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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:
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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 takeisrfalong 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.

> @

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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