bending stress
of 4.09 MPa was calculated. During this test the musician also pbdiome that he considered

to be the maximum reasonable clamping force the reed would be subjected to during a
performance. Using this value of microstrain (~800 to 900) the bending stress increases to 5.45
MPa. These values show that reed fatigue isyisecomplex combination of mechanical bending

and moisture saturation. These values of strain also informed the prescribed displacement that reed

tips were subjected to during bending stiffness testing.

Stiffness rankings of the musician set have beerpcamn e d bet ween t he mus
and the objective measurements. As observed fragare 4-12, a general trend agreement
between the average valudgso B3 st i ffness for each reed and
observed. With specific regard to reeds 1, 4 and 6 from this set significant (p < 0.05) agreements
between the subjective and B2/B3 objective rankings are found. This significance intliaates
for these particular reeds the musiciands sti
stiffness over the duration of the study. It is also worth noting that the musician found reed number
8 from this set to Ilexibittaoaldsséinstiffness atall spgatlaldocatiamd y r ¢
during the duration of the study as showrrigure4-22. From the stiffness ratef-changeplots
in Figure4-9 it is also observed that the spatial distribution of stiffness change across the reed
vamp is highly heterogeneous, whereas other reeds exhibit a gradient of changing stiffness that is
highly directional. This may suggest a more rapid collapse of parenchyma cells within the matrix
of this reed that also recovers in between playing sessions, resulting in erratic changes in stiffness
between tests. The collapse and recovery of parenchyma peltsdryingi re-saturation in
Arundo donax Lhas previously been not§sl. Figure4-22 depicts the overall changes in stiffness

for the musiciameed set during the study.
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Figure 4-22: Bending stiffness change for the musician reed set over the duratio
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In general, all reed tips along thep®sitions exhibited a reduction in stiffness relative to
initial values. This is not surprising given the large stresses that reeds experieoeand the
fact that large magnitude tip displacement is likely caedito the immediate region surrounding
the A-positions[40]. As well be discusseth Chapter5, the solid fibers of
experience an increase in elastic modulus upon exposure to moisture cycles. It follows that reeds
experiencing a slight increase in bending stiffness at thedgions would owe this increase to
the parenchyma celld the matrix and not to the solid fibers. Similar to the correlations between
A-position stiffness and anatomical structures presented in the results section, this also indicates
that A-position tip stiffness is highly dependent on the VB structures. Tffezethces observed
for the aging behaviour of Aand Bposition stiffness also show that a single, average value of
bending stiffness taken closer to the heart of the reed (i.e., ~15 mm from the tip, along the
longitudinal axis) is not sufficient to quaytthe differences between reed tips. Given that this
area of the reed is undergoing significant displacement during playing the differences discussed

here should not be ignored.

4.4.1 Bending Stiffness Modelingi Empirical Approach

Analysis of the anatomité&atures of the comparison set (stiffness ratings 2S, 3S, 3M and
4H) was performed to generate fitting variables for a stiffness prediction model (for A2 and B2
stiffness measurements specifically). The importance of anatomical variables was measgred usi
a linear correlation matrix and principal component analysis. The variables with the highest levels
of correlation to static stiffness measurements at A2 and B2 positions and those accounting for the
majority of variability in stiffness measurements gvased to fit an empirical relation to all of the
bending stiffness measurements. The most important anatomical features for bending stiffness
prediction are shown in Table 2. All the correlations and fittings for this data are with respect to
anatomical ad bending stiffness variables obtained from all the reeds in the comparison set (i.e.,
not using data from the 3H set played by the musician). Only variables that weredepiecalent
were used for the construction of a miiltiear regression model obrmore than 4 independent
variables. The purpose of constructing this model was to determine if reasonable predictions of
bending stiffness along the central axis of the reed vamp could be made from only anatomical
features. This would enable the use of@arcontact(i.e., optical microscopyjorm of reed

categorization with better stiffness resolution than presently implemented mdthsidsuld be
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noted that this type of prediction methodology is of interest for manufacturing as optical methods
of reed categorization are possible to implement practically, where speed is critical to the
machining and sorting proceskhe variables were rotated through the model until the best fit
between predicted and measured values of A2 and B2 stiffness for the msstcigere obtained.

The goodness of fit was measured as a minimization of residuals between the actual and predicted
stiffness values. Although it may be possible to categorize using other static and/or dynamic
techniques, many of them are too time intemor expensive to be practically viable for a

manufacturing process.

The fitted parameters for this empirical model included VB Area Fraction, VB Center
(Euclidian distance between VBO6s) and Fiber A

fit to the data shown iRigure4-19). The general form of this linear model is shown below.

6 ® ®I00 GX 6 HI0QMII Q6 (4-1)

Fitting this linear equation led to the following parameters for A2 and B2 positions:
A2:W=3,X=259,Y=932x10',Z=-1.53x 1¢°
B2: W=3.2,X=46.9,Y=134x10°,Z=-9.12 x 1¢.

The results of the fittings are compared with initial A2 and B2 stiffness vallegure4-23.
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Figure 4-23. Empirical model of bending stiffness compared with measured results for A2 :

positions. Data is shown for the initial nseaements made on the musician reed set prior to the

being played.

Maximum error between calculated and measured stiffness values at the A2 positions is 24% as

observed for reed number 34 Mean error is 13% with the general finding that stiffnisss

underpredicted overall. Maximum error for B2 stiffness is 9% with a mean error of 7.5%. It is

worth remembering that the parameters of the model were derived from fitting to bending stiffness

data from the comparison set and is independent of the gdsufh the musician set. These

findings indicate that B2 stiffness is more accurately predicted as expected. The increase in

thickness of the vamp crasection at the B2 position results in less spatial variability in terms of

anatomical structures thatay influence the results. The difference in thpdameter between

A2 and B2 positions suggests that A2 stiffness is more dependent on the spatial arrangement of

VB6s and | ess dependen

t

on

t hei

r

S i

z e .datd h e

collected for reeds of variable stiffness rating by the manufactbrgure 4-24 presents a

comparison of the A2 and B2 models with and witlmarameters C and D included. This was of

us

interest to measure the sensitivity of the model to more sophisticated anatomical metrics that may

be more difficult to obtain in a manufacturing setting.

75

¢



80
E 7.5 A
£ A A
A

£70 A A
g A A
8 6.5
£ °
£ 6.0 . i i
)
55 o ° ¢ N
£ A A A A
T 50 A A A
(O]
m 45 ° L] [ ] ®
3 ® ® ° °
5 4.0
335
o

3.0

0 1 2 3 4 5 6 7 8 9
Reed #

A 2 - Parameter Model (A2) ® 4 - Parameter Model (A2)
A 2 - Parameter Model (B2) ® 4 - Parameter Model (B2)

Figure 4-24: Empirical model comparison for A2 and B2 bending stiffness usingegsus 4

parameters for model fitting (taken from Equatibh).

In this case, only the A and B parameters were used to calculate the expadied ltiffness of

each reed. By using thiwo-parameter model onlyneanatomical metric is required, the vascular
bundle area fraction. A2 stiffnesses of tino-parameter model are underpredicted by ~15%
compared to the use fdur parameters. This aneases to ~20% for the B2 stiffnesses. inted
stiffness variability remains constant when usimg parameters for the A2 position, however
some trend differences are observed for the B2 position (i.e., The relative stiffness of Reeds 2 and
5 decreasewith respect to the entire set when tlve-parameter model is used). This suggests
that the distribution of solid fibers (tHeurth parameter in the initial model) with respect to the
reed crossection becomes more important as distance from thadipases. Considering that
relative reed A2 stiffness remains well captured fortéie paraemter model, thought should be
given to practical collection of VB area fraction data at the manufacturing level. It could be
possible to obtain high resolution sesection images of raw ADL culms prior to machining as

an initial sorting procedure. The downside to this method is the requirement for an additional step
in the manufacturing process. It may also be possible to obtain images of VB distribution along
theunderside of the reed, similar to the analysis showkFigare4-4 andFigure4-5. This could

be accomplished during the normal sorting procedure via optical imaging. VB area fraction could
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be estimated as the ratio of | ongitudinal VB®
This measurement would correlate most strongly with the inner-seati®n VB area fraction of

the reed and would not capture crgsstion spatial depelence. As a pilot study, it would be
interesting to examine the reliability of such a measurement in predicting A2 and B2 bending

stiffnesses as compared to full creestional analysis.

It was also desirable to consider a model basecbarposite mechanics that could predict
the stiffness of only specific reeds of interest, and reeds without initial stiffness classification. A

methodology towards this goal is presented below.

4.4.2 Bending Stiffness Modelingi Anatomical Approach

A phenomenoloigal approach was also used to develop a model that similarly predicts
stiffness along the central axis of the reed but does not require empirical fitting. This model was
based on the Euldernoulli beam theory where the elastic modulus of solid fiberArd
parenchyma phases was calculated using a composite annulus[®d€he basic premise of

the model 6s beam compigureé2bt i s presented bel ow

Figure 4-25: Cantilever beam setup for the Eutemposite beam model. The assumed cantilever-sexgon (use
for calculating theareamoment of inertia) is shown on the right. The point load (dowel pin) is represented by 1
bar.The coordinate system is also shown.
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It was assumed that the end of the cantilever (the reed) was a rigidly clamped boondargn
(moments at this location are unequal to zero). The length of the cantilever beam was equivalent
to the experimental conditions (38.25 mm). Following Euler beam theory, it can then be written
that the stiffness of the cantilever is:

- — (42)

whereP is the point load applied to the cantilever at locaii@iong the length of the beam U

is the deflection induced by lod®lat x and solving for the left side of Equatidr2 yields the
bending stiffness of the beam. For the purposes of stiffness prediction relative to experimental
values, x was taken along the central axis of the reed (parallel to the longitudinal direction) at
locations A2 and B2, as they pertain to the experimental setup. Calculation of the area moment of

inertia for the beaml,, is taken as:
0 — (4-3)

whereb is the width of the cantilever (reed tip) thie location of the point load ardis the

thickness of the cantilever at this location. Note that this model assumes a rectanguteatiass

despite the slight curvature of the reed tip at the testing locatitatitionally, thetaper of the reed

vamp was not factored into the model. Given the proximity of the clamping apparatus (from
experimental bending stiffness evaluation) to the reed tip, considering the reesentoss to be
rectangulaiin this regionis areasonablessimption. The taper along threed lengthof actual

bending in this area is haignificant (i.e., thickness change from tip to testing location is
approximately 50 micronsfonsideration of a homogenized flexural modulus through this model
alsoservestb aver ageo the ef fTEckness measuremdnts onreither didetofa p e r
the central axis indicate that curvature is extremely limited at this location and given the length

scale (microns) the assumption of a linkearould not significantly impet the results.

For calculation of an equivalent elastic modulus for both the VB and parenchyma cell
structures two composite models were utilized. These two main structures present in the cross
section of Arundo culms are considered separately here ded smhether using a rule of mixtures

composite approackigure4-26 depicts the main areas of interest for the model.
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Figure 4-26: Overview of the anatomical parameters used in the bending stiffness model. A) The annulus ¢
model denoting the parameters used to compute inner and outer radii of-#dervamt composite modulus. B) ~
surrounding parenchyma cells used to catepthe matrix component of the rule of mixtures modulus. C
overview of the VB Center (centroid distance) parameter used to compute the outer radius of the annulus

In this model, the annulus composite showRigure4-26-A is comprised of two layers including

a thinwalled solid fiber annulus and an outer, thig&lled parenchyma annulus. The connectivity

of two of these composite structures is showrigure4-26-C. To calculate an equivalent modulus

for theentire crosssection, the modulus of the annulus structure must be added to the equivalent
modulus of the parenchyma matrix through the rule of mixtures. The most important parameters
for the parenchyma equivalent modulus are the parenchyma cell whtidbst, and radiusR.

The equivalent modulus of the annulus structbigure4-26-A) is given ag50] :
o B — 0, (4-4)

whereN is the number of annulus layers (2 for the present modeland R are the outer and
inner radii of thenth layer, Ex is the elastic modulus of thth layer and is the area moment of
inertia of thenth layer. | for the solid fiber layer (n = 1) is calculated using the -thailed
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assumption of the standard annulusaar@ment of inertia equation such that 3, where ris

taken asRo for the solid fiber layer. For this model, the elastic modulus of the inner solid fiber
layer was taken as the modulus obtained from nanoindentation testing on the musician set reed
samples. This methodology is discussed in ChaptEor the parenchyma annulus the equivalent

modulus was calculated from the proportionality in Equadi@n
0 ® '0- ©O " (4-5)

This is similar to the equivalent modulus developed for honeycomb cell stru&lfeb2] with

an additional term to factor in the spatial density of parenchyma cells within the parenchyma
annulus. Similar tden, Eparenchyma ceiwas obtained by nanoindentati@sting on the cell walls of

reed samples. These samples were taken from the musician reed set. For the cellsiKlgoven in
4-26-B, | is approximately equal t® The area moment of inertid) (of this phase can be

approximated as t [53]. The equivalent modulus of the parenchyma matrix was calculated as:
0 ® - 0 zg (4-6)

wherenarea is the average number of parenchyma cells across the entire reed tipettoss,
assuming no VBO6s. Trit stiBness f@rsalplirgélysparenchyma cell eepdip v a |l €
similar to previous analysis methods on cylindrical cell lattice strucfbrds These cylindrical

cells are a good physical approximation of the parenchyma cell structure. To calculate the
equivalent stiffness of the reed cantilever, the area fractions of the above phases (phase 1 from
Figure4-26-A and phase 2 frorRigure4-26-B) and their equivalent moduli were combined using

the rule of mixtures (Equatioh7).
(6] p o (0] b 20 (4-7)

This equivalent modulus was used faon Equatiord-2 to solve for the expected bending stiffness
of each reed in the musician set. Results are also normalized with respect to reed tip density. The
Aprarenchyma@rea fraction temn is calculated by computing the area surrounding VB centroids

throughout the crossection and assuming their combined area is equivalent to Egd&iion

80



0 p 0 (4-8)

) « 3 (4-9)

The termnannuust e pr esent s t he aver agsectionand s extracted fronv B 6 s
the distributi on o fculateB éreacadn then beused to calcdlagednyma T hi s

In terms of the anatomical variables used the outer radius of the solid fiber annulus was
calculated by assuming each VB was a circle and then using the VB Perimeter parameter such that
Ro for the ®lid fiber annulus layer wagBrerimetef 2 All told, this bending stiffness model was

dependent on the anatomical variables showralrie4-4.

Table 4-4: Overview of the extracted reed variables used for stiffness prediction in the bending stiffness model
outlined above.

Anatomical Variable Description

VB centroid Mean Euclidean distance bet we
t Parenchyma cell wall thickness

R Parenchyma cell radius

J Cells Number of parenchyma cells per unit area

VB Pperimeter Mean VB perimeter length faach reed

VBarea Mean VB area for each reed

Eparenchyma cells EN Cell wall and solid fiber moduli of theth layer of the annulus mode

Note that variables Randj ceiswere taken as constants (computed from the average of all reeds

in the musian set) when calculating the predicted stiffness values of each reed.

Results of this composite model are compared feraAd Bposition stiffness with

experimental values iRigure4-27.
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Figure 4-27: Bending stiffness composite model comparison for predicted and measure(
at A2 and B2 positions.

The mean difference between the predicted and measured B2 stiffness @4 ignaximum
-5.5%), and the difference for the A2 position is 7.2% (maximum 12%). These reeds were all rated
as having the same static stiffness by the manufacturer despitiffdrences observed. The
usefulness of this model stems from its independence from measured values of bending stiffness.
Furthermore, it only depends of the anatomical structuresaifysel reeds. Consideration as to

the acquisition of this data in aamufacturing scenario has been gived.lh 1 For categorization
purposes, this is useful as pranufactured Arundo culms could be sorted according to the
distribution of their anatomical structures. These variables could be used as inputs for the model
and coupled with the reed tip geometry taakdte the expected bending stiffness. Another benefit

of this method is the ability to modify reed geometry and obtain a precise value of bending
stiffness. The geometry of reed vamps could be tuned in this way to accommodate musician

preferences.

As noed, the anatomical variables used in the model are not single values, but rather

statistical distributions. It was therefore of interest to consider the impact of variable distribution
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on the resulting predicted bending stiffness. In this way, the setysiiivbending stiffness to

different anatomical structures was considered.

Count

Figure 4-28: Distributions of estimated bending stiffness through modification of anatomical vai
A) Parenchyma cell modu$ B) Solid fiber modulus C) VB mean centroid distance D) VB Perime

VB Area

The stiffness distributions presentedrigure4-28 were obtained by varying a single anatomical
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parameter and holding the additional parameters constant (i.e., average values obtained for the

entire reed set). The distributions include 100®utated reeds and the expected bending



stiffnesses that would be obtained from such a set. All variables were fitted as Weibull curves to
match the distributions found from optical microscopy analysis of reed heelsacssns. The

one exception was faolid fiber modulus as it was found to be normally distributed and thus fit
using the average modulus and standard deviation. The distributions obtained for VB centroid
distance and VB perimeter are much more skewed than the others and exhibit sigroBdarg
kurtosis. This would indicate that outliers in stiffness sorted reeds at the manufacturing level could
be attributed to these variables. Variation of the VB area parameter generates a distribution more
similar to the expected distribution of &téss produced via standard sorting practises. The VB
area fraction was found to be highly correlated with bending stiffness as discussed earlier, and this

result agrees with the former.

A comparison is also made between the expected and measured bstiftiegs
distributions for a set of 48 reeds (i.e., comprised of both the comparison and musician reed sets)
when only parenchyma and solid fiber moduli values are varied. This result is sh&wgurie
4-29,
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Figure 4-29: Distribution of expected bending stiffness at the B2 position
set of 48 reeds. This is compared with the measured resutighiBpcomparisc
and musician reed sets.

A good fit to the measured data is observed for the simulated stiffness results. This approach would
be useful to manufacturers where stiffness prediction of raw Arundo material could be made prior
to machining and tailored to the type of reeds to be made.

4.5 Conclusions

In this study the static bending stiffness and aging behaviour of alto saxophone reeds has been
examined. Two reed sets were used, one comprised of 8 reeds (the musiciaansdystaging
behaviour both objectively and subjectively and another comprised of 40 reeds (the comparison
set) to examine differences in rated stiffness in terms of anatomical structures and objective
stiffness measurements. The VB Area Fraction and VB Cemesity (centroid distance)
parameters were found to be highly correlated with bending stiffness at positions A2 and B2. Aging

behaviour was quantified through ratechange bending stiffness metrics, and these metrics were
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correlated with stiffness asymimg This indicated that reeds with a large difference in tip stiffness
valuesoffaxi s aged more rapidly than others. The m
also correlated with asymmetry and the ability to accurately rank the stiffnesedd was

negatively correlated with rat#f-change in stiffness for the A3 position. This suggests that the
musician was less reliable in stiffness assessments of reeds that varied considerably during their
lifecycle. These results highlight the importafetiffness asymmetry to the subjective stiffness

of nominally identical reeds (from a current manufacturing perspective). Overall, VB Area
Fraction was found to correlate with B2 bending stiffness across all reeds of various manufacturer
rating. It is siggested that the use of this anatomical parameter to classify reeds according to

bending stiffness would lead to less variability postnufacturing.

Models were created using Euler beam theory and composite structures to predict the bending
stiffness ofreeds perpendicular to the longitudinal direction and good agreement was found for
both A2 and B2 stiffness values. The model considers VB center density, VB area, VB perimeter
and parenchyma cell dimensions as anatomical inputs. Statistical distrilfptiomerily Weibull)
of these variables led to accurate macroscopic bending stiffness distributions when compared with
all the measured reeds. Variability and outliers in conventionally sorted reed sets are likely the
result of differences in solid fiberadulus, VB area and VB perimeter microstructure parameters,
and the inability of average bending stiffness techniques to capture important differences in VB

distributions and morphologies along the tip of the reed.

Future work could include the use of finite element analysis coupled withothegenized
flexural modulusdeveloped here to simulate dynamic behaviour of the reed. The influence of
anatomical variable distributions on bending modes around the reed lipbeounvestigated and
compared with measured results at theafdd Bspatial positions presented here. The static
bending stiffness model presented in this chapter could also be extended directly to consider
dynamic reed behaviour. In this way the inflaerof anatomical structures on modes of bending

vibration could be studied.
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Chapter 5

5 Nano-mechanical and material investigations into the viscoelastic

behaviour of anatomical structures in Arundo Donax L

C. Kemg, R. ChromiK, G. Scavone

IComputational Acoustic Modeling Laboratory, Department of Music Research, McGill

University

’Department of Materials Engineering, McGill University

This chapter is provided in manuscript form and is to be published. Building on the results of
Chapter, this chaptemvestigateshedegradation of reed samples taken from the played reeds at
different length scales. In this way, evidence is presented to explain the deterioration of reeds and

their mechanical performance over their useful life.
Abstract:

The giant reedrundo donax lis used for the manufacture of woodwind instrument reeds (known
as reed cane). Variability in reed behaviour has been askamgling question complicated by
changing properties with time during the natural aging process. Investigations into the macroscopi
performance of reeds have been variable in their findings, and literature concerning microstructural
analysis is lacking. As this material shares anatomical similarities to bamboo methods previously
employed for bamboo (nhanoindentation) are used to iy #me properties of different anatomical
structures and changes with exposure to natural aging (musical use) andnirellled saturation
cycling. Changes in the material structure are also considered threwagh diffraction and

thermogravimetric angsis. Detectible differences in elastic and viscous behaviour of
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microstructural elements are discussed and considered in relation to creep response. These results
will help inform the development of more naturally behaving artificial reeds (with enhanced
durability and stability) and provide a starting point for understanding more rigorous categorisation
methods of natural cane reeds.

5.1 Introduction

Woodwind instruments require a vibrating reed clamped to the mouthpiece in order to
produce sound. Facenturies, the giant reesfundo donax Lhas been used as the material of
choice for crafting these cane reeds. As a natural matetiatio donax lis found to have varying
mechanical, chemical and vibrational properfes, [55]i [57], some or all of which contribute
to the high level of variability that musicians expade when using natural cane re¢tls This
variability leads to changes in mechanical behaviour with time and exposure to moisture (reeds
are played in a fully saturated state in the mouth) that alters the sound produced from the reed.
Although synthetic reeds including polymeric, compositel metallic variants exist and offer
advantages in terms of durability and environmental invariance, natural cane reeds are preferred
due to their desirable sound. It is not clear why cane reeds vary so much despite manufacturer
efforts to group reeds hbyacroscopic bending stiffness, a problem that is further complicated by
their changing properties with time. The present study investigates the changingearanical
properties of new and used cane reeds through nanoindentation experiments on vacionssst
within the vascular bundles and parenchyma cells of the microstructure. These vascular bundles
represent the majority of solid material within the reed microstructure and are thought to contribute
to vibrational performance in bending. This namechanical approach is warranted as the
geometry of finished reeds is maintained to a high level of accuracy by the manufacturer and

previous studiep/] on the macroscale performance of reeds have been inconqijve

Reed variability has been noted in many previdudiss|[7], [40], [45], [58] with regards
to stiffness, vibration behaviour, acoustic associations with mechanical parameters and
environmental sensitivity. Variance in the stiffness of reed sets results in significant differences in
the bendng vibrational behaviour of nominally identical reeds. Although differences in static
stiffness between reeds have been noted, the dynamic and static stiffness have been shown to be
correlated with one another for individual re¢8E This is important as it gives validity to the

classificationand testing of reeds via static methods when their usage is dynamic. Changes that
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reeds undergo with time have also been examined with respect to the first vibrational bending
mode and shrinkage and expansion character[8fic& general decrease witernal damping of

the first bending mode is observed although consideration was only given to contributions from
matrix cell shape changes (i.e., parenchyma cells). Anatomical sfdfiesve shown saalled

good reeds to be correlated with the solid fiber ring surrounding vascular bupdlagcally the

continuity of such rings.

The deformation mechanisms of moso bamkBbyllostachys eduljssamples during
flexural bending has recently been considered and found to depend on moisture (water) content
[59]. This flexural testing showed that parenchyma matrix failure was the primary deformation
mechanism at low moisture content, with increasing deformation due to solidfaex pullout
with increasing moisture content. Reeds expegemoisture cycling during their lifespan as they
alternate between a high ambient relative humidity state (storage conditions, usually > 50% RH)
and fully saturated conditions in the mouth. The noted difference in flexural deformation
mechanisms for mosbamboo between moisture states suggests that long term degradation of
Arundo material would increasingly be due to the degradation of the soliehidtteix interface.

The mechanical properties of these two phases are not well quantified, especialiyorg ferm
deterioration and this information is required for a better understanding of changing macroscopic
mechanical properties of reeds with time. Due to the noted gradient in spatial distribution of
vascular bundles throughout the crgsstion of Arundo donax L(similar to bamboo), the
mechanical properties of solid fibers and parenchyma cells may be spatially dependent.
Differences in the nanmechanical properties of solid fibers over different spatial locations within
vascular bundles have beaufd to be insignificant for moso bambj@®]. Nanoindentation of

solid fibers showed no dependence on location within the individual vascular bundles. The
cellulose microfibrils of solid fibers primarily control the longitudinal stiffness and their
arrangement in the cell wall (primarily described by microfibril angle, MFA) does not vary
significantly between vascular bundles. This means that the gradstiftriass observed for solid

fiber sections of vascular bundles in bamboo is the result of cell wall thickening (and tissue density)
within the solid fibers where the thickness increases the composite effective sffijeSsmilar

results are likely to be observed fdrundo donax Land suggest that differences in indentation
moduli would be due to MFA differences or chemical changes in the cell wall during aging.
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A comprehensive materials science studyAofindo donax Lwithin the context of
woodwind reeds is lacking ithe literature and presents an opportunity to identify changes in
elastic and viscoelastic material behaviour over the life of a cane reed. Previoug48)0j6],

[62] on moso bamboo (a similar gragamily natural materialvith a similar microstructure) have

used nanoindentation methodsctwaracteris the elastic properties of fiber bundles and similar
approaches are used in the present study. Methods eflépendent behaviour are akswalysel

through the use of narmaechanical creep tests and viscoelastic modeling techn{G3¢466].
Comparisons are made between samples taken from single edadedore and after their useful

life as played by a professional musician. These results suggest the microstructural origins of
stiffness fatigue over the life of a reed and the raechanical properties that contribute to

changing reed behaviour witimte.

5.2 Materials and Methods

5.2.1 Background

The stem oArundo donax I(ADL) contains three primary directions of interest including
longitudinal, radial and transverse. Cellulose fibrils within the cell wall of vascular fiber bundles
leads to a high elastic modulus in the longitudinal diredtiaf). The alignment of these fibers
results in orthotropic elastic symmetry and is also the direction along which reeds are machined.
There are sevelraode and internode regions along the stem of the plant similar to members of the
bamboo family. The stem itself is a hollow tube with a hard epidermal layer and a softer composite
wall structurg12]. Reeds are machined from the stem wall of the internode regions with the long

axis of the reed aligned with the longitudinal direction of the stem (shotigume5-1).
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Figure 5-1: Orientation of manufactured reeds with respect to the ADL culm and®ectisn. The longitudinal axis

is noted as L.

The migostructure of the stem wall consists primarily of two biomechanical elements: a
parenchyma matrix and a reinforcing solid fiber phase (within the regions known as vascular
bundles). Analysis of the area fractions of these anatomical features has shrovm lieerelated
to the musical performance of reeds and thus are important to consider in mofé]d€teallulose,
hemicellulose and lignin constitute the natural polymeric composition of both elements in varying
amounts.Figure 5-2 illustrates the crossection of a manufactured redeigure 5-3 provides
optical micrographs of the vascular bundles, parenchyma cells and general culm anatomy. In terms
of orientation as it relates fgure5-1, the micrographs are taken through the ceesgion of the

culm (i.e., perpendicular to the longitudinal axis).
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Figure 5-2: Optical micrgraph crossection ofanADL reed (for scale, the total length of the crgsstion is 15 mm
and height 3 mm). The orientation of this micrograph corresponds to the shadesectassdepicted ifigure5-1.

The area outlined in red represents the area in Figure 3(A).

60 ym 60 ym

Figure 5-3: A) Optical micrograph othe typical ADL crosssection anatomy wh vascular bundles a
parenchyma cells. B) The vascular bundle with surrounding solid fibers and lumen vessels (darl

structures). C) The ADL matrix of parenchyma cells.
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Figure5-4 provides an overview of a typical area of solid fibers and depicts their average diameter.
Solid fibers are generally circular in shapehadiameters and wall thicknesses ofi280 pum and

571 10 pum respectively.

Figure 5-4: SEM micrograph of solid fibers close to the epidermis |:

The density of solid material in theaeeas is high and represents r
of the solid material of the ADL culmThese solid fibers are fou
surrounding the vascular bundles within the ADL cfssstion an

form a Aringd of solid materi

Previous research on the effectsraisture on vibrational performance in ADL have only
considered the macievel mechanisms for changing behaviour with respect to vibrational
characteriation, including internal friction measuremeifi$, [55]. Internal friction is a useful
measure of material damping do to energy loss within a medium and can be considered important
in woodwird reeds where increased internal damping would decrease the elastic response of the
reed (i.e., increased hysteresis between input and output excitation waves). Evidence of cell wall
collapse from repeated wetthalyying cycles has been described generfllyand shown to
decrease internal friction (tan values with increased exposure to moisture cycling, in terms of
the first flexural vibration mode. It is not clear the degree to which macroscale dimensional
shrinkage (in part due to parenchymd cellapse) contributes to this decrease in internal friction

versus other changing material properties that do not remain constant with repeated exposure to
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changing moisture conditions. These changing material properties have not been well studied at
the microstructural level, especially in terms of the solid fibers within the vascular bundles that

contribute most significantly to bending stiffness (static and dynamic).

5.2.2 Nanoindentation

Nanoindentation measurements were performed on the cell wall df soljle fibers
within the vascular bundle, similar to those performed previously on moso b&&ijpf67]. In
addition to single loaddisplacement idents, at least two other indents were performed on each
solid fiber wall in order to compare the ledsplacement curves obtained from different analytical
techniques. Measurements were also taken on the parenchyma dellofvalell controlled

saturation cycle samples.

Extraction of viscoelastic parameters from degpghsing experiments has been
accomplished using several techniques, including (but not limited to) phenomenological
approache$66], the correspadence principld68] and fitting of constitutive equations to the
entire loadhold-unload curve[63]. The analysis of timeéependent nanoindentation results is
complicated by thel®rt time periods of load application, thermal drift and difficulty in separating
elastic versus plastic effects. Thus, the reliability and magnitude of extracted material
properties/parameters can be model dependent. For this reason, several modetyparedco
during the present study that have previously been used for viscoelastic nanoindentation analysis.

These are compared for consistency of resultiséAppendix.

Considering the analysis of the models provided in Appendix it is observed thatlgenera
trends in the data are not model dependent and suggests a fundamental shift in material behaviour
during the aging process. Given this finding, sample discussion is limited to the VEP and
phenomenological findings as the streste model does not prowdadditional information.

Results of differences between real reeds will only be discussed in termis ahl nep results.
Comparisons of aging (due to moisture cycling) dependent changes between solid fibers (within
the vascular bundle) and parenchyoe#ls (matrix) is only discussed in terms of ,\B=,", 1 athd
d> parameters. This is a practical limitation as the parenchyma cell walls are only 3 to 6 microns
in thickness and thus a smaller load (as is used to compute&bE 1 adn @) was requiredin

this way the resulting indentation footprint was reduced, mitigating the effects of the parenchyma
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cell wallFboundary on the results. Therefore, the elastic and viscous parameters of interest are

limited to those shown imable5-1 and remembering that sample trends are not model dependent.

Table 5-1: Parameters (elastic and viscous)raérest relevant to the presentation and discussion of sample results

henceforth.
Experimental Technique Elastic Parameters Viscous Parameters
Viscouselastieplastic (VEP) Evep Nvep

Phenomenological (MaxweWoigt Model) B E di, 2 d

5.2.3 Thermogravimetric Analysis

The aging process in wood type materials has been shown to induce changes in both the
crystallinity and crystallite size of cellulose microfibrig9], and these changes can result in cell
wall mechanical response changes. The importance of the lignin to cellulose ratio in viscoelastic
behaviour has also been discussed for resonant {v@pdwhere it is noted that lignins have a
much more viscoelastic response than the other constituents of the cell wall. Despite this, the
structure of the lignin is also important, with condensed lignin providing additional stiffness to the
cell wall suggestin@ reduction in internal fiction, as the lignin is bound much more efficiently to
the surrounding cellulose microfibrils. In the present work the potential influence of these
parameters to viscoelasticity have been investigated usiag diffraction andhermogravimetric
analysis (TGA). Calibrations for the thermal stability (using TGA) of cellulose, hemicellulose and
lignin have been completed elsewhptg] by deconvoluting the individual contributions of these
components to pyrolysis rate in differential TGA curves. This was completed using a calibration
that considered pyrolysis of pure cellulose, pure lignin and pereicellulose components
separately, and then fitting the differential TGA curves of wood chips to the base data via a
minimization function (sum of squares). In this way, irdemple variations of relative amounts

of cellulose, hemicellulose and lignian be approximated.

5.2.4 X-ray Diffraction Analysis
XRD data was obtained using a Bruker D8 Discoveakdiffactometer between 2theta
values of 5 and 50 degrees, using KCu radiation (40kV). The step size was 0.005 with a total scan
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time of 300 seconds pstep. Samples were tested at ambient conditions (23°C and 20% RH) after
dehydration at 100C for 1 hour to achieve an equilibrium moisture content (5 to 7%) per sample
and minimize the impact of moisture on crystallinity comparispf. Instrumental peak
broadening was taken into account using calibrations present in the Diffrat &ffvare suite

[73]. Peak broadening due to crystallite strain was assumed to be significantly smaller than size
broadening for the [200] reflection and it was not accounted for, similéd4}oThis is not critical

for the present study, as the primary goal was to access differences between samples of this set
and not tocompare absolute values with previously published results for wood and bék#&oo

materials.

5.2.5 Internal Friction

Internal friction is an important parameter for illustrating the macroscopic effects of
viscoelasticity in samples. The present study assets®ed values using elliptical plots
(Lissajoures) of stress versus strain for samples excited at specific frequencies. This analysis
method is similar to that previously used for bampti. Samples were taken from raw ADL to
match the samples used for nanoindentation experiments. Testing was completed between 100 and
1000 Hz as the audio range of frequencies is of specific interest for reeds. Relative humidity was
controlled duringdsting such that data was obtained in dry (~0% RH), moist (50 and 80% RH)
and saturated (fully wetted) states. Samples were also allowed to equilibrate with the test
conditions for 24 hours prior to runnedbhy t he
analysing the input strain and output stress waveforms and calculating the phase shift between
them. Samples were tested in longitudinal and transverse orientations (where the longitudinal

orientation is the same as that used for nanoindentatiamgiest

5.2.6 Reed andArundo donax LSamples

Samples ofArundo donax Lwere taken from crossections of manufactured woodwind
reed components. These samples were prepared such that the longitudinal direction of the stem
was parallel to the axis of nanoindentation loading. Sample surfaces were prepared at the Goodman
CancerResearch Centre, McGill University in the Histology Core facility. Samples were initially
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embedded in paraffin wax before cutting on a sliding microtobeei@ brandl No further
treatment as performed on the surface to prevent damage to the cell walifaas roughness
measurements of approximately 5 to 10 nm RMS indicated the surface was suitable for indentation

testing.

The diagram provided iRigure5-5 depicts the areas from which experimental specimens
were taken from reed and raw ADL samples. In total 16 reed samples and 4 raw ADL samples

were used. The reed samples consisted of 8 sections taken from the heel of the reed and 8 taken

from the tp.
<« —>
A ' — : BI C (':
D Reed 1 —>

Figure 5-5: Schematic of the samples used for experimentafipnepresents the heel secti
that were taken from aged reeds for nanoindentation, XRD and TGA testing. B) repres
matching tip sections also taken for testing. These samples comprised the complete s
heeli tip pairs. C) the region outled in red depicts the saturation cycle samples taker
single internode regions. The orientation of a typical reed is shown for comparige

longitudinal axis of the ADL culm is denoted by a dotin C

In this way, a matching sampletsvas created from each of the 8 reed components. This allowed
the results to be compared for inteled sample variation and capture any aging/fatigue effects
that occur during real playing. The 4 raw ADL samples used were taken from the exact same ADL
stem internode region (i.e., same piece of raw material) and each artificially aged using saturation
cycling. These specimens included 0 (unused), 5, 25, and 50 cycle samples to capture the effects

of repeated wetting and drying on viscoelastic properAgag via saturation was completed

97



using deionized water at ambient temperature (23 to 25°C) and 60 to 70% RH. This process was
automated using a programmable pump system where samples were saturated for 1 hour at a time
and allowed to equilibrate back tbe controlled RH level for 5 hours afterwards. Thiodr
saturation time was chosen to simulate a typical playing session for real reeds. Both the reed and
raw ADL saturation samples were taken from the same batch of material (i.e., growing region and
age were the same) as provided by the manufacturer in order to minimize variability due to

different harvested batches.

Reed samples were played by a professional saxophone musician for 2.5 months, or until
they were considered to have reached theiraéfide state. Each reed was played for the same
amount of time and had been stored at ambient temperature and 70% relative humidity. In use
playing conditions resulted in the reeds being exposed to 1 saturation and drying cycle per playing
session for a tal of 40 sessions. Samples taken from the heel of the reed are never truly saturated
as only the tip of the reed is fully wetted by the musician. Thus it was possible to compare changes

between samples taken from the same reed.
5.3 Results

5.3.1 ReedHeeli Tip Nanoindentation

Nanoindentation results for the reed heel and tip sectionsamahgsé in terms of elastic
and viscous parameters, the details of which are found in the Materials and Methods section and
Appendix A. Samples that exhibited significant dridites (> 0.05*creep rate) over the creep
segments were removed from the dataset. Results for each sample represent an average value
(Ever, vell E1, B2, 1adn d) ofdll single fiber and parenchyma data points with standard error,
obtained through model fitting. Typical indentations on solid fiber cell walls are shokgure
5-6 along with the profile of an indent (atomic force microscopy micrographs). Results for reed

heel and tip vep parameters are found gure5-7.
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Figure 5-6: AFM micrographs of Berkovich indents. A) Multiple indents on a single fiber wall, B) typical shaj
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Significantly dfferent results are highlighte®) Elastic modulus values obtained from model fitting for the :

samples.
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All results for elastic modulus are corrected for the properties of the diamond indenter tip,
although the solid fibers and matrix of ADL are smerably less stiff than diamond and this
correction represents a very small fraction of the measured modulus @8li€Bhus, this step
was performed only for completenefeed heel viscosity parameters are higher than those of
their corresponding tips in 5 of 8 samples, and relatively unchanged in the other three. It appears
that over the life of the reed resistanceiszous creep decreases in the solid fibers of the vascular
bundles. The unchanged viscosity parameters in three of the reed samples could be attributed to
different levels of saturation and slightly reduced playing times during testing. Results for fiber
elastic modulus show variable changes between reed heel and tip samples, although there is no
clear trend when compared to the viscosity parameters. In terms of the solid fibers, these results
suggest that reed aging is dominated by an increase in vidtoeleep behaviour instead of
changes in the elastic response of fibers. Averaging the results for all heels and all tips leads to an
overall reducti on ivem)oft42e Viscausparanseters gre goeatly reduoeed e r
for tip fibers relatie to heel fibers, also indicating an increasing in viscous creep. Results for
elasticity do not indicate any clear trends overall, although reed 2 became more elastic with aging,
and reed 4 significantly less elastic. These differences highlight the séepgledent changes that
reeds undergo during the natural aging process. Reduced elasticity resultsHiE*, E>* and
Ever) are corrected using the properties of the

as in:

— . (51)

5.3.2 Saturation Cycle Sample Nanoindentation

Saturation cycle samples waralysé in an identical manner to that of the reed tigel
samples. Unlike the solid fibers of the reed samples, the fibers of these samples exhibited a
decreasing trend for both viscosity and elastic modulus with exposure to saturation cycles.
Comparing the ngnitudes of the viscosity values shows that all reed tips were in between the
values of 25and 50saturation cycle samples. Elastic modulus values-aafifration cycles were
40 to 60% lower than those of the reed tips. Of further interest is the &chéne is an initial
increase in viscosity and elasticity at 5 cycles relative to the uncycled case. This likely contributes
to the difficulty in assessing reed performance based on their initial characteristics, and illustrates

the difficulty faced by manufacturers in categorization. Viscosity and elastic modulus values are
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similarat56c y c | es t o t heh=r1.94x10Q P &aA-0.30 a 1dane &ep £ 1d.87
GPa+f1 . 6\3p= 1.6 x 10G P & A-90.37 x 10 and Eep = 13.61 GPa +/2.54, respectively)

and suggest a shift from solid fibers to parenchyma in the importance of each microstructural
component to macroscopic viscous behaviour. As a future study, it would be interesting to study
the effects of saliva versus water on the agiragess to better understand the differences in fiber

elastic modulus between reed and saturation cycle samples.

It is possible that the reed samples were not at the same degradation point at end of life due
to slightly dissimilar wetting behaviour antbvational fatigue. This limitation is due to the similar
but not identical playing routines of each of the reeds (where 3 of 8 reed pairs had similar resistance
to viscous creep). From the results of the saturation samples, it is likely that somesreeztdip
at a slightly different point in their fatigue life (as opposed to the-@gaitrolled saturation cycling

conditions).

Degradation due to the parenchyma matrix is considered using the phenomenological
model presented earlier. Although the parenaaigell wall is comprised of the same constituents
as the solid fiber cell wall, both the ratio of amounts present and the MFA are diff&é&nt

Analysis using this phenomenological model yields values of elastic modulus that are greatly
reduced relative to the solid fibef& ( -0 ). Viscosity parameters are also 25 to

50% lower than those of the solid fibers, suggesting the parenchyma cells contribute more
significantly to macroscopic creep. Both viscosity and elastic modulus values are very sensitive to
saturation cycles with vais at 5 saturation cycles for both dropping by approximately 75%
relative to the unused case (0 saturation cycles). These values do recover at 50 saturation cycles to
within 20% of the initial conditions.

5.3.3 X-ray Diffraction Analysis

XRD spectra were analgd to yield values for crystallinity index (Cl) and volume
averaged crystallite size. The data analysis method used in the present work was similar to the
peak deconvolution methods discussed previduslji [79]. In total, 5 crystalline cellulose peaks
were fit to the obtained XRD spectra after the removal of a broad amorphous background peak
centered in between 19 and®Z8(. Peaks were fit using Voigt control parameters with limitations

on the Gaussiaand Lorenzian components, similar to previous stydiés Analysis of volume
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averaged cellulose crystallite sizes was completed using the integral breadth-andttfulialf
maximum (FWHM) values for the (200),-(D) and (110) Voigt fitted peaks. These pdawalues

of crystallite width perpendicular to the diffracting planes. Crystallite length wasabtse due

to the poorly resolved nature of [004] peaks. The overall Cl for each sample was then calculated
from the ratio of the 5 crystalline peak aretensities (A7) to the amorphous peak area

intensity (A\morPhouy ag:

Yo J— (52)
Although the aim of this analysis was only to compare results between samples within the study
and not to other works, care should still be taken in selecting a Cl analysis method. This method
of peak deconvolution has been shown to be much less semsitivenges in crystallite size than
the Segal methof80]i [82] and thus was chosen for analysis of heel and tip samples where aging
induced changes in crystallite size may be important. Fepadings and apparent crystallite

widths for each of the analysed peaks are summariZeahie5-2.

Table 5-2: d-spacings and apparent crystallite widths for the three main crystalline peaks analysed. All values are

reported in nanometers (nm) and include results calculated using the integral breadth and FWHM of fitted peaks.

d- (1-10) d- (110) d - (200) L (1-10) L (110) L (200)
(IB,FWHM) (IB,FWHM) (IB,FWHM)

0.588 0.527 0.402 2.31 +£0.56 3.93 +£0.38 2.26 ++0.08
Heel

+/- 0.027 +/- 0.010 +/- 0.001 2.72 +£0.57 4.62 +£0.52 2.98 +£0.14

0.594 0.533 0.403 2.31+t0.52 472 +£0.23 2.34 +£0.11
Tip

+/- 0.031 +/- 0.014 +/- 0.001 2.74 +£0.53 5.03 +£0.25 3.10 +£0.18
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The aging of reed tips relative to their heels mates through conventional usageashows
increasing CI with aging trend overall. Results for CI values of all reed tip and heel samples are
shown inFigure5-8. This increase in Cl is thohgto be at the expense of amorphous regions,
primarily lignin, and is consistent with previous findings for weathering and aging behaviour in
wood XRD studie$83], [84].

1 2 3 4 5 6 7 8

Reed (Sample) #

0.7

Cl (ACrystaI/AAmorphous)
© o o o o o
- N w IN ol (o)}

o

mHeels = Tips

Figure 5-8: Cl values for reed heeltip pairs. Area values for crystalline and amorphous frac
were calculated using 5 crystalline peaks and 1 amorphous peak respectively.

Certainly, for the solid vascular bundle fibers, this result is consistent with a decreasing viscosity
parameter (as observed for both reed and saturation cycle samples) where ligpgctisdeto
dominate the viscous behaviour of fibers. Statistically significant differences between CI values
for reed samples are not observed, although the changes between heel and tip samples are
significant (p < 0.05)Average crystallite sizes were calated using the Sherer equatj8], and

the shape factor (K) was taken as 0.9 as in:

0 , (53)
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where the x ay wavelength (&) is taken as O0.15418
calculated from the ratio of peak height to integrated area (for the cagg, tfié& (200) crystalline

peak is used). Analysis of the-{D), (110) and (200) peaks shows a slight increase in crystallite
width for the (110) and (200) reflections and no change in width for ti@) teflection (Table

2). The reported values for thes&lths are really the volume averaged apparent crystallite sizes
within the samplef79].

5.3.4 Thermogravimetric Analysis - TGA

TGA analysis was performed on all reed samples in order to better understand the
approximate chemical degradation of cellulose, hemicellulose and lignin constituents. Of
particular interest are the differential TGA curvésd i Hj 3 ) and the peak positions of thermal
decomposition. A typical TGA cure is providedfkigure 5-9 where the main degradation peak
due to cellulose pyrolysiis easily visible. The basis for this analysis concentrates on changes in
pyrolysis peak positions and peak shapes such that detectible changes can be attributed to changing
weight percentages of chemical components (where these components degradesampdes
during the study).
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Figure 5-9: A typical TGA curve obtained for tested reed samples. Bo
weight % and derivative curves are showhe main degradation positic
for hemicellulose and cellulose are denoted. Fitted peaks for each of tt
main constituents analysed are also shown. Note that weight loss up tc

is due to equilibrium moisture content and was between 3 and 5%l
samples tested.

Complimentary sets of reed heels and tips were tested in this case, and these samples were taken

from the same pieces in each of the nanoindentation, XRD and TGA tests. Results for each of the
reed heetips pairs are shown iRigure5-10.
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Figure 5-10: A) GA degradation temperatures attributed to libenicellulose weight fraction of reed hedip
samples and B) the corresponding degradation temperature attributed to cellulose.

Results are presented as two main peak position temperatures (hemicellulose and cellulose,
respectively) where statisticglsignificant results between the heel and tip sample sets are found
for the cellulose peaks (p < 0.001). If the differential cunanayse further the main inflection
points representative of hemicellulose, lignin and cellulose degradation can ieel stsidg a
fitting method previously applied to wood chipsl]. This peak deconvolution was used to
approximate theelative amounts of each of the constituents present and these results are shown
in Table5-1. The representative TGA curve providadrigure5-9 also depicts the corresponding
fitted curve. One primary decomposition curve (approximated as a Gaussian peak) for each of
hemicellulose, ignin and cellulose are added together to produce this fitted curve of overall
decomposition rate. Using this approximation, lignin degradation is most significant during the
aging process between heel and tip pairs. This finding appears in agreemém weheral trend
of decreasing resistance to viscous creep in solid fibers where it is thought that lignin contributes
most significantly to viscous behaviour within the cell wall.

Comparison of initial lignin content with results for several types ofdwarare similar
(for bamboo ~27 weight percent and here 31:28#46 weight percent, reported with standard
deviation)[62]. The peak deconvolution method used in the present study should be viewed as a
method for comparing samples and not taken as reference valuesniarellulose, lignin and
cellulose weight percentage values. The fitting method is sensitive to the peak shape used in the
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fitting and the positions of peak centers and thus only samapl@lyse using identical fitting

parameters should be compared.
5.4 Discussion

5.4.1 ReedHeeli Tip Pairs

Modulus values calculated from single fibers yield results that ar&.5/GPa of one
another indicating that there is consistency within measurements taken from individual fibers and
suggesting that variability due to samslurface condition is not significant. The modulus values
calculated using the phenomenological approach (especidligr& lower than those computed
from the VEP model. Despite this variation in absolute value, the trends for saturation cycle
dependentodulus are very similar between all modeling approacdessAppendix In general,
values of reduced modulus compare well with those reported for different species of [@bpboo
[62], [86] when the OP method is considered.

Overall values from reed heel and tip pairs reveal a trend of decreasing creep resistance in
aged reed tips. Reed heels are found to be 30 to 50% more resistance to viscougeejdbar(n
their corresponding tips (p €.03). Similarly, fitted values for Ea n d shdw that reed heels
exhibit relatively unchanged valuesof&n d 1 ncr e a s (eistouy caekpuresistancej for
reed tips compared to the heels (p < 0.03). Although a few reedipgelirs exhibit lage
differences in Evalues, the overall difference between heel and tip samples is not statistically
significant (p > 0.05). Despite this, the trend of increasing resistance to viscous creep in reed heels
versus tips 1 9 pammhneteo(xD.01y These fesults sugdest that for solid fibers
the aging process contributes more significantly to their viscous response than elasticity and may
highlight the importance of solid fibers on changes that reeds undergo macroscopically (including

intemal damping).

Examining specific differences in reed tip and hegkvalues yields a few interesting
findings. The fibers of reed tip 7 were much less resistant to viscous creep than those of tips 4, 5
and 6 (in each case, p < 0.03). Reed 8 heel fibdibieed a significant difference from heel 2 and
4 (p < 0.03) where the fibers of heels 2 and 4 were substantially more resistant to viscous creep.
Additionally, the aging process appears to vary between reeds where reed tip 7 becomes less

resistant to \ecous creep than other samples (specifically tips 4, 5 and 6). It is important to note
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that all reed samples were taken from the same manufactured batch (specially obtained from the
manufacturer) and all samples had identical macroscopic stiffness ratingeasured by the
manufacturer. This suggests that measured mechanical parameters at the length scale of single
fibers could be important in predicting the mechanical behaviour of reeds. Analysis of the
artificially aged saturation samples reveals mardhe effects of aging on viscoelastic response

of solid fibers and parenchyma matrix.

5.4.2 Saturation Cycle Samples

The differences between aged reed samples are difficult to attribute to changes from
saturation cycles or other factors such as mechanicglhéatiThe tip deflects significantly during
playing[40] and this likely contributes to degradation in macroscopic bending stiffness. Thus, the
second set of samples were analysed to elucidate degradation due to moisture alone. Fhese well
controlled saturation cycle satep (here referred to as artificially aged samples) reveal the extent
to which moisture effects the viscoelastic properties of solid fibers and matrix cell walls with
increasing exposure. A similar analysis regime to the reedtipephirs was used for éise
artificially aged samples to confirm that trends discovered were consistent between methods (refer
to Appendix A). The results illustrate an interesting aspect to changes in solid fiber viscous creep
response within the first few saturation cycleg)(fburing this initial stage ga<=5) solid fibers
experience an increase ( ~ 56 edmparedwithtaesunsatiraed c e t
case. This is accompanied by a large increase in fiber elastic modulus= &t &ep = 12 GPa
and at .= 5, B/ep= 25 GPa). This trend changes whesPn 5 wi tehandosgrdécreasing
until they are similar to their initial valuesatg 5 0 . T veeanddssprwithfincrepsing g
are provided inFigure 5-11. When f it tverdor reea lheele 8p paré and their
dependency ongaare included it is observed that they fit the general trend found for saturation

cycle sampls.
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Figure 5-11: A) dvep viscosity values and tivedependency on saturation cycles. Values calculated for ree
and tip samples are also included for comparison with the generalB)eBgkp values for cycled samples w

respect to number of saturation cycles.

The elastic and viscousgameters for solid fibers are showrFigure5-12 with the overall trend
of decreasing resistance to viscous creep with aging being evident (fofilseis of the vascular
bundles).
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Figure 5-12: Maxwell-Voigt parameters for saturation cycle samples includingd,, E; and & (A, B, C, D, respectively).
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Regr essi on vea,n@aa nydsviabBes indicated that the similarity in trends observed

bet ween these met hepddsR°F s0 .s7 &, fReamson(dorr d=
whi |l eepF@®@R?=d 0. 524, Peasondés r = 0.72 and p <
that fundamental degradation mechanisms are contributing to the changing creep and viscous

behaviour of solid fibrs.

5.4.3 Solid Fibers and Parenchyma Cells

Suggested models for the structure of cellulose microfif8if§ have previously been
hypothesised and it is worth considering these here. Two primary models include series and fibril
structures where the former contains crystalline cellulose regions gapped by amorphous regions
and the latter has more long range crystalline regions connected by amorphous (hemicellulose and
lignin) surfaces. For the series model upon loading, all of the stress is supported by the smaller
crystalline regions. In the fibril model both crystallinedaamorphous surfaces bare the input
stress. In the context of the present study, the fibril model appears to support the trends observed
for Ever Where changes in apparent cellulose crystallite width could result in an increase in
measured elastic modulusjlowed by a deterioration ofJEr due to degradation of the surface
chains. Lignin plays an important role in contributing to the mechanical strength of plant tissues
and highly lignified cell walls are quite resistant to compressive f§8&sThus, the loss of these
amorphous pha&s during aging are likely important in understanding the changing properties

measured in the present study.

Different trends for both viscous creep and elastic modulus are found when results from
the parenchyma cells are analysed. Initially, the pasgnahcells exhibit a steep drop in elastic
modulus and an increase in viscous creep. The initial values of viscosity and elastic modulus
(analysd using the phenomenological approach) f@r=n0 of solid fiber and parenchyma cells

are provided imable5-3.
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Table 5-3: Comparison of Maxwel/oigt parameters for solid fibers and parenchyma cellsabfiration cycle

samples.
Maxwell-Voigt Parameters Solid Fibers Parenchyma Cells
E: (GPa) 9.49 +£0.35 7.57 ++ 0.53
E>(GPa) 9.50 +£1.17 9.45 +/ 1.48
d:( GP3As 307.31 +/36.71 228.86 +f 21.52
d( GP3As 14.48 +/3.33  11.77 +/ 2.64

As acomparison, values obtained from Olifnarr analysis arede= 13.86 + 0.89 GPa for

solid fibers and Ep= 7.76 +# 0.53 GPa for the parenchyma cells. The initial valugs=(Q) of &

a n din this case exhibit the largest differences between 8béds and parenchyma cells. These

E: a n d pagmeters suggest the major difference between these microstructural elements is the
steady creep behaviour (at least initially and is higher in parenchyma cells). This suggests that
there is a difference imé timedependent response of the parenchyma cells when compared to the
solid fibers of the vascular bundles. Differences in the elastic parameters may be related to the
microfibril angle within the cell wall. This angle is a measure of the orientatiohigbfly
crystalline cellulose microfibrils with respect to the longitudinal axis of the overall fibers (in this
case, parallel to the direction of indentation loading). The microfibril angle (MFA) of the cell wall
greatly influences the resulting mechanisttlength and measured elastic modyRgj, [89].
Differences in MFA between parenchyma cells and solid fibers have recentlglmrecterisd

in moso bambo§76] and indicate that the average MFA in the primary cell wall is highd0{D

in the parenchyma than in the solid fibers (~50°). Although the structure of ADL is not identical
to bamboo there are many similarities and if aal@ris drawn, the smaller MFA of the
parenchyma is likely responsible for largarfarameters and effects the thtependency of the
parenchyma differently than the fibers. It should be noted that the MFA is species dependent as
the results of MFA invdgigation by[76] are different to those obtained [86].
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All of the fitted MaxweltVoigt model parameters for parenchyma cells are plotted in
Figure5-13with respect to & Parenchyma cells constitute the majority of material volume within
ADL and contribute significantly to macroscopic mechanical behaviour. The differences in nano
mechanical response between solid fibers and parenchyma noted here are thus important for

understanding the static and dynamic properties of ADL and reeds.

3.00E+11 2.50E+10
2.50E+11 2.00E+10
% 2.00E+11 %‘ 1.50E+10
a 1.50E+11 a
- < 1.00E+10
T 1.00E+11 =4
5.00E+10 i 5.00E+09
0.00E+00 : : : 0.00E+00 : : :
A) 0 5 25 50 B) 0 5 25 50
Nsc Nsc
9 12
8
I
7 I 10 I
=6 = 8
& ° 5 6
s i
2
1 I 2
0 ! f f f ! 0 | } f f f !
0 5 25 50 0 5 25 50
C) Ngc D) Ngc

Figure 5-13: MaxwellkVoi gt parameters for saturati on, B and B(A B;
C, D, respectively).
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A general trend of increasing resistance to viscous creep and increasing elastic modulus is found

for all of the parameters (after considering the initial changes belewbrdiscussed above). This

result is markedly different from that obtained fromaé&bers and a comparison is giverFigure

5-14.
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Figure 5-14: Comparison of viscosity parameter values between solid fibers and parenchyma cells. Results fron
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Results for elastic moduli within the fiber cell wall have been shown to be dependent on moisture

content, with the different chemical constituents (primarily hemicellulose and lignin) reacting

differently to changes in moisture cont§®®]. Lignin is particularly sensitive and decreases with

increasing moisture content. Samples in the present study were equilibrated to minimize

differences irmoisture content, although the sensitivity of the E value of lignin to moisture content

suggests that the lignification (or delignification) of the fiber cell walls may be important in

understanding the contrasting fiber and parenchyma cell trends mehsteed

Comparing the results from parenchyma cells with those of the solid fibers in terms of

viscous creep indicates that there is an inflection point arosne 26 where parenchyma cells

become more resistant to creep than the solid filtegsie5-14). This suggests that although the

elastic response of ADL is initially dominated by the solid fibers the parenchyma cells do not

contribute asignificantly to viscous effects as aging increases and thus consideration should be
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given to the relative densities of solid fibers and surrounding parenchyma for predicting aging

behaviour.

5.4.4 TGA and XRD

Examination of thermal decomposition curvesrieed heel and tip pairs reveals two main
regions of interest. The first is associated with hemicellulose degradafipn91] while the
second represents the major degradation stage due to cellulose pjraly$edl], [92] The tested
reed tip pairs show no significant difference in onset temperatuenatallulose degradation (p
> 0.05). In contrast, there is a significant difference in cellulose degradation temperature (p <
0.001). The average temperatures of each degradation peak are summarat#d5~ and are

similar to previous values for thermal degradation in wWadd, [93], [94].

Table 5-4: Results of TGA testing for reed hedip pairs, specifically chages in hemicellulose and cellulose peak

decomposition temperatures.

Sample Hemicellulose Peak (°C) Cellulose Peak (°C)
Heel 274.19 +14.97 336.15 +/3.15
Tip 282.72 +/ 8.68 352.43 +/6.20

As a control, an unused reed from the same batch as the reddtipephirs wasanalysé and

found to have hemicellulose and cellulose peak decomposition temperatures of 253.01 and 322.88
for the heel and 245.03 and 314.11 for the tip, respectively.eTVedses are not significantly
different from one another suggesting similar compositions, although they are both lower than
values found for the aged reeds. Given this difference, it is likely that the reed heel samples had

aged to some degree.

Analysis of the derivative thermogravimetric curves using peak deconvolution suggests
that lignin degradation is more significant in reed aging than hemicellulose or cellulose

degradation. Using this method lignin was found to be much reduced (in weight percentiage)
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reed tips than their corresponding heels (p < 0.001). Calculated weight percentages of

hemicellulose, lignin and cellulose for the reed lietgh pairs are provided ifiable5-5.

Table 5-5: Calculated weight percentages of chemical constituents for reedtipephirs estimated from TGA peak

deconvolution (standard deviation provided as error).

Sample Hemicellulose (v%)  Lignin (w%) Cellulose (w%)
Heel 32.11 + 8.07 31.22 +/8.46 36.68 +f 2.52

Tip 52.14 +/ 4,51 7.94 +/4.11 39.92 + 3.87

Lignin degradation has also been found in natural weathering of wood at time scales ranging from
1 month[95] to one year omore[83]. One month of natural weathering was found to reduce
surface lignin content by 62%. The importance of lignin to the mechanical properties of the cell
wall have already been mentioned and the increagisdous creep of tip solid fibers is likely a

by-product of this decrease in lignin.

It can be recalled that although reeds (and more generally ADL) age with time this aging
may not be uniform between reeds. Microstructural and/or chemical markers thaidicate
more stable reeds are desirable from a manufacturing perspective. Analysis of the TGA results
with the nanoindentation creep response of solid fibers found a correlation for heel safwles (R
0.60, Pearsonds r = 0Ovaluk& ameaduref the null hypothésis thad e r e

nonzero correlation slope is due to chance.

XRD results for the reed hekltip pairs can be summarized as displaying (change from
heel to tip, i.e., with increased aging) increasing crystallinity, increapp@rent cellulose
crystallite size and no significant change #sphcing. Within the context of cellulose TGA this
result is in agreement with previous studies showing increased thermal stability with increasing
crystallite size[91], [96], [97]._Increases in cstallite width have also been found in
hydrothermally versus archeologically aged w@®4i, with increasing time and temperature of
hydrothermal exposure increasingetwidth of microfibril crystallites. Results between reed
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samples show differences in apparent crystallite width indicating inherently different aging
patterns, potentially due to different water accessibility levels between the samples. This trend
holds true for both the initial reed heel samples and the fully aged tips meaning that detected
differences are due to both variability in samples and variability in the aging process. The
increasing Cl values are also in agreement with trends observed fallgat@athered woo[83].
Specifically looking at the apparent crystallite sizes it can be surmised that the monoclinic
cellulose 4 crystal structure is most abundant in ADL. Thstiucture has been found to the
primary type of cellulose within hardwood and higher pld@id, [98]. Analysis of tip elastic
modulusvalues in relation to apparent crystallite size show a correlation in which tips having

larger crystallites exhibit a larger elastic modulB$¥ 0. 62, Pearsonds r = 0.

A summary of Cl and crystallite size dependg on age are shown Figure5-15. This

illustrates the increasing trend of these elements during the aging process via standard playing by

a musicia.
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Figure 5-15: Apparent crystallite widths and Cl values with respectd¢reed heel tip samples). Increasil

trends are observed for the (200) and (110) directions and for crystallinity.

An important limitation to note is that the values of apparent crystallite width (when using integral
breadth) are a weighted averd@®8], [87] and no distinction between microfibarystallites of
the solid fibers versus parenchyma cell walls can be made. An experiment outlining the differences

between these two microstructural elements would be an interesting topic for future studies.
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5.4.5 Internal Friction

Commring the results of ma cr o s crogehartcal vi s co
findings suggests that damping in ADL is controlled via a complex interplay of solid fibers and
parenchyma cells. Values obtained at 100% RH will be discussed here as thegtarelevant
to actual reed usage. Pl ot s o fscdrerseogniigucey depe
5-16.
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Figure 5-16: A) Longitudinal tant values for saturation cycle samples. B) Transverse taalues fo

saturation cycle samples. C) Values of taat 100 Hz and 100% RH with increasing:nD) Tan{ value:

Overall, tan U values ar e | owensvensendirectiore Thison gi t
seems to agree with the finding that solid fibers (running parallel to this direction) exhibit less
viscous creep than the parenchyma cells. For both longitudinal and transverse valuds, when

200 Hz tan O v areasiegyaluesobar Thisssiggests that dolid fibers contribute
significantly to damping at these frequencies where the trend of decreasing viscosity values with
increasingeci s observed. A similar though fe¥& sign

Hz . Longitudinal v al d e 800 HZ dectease with indoeasingg@ne n 4 0 O
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suggest that the viscous behaviour of parenchyma cells significantly contributes to overall
damping at these frequencies. Given these results, the impoanice two main anatomical

structures of the ADL microstructure to macroscopic damping should be noted. Analysis of their
size, volume fraction and distribution may help manufacturers identify more stable reeds and

predict their longterm behaviour.

5.5 Conclusions

The present study was designed to evaluate the -macbanical properties of
microstructural constituents in ADL and their dependency on aging. This aging was completed via
actual reed playing representative of real usage and artificial aging saturation cycling.
Elastically, the solid fibers of the vascular bundles did not change significantly when reéd heel
tip pairs were compared. Good agreement betweemiid Eep was observed, whileiiand B
values from the MaxwelN/oigt model werdower by 20 to 30 %potentially due to the sensitivity
of these values to timduced plasticityDespite these differences in modulus values, plasticity
does not significantly impact the extracted viscous parameMmalysis of elasticity in the
saturation cycle samples indicated that there is an initial period where solid fibers exhibit an
increase in elastic modulus, followed by a near linear decreasing trendsyatib@. Elasticity in
parenchyma cells is foul to decrease initially and then increase linearly usgierb0. This trend
is nearly the inverse of that observed for solid fibers and suggests complex rearrangements of
cellulose microfibrils and their interaction with hemicellulose and lignin withencell wall of
each anatomical structure during the aging process. Lignin degradation is found to occur in the
aged reed samples (via TGA and increasing Cl values) and may contribute to the decreasing elastic
modulus values measured for solid fibers. @loal analysis of isolated solid fiber and
parenchyma cell samples in ADL would be worthy of investigation in future studies and could
explain more localised anatomical aging behaviour. Although no statistically significant difference
in solid fiber elastiity was observed for reed hédetip samples, differences in viscosity were
detectable and indicate that reeds of identical manufacturer rating (i.e., bending stiffness) may be
further separable by anatomical and nramechanical behaviour. Macroscopicaltiiese results
suggest that bending stiffness degradation in reeds is primarily controlled by the solid fibers.

Val ues of viscosity for 0 &nd MaxwelVboei rgst wle r e

parameters. Both analysis methods yielded similar trendsisgosity evolution with aging.
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Overall viscous creep resistance is higher in solid fibers than in parenchyma cells with the fibers
exhibiting a decreasing resistance to creep with increasing exposure to moisture. The opposite
trend is observed for pargmyma cells and suggests a fundamental shift in the microstructural
elements responsible for viscous damping during the aging process. Comparing viscosity results
with measurements of tan U on macroscopic san

cells each contribute to damping in different frequency ranges between 100 and 1000 Hz.

These results will aid the development of more naturally responding artificial reeds for
woodwind instruments. Furthermore, methods could be developed to bettdly Ad&3sireeds
using this data and yield more predictable and stable reeds. The differences-mechanical
behaviour observed for solid fibers and parenchyma cells suggests that the complex interaction of
these two phases is important for controlling macopic static and dynamic behaviour. Future
work could include the development of composite models to better understand dynamic behaviour

at various length scales.
5.6 Appendix - Nanoindentation

5.6.1 Nanoindentation Modeling

In the following, nanoindentain loaddisplacement analysis is considered with respect to
creepunload constitutive relations (visceafasticplastic), a phenomenological approach and a
strainrate measure of viscous creep resistance. This is performed to assess the elastic and viscou
components of ADL fiber behaviour and the relative results between models. Some of the
approaches require specialized input loading functions for practical experimentation, each of
which are explained below. Results for elasticity (reduced modulusdremgaced with the typical
Oliver-Pharr [99] approach of unload curve fitting. The use of these models meant that
experimentally three indentation points per testing location were used, each with their respective
input load function to minimize differences digeintrasample variability (i.e., for a single ADL

fiber, 1 data point consisted of 3 separate indentations, one for each of the models).
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5.6.2 Theoryi Viscoelastic models

5.6.2.1 Viscouselasticplastic Model

The use of the viscoesastic plastic model wasompleted experimentally using a
trapezoidal loading function with equal loading and unloading times. Note that the segment
timings for all loading functions can be found in Table A1l and examples of the loading functions
can be found in Figure-A. The usef this mode yielded one viscous term and one elastic term
after fitting the viscouglastieplastic relation to the holding and unloading segments, respectively.

The details of this model are described below.

A viscoelastieplastic model for nanoindentah testing using a Berkovich tip can be
described following the work of Oyen and CdéM]. This model consists of elastic, viscous and
plastic elements in a tirependent constitutive relation. The basic premise is that the sum total
of all displacements from each element leads to the total displacement observed experimentally
when configured in series. Considering these elements, we can write the nanoindentation

displacement relation as:

Q Q0 Q0 10 (5-4)

where each term represents a contribution from each element of the] @3ddgl4]. Of particular
interest in the present study are the elastic and viscous components of the model. The constitutive
differential equation of this model has been solvediptesly for the case of a Berkovich {ig3]

and the creep and unloading portions of the model are provided as:

66 Q o, 5-5
7
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o o Q . . N o0 08 (56)

The U values are geometric constants specific
t hi s mog eWh é E & wiEhgreatter de ralerred to asdea n dep) grovide measures

of elasticity and viscositygspectively.

5.6.2.2 Phenomenological Model

Nanoindentation testing for the phenomenological model required an idealized step
function as the input loatime curve such that the load was the practical approximation of an
instantaneous step (within the practidahits of the nanoindentation instrument). Creep
parameters are extracted from the he¢gment of the input loading function by fitting 2 elastic
and 2 viscous parameters to the outputdisglacement curve. Similar to the previous model,
details of sgment timings and the loading function can be found in TakleaAAd Figure Al.

The phenomenological approach developed by Fisher and (@&@nd considered here
and has been used to extract parameters for a 4 element M&oigglinodel where the creep
hold portion of the loadlisplacement indentation curve is fit. This approach utilizes a step function
input, and thus assumes instantaneopsicgtion of the load (as previously discussed). The depth

time relation for this model is provided below.
00 -0 HEo— —p Q T —b (5-7)

Parameters extracted from thi®del include 2 elasticity terms(Eand &") and 2 viscosity terms

(dand. d

5.6.2.3 Strainrate Sensitivity Model

A conventional creep sensitivity analysis has also been considered here to evaluate the
viscoelasticity of single fibers and extract creepted data from the credmwld segment of the
load-displacement curves. This meth@®] utilizes the secondary creep réseeady state, linear)
during the hold period of the indentation function and evaluates the creep exponent panameter,
with larger values representing more creep resistant fibers (i.e., exhibiting a more elastic response).
This method provides a generaldication of timedependence, as well as an indication of

sensitivity to contact hardness. This method yields a single viscous parameter (the creep exponent)
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and thus results are compared withkr, t he Vvi scous par ametiand fr om

d- of the phenomenological model.

The creep exponent is found using alog plot of stress straimte (the first derivative of
the deptktiime curve) where the stress under the indenter tip is calculated from the known indenter
load and the projected otact area. For a Berkovich tip, this area is found ydiag:

6 oidQ ddHp@® ¢ BQ, (5-8)
where R is the depth beneath contact. From this, the stress can be calculated from

— (59)

where P is the indentation load. The strain rate is calculated from the measured indenter depth, h,

at known ting,t, as in
T o-—. (5-10)

The relationship for creep sensitivity can be expressed using egbdtiomvhere the slope of the

stressstrain rate logog plot provides the creep exponent (n).
P6, (5-11)

C is a constant dependent on temperature and has been assumed to equal 1 in the present study.
5.6.2.4 Model Summary and Comparative Results
As a summary, the load functions for each of the methods are provided in Table Al below

including all segment parameters. Samples were allowed to equilibrate with the nanoindentation
test chamber for 1 hour prior to tesfito minimize thermal drift (conditions 23°C and 20% RH).
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Table A-1: Nanoindentation loading schemes for testing of reed and raw ADL samples.

Experimental Technique Segment Times (loaehold-unload, in s) Prmax

(HN)
Oliver-Pharr 3-5-3 350
Viscouselasticplastic (VEP)
_ o 3-153 350
and Strairrate Sensitivity
Phenomenological (Maxwell
. 0.1-153 75
Voigt Model)
400 80
350 70
300 60
Z 250 Z 50
W W
< 200 S 40
8] ©
S 150 S 30
100 20
50 10
0 0
A) O 5 10 15 20 25 B) © 5 10 15 20
Time (s) Time (s)

Figure A-1: Experimental load function profiles for the A) the VE®del and B) the Phenomenological mode
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Table A2 also provides a summary of the extracted viscous and elastic parameters of interest from
each of the models discussed above. The results of reetiheair elastic moduli shothat there

is a relationship between the Olivieharr (OP) and VEP analysis techniques. A linear correlation
between the two methodsqR 0.52, p < 0.05) indicates that results are comparable, although the

relationship is not completely 1:1 and OP valiegxl to underestimate fiber elastic modulus.

Table A-2: Description of parameters extracted from nanoindentation testing at identical sample

locations using each of the models considered.

Experimental Technique Elastic Parameters Viscous Parameters
Viscouselasticplastic (VEP) Evep Nvep
Phenomenological (MaxweYoigt | E1", B’ di, 2 d
Model)
Strainrate Sensitivity E* n
43.00 43.00
38.00 38.00
33.00 33.00
5 28.00 o 28.00
& 23.00 & 23.00
18.00 i 18.00
13.00 B D 13.00
8.00 N NG 8.00
3.00 - - 3.00
0 2 4 6 8 0 2 4 6 8
Reed # Reed #
—o—Eor =@—Evep E1* —o—Eor —@—Evep —@—E1*

Figure A-2: Comparison of elastic modulualues calculated for solid fibers using both the Olivbarr, VEI

and phenomenological methods. Results for reed heels are shown on the left and results for tips on

126



35.00 - - 7.00E+02
~ 30.00 - L 6.00E+02
C
T 25.00 - L 5.00E+02
o
£ 20.00 1 - 4.00E+02 ©
5 15.00 - L 3.00E+02 &
< 10.00 1 L 2.00E+02
< 500 4 L 1.00E+02

0.00 0.00E+00

0 2 4 6 8 10
Reed #

—td—OP -Tip <@+ OP-Heel e=t=—=nl-Tip <-®--nl-Heel

Figure A-3: Comparison betweentlier eep exponent (n) @)

from the phenomenological model. Results for both reed heels and tips are show

The comparison of E values computed from the VEP solution and the phenomenological
method shown in Figure -2 indicate that differences before an after aging (i.e., heel versus tip
samples) remain consistent between the two methods. The-Bhaer methodioes not appear
to be as sensitive to differences between samples for the reed heels as there is-tesapider
variability and suggests that either of the two viscoelastic analysis models are more appropriate
for discerning aging related changes betwsamples. Examining the results from strain rate plots
shows that the creep exponemt,s in general higher for the heel samples than the tip samples
(Figure A-3). This trend is also observed for the viscous parameters extracted from the VEP and
phenonenological models. Note that all results between models were obtained for identical solid
fibers, eliminating intefiber variability. This creep exponent is a measure of creep resistance and
indicates that reed tips are more susceptible to creep at éfel Given the similarity between
models it can be concluded that vascular bundle solid fibers exhibit reduced resistance to viscous

creep with exposure to playing (moisture, mechanical vibration) induced aging.

The influence of the nanoindentation émependent loadisplacement model on the
results has also been considered. For a more practical comparison between the samples it was
important to evaluate the independence of the general trends observed from the implemented
model. The consideration okeweral models enabled model accuracy to be assessed, as time
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dependent nanoindentation analysis is complicated by several factors, including experimental
conditions, sample preparation and the analysis model. Overall, it was found that the results of
the phenomenological and VEP models agreed for reedtipeebmparisons and reed aging

results.

The elastic and viscous parameters computed using the phenomenological model exhibit
similar trends to the VEP analysis, and additionally all the elastic r¢g&B, phenomenological
and OliverPharr) are also in reasonable agreement. Overall values from reed heel and tip pairs
reveal a trend of decreasing creep resistance in aged reed tips. This result is found using the VEP,
phenomenological and creep exponamtlysis methods. A comparison of the results is shown in
Figure A4 B). Analysis using the 4e@xponent in a lodog plot of strain rate versus indentation
stress suggests a similar trend of decreasing resistance to viscous creep in reed tips, altaough ther
is more scatter in the data (p > 0.05) potentially due to the sensitivity of this method to contact
hardness.

It should be noted that the #alues obtained from the phenomenological model are lower
than the modulus values calculated using the VEP mef&Pharr methods. This suggests that
there may be some sensitivity to the diegud application, where the increase in load is finite and
not instantaneous as in the theoretical framey@dk For this phenomenological model, &d
d: are only influenced by the tirdependent creep deformation and not the initial step
displacement, meaning that those parameters are still useful for quantifyingejpmedent
behaviour regardless of potentsansitivity to the step increase in load. An attempt was made to

minimize this sensitivity by keeping the appli

Results are also compared for the saturation cycle samples between the VEP and-Maxwell
Voigt methods. Although the fitted parameters for viscosity differ in absolute value, the trends
observed between the two are similar (analysis with linear relationship between the two). Values
of the creep exponent (n) for the crdepd segment are alsoguided for these samples. The
similarity in trends observed between all three methods suggests a fundamental change in the
micro-mechanical response of solid fibers with increasing exposure to moisture cycles. The trend

comparison plots for solid fibers tife saturation cycled samples are provided in Figude A
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Figure A-4: A) Creep exponent (n) values with respectsdar saturation cycle samples (calculated from the cresg period)
B) Comparison of viscosity values between methods. Here the values are presented as ratios normalized with respit
values (at sc = 0). All results shown are given forlgbfibers of the vascular bundles.

The results from aging analysis and model comparison indicate that general trends are consistent
and not model dependent. Therefore, consideration of elastiviscwls parameters extracted
from either the VEP or phenomenological approach leads to the same conclusions.
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Chapter 6

6 Swelling and Moisture Fatigue Behaviour of Arundo Donax using

Micro -Computed Tomography
C. Kemg, Selina Kolokyth3 Dominique Derom& G. Scavone

IComputational Acoustic Modeling Laboratory, Department of Music Research, McGill

University

2Centre for XRay Analytics, Swiss Federal Laboratories for Material Science and Technology

(Empa)

3Laboratory for Multiscale Studies Building Physics, Swiss Federal Laboratories for Material

Science and Technology (Empa)

This chapter is in manuscript form awdl be submitted for publicatiariThe experiments outlined
in this chapter examine the swelling behaviouhindo donax lat elevated moisture conditions.
Given the degradation in material properties presented in CHgptevas desirable to compare
the physiological and morphological changes that the reed material experiences under well
controlled moisture cycling experiments. The sampésctedor this study were not played by a
musician ad thus were not exposed to mechanical fatigue. The results of this study help to better
understand the roll of moisture in reed degradation when it is isolated from the mechanical

component.
Abstract:

The degradation of woodwind instrument reeisifidodonax L) is not well understood and

this work presents the findings of an interdisciplinary investigation into the reed microstructure at
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various moisture contents and presents d@mm anatomical degradation results previously
unconsidered. Although sitar to bamboo and sharing properties with wood, few studies have
focused on the behaviour and anatomical structurérehdo donax Lin moist conditions. As

reeds are played in a fully water saturated state, hygromechanical properties are an important
aspect of reed vibrational behaviour. In the present studgijtinswelling of Arundo material is
analysé using micro computed tomography. Image analysis shows that swelling occurs primarily
in the radial and tangential directions and is linearly dependenmoisture state (relative
humidity). Localised swelling is found to be significant around vascular structures where moisture
absorption is greatest and exceeds measured macroscopic values of swelling strain. Analysis of
moisture cycled samples shows miting of parenchyma cell wall tissue with increasing exposure

to moisture cycles. Significant tortuosity of the parenchyma cell wall is also found and is thought
to contribute to the reduced mechanical stability, with respect to bending stiffnessreédsahs

they age. Future work could consider chemical analysis of parenchyma cell wall constituent
degradation as well as computational analysis of Arundo material at different moisture states to

study the impact anatomical changes have on vibrationaésnod

6.1 Introduction and Background

The vibrating element of single reed musical instruments, such as clarinets and saxophones,
is constructed fromrundo donax LThis naturally growing member of the grass family has been
used in the construction of reeds for centufi€s]. Much vaiability is observed between reeds
in a nominally identical s€8], [102] and usually results in researcherdizihg synhetic reeds
for testing purposeff], [40]. The acoustic literature tate has focused on the study of reed
mouthpiece systems and has mostly neglected the influence of variable reed properties on
instrument performanc@.e., reed elastic properties are taken as isotropic and homogeneous)
Others have noted the importandenmoisture on vibrationaproperties in rectangular bars of
Arundo donax L[55] which suggests that inteeed varidility control may require consideration

of both moisture state and anatomical structures.

While previous models have been developed to study reed behaviour, they typically consider
the reeedmouthpiece system as a secamder oscillator with homogmus properties along the
reed tip[39], [103], [104]which may not be accurate given the variable distribution of anatomical

elements through the Arundo cu[d?]. The tip of the reed is approximately 100 to 150 microns
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in thickness ad the material preseniarying spatial distributions of anatomical structufidsese
distributions likely cause nonuniform swelling and shrinkage locally within the reed
microstructureresulting in aging degradation in the form of warpifeed tip warpig is
undesirable as it leads to uneven closing of the reed with the mouthpiece, changing flow
characteristics and vibratiorstudies using artificial player systems designo study reed
mouthpiece interaction in a controlled way suggest fbatclarinet reeds, tip vibration is quite
large and includes both longitudinal and transverse n{ddgReed behaviour is also inconsistent
and varies with time, increasing the difficulty in assessing typical acoustic and subjective
parameters of reeds, such as brightnesseard of playing8], [45]. It is also difficult to asses

the level of saturation that Arundo maskexperiences when reeds are played in the mouth. All
of these factors suggest that efal anatomical analysis of moist reeds and reed material is

warranted.

Despite recent efforts to examine changes in fundamental bending vibrational modes of reeds
exposed to moistur®], not much is known about microstructural changes with tindepéaying
that can contribute to changing performance. Previous chemical analysis on a small humber of
clarinet reeds did not yield significant correlations to the prediction of musical gj4éljtynd
compiled anatomical statistics have not considered the influence of m¢#tuFarthermore, the
swelling properties of reeds at elevated humidity states has not been examined thoroughly. It is
desirable to observe the-gitu swelling of Arundo samples at diffetdrumidity levels to better
understand the complex interaction between anatomical structures and moisture saturation. This
behaviour is similar to that occurring in fully wetted reeds when played in the mouth. Examination
of microstructure/anatomical morglogical changes in these settings will also help to understand

those features that contribute most significantly to reed aging.

6.2 Physiology and Properties of Arundo Donax
Arundo donax Lis a bamboelike plant that develops into a tubular culm with node an

internode regions as shownkigure6-1.
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Figure 6-1: Schematic diagram showing a typical Arundo Dostem (without rhizome). The longitudinal direct
is provided with respect to the culm and the tangential and radial directions with respect to theatimssA cros:
section micrograph is also provided. The regions denoted by the yellow circles vheggular bundles while t
surrounding area is parenchyma tissue. Note that the softer, parenchyma tissue is found towards the inn

of the culm. This region also constitutes the majority of the inner cortex of the plant.

It is agiant reed of the grass family with a similar crssstion anatomy to that of bamboo
[105]. Despite its use for woodwind reeds and as a potential provider of biomass [@06igit
is widely considered to be an undesirable weed. As previously me§s0i¢d105] the Arundo
culm can grow up to 4 cm in diameter and 7 mmwvall thickness. Mechanical stability is provided
by the vascular structure of inner parenchyma ring, with highly lignified solid bundles providing
longitudinal rigidity[12]. This longitudinal direction is considered to be aligned with the direction
of culm growth, in terms of the plantds physi
grow to lengths of several meters and tieismbined with desirable damping propestjg5],
makes it the preferred choice for woodwind reeds. The gradient in spatial density of vascular
bundles with espect to the Arundo culm wall has a pronounced effect on the mechanical properties
of the culm. For bamboo, mechanical measures including tensile strain to failure are higher for the

epidermal layer than for the inner, parenchymch layer indicating thiasolid fibers have greater
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ductility potential[107]. Longitudinal values of Youngds mod
on spatialocation within the culm wall, and the internode region that samples are taken.&rom (
modulusvalues towards the root of the plant are higher than those towards the top section). This
dependence of anatomical structure on mechanical properties hasdbee for bending of moso

bamboo alsd62]. The influence of moisture on anatomical structures must be considered for
woodwind reeds (i.e., finished reeds used on instruments) as morphological changes of

parenchyma cells and vascular bundles is not well understotdtefomaterial Arundo donax L

Woodwind reeds ammachined from the Arundo culm wall of internode sections. The reed
is rigidly clamped to a mouthpiece while playing and it is primarily the tip section that vibrates as
an airflow valve. The reed tip geometry is machined down to the inner layer of tbegbgma
ring and no mat eri al from the epider mal |l ay
Anatomically, this results in a vibrating structure that is comprised of parenchyma cells and
vascul ar bundles of the cul mtbicknesspsizeeand vdscubamet e r
bundle distribution therefore contribute significantly to the effective mechanical properties of the
tip. When moisture is considered, morphological changes in these structwEsmgrertance and
must be considered. Kolé&set al.[4] found that high continuityfdfiber structures surrounding
the vascular bundles was associated with higher quality reeds. Furthermore, smaller proportions
of phloem and xylem tissue within the vascular bundles was also correlated to higher quality reeds.
The importance of parenchyrtiasue is still unclear, as is the effect of these anatomical structures

on long term degradation and changes during moisture absorption.

Previous research on-gitu swelling of wood[13]i[15] has utiized micrecomputed
tomographic (CT) imaging to visualize anatomical structures at specific moisture conditions. X
ray tomography provides morphological data in three dimensions and makes it an ideal candidate
for the examination of wsitu Arundo swellig. This threedimensional data also enabled the
confirmation of an important Arundo physiological assumption, longitudinal symmetry. This
longitudinal symmetry has implications for manufacturing settings where analysis of lignified
vascular bundle fibersidirectly correlated to mechanical stiffness of manufactured reeds (refer
to Chapter4 for more detailed analysis). As compared to typical-lated earlywoodArundo
donax Lpresents vascular structures that are not present in its wood counterparts. The influence of

these anatomical structures orpilane (i.e, tangential and radial) moistimduced swelling has
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not previously been discussed despite its beli@wpdrtance on the vibrational modes of the reed
tip during playing (considered previously in terms of bamboo). Due to the small thickness of
typical alto saxophone reeds (100 to 150 microns) at the tip, the influence of local swelling strains

would lead tovariable warping behaviour (a typical degradation mechanism of reeds).

Binarization and segmentation of tomographic slices is a complicated process and
generalized workflows established for specific materials usually require modification for new
materials. This complicates the analysis process and care should be taken to prepare the best
possible binary images, minimizing the impact of irdeanple variability on statistical measures.
Arundo material retains two anatomical structures of intemegrms of importance to real reeds.

These are the vascular bundles and parenchyma cells. Segmentation and binarization procedures
therefore follow similar workflows to those developed for wood type materials, where the final
processed images are binargnesentations of solid material and pore structures. This means that
thresholding procedures should be optimized to the Arundo material intensity and the air volume
intensity of tomographic image slices. Subsequent analysis of these binary slices involves

extraction of shape and size parameters that quantify the anatomical structures of interest.

Micro-CT analysis can yield much statistical data that are pertinefitutodo donax L
anatomical evaluationFor woodand plant type materials, anatomical structure analysis has
included phloelm and xylem conduit size, parenchyma cell [4i@8], parenchyma cell wall
thickness and lumen diamef@09]. Similar to woodArundo donax lexhibits strong longitudinal
symmetry and thus anatomical statistics are most interesting in the radial and tangential directions.
Parenchyma cell Wiahickness is of interest as the deterioration of these cells would have a direct
impact on the bending rigidity of thin reed tips. Similar types of analysis have been completed for
cell wall thickness on early and latewoadthough this was only compésl on new specimens
and did not consider aging behavigi09]. Measurements of swelling strain can also be
completed through registrah analysis of tomographic image sets obtained at different moisture
conditions[14, p.], [15] Swelling strains are of particular inter@stthe tangentiatadial plane
(representing the crosection of the Arundo culm) as expansion/shrinkage in these directions
would modify the reed tqppening displacement. The flow performance of the-raedthpiece
system is very sensitive to this amaad geometrical changes due to swelling could influence the
free-vibration modes of the reddl10], [111]
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The cell wall structure is an important characteristic of wood and bamboo type materials. This
structure is comprised of aemarchical composite layup that contributes to impressive specific
strength at the macroscopic scale. Unlike wood, bamboo solid fibers exhibit a very fine multi
layered structure with alternating thin and thick composite 1g§&&j. For solid vascular bundle
fibers in moso bamboo, cellulose microfibmigthin the cell walls have been found to be nearly
axially aligned with the |l ongitudinal direct
modulus [60]. More specifically, the thick walls contain cellulose microfibrils with a low
microfibril angle (MFA), whereas a high MFA is found within the thin layers. Similar to the
secondary (S2) layer of typical wood cell walls, the cellulose microfibrils arealigloriented
within this layer and embedded in a matrix of amorphous cellulose, hemicellulose and lignin. This
high degree of alignment (in terms of MFA) has the effect of drastically increasing the longitudinal
modulus relative to parenchyma cells. \Roes studies on bamboo found the degree of
lignification of the solid fiber cell wall to not significantly impact the modulus of solid cell wall
fibers, although it has been shown to impact the modulus of wood cell @&aB$ These
distributions of highly crystalline cellulose microfibrils and antaps (and hydrophilic) lignin
are important as the hydrophilic components experience softening and swelling during moisture
exposurg[114]. Similar to bambo, the composite microstructure Afundo donax Lowes its
mechanical performance to rigid vascular bundles and compliant parenchyma cells. Changes to
these structures at elevated moisture conditions including swelling ctisiacteriation will aid
in the understanding olong-term reed performance and mechanical degradation, which is

pertinent to vibrational behaviour.

6.3 Materials and Methods

For this study, raw samples Afundo donax Lobtained directly from a reed manufacturer
were used to observe moisture induced swelling and anatomical changes due to repeated moisture
cycling. The manufacturer obtains Arundo culms from farms in France after they have been
allowed to dry at ambient aditions for one year. Culms are then shipped to the manufacturing
facility where the node regions are removed and splits are made from the internodesC"Micro
samples were hanclt from these splits using a razor blade, as more conventional material
preparation techniques such as diamond cutting, laser ablation afmblighing can damage the
delicate microstructure of the culm. Four samples were cut into 1 mm by 1 mm x 3 mm sections

with the 1 mm by 1 mm plane representing the tangeraidihl directons. Samples were then
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mounted onto brass stems using a small amount of paraffin wax at the base. For mounting, the
longitudinal direction (i.e., the 3 mm length) was aligned with the axis of the brass CT stem. This
study was comprised of two protocolsthvProtocoll examining the isitu swelling behaviour

of a single sample (henceforth referred to as S®edind Protoce? investigating the deterioration

of Arundo samples exposed to increasing levels of moisture cycling. Pr@tacduded three
sampés named according to their moisture exposure levels, named MC5, MC25 and MC50.

schematic iprovided inFigure6-2.

/

R

<+«— Sample

—

I sf« " < Paraffin

<+— Brass stem

Figure6-2: Overview of the micro CT sample mountec
the brassstem. Note that the longitudinal and ra

directions of the Arundo culm are provided.

Swelll (Protocoll) was repeatedly micfGT imaged at elevated moisture states. This
sample was observed at 5 different moisture contents, including a desiccated state, 50% relative
humidity (RH), 80% RH, 90% RH and fully saturated. Arranged chronollbgigaaging was
performed initially in the desiccated state with subsequent imaging at these successively increasing
moisture contents, overall representing a hydration protocol. A final scan was performed-upon re
drying to the desiccated state. PrioXtway tomographic scanning the sample was conditioned at
each respective moisture state for 3 hours to reach an equilibrium moisture content (confirmed by
temporal measurements of sample mass). The desiccated state was reached by allowing the sample

to dryin a desiccator for 1 day. Theitu relative humidity was maintained (at room temperature)
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through the use of a thin Kapton tube that surrounded the mounting stem during each scan.
Although placed in between the sample and the incideat oeam, Kajin is generally quite
transparent to Xays. The Kapton tube was connected to a conditioning unit that allowed for the
control of RH to approximately +1%.

The samples from Protoe@l (MC5, MC25, MC50) were cut from the same piece of Arundo
internode tominimize intersample variability. Each of these samples was exposed to moisture
cycling via a saturatiodesaturation regimezach of these samples was exposed to moisture
cycling via the regime shown Figure6-3.

Full H2O saturation ----pressssesesg---=-m-2omomommn oo
90 | '
80
70
60
50
40
30
20
10
0

Moisture Content (RH %)

0 1 2 3 4 5 6 7 8
Time (hr)

Figure 6-3: Moisture cycling regime implemented for sample conditioning. One complete
(saturation to ambient state) is showt/uding the ramglown to 35% RH.

One complete moisture cycle involved full saturation of the sample using deionized water for 1
hour, followed by desorption at 35% RH for 3 hours. This regimeseiasted to approximate the
playing life of a reed used by an active musician. All told, one sample was exposed to 5 cycles,
one to 25 cycles and one to 50 cycles (MC5, MC25, MC50, respectively). Automation of the
procedure was accomplished using a prognairie power switch connected to a pump that

submerged the samples in water until the power was turned off and the reservoir allowed to drain.

All measurements were conducted at the Empa Center-fay XAnalytics in Dibendoyf

Switzerland using the RX Solutions Easy Tom XL. Mounted samples were fixed to a rotating stage
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with the center of rotation of the sample at 6.26 mm from the source and 1156.05 mm from the
detector. This allowed space for tkaptonconditioning tube toif in between the sample and the
detector. The Xay source was set 100 keV and 150 mA, parameters that required tuning due to
the low contrast ofArundo donax lduring X-ray exposure. The field of view was 1.24 x 1.24%mm
producing tomographic slices 870 x 1870 pixels in resolution. The effective pixel size was thus

0.66 x 0.66 prA The exposure time was 15 seconds per projection resulting in a scan time of
approximately 6 hours per sample. This exposure included averaging over 10 frames. A total of
1440 projection slices per scan were acquired and then reconstructed to create a tomographic stack
of each sample. Pygrocessing of the images included ring artifact correction, as well as offset

and noise correction, performed by the CT operator.

6.3.1 Image Anaysis

Arundo material retains two anatomical structures of interest in terms of importance to real
reeds, vascular bundles and parenchyma cells. Segmentation and binarization procedures therefore
follow similar workflows to those developed for wood typatarials, where the final processed
images are binary representations of solid material and pore structures. Subsequent analysis of
these binary slices involves extraction of shape and size parameters that quantify the anatomical
structures of interestmages were segmented and binarized using a series of software tools,
including Avizo[115] and imageJ46]. Additionally, the XLib open toolbox for imageJ was used
for 3D segmentation @he air volume surrounding the samples resulting in improved thresholding
of the sample volumEL16]. Overall, image processing involved segmentation of the surrounding
air-volume b create a phase mask, followed by geel thresholding of the sample volume in
Avizo. All images were filtered using a ndocal means approach to reduce noise while preserving
the sample edges. Binary images of the samgligmes (posthresholding) were used tanalyse

several parameters including:

1 Local parenchyma cell wall thickness, provided as a frequency distribution over the entire
image stack (imagéJlocal thickness plugin)
1 Parenchyma cell size and shape parameters (iniagelyseparticles with thresholds for

minimum cell size of 15 um in diameter).
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A subsection of parenchyma cell tissue was extracted from each of the image sets in-Ptotocol
compare volume changes that occur during moisture sorption. This was completed using a label

aralysis in Avizo to extract the same parenchyma cell volume from each image stack.

The three morphological measures of the parenchymaacellgse were cell area, solidity
(for tortuosity) and cell aspect ratio. These were used to quantify matrix dégradue to the
moisture cycling in Protoce2. The cell area is calculated in imageJ after performing a label
analysis on the parenchyma cell structure where the area of each labeled cell is calculated from the
number of pixels bound by the cell perintef€he units are calibrated using the known pixel to
micron scale of the CT slice. The labeled cells are fudhatysé using the solidity calculation
in imageJ, calculated as the ratio of cell area to convex area (convex area being the smallest convex
region that encloses all points within the cell wall). Tortuosity aveyse to assess deformation
along the parenchyma cell wall perimeter from Prot@dlhis measure was estimated using the
Skeletonize function in imageJ to generate a binary maprehplayma cell wall material. The
line segments of interest for this analysis form circles (the parenchyma cells) and therefore the
solidity factor was used to define tortuosity (instead of the typical skeleton branch length to
Euclidian distance ratio). &ircle encloses the maximal area for an equal perimeter between two
shapes and under this definition as the convex area of the solidity factor decreases the cell wall
becomes more tortuous in nature. Therefore, ratio values close to 1 indicate a méeanictu
less tortuous cell wall. Note that the normal cell area measurecmwex) is approximated as a
circle. The aspect ratio of parenchyma cells was also evaluated to examine elongation of the cell

due to repeated moisture cycling.

An open MATLAB image registration routine (described117] and[118]) was used for
registration of the data sets of different moisture conditions. First, rigid registration (translation
and rotation) was used to align the datasets for swelling strain analyglantswelling strains
were obtained through the useaof affine registration (translation, rotation, shear and scaling).
Strain in the longitudinal direction was not significant and is not presented here. For wood, this
affine process is described in detail[i8], though in generaht linear transformation can be

described using:
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Yo 86 0 (6-1)

whereT(X) is the lirear transformation aligning the deformed and undeformed (reference) images,
A is the affine transformation matrix,is the coordinates for the undeformed image tarsda
translation vector. Strains from the image registration procedure are obtained from the Eulerian
strain tensor computed from the deformation grid produced during registration. Local deformation
in the transverseadial plane waanalysé using a nofrigid B-spline registratiofil17]. Swelling

strains extracted from thiegistration procedure were calculated using three different image stacks
taken from the 1440 full stack, each 250 projections in size. This provided average and standard

deviation measures for moisture induced swelling strain.

6.4 Results

An overall view ofthe image processing results is showrigure 6-4. This provides a

sample of the thredimensional Arundo volume segmented friommographic image stacks.
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Figure 6-4: Segmented sample extracted from the tomographic image set. Althveesional view is shown at the t
along with the radiatangential plangbottomleft) and the longitudinal direction (bottom right). This extracted s

represents a 256lice stack used for data analysite the radial, tangential and longitudinal directions are st
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Figure6-5 presents 2D crossectional views of the Arundo sample obtained at different levels of
RH. This includes moisture states between thednglition (desiccatedndfully saturated state.
A final scan was obtained after-tigdrating the sample back to the desiccated state (the final

image in the above figure).

200 pm

200 pm

Saturated state

Figure 6-5: 2D binary images of the Swell (Protocoll) cross section under different moisture content

labeled). 200 micron scalebars are provided.
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Figure 6-6 preserd the results of affine swelling strain analysis. Data is provided for
registration performed on the entire sample area as wetlras ubsection of the parenchyma.
This aided in elucidating the components of the Arundo eesBon contributing most
significantly to swelling strain (i.e., vascular structures versus parenchyma cells). All strains are
presented with respect to thetia desiccated condition (i.e., naero strains are relative to the

desiccated state).

0.03
Initial state (reference condition)
0.02
< 0.01
c
h om
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Figure 6-6: Swelling strains (radial and tangential) calculated as an area average a
sample crosssection (solid lines) and calculated for an extractedsadtion of th
parenchyma (dashed lines). Strains after desorption following drying from sa
moisture content (plotted as 100% RH) are also provided and depict residual si

following moisture desorption. Results are presented with standard deviations.

Example images from affine registration the full sample volumare provided irfFigure6-7 and
a more localised parenchyma volume-igure 6-8. These images were used to extract the data
presented ifrigure6-6. All images are the binarized versions of the tomographic image stack and

have been daoised.
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Dry (0% RH) 50% RH

Figure 6-7: Example registration for the dry to 50% RH condition. The images
were obtained from the tbsholding procedure performed on the tomographic i
sets.
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Figure 6-8: Example registration for the dry to 50% RH condition of the extr:

parenchyma area.
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The images shown iRigure6-5 all depictthe same sample scannesksitu at different RH
levels The micro CT tomograms were obtained without moving the sample between scans to
minimize drift and other rigid body motions that could reduce the accuracy of image registration.
Images were aligned using landmark coordinates of highly identifiable anatomical features,

primarily the large vessels of the vascular bundles (xylem tissue).

More localized swelling deformation was measured usingarie registration on aligned
images(Figure 6-9 and Figure 6-10). This was performed on the same image sets as presented
above. Results for thelly saturateccondition are not shown as noise caused bgyscattering
from the sample water conteptevented repeatable measures fronmdpebtained. Results are

plotted for the radial and tangential directions of each sample with equal scalebars for comparison
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50% RH - R ~ BO0%RH-T

80% RH - R 80% RH-T

90% RH - R 90% RH - T

Figure 6-9: Local strain distribution for the radi@éft side plots, Rand tangentigright side plots, THirection:
at different moisture condition$trains were calculated witleference to the initial dry state (desiccated)

contour scales are equad (15 to 0.15 strain).
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