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Abstract

Abstract

The ability to measure the stiffness of wood is important as it can be used to determine the

optimal usage of the timber sample to maximise profitability and increase sustainability. The

stiffness of trees and logs is measured in order to segregate them into different grades. Stiffness

measurements are also made on juvenile trees and seedlings for breeding trials to improve the

stiffness quality of future plantations. The traditional static bending test is considered the gold

standard for measuring the stiffness of wood. However, this method is destructive, costly and

difficult to use. Non-destructive testing (NDT) techniques have therefore been developed to

mitigate these issues. Acoustics is the most common NDT technique used to measure wood

stiffness. The time-of-flight method is the only acoustic method which can be used on standing

trees. However, literature has shown that stiffness measurements obtained using the time-

of-flight method can have a significant overestimation. Studies have reported the potential

causes of this overestimation but the exact cause is still not known. In recent years, NDT

techniques such as guided wave techniques have been developed for other industries. Guided

wave testing is extensively used on metallic structures such as pipes and bars. However, there

have been very few studies that utilize guided waves for wood. This thesis investigates the use of

guided wave knowledge to identify the cause of the overestimation and to obtain improved NDT

measurements. This thesis contains some of the first reported works to perform guided wave

measurements on cylindrical wood samples. The results from guided wave experiments show

that enhancement and suppression of desired wave modes can be achieved using a ring array of

shear transducers. The effects of dispersion on ToF measurements are investigated and it was

found that dispersion can be a potential cause of overestimation. Guided wave techniques were

developed to obtain acoustic velocity and stiffness measurements for wood. The measurements

were compared with the traditional resonance, ToF and static bending methods and improved

measurements were obtained. More work can be done to further develop guided wave tools and

techniques to be used in the wood industry.
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Introduction

Chapter 1

Introduction

Background

In New Zealand, the forestry industry provides a gross income of approximately NZD$6 billion

annually and contributes to 1.6% of New Zealand’s GDP (Gross Domestic Product). The indus-

try also creates approximately 35,000 jobs in wood production and processing for the country.

This has led to wood-based products becoming the third-largest export earner in New Zealand

followed by dairy and meat [1]. Therefore, it is important to explore different techniques that

can be used to improve the profitability of this industry.

Wood is a complex, inhomogeneous and anisotropic that can be approximated as orthotropic for

the wavelengths of the elastic waves used for non-destructive testing. The orthotropic nature

of wood means that the mechanical properties are independent in three mutually perpendicular

directions: longitudinal, tangential, and radial. The longitudinal axis L is parallel to the fibre

grain, the tangential axis T is perpendicular to the grain but is tangent to the growth rings and

the radial axis R is normal to the growth rings.

The compliance tensor for wood can be expressed using twelve elastic constants. Three of which

are elastic moduli (EL, ER, ET ), three shear moduli (GLT , GTR, GRL) and six Poisson’s ratios

(νRL, νLR, νTL, νLT , νTR, νRT ). The compliance tensor [2] can be written as
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Figure 1.1: Diagram illustration of the three mutually perpendicular axes for wood.
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The stiffness matrix can be obtained by inverting the compliance tensor Ĉ= Ŝ
−1

.

The ability to measure the mechanical properties of wood plays a significant role in the foresty

industry. It can be used for segregation and pre-sorting of logs and breeding trials for juvenile

trees, which can increase sustainability, efficiency and profitability. There are various technolo-

gies that can be used to measure wood properties. For example, X-ray computed tomography

[3] can be used to measure wood density and moisture content. Pilodyn penetration [4] and

Resistograph [5] can be used to measure wood density. Near-infrared (NIR) spectroscopy [6],

SilviScan [7], static bending test [8] and acoustics [9] can be used to measure wood stiffness.

The stiffness of wood is one of the main properties of interest for the wood industry. The

stiffness of wood is related to the Modulus of Elasticity (MoE) in the longitudinal direction EL

[10]. Stiffness measurements performed on juvenile trees and seedlings are used to help improve

the quality of forests through breeding programs [11]. The measurements can also be used for
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segregation at the standing tree or log stage which can help increase efficiency and profitability

while reducing wood wastage and manufacturing costs [12]. For example, tree growers would be

able to estimate the value of the forest before harvesting and sawmills would be able to purchase

the right trees before processing in order to maximise grade recovery.

The static bending test is the gold standard that is currently being used to measure the stiffness

of wood. The method involves applying a load to a wood sample at a constant rate. The

resulting deflection is recorded and the MoE is computed from the load-deflection curve, which

is used as a measure of wood stiffness [13]. In addition to being complex and time-consuming,

this method can potentially damage or break the sample, which is expensive. To mitigate these

issues, non-destructive testing (NDT) techniques have been developed.

Acoustic NDT techniques are widely used in the wood industry as they are inexpensive, non-

destructive, fast and simple to use compared to other methods. For acoustic techniques, the

stiffness of wood is generally expressed using

EL = ρ c2l , (1.2)

where ρ is the density of the wood sample and cl is the acoustic velocity in the longitudinal

direction. This equation is based on fundamental 1D wave theory and is widely used for stiffness

estimation of wood [14].

The two most common acoustic methods are the resonance and time-of-flight (ToF) methods.

The ToF method is the only acoustic method that can be used on both standing trees and

felled logs whereas the resonance method can only be used on felled logs. The literature has

shown that acoustic velocity and stiffness measurements obtained using the ToF method are

systematically higher than the resonance and static bending methods [15]. Researchers have

suggested potential causes of this overestimation but the exact cause is still not known. Due

to this, acoustic measurements obtained using the ToF method on standing trees, seedlings and

felled logs are likely to have errors.
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Motivation

Within the current literature, the majority of research talks about the “speed of sound” in

wood and it is often assumed that the stress waves propagate at a single velocity. This velocity

is commonly described using the classical 1D wave theory given by Equation 1.2, which is an

approximation and ignores factors such as dispersion. However, there have been several studies

that have introduced guided wave theory to explain the wave propagation in elongated wood

samples.

Guided wave testing is a NDT technique that is widely used for structural health monitoring

of elongated metallic structures. Guided wave testing has been used for defect detection and

corrosion monitoring of pipes, beams and rails. Guided waves are expected to propagate in

waveguides, which are structures such as rods, beams and plates. Guided waves in rod-like

structures are expected to propagate as longitudinal, flexural and torsional wave modes. In

guided wave theory, the “speed of sound” used in Equation 1.2 is known as the “rod velocity”,

which is the velocity of the longitudinal wave mode at zero frequency.

Dispersion is an important aspect of guided wave testing. Dispersion arises from the constrained

wave propagation and from the viscoelastic properties of the medium. Dispersion occurs when

different frequency components of a wave mode propagate at different velocities in a waveguide.

This causes the signal to become distorted as it propagates. Dispersion curves are used to de-

scribe the relationship between the frequency and velocity of different wave modes. These can be

represented as plots of wavenumber vs frequency, phase velocity vs frequency and group velocity

vs frequency. Dispersion can be affected by factors such as material properties and geometric

shape. For rod-like structures, dispersion is affected by the diameter. At large diameters, higher

order wave modes are expected to propagate at lower frequency ranges.

Currently, there are limited studies pertaining to guided waves for wood. Many of these studies

utilise guided wave techniques for structural health monitoring of timber utility poles. There

have been some studies that have performed guided wave measurements to obtain dispersion

curves and mechanical property measurements for rectangular wood samples. For rectangular
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samples, guided waves propagate as Lamb waves, which are different to the rod waves that

propagate in rod-like samples. There have been no previous studies that have utilised guided

wave knowledge to explain the cause of the ToF overestimation. Additionally, no studies have

performed comparisons between the guided wave technique and the acoustic resonance and ToF

methods for wood. Could improved NDT measurements of wood properties be obtained through

the use of guided wave theory?

This thesis aims to fill some of these gaps in knowledge. In this work, guided wave techniques

are investigated and used to identify a potential cause of ToF overestimation and to obtain

improved NDT measurements. The scope of this work will be discussed in the following section.

Scope of the study

Wood is highly anisotropic that can be approximated as orthotropic and inhomogeneous ma-

terial. The stiffness, density and moisture content varies from pith to bark and from top to

bottom of the tree. These variations affect the acoustic velocity in wood. The presence of knots,

reaction wood, variation in grain angle and temperature can also affect the acoustic velocity [15].

In addition to the fundamental wave modes, higher order guided wave modes would be expected

to be able to propagate in larger diameter samples at lower acoustic frequency ranges. These

factors make it more complicated to study guided wave propagation in large diameter logs. To

study specific guided wave factors such as dispersion, it would be desirable to simplify the wave

propagation. This can be achieved by limiting factors that can affect the wave propagation.

In order to better understand guided wave propagation in wood, experiments in this study have

mainly been performed on small diameter wooden rod samples. By using a small diameter

rod, the effects of inhomogeneity can be reduced. Furthermore, it is possible to only excite

the fundamental wave modes in the frequency range of interest. From a practical point of

view, the samples used in this study are similar to juvenile trees and seedlings, which are small

in diameter. NDT measurements performed on juvenile trees and seedlings can be used for

breeding trials to provide future forests with improved stiffness [12; 16]. The outcomes of this

study can potentially be applied to these small diameter samples to improve the wood industry.
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The findings from this study may also provide some insights into factors that can affect wave

propagation in larger diameter wood samples. However, the wave propagation would be more

complex in larger samples such as logs and standing trees, which is beyond the scope of this

study.

In this study, measurements have only been performed on kiln-dried radiata pine wood samples.

The mechanical properties of different types of wood species will vary and can affect guided

wave measurements. Furthermore, the acoustic velocity and attenuation in wood are affected

by moisture content.

Thesis overview

Chapter 2

Chapter 2 of this thesis investigates the use of ring arrays of shear transducers on a wooden

cylindrical rod. This work is the first study to perform ultrasonic guided wave measurements on

a wooden rod using a ring array of shear transducers. The 2D FFT method was used to obtain

experimental wavenumber dispersion curves of the sample. The study shows that enhancement

and suppression of desired wave modes can be achieved using a ring array of transducers or by

changing the orientation of the shear transducers. This work was published in a Q1 Journal,

Ultrasonics and has the following contributions:

• Experimental measurement of dispersion curves for a cylindrical wood sample.

Previous guided wave studies for wood had only reported experimental measurements of

dispersion curves for rectangular wooden plates. For rectangular plates, guided waves

propagate as Lamb waves, which are different to rod waves that propagate in cylindrical

rods. This is the first study to obtain experimental dispersion curves for a cylindrical wood

sample.

• Enhancement and suppression of desired wave modes using ring arrays of shear

transducers. There have been previous reports of the usage of ring arrays of transducers

for enhancement and suppression of guided waves for wood [17; 18]. However, this is
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the first work to use ring arrays of shear transducers. The shear transducer arrays were

able to enhance the longitudinal wave mode while suppressing the other wave modes.

Additionally, the use of shear transducers also allowed the enhancement of the torsional

wave mode which has yet to be investigated in previous studies. This has the potential to

be used to obtain the shear strength of the sample.

Chapter 3

The 2D FFT method used in Chapter 2 provided a visual representation of the dispersion curves

in the wavenumber domain. The dispersion curve shows that the longitudinal wave mode for

the wooden sample is dispersive. However, the 2D FFT method has low resolution, which can

lead to high errors when converting from wavenumber to phase velocity. In Chapter 3, we

proposed a new method for measuring the rod velocity using guided wave measurements. The

proposed method involves obtaining phase velocities directly from guided wave measurements.

Experimental dispersion curves were obtained by fitting a dispersion curve through the phase

velocity measurements over a range of frequencies. We then obtained the rod velocity which is the

phase velocity of the fundamental longitudinal wave mode at zero frequency. Furthermore, the

variation and errors in resonance acoustic velocities were found to decrease at higher frequencies

due to frequency resolution issues. This could explain the variation in resonance velocities

obtained at varying harmonics reported in the literature for wood. The proposed method was

also applied to resonance acoustic velocities obtained at a range of harmonics. The guided wave

and resonance rod velocities were compared with the traditional resonance and ToF acoustic

velocities. The results showed more accurate acoustic velocity measurements were obtained

using the proposed method. This work was published in a Q1 Journal, Applied Acoustics and

has the following contributions:

• A new method to obtain the rod velocity and dispersion curve of wood using

multi-frequency guided measurements. This is the first work to measure the rod

velocity for wood. This rod velocity was found to produce improved accurate acoustic

velocity measurements compared to the traditional resonance and ToF methods.

7



Introduction

• Compare acoustic velocity measurements obtained using guided waves with

traditional acoustic methods. This is the first work to compare acoustic velocity

measurements obtained using guided wave techniques with traditional acoustic resonance

and ToF techniques.

Chapter 4

The phase velocity dispersion curves obtained in Chapter 3 showed the dispersive nature of

the fundamental longitudinal wave mode for wood. In Chapter 4, we investigate the effects of

dispersion on ToF measurements obtained using the amplitude threshold First Time of Arrival

(FToA) technique. The results showed that dispersion effects can cause signal distortion, par-

ticularly at the first arrival of the ToF received signals. This distortion caused ToF velocity

measurements to be higher than expected. Using the experimental phase velocity dispersion

curves, dispersion compensation was applied to the ToF received signals. Results showed that

dispersion compensation was able to mitigate the ToF overestimation. This work was published

in a Q1 Journal, Ultrasonics and has the following contribution:

• The first study to investigate the effects of dispersion on ToF measurements

obtained using the FToA amplitude thresholding method. The results show that

dispersion effects can cause the ToF received signals to spread out as it propagates and can

also affect the rise time of the signal. This distortion can significantly affect the measured

ToF acoustic velocity.

• The first study to show that dispersion can be a potential cause of ToF overes-

timation. No previous research has used guided wave knowledge to explain the cause of

the ToF overestimation. There have been some studies that investigated electrical models

to approximate the effects of dispersion on acoustic MoE measurements for wood [19; 20].

However, this is the first study to experimentally show that dispersion can cause over-

estimation in ToF acoustic velocity measurement due to distortion of the ToF received

signals.
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Chapter 5

In Chapters 2 - 4, we have only focused on comparing acoustic velocity measurements obtained

using guided waves with traditional resonance and ToF methods. In Chapter 5, we extend this

by obtaining stiffness measurements using the proposed guided wave technique presented in

Chapter 3. We then compared the stiffness measurements with the traditional resonance, ToF

and static bending methods. This chapter has the following contribution:

• Compare stiffness measurements obtained using guided waves with resonance,

ToF and static bending methods. Previous guided wave studies for wood have only

compared stiffness measurements with static bending methods for rectangular wooden sam-

ples. In addition, no previous studies have compared guided wave stiffness measurements

with resonance and ToF methods. This is the first work to compare stiffness measure-

ments obtained using all four methods (guided waves, resonance, ToF and static bending)

for cylindrical wood samples.

Chapter 6

Chapter 6 concludes the thesis by summarising the main contributions. The chapter also pro-

vides some limitations of the current work, improvements that can be made and suggestions for

future work.

Note that Chapters 2 - 4 in this thesis are peer-reviewed research journal articles that have been

published in Q1 Journals. Chapter 5 is currently in preparation for submission to a journal. A

self-contained literature review will therefore be presented in each of the subsequent chapters.

Additionally, there is expected to be some repetition in the introduction and methodology of

the chapters. Additional notes regarding the published journals have also been added at the

start of each chapter.

Appendix 1 contains examples of resonance and ToF velocity calculations. Appendix 2 contains

initial guided wave measurements for a 101.67 mm diameter aluminium rod which shows the

complexity of wave propagation in large diameter samples. Appendix 3 illustrates the difference
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in ToF velocity measurements for aluminum rods with varying diameters. Appendix 4 and

Appendix 5 are conference papers that have been published. Appendix 4 contains preliminary

results associated with Chapter 2 and Chapter 4. Appendix 5 contains a comparison of the

phase velocity measurement technique used in Chapters 3 - 5 with other techniques such as

zero-crossing and 2D FFT.

10



Introduction

References

[1] Ministry for Primary Industries, Importance of New Zealand Forests, https://www.mpi.govt.nz/forestry/

new-zealand-forests-forest-industry/importance-new-zealand-forests/, Last accessed on 2022-11-10

(2022).

[2] D. Royer, E. Dieulesaint, Elastic waves in solids I: Free and guided propagation, Springer Science & Business

Media, 1999.

[3] Q. Wei, B. Leblon, A. La Rocque, On the use of X-ray computed tomography for determining wood properties:

a review, Canadian Journal of Forest Research 41 (11) (2011) 2120–2140.

[4] T. Wang, S. N. Aitken, P. Rozenberg, M. R. Carlson, Selection for height growth and Pilodyn pin penetration

in lodgepole pine: Effects on growth traits, wood properties, and their relationships, Canadian Journal of

Forest Research 29 (4) (1999) 434–445.

[5] I. Fundova, T. Funda, H. X. Wu, Non-destructive wood density assessment of Scots pine (Pinus sylvestris

L.) using resistograph and pilodyn, PloS one 13 (9) (2018) e0204518.

[6] S. S. Kelley, T. G. Rials, R. Snell, L. H. Groom, A. Sluiter, Use of near infrared spectroscopy to measure the

chemical and mechanical properties of solid wood, Wood Science and Technology 38 (4) (2004) 257–276.

[7] K. J. Jayawickrama, Breeding radiata pine for wood stiffness: review and analysis, Australian Forestry 64 (1)

(2001) 51–56.
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Chapter 2

Ultrasonic Guided Wave Measurement In a Wooden

Rod Using Shear Transducer Arrays

This chapter is republished in accordance with Elsevier’s copyright policy. The work presented

here is the accepted version of the published article. Therefore, the contents are the same but

there may be stylistic differences to the published article.

© Elsevier (2022). A. H. A. Bakar, M. Legg, D. Konings, F. Alam. Ultrasonic guided wave

measurement in a wooden rod using shear transducer arrays. Ultrasonics 119 (2022) 106583

doi:10.1016/j.ultras.2021.106583

Additional notes:

• The wood sample was bought off-the-shelf. Therefore, the origin and age of the sample are

unknown. In order to support the rods during measurements, two foam pads were placed

under the sample near each end.

• The amplitude threshold first time of arrival (FToA) technique was used to determine the

propagation time for the ToF method. Refer to Appendix 1 for more details on how the

ToF and resonance acoustic velocities were calculated.

• For guided wave method, a transmit signal with a high number of cycles would produce

a large temporal wave packet. This can distort the received signal if the transmission of

the wave packet has not ended. Additionally, a transmit signal with a low number of

cycles would be wideband which can increase dispersion effects. Therefore in this study,

a five-cycle sine wave was used as a compromise to obtain a short temporal wave packet
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with a narrow bandwidth.

• For processing, the received signals were normalised by the maximum peak amplitude.

When using multiple receivers, the average of the normalised received signals from all the

receivers was used.

• The calculated wavenumber and frequency resolutions for the wavenumber-frequency plots

are 6.22 m−1 and 0.1 kHz respectively.
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Abstract

Research related to acoustic/ultrasonic guided wave testing in wood is still at an early stage. This paper

describes the first study to perform ultrasonic guided wave measurements in a wooden rod using arrays of

shear transducers. Enhancement of either longitudinal L(0,1) or torsional T(0,1) wave modes and suppression

of other modes was able to be achieved using these arrays. At low frequencies, it was found that the L(0,1)

wave mode had a similar speed to that obtained using the traditional resonance and time of flight methods.

The torsional T(0,1) wave mode has not been used before for non-destructive testing of wood. Since it is non-

dispersive, it would appear to be suitable for wood property estimation and structural health monitoring

of wooden structures. These results indicate that ultrasonic guided wave testing techniques have strong

potential to be used to provide improved measurement of wood properties and structural health monitoring

of wooden structures.

Keywords: Wood, guided waves, ultrasonic, acoustic, dispersion curves, rod, radiata pine, aluminium, ToF,

resonance.

1. Introduction

The ability to measure wood properties is important for a range of industries. In forestry, measurement

of wood properties such as stiffness allows segregation and presorting to be performed before the logs are

processed. This can directly increase the quality of the processed wood and result in higher profitability [1].

Structural health monitoring of wooden structures such as bridges, utility poles, and piles is also performed

to detect decay [2]. There are a range of techniques that can be used to measure wood properties, such as

mechanical bending tests, Near Infrared (NIR), computer tomography (CT) scans, and acoustics [3].

Acoustic testing is one of the most commonly used Non-Destructive Testing (NDT) methods as it is

simple to use and is generally inexpensive compared to other approaches. Stiffness is the main wood
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property measured using acoustics. It is related to the Modulus of Elasticity (MoE) in the longitudinal

direction (direction along the grain). This is generally estimated using

EL = ρ c2l (1)

where cl is the acoustic velocity in the longitudinal direction and ρ is the density of the material. The two

common methods to measure the acoustic velocity of wood is resonance and Time of Flight (ToF) [4].

The acoustic technique described above uses theory based on the assumption of 1D wave propagation in

an infinitely thin, homogeneous, isotropic rod [5]. However, wood is orthotropic (speed of sound varies with

direction) and a log or timber sample will have a finite diameter. For an elongated structure like a rod or

log, guided waves would be expected to occur. We hypothesize that further research into guided waves in

wood can lead to improved measurement of wood properties.

Guided waves are generally composed of different types of vibrations, which are referred to as wave

modes. These are generally dispersive in nature. This means that different frequency components of the

signal propagate at different speeds along the structure. This causes the signal to spread out as it propagates.

Dispersion curves plot the variation in the speed of the wave modes with frequency. These can be represented

as either phase velocity, group velocity, or wavenumber plotted as a function of frequency [6].

There have been extensive studies on guided waves in metal structures [7, 8]. Metal structures are

generally isotropic and homeogeneous. In contrast, wood is highly inhomeogeneous, orthotropic, and has

strong attenuation which increases with frequency. Because of this, wave propagation in wood is more

complex. This might explain why there have been relatively few studies using acoustic/ultrasonic guided

waves for wood.

Several studies have performed experimental measurement of guided waves in timber samples. Veres

et.al [9] measured phase velocity dispersion curves for a rectangular wooden bar using a laser vibrometer

and the 2D Fast Fourier Transform (FFT) method described Alleyne and Crawley [10]. Additionally,

Dahmen et.al [11] utilized air-coupled capacitive transducers to experimentally measure dispersion curves

for a wooden plate. The phase velocities obtained from the dispersion curves were then used to estimate the

elastic constants for the wood sample. However, no previous studies have been found which have performed

experimental measurement of dispersion curves for wooden circular rods, poles, or logs.

Fathi et.al also used guided waves to measure the properties of small wooden plates. They measured the

velocity of the asymmetric Lamb wave mode (A0) Lamb wave by measuring the phase difference at different

receiver positions [12, 13]. Machine learning techniques were used to combine measurement of A0 Lamb

wave speed, moisture content, and density to predict the MoE and Modulus of Rupture (MoR) of wood [14].

Guided waves have also been investigated for nondestructive evaluation of decay below ground level in

wooden utility poles and piles. Finite Element Modelling (FEM) has been performed to investigate wave

propagation in timber utility poles [15, 16]. This includes simulated dispersion curves. Holt et al. developed
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a technique for using a dispersive flexural wave mode generated by a hammer hit to measure the length of

undecayed poles in the ground [17]. A similar method was used by Sriskantharajah et.al [18].

Subhani performed simulations which suggested that multiple transducers could be arranged around a

pole to enhance reception of longitudinal and flexural wave modes [19]. Similarly, Dackermann et.al used a

ring of tactile transducers which aimed to enhance the excitation of the longitudinal wave mode compared

to other modes in timber utility poles [20]. Najjar and Mustapha were able to enhance the longitudinal

wave mode and suppress flexural wave modes by using a ring of Micro Fiber Composites (MFC) actuators

attached onto a timber utility pole both experimentally and numerically using simulations [21].

The transducers that were used in the above studies appear to have been compressional transducers.

These generate and/or receive vibration mainly in a direction normal to the surface of the transducer. To

the best of the authors’ knowledge, the only previous study to have used shear transducers for generat-

ing/receiving guided waves in wood is that presented by Legg and Bradley [22]. In that study, the authors

showed that vibrations with different speeds could be generated by aligning the shear transducers in either

the torsional or longitudinal direction. It was believed that this was caused by different types of guided

wave modes being generated/received. However, more work was required to confirm this.

This paper builds on the findings of [22]. Guided wave measurements were made using shear transducer

on a 16 mm diameter wooden rod. Experimental dispersion curves were measured. Enhancement of specific

wave modes was able to be achieved by varying the alignment of the shear transducers and using a ring

array of transducers. For comparison, the same experimental measurements are repeated for an aluminium

rod of similar dimensions, whose dispersion curves were known.

The work presented in this paper offers the following contributions. To the best of the authors’ knowledge,

it is the first work to:

(1) Experimentally measure guided wave dispersion curves for a wooden cylindrical rod.

(2) Provide a comparison between traditional resonance and ToF speed measurements in wood with the

measured dispersion curves.

(3) Use a ring of shear transducers to enhance the excitation and reception of desired guided wave modes

in wood while suppressing the other wave modes.

This remainder of the paper is configured as followed. Section 2 describes the methodology and samples

used. The experimental results are provided in Section 3. Experimentally measured dispersion curves are

shown and the effect of using a ring array of transducers are outlined. Finally the conclusion is provided in

Section 4.
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2. Materials and Methods

2.1. Wood and aluminium rod samples

A kiln-dried radiata pine rod with a diameter of 16 mm and length of 2460 mm was used in this study.

The sample was selected such that it did not contain any obvious defects or knots. For comparison purposes,

a 6061-T6 aluminium rod with a diameter of 16 mm and length of 2510 mm was used.

Theoretical dispersion curves for the aluminium rod are shown in Figure 1. These were obtained using

GUIGUW [23] assuming a density of 2710 kg/m3, Young’s Modulus of 68.9 GPa and Poisson’s ratio of 0.33.

The dispersion curves show that no higher-order wave modes exists for frequencies below 100 kHz. They

also show that the flexural F(1,1) and to a lesser extent the longitudinal L(0,1) wave modes are dispersive

in this frequency range whereas the torsional T(0,1) is non-dispersive.

(a) (b)

Figure 1: Theoretical dispersion curves for a 16 mm aluminium rod using GUIGUW showing (a) group velocity and (b) phase

velocity.

2.2. Hardware

Shear transducers from Plant Integrity Ltd (TWI) UK were used for both transmission and reception

[24]. These transducers have a shear piezoelectric ceramic on their contact face which was aligned to

excite/receive vibration in a direction parallel to the contact face, as shown in Figure 2(a). These are dry-

coupled transducers which were pushed against the samples using springs, see Figure 2(b). For longitudinal

and torsional transmission and reception, the transducers were respectively aligned either parallel or at right

angles to the wood grain direction of the rod. The orientation of the transducers can be seen in Figure 3.

An array of four transducers could also be mounted around the sample using the mounting system shown

in Figure 4. Each transducer was pushed against the sample using springs.

An acoustic/ultrasonic signal could be generated on the samples using a hammer hit. However, more

control over the signal generated was able to achieved by transmitting a signal on one or more transducers.

An arbitrary signal such as a sine or chip signal was generated using MATLAB and outputted from an
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(a) (b)

Figure 2: Photo (a) shows one of the shear transducers used in the experiment. Photo (b) shows the setup used to push a

single transducer against the wooden sample.

Agilent 33220A Function Generator which has a sampling rate of 20 MHz and resolution of 16 bits. The

resulting signal was amplified using a custom built linear power amplifier. This could output signals with

a amplitude of up to 400 Vpp. If an array of transducers were to be used for transmission, these could be

wired in parallel so that the same signal was transmitted on all the transducers.

The resulting acoustic/ultrasonic signal could be measured using either a GRAS 46BF-1 microphone (for

resonance tests) or using one or more transducers. The signal from each transducer was able to be amplified

using a custom designed preamp circuit. The signal from each transducer was then sampled using a separate

Analog to Digital Converter (ADC) channel of a Data Translation DT9832A module. A sampling rate of 2

MHz and a resolution of 16 bits were used. The sampled signal was then processed using MATLAB.

2.3. Experimental procedure

2.3.1. ToF and resonance tests

Resonance and ToF speed of sound measurements were performed so that the results can be compared to

guided wave measurements to determine any correlation between them. Note that the modulus of elasticity

obtained using the resonance speed of sound in wood has been reported to have good correlations with

Figure 3: Diagram showing the transducer alignment in either the longitudinal or torsional direction on the rod. The red

rectangle shows the contact face of the transducer and the blue arrows shows the direction of vibration.
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(a) (b)

Figure 4: Photos of the transducer array mounting system used to position the transducers in a ring around the sample.

mechanical bending tests.

Measurements were obtained to calculate the resonance speed of sound for the sample. A GRAS 46BF-1

microphone was placed near one end of the sample and the opposite end was hit with a hammer. The

resulting signal was sampled and resonant frequencies were obtained using the Fast Fourier Transform

(FFT). The resonance speed was then calculated using

cres =
2Lfn
n

(2)

where L is the length of the sample and fn is the nth resonant frequency (where n = 1, 2, 3..).

ToF measurements were also obtained. A transducer was positioned at each end of the sample. A

hammer hit was performed at one end of the sample and the received signal from both transducers were

recorded. The time T taken for the signal to first propagate between the two receiver transducers was

obtained. A ToF speed was then calculated using

ctof =
∆d

T
, (3)

where ∆d was the separation between the transducers. The average of 10 samples was taken as the ToF

velocity.

2.3.2. Pitch catch and dispersion curve measurements

Pitch-catch measurements are often used for guided wave testing. In a pitch-catch configuration, one

transducer acts as a transmitter and another transducer acts as a receiver. Pitch-catch measurements were
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made where the transmit and receive transducers were placed at opposite ends of the rod. A 20 kHz five

cycle sine wave was used as the transmit signal and the resulting signal was saved to file. Measurements

were initially made using a single transmit and a single receive transducers. This was then repeated using

the transmit and receive arrays.

Figure 5: Experimental setup for obtaining the wavenumber plot

Guided wave dispersion curve measurements were performed using the experimental setup shown in

Figure 5. A transmit transducer was attached at one end of the rod and a receiver transducer was attached

1000 mm away in a pitch-catch configuration. A chirp signal ranging from 5 to 100 kHz was transmitted on

the transducer and the resulting signal was recorded. The receiver was then displaced 5 mm away from its

initial position and the process was repeated for a total of 201 measurements. This experiment was repeated

using the transmit and receive arrays.

Experimental dispersion curves were then obtained from this data using the method described in reference

[10]. The sampled signal from all the measurement positions were formed into a 201 ×N matrix, where N

is the number of samples. A 2D FFT was then performed on this matrix and the result was plotted. This

converts the matrix from the space-time domain to the wavenumber-frequency domain. The theoretical

phase velocity vph for the aluminium rod could be overlaid on the wavenumber - angular frequency plot

using the relationship

vph =
ω

k
(4)

where ω is the angular frequency and k is the wave number. This was rearranged to give

k =
ω

vph
. (5)

On the wave number-frequency plot, a non-dispersive wave mode will result in a straight line passing through

the origin with a slope of 1/vph. A dispersive wavemode will result in a curved line. Note that the group
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velocity is the rate of change of the angular frequency with respect to the wavenumber

vgr =
δω

δk
. (6)

3. Results

3.1. Resonance and time of flight

Resonance and TOF measurements were made using the methodology described in Section 2.3.1. The

resonance and ToF speed of sound measurements are given in Table 1. There is a good correlation be-

tween the measured average resonance and ToF velocity for wood and aluminium rods. The difference is

approximately 0.6% and 2.4% respectively, which is roughly within the measurement error.

Table 1: Average resonance and ToF velocity for wood and aluminium rod samples

Material
Resonance

velocity (m/s)

ToF

velocity (m/s)

Wood 4456 ± 58 4428 ± 116

Aluminium 5068 ± 78 5197 ± 32

3.2. Effect of transducer orientation and placement

Pitch catch measurement were performed using the method described in Section 2.3.2. The transduc-

ers were aligned in different directions to generate vibrations in the longitudinal and torsional direction

respectively.

(a) (b)

Figure 6: Plots of received signal for a 20 kHz 5 cycle sine wave excitation using different transducer orientation for (a) wood

and (b) aluminium samples.

Figure 6 shows an example of the received signal for wood and aluminium using a single transmit and

receive transducer. The labels tL, tF and tT for the aluminium rod plot are the expected arrival times of the
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longitudinal, flexural, and torsional wave modes respectively. These are obtained from the dispersion curves

from Figure 1(a). These plots shows that when the transducers were aligned in the torsional direction, the

arrival of the received signal is slower compared to the longitudinal direction. This was observed for both

wood and aluminium.

These pitch catch measurements were repeated using a single transmit transducer and four receiver

transducers configured in a ring array. Figure 7 shows the normalized received signal for wood with all

transducers orientated in the longitudinal and then torsional directions. It can be seen that part of the

signal from the individual transducers are in phase but other parts are out of phase.

(a)
(b)

Figure 7: Plots showing the received signal for for a 20 kHz 5 cycle sine wave with four receivers attached onto different

positions of the wood sample where the transducers are orientated in the (a) longitudinal and (b) torsional directions.

The measurements above were repeated for the aluminium rod. Using the theoretical dispersion curves,

it was observed that the fundamental longitudinal L(0,1) and torsional T(0,1) wave modes were in phase

respectively when the transducers were aligned in the longitudinal and torsional directions. However, the

flexural wave mode was out of phase. This is what we would expect for a ring of transducers. By summing

the signal from all four transducers, longitudinal or torsional wave modes can be enhanced depending on the

orientation of the shear transducers while the out of phase flexural wave mode is suppressed. This feature has

been used in guided wave testing of structures such as pipes to try to improve the accuracy of measurements

by using single wave mode excitation and reception, mainly using the non-dispersive T(0,1) wave mode [25].

However, this had not been investigated before for wooden rods/poles. The results presented here show that

there is strong potential for guided wave techniques, which have been developed in other industries, to be

applied for improving nondestructive measurement of wood.

3.3. Measured dispersion curves

Experimentally measured dispersion curves were obtained using the 2D FFT method described in Section

2.3.2. Results for the aluminium rod are shown first so that we can correlate results with theory. Results

for wood are then presented.
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3.3.1. Aluminium

(a) (b)

(c) (d)

Figure 8: Wavenumber-frequency plots for the aluminium rod showing the effect of using one transmitter oriented in the

(a) longitudinal direction and (b) torsional direction and four transmitters oriented in the (c) longitudinal direction and (d)

torsional direction. A single receiver was used which was aligned in the same direction as the transmitter. Overlaid are

theoretical dispersion curves.

(a)
(b)

Figure 9: Amplitude normalised pitch catch received signal plots for the aluminium rod showing the effect of using one and

four transmitters which are all orientated in either the longitudinal (a) or torsional (b) direction.

Figure 8 shows the experimental wavenumber-frequency plots for the aluminium sample using one and

four transmitters where all transducers were either aligned in the longitudinal or torsional direction. The-

oretical dispersion curves for the aluminium sample were obtained using GUIGUW and overlaid over the
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experimental plots. Equation 5 was used to overlay a line which corresponds to the the measured resonance

speed (see Table 1). It can be seen that the resonance speed line approximately aligns with the longitudinal

L(0,1) wave mode. Note that there are linear features in the wavenumber plots which do not correspond to

the theoretical dispersion curves. These appear to be due to mode conversion of the signal when reflections

occur. This could be mitigated by windowing the data to remove multiple echoes being processed by the

2D FFT. Using a sample with a longer length would be beneficial for this.

Figure 8(a) show that when a single transmit and a single received transducer are aligned in the longi-

tudinal direction, two dispersion curves are observed which align with the F(1,1) and L(0,1) wave modes.

However, when four transmit transducers are used with longitudinal alignment, only the L(0,1) wave mode

was observed, as shown in Figure 8(c). Similarly, we can see in Figure 8(b) that using one transmit and

one receive transducer aligned in the torsional direction resulted in both the T(0,1) and F(1,1) wave modes

being observed. However, when four transmitters were used, the F(1,1) mode was suppressed, see Figure

8(d). This can also be seen in the time domain plots shown in Figure 9.

3.3.2. Wood

(a) (b)

(c) (d)

Figure 10: Wavenumber-frequency plots for the wooden rod showing the effect of using one transmitter oriented either in the

(a) longitudinal direction or (b) torsional direction and four transmitters oriented in either the (c) longitudinal direction or (d)

torsional direction.

Figure 10 shows the wavenumber-frequency plots obtained for the wood sample with varying alignment
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and number of transducers. The mechanical properties of the wooden sample were not known and hence

theoretical dispersion curves were not simulated. Curves have therefore been overlaid onto the wavenumber-

frequency plots to show the wave modes. Given the dimensions of the sample, three dispersion curves which

represents the fundamental flexural, torsional and longitudinal modes are expected to be observed.

There are similarities between the plots obtained for the wood sample in Figure 10 and the aluminium

sample in Figure 8. The resonance speed line aligns with the longitudinal wave mode at frequencies be-

low 30 kHz. Different wave modes are excited when the transducers are aligned in the longitudinal and

torsional direction. Using a ring array of four transmitters, which are aligned in either the longitudinal

or torsional directions, helps to enhance the L(0,1) or T(0,1) modes and suppress other modes as seen in

Figure 10(c) and (d). The use of shear transducers in a ring array can potentially be used for single mode

excitation/reception in wood. This is desirable for nondestructive testing using guided waves as it enables

more accurate measurements to be made.

3.4. Multiple transducers for transmit and receive

(a) (b)

Figure 11: Amplitude normalised received signal plots for the wooden rod showing the effect of varying the number of trans-

mitters and receivers orientated in the (a) longitudinal and (b) torsional directions.

The effect of using a different number of transmit and receive transducers configured in a ring array

was investigated using pitch catch measurements on the wooden sample. The results are shown in Figure

11. The received signal was normalised according to the maximum amplitude of the signal. This was done

so that relative comparisons can be made. The labels tL, tF and tT are the expected arrival times of the

longitudinal, flexural and torsional wave modes respectively and were calculated using the tangent/slope of

the wave mode at the frequency of interest in the wavenumber-frequency plot in Figure 10 and converting

this to group velocity using Equation 6. It can be seen from Figure 11 that the use of a ring array enable

more control over the wave modes being excited and received. This is illustrated in Table 2. For example,

with longitudinal alignment, the Root Mean Squared (RMS) of the torsional T(0,1) wave mode dropped

from 56% to 39% relative to the L(0,1) wave mode when the transmit and receive ring arrays were used.
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Table 2: Table showing the percentage (%) reduction of wave modes relative to L(0,1) when the transducers were aligned in the

longitudinal direction and relative to T(0,1) when the transducers were aligned in the torsional direction for varying number

of transmitters (TX) and receivers (RX).

Longitudinal

alignment

Torsional

alignment

F(1,1) T(0,1) L(0,1) F(1,1)

1TX, 1RX 9.2 56 4.6 86

4TX, 1RX 9.5 38 0.4 33

1TX, 4RX 9.3 40 3.0 26

4TX, 4RX 9.6 39 0.3 12

Similarly, for torsional alignment of the transducers, the flexural F(1,1) wave mode was reduced from 86 to

12% relative to the torsional T(0,1) wave mode when the arrays were used.

3.5. Comparison between the resonance speed and dispersion Curves

Figure 12 shows the dispersion curves for the longitudinal wave mode L(0,1) and the resonance speed line

for both aluminium and wood. For aluminium, the resonance speed line aligns well with L(0,1) for frequencies

below 100 kHz but starts deviating afterwards, as seen in Figure 12(a). The straight line represents the

non-dispersive region of the L(0,1) whereas the curved line corresponds to the dispersive region of the wave

mode. Similarly, we can see in Figure 12(b) for the wood sample. The resonance speed line aligns with

L(0,1) mode but at a lower frequency (≈30 kHz) compared to aluminium.

4. Conclusion

Guided wave measurements have been performed on a 16 mm diameter wooden cylindrical rod using shear

transducers. For comparison, the experiments were repeated on an aluminium rod with similar dimensions.

Experimental dispersion curves were obtained using a 2D FFT method. Results showed that the amplitude

of the wave modes could be controlled by orientating the shear transducers in either the longitudinal or

torsional directions. Further control of the wave modes was able to be achieved using ring arrays of shear

transducers. This was most noticeable for torsional alignment of the transducers where it was able to

significantly suppress the flexural wave mode. It was found that the resonance speed aligns well with the

speed of the longitudinal L(0,1) wave mode at low frequencies.

In future work, we plan to perform experiments on samples of different diameters to investigate the corre-

lation between diameter of the sample with the resonance speed, ToF speed and guided wave measurements.

Additionally, future work is planned to be performed to investigate the correlation between the different
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(a) (b)

Figure 12: Plot of dispersion curves for longitudinal wave modes and resonance velocity for (a) aluminium and (b) wood

wave modes and mechanical properties of wood. For example, the torsional wave mode should be related to

the shear modulus.

To the best of the authors’ knowledge, no previous studies have been performed using the torsional

wave mode for non-destructive testing of wood. The torsional wave mode is non-dispersive and hence does

not spread out as it propagates. This might make it suitable for not only wood property estimation but

also structural health monitoring of structures such as wooden utility poles. More research is needed into

guided waves in wood to see if these can be used to provide improved measurement of wood properties and

structural health monitoring of wood structures.
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Additional notes:

• The equation used to generate dispersion curves in this chapter is based on the correction

for the Rayleigh-Bishop theory that is used for circular isotropic rods. The constants α1

and α2 are related to the Poisson’s ratio and the radius of gyration of the sample. Wood is

anisotropic hence it does not have a single Poisson’s ratio. The experimental values for α1

and α2 for wood obtained in this study are 4.78×10−5 and 0.303 respectively. Additionally,

the experimental α1 and α2 values for the aluminium rod sample are 7.83×10−6 and 0.349

respectively.

• The difference between the measured rod velocities for the 16 mm and 40 mm diameter

wooden rod samples (5485 m/s and 4526 m/s) may be due to the difference in density.

The measured density for the 16 mm and 40 mm samples are 439 kg/m3 and 567 kg/m3

respectively.
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• Traditionally, the resonance acoustic velocity for wood is obtained using either the funda-

mental or second harmonic. To mitigate this error in this work, the average between the

fundamental and second harmonic was taken as the average traditional resonance velocity.

• The variation in the measured resonance frequency harmonic at low frequency for the

aluminium sample may be due to the frequency resolution.
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Estimation of the Rod Velocity in Wood using Multi-frequency Guided
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Adli Hasan Abu Bakar, Mathew Legg∗, Daniel Konings, Fakhrul Alam
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Abstract

This study presents a new approach for measuring the acoustic “rod velocity” in wood using guided wave

measurements. The approach fits the acoustic guided wave longitudinal L(0,1) wave mode dispersion curve,

through experimental guided wave phase velocity measurements taken over a range of frequencies. The rod

velocity is obtained by measuring the phase velocity of the fitted L(0,1) wave mode dispersion curve at zero

frequency. This technique is used to obtain rod velocity measurements for cylindrical wood and aluminium

samples. The same approach was also performed on resonance measurements at a wide range of harmonics.

These rod velocities are then compared to acoustic velocities obtained using the traditional time of flight

and resonance methods.

Keywords: Wood, aluminium, ToF, resonance, guided waves, dispersion curves

1. Introduction

The ability to measure the properties of wood such as stiffness is important for the forestry industry. For

example, segregation of logs according to stiffness before processing can lead to an increase in profitability

and efficiency [1, 2]. The static bending test is the gold standard technique for measuring the stiffness of

timber [3]. However, ideally the stiffness of wood should be known before it is processed to ensure it is

suitable for the desired product. Various Non Destructive Testing (NDT) techniques have therefore been

developed to measure the stiffness of wood such as Near Infrared (NIR) spectroscopy [4], SilviScan [5], and

acoustics [6].

Acoustics is the main technique used for measuring the stiffness of wood as it is inexpensive, simple to use

and non-destructive. The stiffness of wood is related to the Modulus of Elasticity (MoE) in the longitudinal

direction. The relationship between acoustic velocity cl in the longitudinal direction and the elastic modulus
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EL is commonly described using the classical 1D wave equation

cl =

√
EL

ρ
, (1)

where ρ is the density. This is often referred to as the rod velocity.

The Time-of-Flight (ToF) method is the common method used for measuring the acoustic velocity in

standing trees. It can also be used with felled logs and timber samples [7]. Two probes are typically inserted

into a sample and separated by a distance ∆d. These are used to measure stress waves generated by either

a hammer hit or an ultrasonic transducer which propagate along the sample. The acoustic velocity is then

measured using

ctof =
∆d

T
, (2)

where T is the time taken for the signal to propagate between the two probes. This “time of flight” is

predominantly measured using the amplitude threshold method. This uses a threshold to determine when

the signal first goes above a threshold voltage at each transducer. The First Time of Arrival (FToA)

technique only looks at the very start of the signal and ignores the rest of the signal. This technique will be

referred to here as the traditional ToF method. This method has been shown to result in measurements of

acoustic velocities that vary with the threshold value used, the hammer hit strength, and the noise level in

the signal [8, 9].

The acoustic resonance method is the main method used to measure the acoustic velocity for felled logs

and timber samples, but cannot be used for standing trees. This technique predominantly uses stress waves

generated by a hammer hit at one end of the log or timber specimen in the direction parallel to the grain.

The stress waves are reflected from the ends of the sample multiple times resulting in standing waves. A

device at one end of the sample records the signal and the spectrum is measured. The longitudinal resonance

acoustic velocity can then be calculated using

cres =
2Lfn
n

, (3)

where fn is the nth resonant frequency, n is an integer (1, 2, 3. . .) and L is the length of the specimen. This

will be referred to here as the traditional resonance method. The second harmonic is commonly used for

acoustic velocity determination in logs [10]. However, the fundamental frequency have also been used [6].

Note that flexural vibration techniques have also been used by researchers where a hammer hit is performed

normal to the grain [11].

Studies have also shown that the acoustic velocity obtained using the ToF method has higher noise and

is systematically higher than that of the resonance method [6, 12–14]. This reported overestimation can

be up to 36% and vary with factors such as the diameter, age, and slenderness of the tree stem. This

results in the ToF method having a systematic overestimation in stiffness measurements compared to those
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obtained using both resonance and static bending tests. There have been some suggestions made as to why

this overestimation may be occurring [6, 14]. For example, it is believed that the overestimation may be

due to the ToF technique using bulk waves while the resonance technique measures the slower “rod waves”.

However, this topic still remains a key area where more fundamental research is needed.

Another area where questions have been raised by researchers is related to the harmonics used for

obtaining the resonance acoustic velocity. Studies have reported that the measured resonance velocity

varies depending on which harmonic frequencies are used. Andrews [12] reported measuring resonance

frequencies that were not integer-multiple harmonics of each other. Chauhan and Walker [15] reported that

the measured resonance velocities obtained using the first and second harmonic could differ by as much as

11%. Similarly, Hansen [16] reported differences in the velocities of up to 9% between the first five harmonics

for pine and eucalyptus samples. Andrews [12] suggested that the tapered shape of the log could be the

cause of the variation. However, the exact cause is still not known and more research is needed in this area.

Ultrasonic guided wave testing is a technique that is extensively used for structural health monitoring of

metal structures such as oil and gas pipelines [17–20]. However, the use of acoustic/ultrasonic guided waves

in wood is still in very early stages. Several lab-based studies have used measurements of the phase or group

velocity of the guided wave modes to measure wood properties [21–25]. These studies were performed on

rectangular cross-section timber samples which generate Lamb waves, which is different to the rod waves

generated in cylindrical rods used in this study. Also, previous studies have not investigated the relationship

between acoustic velocity measurements obtained using acoustic/ultrasonic guided waves and those obtained

using the traditional ToF and resonance methods. Bakar et al. [26] showed that the ToF and resonance

acoustic velocities in wooden and aluminium rods were roughly correlated with the longitudinal L(0,1) wave

mode at low frequencies in the experimentally measured wavenumber-frequency dispersion curves plots.

However, guided wave velocity measurements were not calculated from these wavenumber dispersion curves

due to the low resolution of the 2D Fast Fourier Transform (FFT) method used [27].

This work presents a new approach that uses multi-frequency fitting of the guided wave L(0,1) wave mode

measurements to provide more accurate acoustic velocity measurements for wood property estimation. To

the best of the author’s knowledge, this is the first time this method has been used on resonance and guided

wave measurements for wood. This work also compares acoustic velocity measurements obtained using the

ToF, resonance and guided waves techniques for 16 mm diameter cylindrical aluminium and wood samples.

We are not aware of any previous studies which have compared all three techniques for any type of material.

The remainder of the paper is organised as follows. Section 2 provides background theory. Section 3

describes the methodology and experimental procedure. Section 4 presents the experimental results. Lastly,

Section 5 provides a conclusion and suggestions for future works.
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2. Background Theory

The classical 1D wave theory which is given by Equation 1 is widely used due to its simplicity and gives

good approximations at low frequencies. It ignores dispersion and suggests that the longitudinal wave mode

propagates at a single velocity called the “rod velocity”. An acoustic signal propagating through a rod-like

sample should initially propagate as bulk waves. However, the signal may become a guided wave after

travelling a sufficient distance along the sample if the diameter is small enough relative to the wavelength.

These guided waves propagate as different types of vibrations called wave modes, which propagate at different

velocities and are generally dispersive. Dispersion is caused by different frequency components in a wave

mode propagating at different velocities, resulting in the signal spreading out as it propagates.

Dispersion of waves propagating in rod-like structures occurs due to the geometric and viscoelastic

properties of the material [28]. There are three types of wave modes for a rod-like structure: longitudinal,

flexural and torsional modes. Dispersion curves describe the propagation speed in a medium and can

be represented by plotting the phase velocity, group velocity or wavenumber as a function of frequency

[29]. Dispersion curves can be obtained by solving the Pochammher-Chree (PC) equation [30–32] which is

considered the exact theory. The exact solution to the PC equation describes the three dimensional wave

propagation of the longitudinal, torsional and flexural in cylindrical rods of infinite length. The solution is

complex and is restricted to bars of circular cross-section and infinite length [33].

Since the longitudinal wave mode is widely used for engineering applications [34], several approximate

theories have been developed to describe the wave propagation of the longitudinal wave mode. Examples of

these approximate theories include the Rayleigh-Love [35], Rayleigh-Bishop [36] and Mindlin-Hermann [37]

theories. These theories represent dispersive systems where the phase velocity of the longitudinal L(0,1)

wave mode is a function of frequency. The exact solution to the PC equation is normally used as a reference

to determine the accuracy of these approximate theories.

As an alternative to the exact theory, analytical methods have been developed to model the wave prop-

agation in a material. Among them, the Semi-Analytical Finite Element (SAFE) method is widely used

and is accurate [38]. GUIGUW [39] is an example of a free software which uses the SAFE method to ob-

tain dispersion curves. Figure 1 shows the theoretical dispersion curves obtained using GUIGUW for a 16

mm diameter aluminium rod with an assumed density of 2,710 kg/m3, Poisson’s ratio of 0.33 and Young’s

Modulus of 68.9 GPa. These dispersion curves show that for the frequency range shown here, only the

fundamental longitudinal L(0,1), torsional T(0,1) and flexural wave F(1,1) modes are present. (Note that

higher order wave modes may start propagating if either the frequency or diameter is increased). The fastest

wave mode is the longitudinal wave mode. At low frequencies, the longitudinal wave mode propagates at

the rod velocity given by Equation 1. The rod velocity in cylindrical rods corresponds to the velocity of the

fundamental longitudinal wave mode L(0,1) at zero frequency [32, 40–42]. As the frequency increases, the
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(a) (b)

Figure 1: Theoretical dispersion curves for a 16 mm diameter aluminium rod showing the (a) group and (b) phase velocities.

Also shown is the rod velocity co, which is the longitudinal velocity as the frequency goes to zero.

measured acoustic velocity will be lower than the rod velocity co due to dispersion.

If the L(0,1) wave mode was able to be excited at very low frequencies, its phase velocity should ideally

correspond to the rod velocity allowing one to calculate the MoE by rearranging Equation 1 to give

EL = ρ c2o. (4)

However, the guided wave phase velocity measurements for higher frequencies should produce a phase

velocity that is lower than the rod velocity co due to dispersion. This could lead to an underestimation in

the calculated MoE. This underestimation should depend on the radius and Poisson’s ratio for an isotropic

cylindrical sample. However, it should be noted that the wave propagation is more complex for wood, which

is orthotropic and hence has more than one Poisson’s ratio [14].

Acoustic resonance has been used, mainly in early works, to measure dispersion curves for metal rods

[43–47]. Equation 3 is used over a wide range of resonant frequencies to obtain experimental measurements of

the L(0,1) phase velocity dispersion curve. Brizard [47] reported that at the lower frequencies, the resonance

technique is prone to larger errors due to frequency resolution issues. Brizard used fitting of multi-frequency

resonance measurements to obtain rod velocity and Poisson’s ratio measurements for a steel bar in Split

Hopkinson Bar (SHB) testing. This technique has not been used before for wood. Additionally, we have

not found any previous papers that have used multi-frequency guided wave measurements to obtain the rod

velocity for wood. Shin [48, 49] also obtained rod velocity and Poisson’s ratio measurements for steel rods

but this was related to a dispersion correction technique in SHB measurements.

In this work, we used a somewhat similar approach to the one presented by Brizard [47]. The resonance

velocities for a wood sample were calculated using Equation 3 for a range of harmonic frequencies and a curve

was fitted across the measurements to obtain the rod velocity co. Additionally, this work extends the work

presented by Brizard by obtaining the rod velocity of wood using guided wave phase velocity measurements
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where narrow bandwidth signals are used to excite the fundamental L(0,1) wave mode. These rod velocities

are compared with the acoustic velocities obtained using traditional resonance and ToF methods.

3. Methodology

Kiln-dried radiata pine rods with diameters of 16 and 40 mm that were 2460 mm in length were obtained.

The samples were selected such that they were defect-free and did not have any observable knots, cracks or

damage. Additionally, a T6 temper 6061 aluminium rod with a diameter of 16 mm and a length of 2510

mm was also used to provide a comparison.

Figure 1 shows the theoretical dispersion curves for a 16 mm diameter aluminium rod. The figure shows

that at frequencies below 100 kHz, no higher order wave modes are present and only the fundamental

longitudinal L(0,1), flexural F(1,1) and torsional T(0,1) wave modes exist. Both the longitudinal and

flexural wave modes are observed to be dispersive whereas the torsional wave mode is not. Using the

above parameters, the calculated bulk wave speed for aluminium is approximately 6,175 m/s, [14], which is

significantly higher than the rod velocity.

Theoretical dispersion curves for wood are not provided here since the mechanical properties of the

sample were not known. Refer to our previous article [26] for examples of wavenumber dispersion curve

measurements for both the aluminium and wood samples where the same three wave modes were generated

in both aluminium and wood samples.

3.1. Resonance measurements

For resonance measurements, a hammer hit was performed parallel to the grain at one exposed end of the

sample to generate longitudinal vibrations. At the opposite end of the sample, a GRAS 46BF-1 microphone

[50] that has a bandwidth of 4 Hz - 100 kHz was used to measure the received signal. The microphone was

connected to a GRAS 26A-1 pre-amp and powered by a GRAS 12AK power module. The received signal

from the microphone was sampled at 2 MHz using the Analog to Digital Converter (ADC) channel from a

Data Translation DT9832 data acquisition module. This setup can be seen in Figure 2.

Figure 2: Experimental setup resonance measurements.

An FFT was performed on the sampled data and the resonant frequencies were identified. Resonance

acoustic velocities were calculated from each resonance frequency peak over a wide frequency range using
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Equation 3. As discussed in the previous section, this should provide an experimental measurement of the

longitudinal L(0,1) phase velocity dispersion curve for the aluminium and wood samples.

3.2. ToF measurements

For wood related studies, probes are traditionally inserted into a wood sample to penetrate the bark.

This allows good coupling between acoustic signals and the wood sample. However, in this work, shear

PZT transducers produced by The Welding Institute (TWI), UK were directly coupled onto the sample by

clamping them using springs as shown in Figure 3. The transducers are broadband and have a relatively

flat frequency response for the frequency range used in this study [51].

(a) (b)

Figure 3: Photo (a) shows one of the transducers used in this experiment. Photo (b) shows the transducer being pushed against

an aluminium rod sample using springs.

Figure 4: Experimental setup ToF measurements.

Two shear transducers were used to receive vibrations and were positioned as shown in Figure 4. The

contact face of the transducers were oriented parallel to the wood grain to enhance the reception of longi-

tudinal vibrations. A hammer impact was performed parallel to the grain at one end of the sample. The

recording of the received signal was initiated by a keyboard button press just before the hammer hit was

performed. Transducers RX1 and RX2 were directly connected to the ADC channels of the DT9832 module
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and sampled at 2 MHz. The received signal was saved to file for further post-processing. Amplitude thresh-

olding was used to determine the First Time of Arrival (FToA) of the received signals. The ToF velocity

was then calculated using Equation 2.

3.3. Guided wave measurements

Figure 5: Experimental setup for guided wave measurements.

For guided wave measurements, three shear transducers were used and positioned as seen in Figure

5. The contact faces of the transducers were oriented parallel to the grain to enhance the excitation and

reception of longitudinal vibrations. The transducers were directly clamped onto the sample using springs.

The excitation signal applied to the transmit transducer (TX) was created in MATLAB. For transmission,

five cycles of a Hanning windowed sine wave with central frequencies fo ranging from 15 kHz to 50 kHz were

used and outputted using an Agilent 33220A Function Generator. A custom-made linear power amplifier

was then used to amplify the outputted signal to amplitudes of up to 400 Vpp. The receivers were connected

to pre-amps and the received signal at RX1 and RX2 were sampled at 2 MHz using the ADC channels from

the DT9832 module and saved to file.

Phase velocity measurements were performed using the guided wave measurements to obtain the phase

velocity dispersion curve for the L(0,1) wave mode. The phase velocities were obtained using a frequency-

domain shifting technique. For each transmission, the received signal at RX1 was converted into the fre-

quency domain using a FFT. Equation 5 below was then used to simulate the propagation of the frequency-

domain received signal G(ω) by a distance d using an initial phase velocity vph(ω) and attenuation α(ω).

Y (ω) = G(ω)e
−j w

vph(ω)
d − α(ω) d

. (5)

The distance between RX1 and RX2 receivers was used as the distance d. The propagated signal Y (ω) was

then converted back into the time-domain using an Inverse Fast Fourier Transform (IFFT). The Root Mean

Squared Error (RMSE) between the propagated time-domain signal RX1 and RX2 was calculated. The
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phase velocity vph was adjusted by 1 m/s until a minimum RMSE was obtained. This process was repeated

for a range of central transmit frequencies fo.

3.4. Rod velocity estimation

Equation 4 allows us to calculate the MoE from the rod velocity co, which is the phase velocity of

the L(0,1) wave mode at low frequencies. However, as discussed in Section 2, at higher frequencies, the

phase velocity of this wave mode will be lower than the rod velocity leading to an underestimation in the

estimated MoE using this equation. A fitting technique was used that estimates the rod velocity at zero

frequency using experimental measurements of the phase velocity of the L(0,1) wave mode at a range of

frequencies. This technique is used for both the resonance and guided wave measurements. In this paper,

the terms resonance rod velocity and guided wave rod velocity corresponds to the phase velocity at zero

frequency that is obtained by fitting a dispersion curve through the experimental resonance or guided wave

measurements. A curve of best fit was obtained using the following equation

cl = co

√
1 + α1 α2 k2

1 + α1 k2
, (6)

where co is the rod velocity, α1 and α2 are constants and k is the wavenumber. The optimum values

for variables co, α1 and α2 were obtained using a non-linear least squares fitting technique performed in

MATLAB. The equation is based on the correction for the Rayleigh-Bishop theory [52]. The equation was

chosen as it is simple to use and gives good approximations at “low” to “medium” wavenumbers. More

accurate approximations at “large” wavenumbers can be obtained using higher-order rod approximations

such as the Mindlin-McNevin theory [53] or the one proposed by Anderson [54]. These approximations

are more accurate over larger range of wavenumbers but are much more complex. Equation 6 should be

sufficient to characterize the dispersion curve of the L(0,1) wave mode for the frequency range of interest in

this current work.

4. Results

Figure 6 shows a comparison of the acoustic velocities obtained using the different methods at varying

frequencies for the 16 mm diameter aluminium and wood samples. The theoretical L(0,1) dispersion curve

for the aluminium sample obtained using GUIGUW was overlaid onto the figure. However, the same could

not be done for the wood sample as the mechanical properties are not known. Note that the experimental

frequency range for the wood sample is lower than the aluminium sample because wood suffers from a

stronger degree of attenuation at higher frequencies. The hammer hit ToF measurements are not frequency

dependent hence these measurements have been represented in these plots as a grey shaded region, which

shows the variation of the ToF acoustic velocities.
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(a) (b)

Figure 6: Plot of acoustic velocity measured using resonance, ToF and guided waves plotted as a function of frequency for the

16 mm diameter (a) aluminium and (b) wooden samples. Overlaid are the fitted dispersion curves which are used to estimate

the rod velocity. For the aluminium sample, the theoretical L(0,1) dispersion curve has also been overlaid.

Table 1: Acoustic velocity measurements for 16 mm diameter aluminium and wood samples using different methods.

Method
Acoustic velocity (m/s)

Aluminium Wood

Average traditional ToF 5106 ± 12 4574 ± 46

Average traditional resonance 5031 ± 13 4392 ± 24

Fitted resonance rod velocity 5029 4463

Fitted guided wave rod velocity 5062 4526

Table 1 shows the average acoustic velocity and uncertainties for each method. The traditional ToF

velocities are obtained from the average of 100 measurements per sample using a threshold value of 0.05 V.

Traditionally, the resonance acoustic velocity for wood is obtained using either the fundamental or second

harmonic. In this work, the average between the fundamental and second harmonic was taken as the average

traditional resonance velocity.

For aluminium, the maximum error between the measured phase velocities for guided wave and resonance

measurements compared with those obtained from the theoretical L(0,1) wave mode, as shown in Figure

6, is approximately less than 0.8%. This shows that the L(0,1) wave mode is being excited and measured

in this study. The same is expected for the wood sample. A discussion of the results for each method is

presented in the subsections below.

4.1. Traditional Time of Flight

Figure 7 shows an example of the received signal obtained using the ToF method for both 16 mm diameter

aluminium and wood sample. An amplitude threshold of 0.05V was used as it was approximately 3 times

the standard deviation of the noise and did not result in false positives. Note that the difference in arrival
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(a) (b)

Figure 7: Plot of received signal for ToF experiment for (a) aluminium and (b) wood samples.

times is because the recording of the received signals was initiated manually through a button press.

The ToF measurements used in this work are obtained using the amplitude thresholding method, which

measures the FToA of the signal. It will therefore obtain velocity measurements using the frequency com-

ponent of the signal with the fastest phase velocity. If we assume that only the longitudinal L(0,1) wave

mode is propagating, this speed should ideally correspond to the rod velocity at zero frequency. However,

the traditional ToF velocities are observed to be higher than the traditional resonance velocities and the

fitted resonance and guided wave rod velocities. It does not appear that this is due to the ToF technique

measuring the bulk wave speed in this case, as we know that the bulk wave speed for aluminium (6175 m/s)

is much higher than the results we obtained. Instead, this is most likely due to the first part of the received

signal being distorted due to dispersion effects [55, 56]. This could potentially affect ToF measurements

obtained using the amplitude threshold method.

4.2. Resonance

Figure 8 shows the measured resonance frequencies for the 16 mm diameter aluminium and wood samples.

The wood sample has high attenuation, which results in a limited frequency range compared to the aluminium

sample.

The results presented in Figure 6 show that the resonance velocity decreases with increase in frequency

and follows a curve. The figure also shows that there is some variation in the measured resonance velocities,

which decreases at higher frequencies. One factor that could be causing this is the resolution of the measured

resonance velocity. The frequency resolution (resolution of the FFT) is defined as ∆f = fs/N where fs is

the sampling frequency and N is the number of samples. Substituting this into Equation 3, the resolution

(quantisation) of the measured resonance velocity can be calculated as

∆c =
2 L fs
n N

. (7)
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(a) (b)

Figure 8: Plot showing the resonance frequencies (marked red) for the 16 mm (a) aluminium sample and (b) wood sample.

The resolution of the measured resonance velocity is therefore inversely proportional to the harmonic in-

teger n. As the harmonic integer increases, the resolution of the resonance velocity decreases asymptotically.

This explains why the variation in resonance measurements decreases with increase in frequency. This can

be mitigated by using a longer recording time of the received signal. As the recording time increases, the

number of samples N also increases hence the resolution of the measured resonance velocity ∆c decreases.

However, increasing the recording time could cause high frequency components to be reduced due to at-

tenuation. It can also be seen that there is more variation in the measured resonance velocities for wood

compared to those obtained for the aluminium sample. This may be because of higher attenuation rates or

because wood is orthotropic and inhomogeneous.

4.3. Guided Waves

Figure 6 shows that the longitudinal L(0,1) guided wave velocity measurements for 16 mm diameter wood

and aluminium samples decrease with increase in frequency and roughly follow the traditional resonance

measurements. However, the guided wave phase velocity values are systematically slightly higher than

those for resonance at a given frequency. The similarity in the curve produced between the guided wave

measurements for the 16 mm diameter aluminium and wood gives us the confidence that the measurements

performed on wood are reliable. The phase velocities for frequencies below 15 kHz could not be reliably

measured as the received signals were highly distorted due to the long wavelengths and reflections from the

ends of the samples. Using samples with a longer length could allow lower frequencies to be used as the

signal would have time to finish transmission before reflections occur.

The phase velocity measurements obtained using the guided wave method were very repeatable. The

measured guided wave phase velocities were found to be independent of the amplitude of the transmit signal.

This is because the method matches the peaks of the entire waveform. No difference in the measured velocity

was observed for each sample when velocity measurements were repeated across multiple recordings for a
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given transmission frequency. It therefore provides more consistent results than the traditional ToF method

but produces acoustic velocities that vary with frequency.

4.4. Resonance and Guided Wave Rod Velocity

As discussed above, both the resonance and guided wave phase velocity measurements follow the L(0,1)

wave mode dispersion curve and hence vary with frequency. A curve was fitted through the experimental

resonance measurements using Equation 6 to obtain the rod velocity. A resonance rod velocity of 5029

m/s and 4463 m/s was obtained for the aluminium and wood samples respectively. The difference between

the traditional resonance velocity and the resonance rod velocity is approximately 0.03% and 1.61% for the

aluminium and wood samples respectively.

In order to quantify the goodness-of-fit of the fitted dispersion curve, the coefficient of determination

or R2 value is used. The R2 value indicates the proportion of variance in the dependent variable that can

be explained by the independent variable. In this study, the R2 measures the amount of variation in the

experimental data that can be explained by the fitted regression model. The R2 values (0.98 for aluminium

and 0.64 for wood) show that the fitted dispersion curves matches well with the experimental traditional

resonance measurements. The R2 value for the wood sample is smaller than the aluminium sample as there

is more variation in resonance measurements for the wood sample. This may be due to the highly attenuative

nature of wood or because wood is orthotropic and inhomogeneous.

Dispersion curves were also fitted through the experimental guided wave phase velocity measurements

for both aluminium and wood samples. For the aluminium sample, at the frequency range of interest,

the fitted dispersion curves are observed to be close to the theoretical L(0,1) dispersion curve, as seen in

Figure 6. The maximum difference between the fitted resonance and guided wave dispersion curves relative

to the theoretical L(0,1) dispersion curve for the aluminium sample are 0.4% and 0.3% respectively. The

theoretical dispersion curve for the wood sample could not be obtained as the mechanical properties are not

known. Guided wave rod velocities of 5062 m/s and 4526 m/s were obtained for the aluminium and wood

samples respectively. The measured guided wave rod velocities are observed to be lower than the acoustic

velocities obtained using the traditional ToF method but are slightly higher compared to the traditional

resonance method. High R2 values (0.96 for aluminium and 0.99 for wood) were obtained from the fitted

dispersion curves using the guided wave phase velocity measurements. This shows that Equation 6 provides

a good approximation of the L(0,1) phase velocity dispersion curve for the samples used in this study in the

frequency range of interest.

4.5. Results on larger diameter wood sample

Resonance, ToF and guided wave measurements were also performed on a 40 mm diameter wood sample.

Figure 9 shows a comparison of acoustic velocities obtained using these methods at varying frequencies for
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Figure 9: Plot of acoustic velocity using ToF, resonance and guided wave plotted as a function of frequency for a 40 mm

diameter wood sample. Overlaid is the fitted dispersion curve for the guided wave measurements.

the 40 mm diameter wood sample. ToF acoustic velocities are observed to be significantly higher compared

to the resonance and guided wave velocities. The frequency range where measurements were able to be

reliably obtained were lower for both resonance and guided wave measurements compared to the 16 mm

wood sample. There appears to be higher attenuation rates at higher frequencies for this sample relative to

the 16 mm diameter wood sample. The resonance and guided wave phase velocity measurements decreases

with an increase in frequency and follows a curve which is similar to the 16 mm diameter wood sample.

Dispersion curves are fitted using the method described in Section 3.4 through the measurements and a high

R2 value (0.93) is obtained for the fitted dispersion curve for guided wave phase velocity measurements.

However, a low R2 value (0.27) is obtained for the resonance measurements which may be due to the

measurement variations.

Table 2: Average acoustic velocity obtained using different methods for a 40 mm diameter wood sample

Method Acoustic velocity (m/s)

Average traditional ToF 5792 ± 51

Average traditional resonance 5435 ± 37

Fitted resonance rod velocity 5416

Fitted guided wave rod velocity 5485

Table 2 shows a comparison of acoustic velocities obtained using different methods for the 40 mm

diameter wood sample. The traditional ToF acoustic velocity is approximately 6.5% higher compared to

the traditional resonance method. This ToF overestimation is significantly higher compared to the 16 mm

diameter wood sample. The fitted guided wave rod velocity is closer to the traditional resonance velocity
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compared to the traditional ToF velocity. The results show that the fitting technique and guided wave phase

velocity measurements can be used as an alternative to the traditional ToF method to obtain more accurate

acoustic velocity measurements for wood.

5. Conclusion

The traditional acoustic resonance technique is commonly used for wood stiffness measurements as it

is accurate and easy to use. However, it cannot be used on standing trees. In contrast, the traditional

ToF method works on both standing trees and cut logs but literature has reported an overestimation using

this measurement technique. This study investigated a new technique for obtaining the rod velocity of

wooden samples using ultrasonic guided waves which can potentially be used for both standing trees and

cut timber/logs.

The acoustic/ultrasonic guided wave phase velocity of the L(0,1) wave mode theoretically starts at the

rod velocity at zero frequency and then decreases as the frequency increases. Therefore, to measure the

rod velocity, the proposed technique performs measurements of the L(0,1) phase velocity at a range of

frequencies and fits a curve through them to obtain an estimate of the phase velocity at zero frequency. This

will correspond to the rod velocity of the sample. The same rod velocity fitting technique is also used with

resonance velocity measurements made using a range of resonance harmonics.

To test the proposed method, resonance, ToF and guided wave measurements were performed on cylin-

drical wooden rods with diameters of 16 mm and 40 mm and length of 2460 mm each. These measurements

were repeated on a 16 mm diameter aluminium rod with a similar length for comparison. The guided wave

longitudinal L(0,1) phase velocity measurements in the rod samples decreases with an increase in frequency.

The fitted phase velocity dispersion curves matched well with the experimental phase velocity measurements

for both aluminium and wood samples. The R2 values of the fits were 0.99 and 0.93 for the wood samples

and 0.96 for the aluminium sample. The fitted rod velocities matched well with the traditional resonance

velocities. In contrast, the measured ToF velocities were higher compared to both the guided wave rod

velocities and traditional resonance velocities, as shown in Table 3.

Table 3: Difference in measured acoustic velocity obtained using traditional ToF and the rod velocity obtained using the guided

wave method relative to the traditional resonance velocity for wood.

Wood sample
Difference relative to resonance

Traditional ToF Rod velocity

16 mm diameter 4.1% 3.0%

40 mm diameter 6.5% 0.9%

This same fitting technique was also used for the phase velocity measurements obtained using the multi-
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frequency resonance method. These measurements decreased with increased frequency and follow the phase

velocity dispersion curve of the L(0,1) wave mode. The fitting technique was used to obtain the rod velocity

in a similar manner to the guided wave measurements. The R2 values of the fitting were lower than for the

guided wave measurements (0.64 and 0.27 for the wood samples). This is related to the larger variance in

the resonance measurements at lower frequencies, which appears to be related to the resolution of the FFT.

Since the fitting technique uses higher frequency harmonics, this technique can be used to provide more

accurate results compared to the traditional resonance technique, which only uses a single lower frequency

resonance peak where the variances are larger. However, more work is needed to see if the higher frequency

harmonics can be measured with samples that have a larger diameter and higher moisture content which

may have higher attenuation rates.

Ultrasonic guided waves have previously been used on logs with large diameters [57]. Therefore, the

guided wave technique presented in this study has the potential to be used as an alternative to the traditional

ToF method to obtain acoustic velocity measurements for logs, standing trees and seedlings. Initial results

from this study show that the guided wave fitting technique was more accurate compared to the traditional

ToF method. This can result in more efficient segregation and sorting of logs before harvesting which

could improve the sustainability and profitability of the forestry industry. This work shows that guided

wave techniques can be used to obtain improved measurements of wood properties. Additionally, there is

potential for the fitted resonance technique to provide more accurate rod velocity measurements for timber

and log samples compared to the traditional resonance technique, which is considered to be the gold standard

in acoustic non-destructive stiffness measurements for wood.

Future works should investigate the use of more accurate approximations of the longitudinal L(0,1) wave

mode, as these might provide more accurate rod velocity measurements. Stiffness measurements obtained

using the presented approach should also ideally be compared with those obtained using static bending tests.

Also, measurements should be performed on larger diameter samples such as logs. This will allow the effect

of higher order wave modes and potentially the presence of bulk waves to be evaluated.
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The Effects of Dispersion on Time-of-Flight Acoustic Velocity
Measurements in a Wooden Rod
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Abstract

The stiffness of wood can be estimated from the acoustic velocity in the longitudinal direction. Studies

have reported that stiffness measurements obtained using time-of-flight acoustic velocity measurements are

overestimated compared to those obtained using the acoustic resonance and bending test methods. More

research is needed to understand what is causing this phenomenon. In this work, amplitude threshold time-

of-flight, resonance, and guided wave measurements are performed on wooden and aluminium rods. Using

guided wave theory, it is shown through simulations and experimental results that dispersion causes an

overestimation of time-of-flight measurements. This overestimation was able to be mitigated using disper-

sion compensation. However, other guided wave techniques could potentially be used to obtain improved

measurements.

Keywords: Wood, aluminium, rod, ToF, guided waves, amplitude threshold.

1. Introduction

The measurement of the mechanical properties of wood such as stiffness is important for the forestry

industry. The stiffness of wood can be used as a metric to segregate logs into different grades. This can

help maximise the profitability and sustainability within the wood industry [1]. The stiffness of timber may

be measured using static bending tests, which are considered to be the gold standard. However, ideally, the

properties of the wood should be known before it is processed to ensure it is suitable for the end product

[2]. Non-Destructive Testing (NDT) techniques [3, 4] have been developed to determine the properties of

wood before processing and without damaging them.

The main NDT technique used to measure the stiffness of wood is acoustics since it is simple to use

and inexpensive compared to other methods. Wood is an orthotropic material meaning that the mechanical

properties are independent in three orthogonal axes. For wood, the acoustic velocity in the longitudinal
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direction cl is often described by

cl =

√
EL

ρ
, (1)

where ρ is the density of the material and EL is the Modulus of Elasticity (MoE) in the longitudinal direction.

The MoE in the longitudinal direction is commonly used to describe the stiffness of wood. This equation is

based on fundamental 1D wave theory [5] which does not include factors that can affect the acoustic velocity

such as temperature, moisture content, presence of knots, Poisson’s ratios and variation in grain angle [6].

There are more complex models for wood which include some of these factors [7, 8]. For example, Legg &

Bradley [6] provide a model that includes orthotropic Poisson’s ratios. However, the 1D wave theory given

in Eqn. 1 is predominantly used in the literature related to wood stiffness. The two most commonly used

acoustic methods to measure the stiffness of wood are the resonance and Time of Flight (ToF) methods, as

described below. The resonance method can be used on felled logs, while the ToF method can be used on

both standing trees and felled logs.

1.1. Acoustic methods and overestimation

The resonance method involves generating longitudinal stress waves by performing a hammer hit at one

end of the sample in the direction parallel to the grain. A Fast Fourier Transform (FFT) is performed on

the received acoustic signal and resonance frequencies are identified. The longitudinal resonance acoustic

velocity can then be calculated using

cres =
2Lfn
n

, (2)

where L is the length of the sample, fn is the nth resonant frequency and n = 1, 2, 3. . .. Note that flexural

resonance techniques have also been used by researchers where the hammer hit is impacted normal to the

grain [9].

For wood related studies, the ToF method generally involves two probes which are inserted into a sample

separated by a distance d. The acoustic velocity can be calculated using

ctof =
d

T
, (3)

where T is the propagation time of a stress wave from one probe to the other. Traditionally, a hammer

hit is performed at or near one of the probes to generate longitudinal stress waves. Hammer hit excitation

is generally used for NDT measurements of wood properties because it provides a strong excitation signal

with a good Signal-to-Noise Ratio (SNR). This is important given the highly attenuative nature of wood,

particularly at higher acoustic frequencies. In addition to hammer hit excitation, ultrasonic excitation

signals are also used for acoustic velocity measurements in wood [10].

In wood studies, the propagation time T is predominantly obtained by measuring the First Time of

Arrival (FToA) of the signal at each receiver probe. For hammer hit excitation, signal peaks are not
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commonly used as they can be distorted during propagation, which can lead to large errors. The FToA

technique identifies when the signal is first detected at each of the receiver probes and ignores the remainder

of the signal. The amplitude threshold method appears to be the main technique used in wood studies to

determine the FToA of the received signal. The method is also widely used in ultrasonic NDT to determine

the FToA of a propagating signal in order to extract the ToF. This technique measures the time when the

signal at each receiver first goes above a chosen threshold value [11, 12, 13]. Alternatively, other FToA

methods such as Akaike Information Criterion (AIC) [14], Modified Energy Ratio (MER) [15] and cross-

correlation [16] have also been used.

Stiffness measurements obtained using acoustic resonance and ToF have shown good correlations with

those obtained using static bending tests. However, the ToF method results have a systematic overestimation

in stiffness measurements compared to the values obtained using both static bending tests and resonance.

This overestimation is related to the ToF method measuring acoustic velocities which are systematically

higher than those obtained using acoustic resonance [6].

Several studies have suggested possible reasons as to why this is occurring. For example, the variation

in stiffness from pith to bark [17], the age and diameter of the trees and the difference in wave propagation

of the acoustic signals used in the two methods [5]. Despite these suggestions, the exact cause of the

overestimation is still not known.

1.2. Guided waves and dispersion effects

For rod-like structures, guided waves are expected to propagate as different types of vibrations, which are

called wave modes [6]. Unlike 1D wave theory, guided wave theory considers the dispersion of wave modes.

Dispersion is influenced by the mechanical properties and diameter of a sample. Dispersion is caused by the

propagation of different frequency components at different velocities. This causes the signal to spread out

as it propagates through a medium [18].

Guided wave NDT testing techniques have been used to measure wood properties [19, 20]. However, this

is an emerging area of research and there have been relatively few studies on this topic. In our previous

paper [21], a 2D FFT method was used to obtain wavenumber-frequency domain dispersion curves for wood

and aluminium rod samples. These dispersion curves showed the presence of the fundamental longitudinal,

flexural and torsional wave modes in the rod samples. The resonance velocity was found to roughly correlate

with the L(0,1) wave mode dispersion curve at low frequencies. However, phase velocities were not calculated

from these wavenumber-frequency domain plots since the resulting phase velocities would have had high

errors due to the low resolution associated with the 2D FFT method.

Generally, in guided wave testing, ultrasonic transducers are used to generate narrowband excitation

signals to reduce the effects of dispersion and limit the number of wave modes excited [22, 23]. Hammer hits

or sharp impacts are therefore generally not used in guided wave testing since they generate wide bandwidth
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excitation signals and provide less control. This means that there are a limited number of studies on

dispersion and guided waves for impact-like excitation.

The Split Hopkinson Pressure Bar (SHPB) is a technique that measures the dynamic mechanical be-

haviour of materials, particularly at high strain rates, by analysing the shape of signals generated by a sharp

impact [24]. Knowledge of guided waves and dispersion has been used to improve the accuracy of these

measurements. It has been reported that dispersion can cause signal distortion on SHPB tests on metal

samples. This can cause significant changes to the rise time at the start of the measured impact signal [25].

Although the SHPB technique does not use velocity measurements, the findings from this area of research

could provide some insights into a potential cause of error in ToF measurements obtained using FToA

techniques such as amplitude thresholding. Could the distortion caused by dispersion at the start of the

signal affect the accuracy of amplitude threshold ToF velocity measurements?

For the SHPB technique, dispersion compensation methods have been developed to mitigate dispersion

effects which have helped to reduce signal distortion and improve the rise time at the start of the signal to

give more accurate results [26, 27, 28]. Besides the SHPB technique, dispersion compensation techniques

have also been used to reduce the effects of dispersion on ultrasonic guided wave measurements on metal

samples [29, 30, 31]. One of these studies, which was performed by Xu et al. [32], has investigated the

effect of dispersion compensation on ToF measured values for ultrasonic guided waves. However, these ToF

measurements were not obtained using FToA techniques. Instead, the ToF measurements were obtained by

measuring the propagation time of the largest peak at the centre of the wave packet for different propa-

gation distances. They reported that more accurate group velocity ToF measurements were obtained after

dispersion compensation was performed.

No previous work has been found that has investigated the effect of dispersion on ToF measurements

obtained using FToA methods (looking at the start of the signal, not the peak). Additionally, no stud-

ies have been found which have utilised dispersion compensation to reduce dispersion effects for acoustic

measurements made on wood.

In this study, resonance, amplitude threshold ToF and guided wave longitudinal velocity measurements

were performed on thin cylindrical aluminium and wooden rods. The amplitude threshold ToF acoustic

velocities were measured before and after dispersion compensation was performed. The results were then

compared with acoustic resonance velocities.

1.3. Contributions

The research presented here offers the following contributions. To the best of the author’s knowledge,

this is the first work to:

(1) Investigate the effects of dispersion on ToF acoustic velocity measurements made using the FToA.
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(2) Show that dispersion effects can be a source of overestimation in FToA ToF velocity measurements.

(3) Use dispersion compensation to mitigate the overestimation in the measured FToA ToF velocity mea-

surements. We are not aware of any previous studies that have performed dispersion compensation for

wood.

The remainder of the paper is organised as follows. Section 2 describes the wave propagation and

dispersion compensation theory. Section 3 describes the methodology, hardware and experimental procedure

used. Section 4 presents the results obtained. Lastly, Section 5 provides a conclusion and suggestions for

future work.

2. Wave propagation model

The following section outlines a simple wave propagation model that is used in this work to simulate the

propagation of the sound waves through the wooden and aluminium rods. Also included is a description

of the dispersion compensation technique used in this work. This allows the effects of dispersion on FToA

acoustic velocity measurements to be evaluated.

Consider a signal g(t) excited by a transducer, which only generates a single wave mode. The received

signal y(t) at a distance d from the transmitter can be modelled in the frequency domain as

Y (ω) = G(ω)e−j k(ω) d − α(ω) d, (4)

where ω is the angular frequency, G(ω) is the Fourier transform of g(t), k(ω) is the wavenumber, and α(ω)

is the attenuation [31]. The wave number can be calculated using

k =
ω

vph
, (5)

where vph is the phase velocity. The peak of the wave packet will propagate at the group velocity vgr. For

a narrowband signal, the distance and time t may be related using

d(t) = vgr(ωo) t, (6)

where ωo corresponds to the central frequency of the narrow band excitation frequency.

For a dispersive material, both the phase and group velocity will be frequency-dependent resulting in

dispersion. This causes the signal to spread out as it propagates. The above theory therefore allows dispersive

guided wave propagation to be simulated using either theoretical or measured dispersion curves.

Dispersion compensation techniques have been developed to mitigate the effects of dispersion from the

received guided wave signals in post-processing [29, 33, 34]. Consider that a received signal y(t) has experi-

enced dispersion. Dispersion compensation can be performed at the ith propagation time ti in the frequency

domain using

Ŷ (ω, ti) = Y (ω)ej(k(ω) d(ti)−w ti) (7)
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where Y (ω) is the Fourier transform of the received signal y(t) and d is the propagation distance. This

performs frequency domain shifting of each frequency component in the signal to correct for changes in

phase velocity due to dispersion. Each frequency component of the signal is calculated using Equation 7

and the inverse Fourier transform

ŷ(t) = IFFT[Ŷ (ω, ti)], (8)

is used to convert the frequency domain dispersion compensated signal to a time domain version. This will

provide the correct dispersion compensation of the received signal y(t) for a sine wave mode at time ti but

will over or under compensate for other times.

To correct the signal for all times, the above process can be performed in a loop, where the ith iteration

performs dispersion compensation for the ith time in the signal. This value is saved into a new array, which

is the dispersion compensated version of the received signal y(t) for all times. This technique was used in

this work to perform dispersion compensation. A more computationally efficient dispersion compensation

method can be found in [29].

3. Methodology

3.1. Wood and aluminium rod samples

A radiata pine cylindrical rod with a diameter of 16 mm and a length of 2460 mm was used. The sample

was chosen such that it did not have any observable defects. For comparison, measurements were repeated

on a 6061-T6 aluminium cylindrical rod with a diameter of 16 mm and a length of 2510 mm. The aluminium

sample is an isotropic and homogeneous material whose dispersion curves can be easily obtained since its

mechanical properties are known. However, it should be noted that wood is orthotropic, inhomogeneous

and highly attenuative particularly at high frequencies.

Figure 1 shows the theoretical dispersion curves for a 16 mm diameter aluminium rod. The dispersion

curves were obtained using GUIGUW [35]. The dispersion curves were obtained using the following pa-

rameters for a 16 mm diameter aluminium rod: Young’s modulus = 68.9 GPa, density = 2,710 kg/m3 and

Poisson’s ratio = 0.33. This would give a theoretical bulk wave speed of about 6175 m/s for the aluminium

sample [6]. We can see that the three fundamental longitudinal, flexural and torsional wave modes are

present. However, at higher frequencies or higher sample thickness, higher order wave modes are expected

to be present.

3.2. Resonance setup

An 8 oz hammer with a metal head tip was used in the experiment to generate stress waves. For resonance

measurements, a hammer hit parallel to the wood grain was performed at one exposed end of the sample to

generate longitudinal stress waves. The resulting signal was measured using a GRAS 46BF-1 microphone
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(a) (b)

Figure 1: Theoretical dispersion curves for a 16 mm diameter aluminium rod showing the fundamental longitudinal L(0,1),

torsional T(0,1) and flexural F(1,1) wave modes plotted as (a) group velocity and (b) phase velocity.

located at the opposite end of the sample relative to the hammer impact. The microphone was connected

to a GRAS 26A-1 pre-amp and was powered through a GRAS 12AK power module. The received signal

from the microphone was then sampled at 2 MHz using the Analog to Digital Converter (ADC) channels

of a Data Translation DT9832 data acquisition module, see Figure 2. The received signal was saved to file

and further processed in MATLAB.

Figure 2: Experimental setup for resonance measurements

.

3.3. Hammer hit (ToF) setup

Traditionally, probes are inserted into a sample to penetrate through the bark and allow coupling of the

acoustic signals to the wood. However, in this work we have used shear PZT transducers manufactured by

TWI, UK [36] directly coupled to the wood sample by clamping them using springs, see Figure 3. This

provides better control over the types of vibrations being measured and transmitted. For example, by

aligning the transducers parallel to the grain, we can enhance the transmission and reception of longitudinal

vibrations and suppress torsional and flexural vibrations [21, 37].

Two transducers were positioned as shown in Figure 4. The contact faces of the shear transducers were

oriented parallel to the grain to enhance the reception of vibrations in the longitudinal direction. A hammer

hit was performed at one end of the sample parallel to the grain. The received signal produced by the
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(a)

(b)

Figure 3: Photo (a) shows one of the transducers used in this experiment. Photo (b) shows the transducer being pushed against

a wooden rod sample using springs.

hammer hit has a high amplitude and hence pre-amps were not needed. The transducers were directly

connected to the ADCs of the DT9832 and the received signal at RX1 and RX2 were sampled at 2 MHz and

saved to file. The recording of the received signal was initiated by pressing a keyboard button just before a

hammer hit was manually performed.

Figure 4: Experimental setup for hammer hit (ToF) measurement.

3.4. Tone burst and guided wave setup

Three shear transducers were positioned and clamped in the configuration shown in Figure 5. The contact

faces of the transducers were oriented parallel to the grain to enhance the transmission and reception of

vibrations in the longitudinal direction [21]. Note that the positioning of the RX1 and RX2 transducers was

the same as for the hammer hit measurements.

The excitation signal applied to transducer TX was created in MATLAB and outputted from an Agilent

33210A Function Generator. To amplify the transmitted signal, a custom-built linear power amplifier capable

of amplifying signals up to 400 Vpp was used. The receivers were connected to pre-amps and the received

signal at RX1 and RX2 were sampled at 2 MHz using the ADC channels of the DT9832 module, refer

Figure 5. The received signals were saved to file for further processing. In contrast to the manual hammer

hit recordings, hardware triggering was used to synchronise the transmission of the transmit signal with the
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Figure 5: Experimental setup for tone burst and guided wave measurements.

recording of the received signal. Two types of excitation were made using this experimental setup, which

are tone burst excitation with and without Hanning window.

Non-windowed tone burst measurements were used for amplitude threshold ToF measurement. These

were used as they were narrowband and were more repeatable than hammer hit excitation. The tone bursts

were five cycles of a 15 kHz sine wave. These measurements will be referred to as “tone burst measurements”

in the following text.

Hanning-windowed tone bursts were used for the guided wave measurements. Windowing helps to reduce

the bandwidth of the signal to minimise the effects of dispersion. These measurements used five cycles of

a Hanning windowed sine wave with central frequencies ranging from 15 to 50 kHz in 1 kHz increments.

These measurements were performed to experimentally measure the phase velocity dispersion curves for the

L(0,1) wave mode and will be referred to as “guided wave measurements” in the remainder of the paper.

3.5. Data processing

For resonance measurements, the microphone recordings of hammer hits at the ends of the rods were

processed to calculate resonance acoustic velocities for both samples. The FFT of the received signal was

used to obtain the resonant frequencies. In most cases, the first or second harmonic is used to obtain

the resonance velocity. However, reports in the literature have mentioned that resonance velocities vary

depending on which harmonic frequency is used. Also, resonance measurements at lower frequencies are

more prone to errors due to frequency resolution issues [38]. To minimise these errors, an average resonance

velocity using the lowest five resonance frequency peaks using Equation 2 was obtained for each sample.

This was repeated for five measurements and the average was taken as the resonance velocity. Figure 6 below

shows the FFT spectra of the wood and aluminium samples obtained from the resonance measurement. The

red-marked points correspond to the resonant peaks for the longitudinal wave mode.

ToF velocity measurements were obtained using the FToA amplitude threshold method. The times when

the signal at receivers RX1 and RX2 first went above a certain threshold were measured. The difference

between these times T was then calculated. The ToF velocity was then calculated using Equation 3. This

was performed for both hammer impact and the 15 kHz sine wave tone bursts. The threshold was set to
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(a) (b)

Figure 6: Plots of FFT spectra obtained from resonance measurements for (a) aluminium and (b) wood sample.

0.002 V and 0.02 V for the hammer impacts and tone bursts respectively. These values were chosen as they

were approximately three times the standard deviation of the RMS of the noise and did not result in false

positives. Note that a lower threshold value was used for the hammer hits as pre-amps were not used for

these measurements which resulted in a lower noise. The average of five measurements was taken as the

measured ToF acoustic velocity. The measurements were performed without removing the transducers.

Experimentally measured dispersion curves for the fundamental longitudinal L(0,1) wave mode were ob-

tained from the guided wave measurements. These measurements were performed using Hanning windowed

sine wave signals with varying transmit frequencies. Phase velocities were obtained from these measure-

ments using a frequency-domain shifting technique. For each transmission, the received signal at RX1 was

converted into the frequency-domain using the Fast Fourier Transform (FFT). Equation 4 was then used

to simulate the propagation of the RX1 signal by a distance d using an initial phase velocity vph. The

propagated signal was then converted back into the time-domain using the Inverse Fast Fourier Transform

(IFFT). The Root Mean Squared Error (RMSE) between the propagated time-domain RX1 signal and the

received signal at RX2 was calculated. The phase velocity was iteratively adjusted by 1 m/s until a mini-

mum RMSE was obtained. The velocity value which corresponds to the minimum RMSE was taken as the

phase velocity at the central transmit frequency. This process was repeated for a range of central transmit

frequencies. Figure 7 shows a block diagram process of measuring the phase velocity from received signal

RX1 and RX2.

3.6. Dispersion curves and dispersion compensation

Phase velocity dispersion curves were fitted using the calculated phase velocities of the guided wave

measurements performed at various transmit frequencies for both samples. For the aluminium sample, a

theoretical phase velocity dispersion curve of the L(0,1) wave mode was obtained using GUIGUW and the

parameters mentioned in Section 3.1. The same could not be done for the wood sample as the mechanical
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Figure 7: Block diagram process of obtaining phase velocity from guided wave measurements.

properties are not known. However, a curve of best fit was plotted using the following equation

cl = co

√
1 + α1 α2 k2

1 + α1 k2
, (9)

where co is the rod velocity, α1 and α2 are constants and k is the wavenumber. The optimum values for co, α1

and α2 were obtained using a non-linear least squares fitting technique. The above equation is based on the

correction of the Rayleigh-Bishop theory [39] which approximates the dispersion relation of the fundamental

longitudinal wave mode for isotropic bars of any cross-section. The equation was chosen as it is easy to use

and gives good approximations at low frequencies.

Using the theoretical and fitted dispersion curves, dispersion compensation was performed on both the

simulated and experimental waveforms for the transmitted frequency range using the method described in

Section 2. The ToF acoustic velocities were then obtained using the FToA amplitude threshold method.

These ToF measurements were obtained both before and after dispersion compensation had been applied to

the signals.

3.7. Numerical simulation

Simulations were also performed to evaluate if dispersion was causing any overestimation in amplitude

threshold ToF velocity measurements. The advantage of performing these simulations was that it allowed

the effects of dispersion to be evaluated without any other external factors being present that could influence

the wave propagation.

Two types of excitation signals were used in the simulations. A hammer hit excitation signal was

approximated as half of a cycle of a sine wave with frequencies respectively of 2 and 8 kHz for wood and
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aluminium samples. These were chosen as the shape was similar to the first cycle of the measured hammer

hit signals for these samples. Additionally, a five cycle 15 kHz sine wave was also used.

Using the experimentally measured L(0,1) phase velocity dispersion curves for aluminium and wood,

Equation 4 was then used to simulate the propagation of these excitation signals at a distance of 2510 mm

for both samples respectively. Figure 8 shows an example of the simulated transmitted and received signals

for the aluminium sample.

(a) Half a cycle of a 8 kHz sine wave. (b) Five cycles of a 15 kHz sine wave.

Figure 8: Plots showing the simulated transmit and received signal using different signal excitation for the aluminium sample.

The FToA of the received signals were then determined from the simulated signals using the amplitude

threshold method with a threshold value of 0.01 V. The simulated amplitude threshold ToF acoustic velocity

was then measured using Equation 3.

4. Results

Table 1 shows the experimental acoustic velocities obtained using resonance, amplitude threshold ToF

and guided wave methods for both aluminium and wood samples, before any dispersion compensation was

performed. Note that the resonance and hammer hit ToF acoustic velocities presented in the table are

obtained from the average of five measurements. Both tone burst and guided wave measurements produced

similar results for each individual recording. Hence the uncertainty of the two measurements was calculated

from the sampling resolution. Results from the table show that the acoustic velocities obtained using the

amplitude threshold ToF(for both hammer hit and tone burst excitation) and guided waves method were

higher than resonance. This is observed for both the aluminium and wood samples. The ToF velocity

measurements were outside the uncertainty range for resonance and were approximately 1.8 - 3.2% higher.

Guided wave velocities have a lower overestimation ( < 1% ) relative to resonance and are within the

uncertainty of the resonance velocity measurements.

Note that the measured acoustic velocities for the aluminium sample are significantly lower than the

expected bulk wave speed of 6175 m/s. This indicates that bulk waves were not being measured and hence
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Table 1: Experimental acoustic velocity measurements obtained using different excitation methods for the aluminium and wood

samples. The guided wave acoustic velocity represents the phase velocity of a 5 cycle Hanning-windowed 15 kHz sine wave.

Methods Aluminium (m/s) Wood (m/s)

Resonance 5036 ± 21 4463 ± 41

Hammer (ToF) 5130 ± 35 4592 ± 33

Tone burst (ToF) 5141 ± 7 4608 ± 7

Guided Waves 5062 ± 7 4508 ± 7

this is not a cause of the overestimation relative to resonance observed for this sample.

4.1. Experimental dispersion curves

Figure 9 shows the guided wave phase velocity measurements obtained for the aluminium and wood

samples. Each data point in the figure represents a single measurement obtained using a narrowband

excitation signal. This excitation signal was composed of five cycles of a Hanning-windowed sine wave with

a central frequency fo. These measurements were repeated using values of fo which ranged from 15 to 50

kHz for aluminium and 15 kHz to 40 kHz for wood in 1 kHz increments. The frequency range used for the

two materials was different due to the higher attenuation rate in wood at higher frequencies. For the wood

sample, the phase velocities for frequencies above 40 kHz could not be measured reliably as the received

signals were highly distorted due to attenuation and hence the results were omitted. Overlaid are their

respective phase velocity dispersion curves. For aluminium, the theoretical dispersion curve was obtained

using GUIGUW. For wood, the dispersion curve was obtained by fitting a curve through the guided wave

phase velocity measurements using the method described in Section 3.6. Both dispersion curves are observed

to match well with the experimental guided wave measurements. The average error between the measured

and theoretical/fitted phase velocities were 5 m/s and 7 m/s for aluminium and wood respectively. The

fitted dispersion curve for wood has high R2 value (0.99) at the frequency range of interest. Figure 9 also

shows that the dispersion curve for wood has more curvature compared to aluminium which implies that

the wood sample is more dispersive.

Figure 10 shows the wavenumber-frequency domain plots which were presented in our previous paper

[21] for the same samples. Overlaid are the guided wave phase velocities and dispersion curves shown in

Figure 9 which have been converted into wavenumber using Equation 5. It can be seen that the guided

wave measurements and dispersion curves matches well with the L(0,1) wave mode from the wavenumber-

frequency plots. Note that the wavenumber-frequency domain plots have relatively low resolution. This

would cause dispersion curves obtained from the wavenumber-frequency domain plots to have high variations

when converted to phase velocity-frequency domain compared to dispersion curves obtained directly from

phase velocity measurements. The error is more prominent at lower frequencies and decreases with increase
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Figure 9: Guided wave phase velocity measurements overlaid with dispersion curves for aluminium and wood sample.

in frequency.

(a) Wavenumber-frequency plot for aluminium (b) Wavenumber-frequency plot for wood

Figure 10: Wavenumber-frequency plots obtained using the 2D FFT method overlaid with experimental guided wave measure-

ments and fitted dispersion curves.

4.2. Simulated ToF measurements

Simulations were performed using the method described in Section 3.7 to evaluate the effects of dis-

persion on amplitude threshold ToF measurements and if these effects could be mitigated using dispersion

compensation. The received signal at RX1 and RX2 were simulated using the measured dispersion curves

of the L(0,1) wave mode shown in Figure 9. Amplitude threshold ToF acoustic velocity measurements were

first obtained from the unprocessed simulated signals for the simulated hammer hit and tone burst excita-

tion. Dispersion compensation was then performed in post-processing on the simulated received signal for

both RX1 and RX2. Amplitude threshold ToF velocity measurements were then repeated on the dispersion

compensated received signals.

Figure 11 shows an example of the simulated received signal for the aluminium sample before and after

dispersion compensation has been performed. Note that these plots have been zoomed in to show the first

Chapter 4

65



Table 2: Simulated acoustic velocity measurements for aluminium and wood before and after dispersion compensation. Note

that the expected theoretical resonance velocities for aluminium and wood are 5058 and 4526 m/s respectively.

Material Excitation
Dispersion compensation

Before (m/s) After (m/s)

Aluminium
Hammer 5130 5064

Tone burst 5141 5072

Wood
Hammer 4592 4538

Tone burst 4608 4545

arrival of the signal at the RX2 transducer located at the end of the sample, see Figure 5. The plots show

that dispersion compensation resulted in a significant difference in rise time at the start of the signal. The

dispersion compensated signal has a sharper rise time and is slightly delayed compared to the original signal.

However, the phase and rise time were not significantly different at other times. This was also observed for

the wood sample. The large difference in rise time at the start of the signal could lead to a difference in

amplitude threshold ToF measurement and acoustic velocity measurement of the propagating wave.

(a) Simulated hammer hit. (b) Simulated tone burst.

Figure 11: Plots showing the simulated received signal for the transducer RX2 located at the end of the sample before and

after dispersion compensation for a half-cycle 8 kHz sine wave, meant to roughly approximate a hammer hit, and a 5 cycle 15

kHz tone burst for aluminium.

The simulated signals were processed using the FToA amplitude threshold method to obtain simulated

ToF velocity measurements. The measured amplitude threshold ToF velocities of the simulated signals,

before and after dispersion compensation, were obtained for the aluminium and wood samples, see Table 2.

The results show that the measured acoustic velocities before dispersion compensation was performed were

higher than the expected resonance velocity. The results also show a reduction in the simulated acoustic

velocities after dispersion compensation was performed making them closer to the expected theoretical

resonance values.
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4.3. Experimental ToF measurements

Experimental measurements using hammer hit and tone burst excitations were also performed to inves-

tigate the effects of dispersion on amplitude threshold ToF measurements. Figure 12 shows the time-domain

and frequency-domain spectra of the experimentally received signal from transducers RX1 and RX2 using

hammer hit excitation for the aluminium and wood samples. It be seen that the wood sample has higher

attenuation with increased frequency compared to the aluminium sample.

(a) Time domain - aluminium (b) Time domain - wood

(c) Frequency domain - aluminium (d) Frequency domain - wood

Figure 12: Plots showing the time-domain and frequency-domain spectra of the received signals at transducers RX1 and RX2

for aluminium and wood samples using hammer hit excitation.

In a similar manner to that used in the simulations, post-processing was performed on the experimental

RX1 and RX2 received signals to obtain amplitude threshold ToF measurements. These ToF measurements

were obtained both before and after dispersion compensation was performed on the received signals. Figure

13 shows plots of the original received signal and the dispersion compensated signal for the aluminium and

wood samples. Note that the arrivals times of the received signal for the hammer hit excitation and tone

burst excitation are different as the hammer hit was performed manually without any hardware synchro-

nisation. The results from the figure are similar to what had been observed in the simulations. The plots

show that the rise time at the start of the received signal becomes sharper and is slightly delayed for the

dispersion compensated signal. Also, the phase and rise time of the received signal before and after disper-
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(a) Aluminium - hammer hit. (b) Aluminium - tone burst.

(c) Wood - hammer hit. (d) Wood - tone burst.

Figure 13: Plots showing the effect of performing dispersion compensation on experimental ToF measurement signals on

transducer RX2 for the aluminium and wood samples using a hammer impact and a 5 cycle 15 kHz sine wave tone burst

excitation signal.

sion compensation were similar at other times. This was observed for both the hammer hit and tone burst

measurements.

The average acoustic resonance velocity for the aluminium and wood samples are 5036 ± 21 m/s and 4463

± 41 m/s respectively. Table 3 shows the experimental amplitude threshold ToF acoustic velocities measured

before and after dispersion compensation was performed on the received signal. The results show that the

amplitude threshold ToF measured acoustic velocities for the dispersion compensated signal are smaller than

the original dispersed signal and is quite similar to the resonance velocity. This indicates that dispersion

compensation was able to reduce the overestimation of the amplitude threshold ToF measurements relative

to resonance. Note that the measured acoustic velocity using the tone burst excitation is slightly higher

than the hammer impact for both the original and dispersion compensated signal.
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Table 3: Experimental amplitude threshold ToF acoustic velocity measurements for aluminium and wood before and after

dispersion compensation. Note that the acoustic resonance velocity for the aluminium and wood samples are 5036 ± 21 m/s

and 4463 ± 41 m/s respectively.

Material Excitation
Dispersion compensation

Before (m/s) After (m/s)

Aluminium
Hammer 5130 ± 35 5064 ± 16

Tone burst 5141 ± 7 5072 ± 7

Wood
Hammer 4592 ± 33 4476 ± 33

Tone burst 4608 ± 7 4525 ± 7

5. Conclusion

This work investigates the effects of dispersion on ToF acoustic velocity measurements obtained using

the amplitude threshold FToA method. This technique uses the very start of the signal to measure the

acoustic velocity and is the most common technique used for ToF acoustic velocity measurements in wood.

Acoustic velocity measurements using amplitude threshold ToF, resonance and guided wave methods

were performed on 16 mm diameter wood and aluminium rod samples. The guided wave measurements were

used to obtain experimental measurements of the phase velocity dispersion curves for the L(0,1) wave mode.

These dispersion curves were used to simulate the wave propagation along the rods and to perform dispersion

compensation for both the simulated and experimental data. Dispersion compensation was performed to

mitigate the effects of dispersion.

Comparisons were made between the received signal before and after performing dispersion compensation

for the simulated and experimental data. The results showed that dispersion caused the received signal to

spread out as it propagated. This resulted in the signal arriving earlier at the second transducer and

having a lower rise time than the dispersion compensated signal. This distortion at the front portion of

the dispersed signal resulted in an overestimation of the measured acoustic velocity relative to resonance

when using the amplitude threshold FToA technique. Dispersion compensation mitigated this distortion

and hence reduced the overestimation, providing ToF acoustic velocity measurements that were closer to

the resonance velocities. The L(0,1) wave mode for the aluminium sample had relatively low dispersion.

However, the results showed that overestimation in amplitude threshold ToF measurements can still occur

at these low dispersion levels. To the best of the authors’ knowledge, this is the first study to have shown

that dispersion can cause an overestimation in ToF velocity measurements obtained using FToA techniques.

The study showed that dispersion can be a potential cause of the overestimation of ToF acoustic velocity

measurements obtained using the FToA amplitude threshold technique. The same effect is expected to occur

for other FToA techniques such as AIC and MER since these techniques also utilise the front portion of

the received signal. The dispersion compensation technique can be used to mitigate dispersion effects and
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reduce the resulting overestimation of the measured ToF acoustic velocity caused by these effects.

For guided wave testing of metal structures, dispersion effects are usually reduced by using narrow

bandwidth excitation signals. There have been a couple of studies that have investigated this technique for

wood. For example, Subhani et.al [22] investigated ways to reduce the effects of dispersion in timber utility

poles using finite element analysis by selecting the optimum excitation frequency. However, the previous

studies did not report any FToA acoustic velocity measurements.

The amplitude threshold ToF velocity overestimation observed in this study was relatively low (less than

3%) compared to the values reported in the literature for standing trees, which ranged from about 7 to

31% for radiata pine [4]. However, this study was performed using thin (16 mm diameter) rods, which

had relatively minimal dispersion in the excitation frequency range used for the fastest wave mode, the

fundamental longitudinal L(0,1) wave mode.

This study has been performed on a small diameter wood sample. For larger diameter samples such

as tree stems, higher dispersion would be expected to occur, which could lead to higher overestimations.

Further work should be performed on larger diameter samples to investigate the relationship between the

measured dispersion curves and any observed overestimation in ToF acoustic velocity relative to resonance.

This should include both broadband and narrowband excitation. The experiments should also be repeated

on logs, seedlings and standing trees with varying diameters to determine the practicality of the dispersion

compensation technique. Other guided wave techniques should also be investigated which can help obtain

improved NDT measurements. Stiffness measurements should also be obtained using the techniques in this

study and compared with stiffness measurements obtained using static bending tests.
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Comparison of Stiffness Measurements of Wooden Rods

Obtained Using Acoustic Guided Waves and Static

Bending Tests

The work presented in this chapter is in preparation for submission to a journal. Some additional

experiments have been planned to be included before submission.
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Abstract

Acoustic/ultrasonic guided wave testing has been used in recent years for structural health monitoring of

timber utility poles and mechanical property characterization of wood samples. However, previous guided

wave studies for wood have only compared stiffness measurements with static bending tests for rectangular

wood samples. Additionally, these guided wave stiffness measurements have not been compared with the

acoustic resonance and time-of-flight methods that are widely used in the wood industry. This study

investigates the use of acoustic guided waves for estimating the dynamic Modulus of Elasticity (MoE) of

cylindrical radiata pine rods. These MoE values are then compared with measurements obtained using the

traditional acoustic resonance, time-of-flight and three-point static bending methods. The results suggest

that dynamic MoE values obtained using the resonance, time-of-flight and guided wave method were on

average 6.4%, 11.6% and 9.5% higher compared to static MoE obtained using three-point bending test.

Guided wave measurements are observed to offer slight improvement compared to the time-of-flight method.

Keywords: Radiata pine, rod velocity, rod, ToF, guided waves, MoE.

1. Introduction

The ability to measure the mechanical properties of wood can bring benefits to the forestry industry. The

stiffness of wood is commonly used to segregate logs which can lead to an increase in efficiency, sustainability

and profitability [1, 2]. For example, pre-sorting of logs prior to milling can allow structural sawmills to

purchase logs that can maximise grade recovery [3]. Traditionally, static bending tests are used to measure

the stiffness of wood and are considered the gold standard. Stiffness measurements obtained from this

technique are often referred to as the static Modulus of Elasticity (MoE). The technique involves applying

a load onto a sample at a constant rate and measuring the resulting deflection. The MoE is then obtained

from the resulting load-deflection curve. The two common bending tests are the three-point and four-point
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bending tests [4]. The main difference between them is the area over which load is applied. For a three-point

bending test, stress is applied directly under the center of the loading point while for a four-point bending

test, the stress is distributed on a wider area between the loading points. The static bending method is

time-consuming and generally breaks the sample, which is costly [5]. To mitigate these issues, various Non-

Destructive Testing (NDT) techniques have been developed that can be used to measure the stiffness of

wood. These include methods such as Near-infrared (NIR) spectroscopy [6], SilviScan [7] and acoustics [8].

Acoustics is the most popular NDT technique for measuring wood stiffness as it is cost-effective, simple

to use and non-destructive [9]. The stiffness of wood obtained using acoustic NDT techniques is commonly

referred to as the dynamic MoE. Wood is an orthotopic material meaning that the acoustic velocity and

mechanical properties are different in three directions - longitudinal, flexural and torsional. The stiffness of

wood is related to the MoE in the longitudinal direction. This is generally described as

EL = ρ cl
2, (1)

where ρ is the density of the material and cl is the acoustic velocity propagating in the longitudinal direction.

The stiffness and acoustic velocity in the longitudinal direction for wood has been related to various wood

properties such as microfibril angle, variation in grain angle, tracheid dimensions and density [10].

The two common acoustic methods used for measuring the stiffness of wood are the resonance and Time-

of-Flight (ToF) methods. The resonance method involves generating longitudinal stress waves by performing

a hammer hit parallel to the wood grain at one exposed end of the wood sample. A device at one end of the

sample is then used to measure the received signal. A Fast Fourier Transform (FFT) is performed on the

received signal to identify the resonance frequencies. The longitudinal resonance velocity cres is obtained

using

cres =
2Lfn
n

, (2)

where L is the sample length, fn is the nth harmonic frequency and n is an integer (n = 1, 2, 3...).

The ToF method generally involves two transducers that are normally attached to probes. The probes

are driven into the timber sample and a hammer hit is performed at one of the probes to generate stress

waves. The ToF velocity can be obtained using

ctof =
∆d

T
, (3)

where ∆d is the distance between the two probes and T is the time taken for the stress waves to propagate

from one probe to the other. Typically, the ToF method uses the First Time of Arrival (FToA) technique

to determine when a signal first arrives at the receiver. This technique only looks at the very first portion

of the signal and ignores the remainder.

Both acoustic methods are widely used for NDT testing of wood. The ToF method can be used on

both standing trees and felled logs whereas the resonance method can only be used on felled logs. Stiffness
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measurements performed at the standing tree stage can help in forest evaluation, forest management and

silviculture [11, 12].

Studies have shown good correlations between MoE values obtained using acoustic resonance and ToF

methods with static bending tests [13, 14, 15]. However, the literature has shown that acoustic velocity and

stiffness measurements obtained using the ToF method are systematically higher compared to resonance

and can vary between 7 - 35% [16]. This overestimation is also observed between dynamic MoE values

obtained using the ToF method and static MoE values obtained using static bending tests [17]. There have

been suggestions as to the potential causes of the overestimation such as log diameter [18], the variation

in stiffness from pith to bark [19] and the difference in wave propagation between the resonance and ToF

methods [20]. However, the exact cause of the overestimation is still not known. Alternate methods to

measure the mechanical properties of standing trees needs to be investigated.

Ultrasonic guided wave testing is another NDT technique which has successfully been used for structural

health monitoring of structural materials such as metals and concrete [21]. For wood studies, guided waves

(GW) have been used for embedded depth estimation [22] and damage assessment [23] of cylindrical timber

utility poles. There have been a few studies that have utilized guided wave techniques to measure the elastic

constants for rectangular wood samples [24, 25]. Other studies have also used guided wave techniques to

obtain the mechanical properties of rectangular wooden plates and compared them with static bending

methods [26, 27, 28]. Guided wave studies used for stiffness estimation of wood have only been performed

on rectangular cross-section wood samples, which generate Lamb waves and are different to the rod waves

generated in circular cylindrical samples. Furthermore, the dynamic MoE values obtained from the guided

wave technique have not been compared with dynamic MoE values obtained using traditional resonance and

ToF methods.

In our previous work [29], we proposed a new approach to obtain the rod velocity of wood using multi-

frequency guided wave measurements. The rod velocity was then compared with acoustic velocities obtained

using the traditional resonance and ToF methods. That study only performed measurements on two wooden

samples and compared the acoustic velocities and did not include stiffness measurements obtained using

static bending tests. Static bending tests are considered the gold standard for measuring the stiffness

of wood. Therefore, in this article, we extend on the previous work by comparing MoE values for fifteen

cylindrical wooden rods obtained using traditional resonance, ToF, static bending and guided wave methods.

To the best of the author’s knowledge, this is the first study to compare stiffness measurements using all

four methods for any type of material.

This paper is organised as follows. The methodology and experimental procedure are described in Section

2. The experimental results are discussed in Section 3. Lastly, the conclusion and suggestions for future

work are given in Section 4.
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2. Materials and method

The objective of this study is to compare MoE measurements obtained using resonance, ToF, guided

waves and static bending test methods. To do so, fifteen off-the-shelf cylindrical kiln-dried radiata pine rods

with a diameter of 16 mm and length of 2440 mm were obtained. The age and origin of the samples are

not known. The samples were chosen such that they were undamaged and did not contain any observable

defects. The experimental setup for each method is described in the subsections below. The moisture

content of the samples can influence the acoustic wave velocity and static bending test measurements. To

mitigate this, all the experimental procedure was performed and measured on the same day.

2.1. Resonance

For resonance measurements, a hammer hit was performed parallel to the wood grain at one end of

the rod sample. A GRAS 46BF-1 microphone with a bandwidth of 4 Hz - 100 kHz was used to measure

the vibrations [30]. The microphone was positioned at the opposite end of the sample using a clamp. The

microphone was connected to a GRAS 26A-1 pre-amp and powered through a GRAS 12AK power module.

The received signal was sampled at 2 MHz using the ADC channel from a Data Translation DT9832 data

acquisition module. The data was saved to file and processed in MATLAB. The experimental setup can be

seen in Figure 1.

Figure 1: Diagram of the experimental setup for resonance measurements.

A Fast Fourier Transform (FFT) was performed on the received signal and the resonance peaks were

identified. Normally, either the first or second harmonic is commonly used. However, in this study, the

average velocity obtained from the first and second harmonic is taken as the resonance velocity. The

resonance dynamic MoE was then calculated using Equation 1 by substituting the value of cres into cl.

2.2. Time of flight

Dry-coupled shear PZT transducers were used in this study for excitation/reception of vibrations [31].

The direction of vibration for these shear transducers is parallel to the contact face. This is different

from compressional transducers where the direction of vibration is normal to the contact face. The shear
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Figure 2: Diagram of the experimental setup for ToF measurements.

(a) (b)

Figure 3: Photo (a) shows the shear transducer used in the study (with dimensions). Photo (b) shows the transducer being

clamped onto a wooden sample.

transducers are broadband and have a flat frequency response for the frequency range of interest. For ToF

measurements, two transducers acting as receivers were used and were positioned as shown in Figure 2. The

receivers were aligned parallel to the grain to receive longitudinal vibrations and clamped using springs to

provide dry coupling, see Figure 3. A hammer hit was performed parallel to the grain at the opposite of

the end sample to generate longitudinal vibrations. The recording of the signal was initiated by a keyboard

button press just before the hammer hit was performed. At the receiver, the received signals were sampled

at 2 MHz using the ADC channels from the DT9832 module. The signal was saved to file and processed

using MATLAB.

The amplitude threshold method was used to determine the FToA of the ToF received signals. A fixed

threshold value of 0.002 V was used. The threshold value was chosen such that it is 5 times the standard

deviation of the noise and did not result in false positives. The average of 10 measurements per sample

was taken as the average ToF velocity. This ToF velocity was then used in Equation 1 to obtain the ToF
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dynamic MoE.

2.3. Guided waves

Figure 4: Diagram of the experimental setup for guided wave measurements.

For guided wave measurements, three transducers in a pitch-catch configuration were used. The trans-

ducers were positioned as shown in Fig. 4. Five cycles of a sine wave with central frequencies ranging

from 15 - 40 kHz were used for excitation. A Hanning window was applied to the signal for narrowband

excitation. The signal was created in MATLAB and outputted from an Agilent 33220A function generator.

The outputted signal was amplified to 400 Vpp using a custom-built linear power amplifier. To receive the

signal, receivers were connected to custom-built pre-amps and sampled at 2 MHz using the ADC channels

from a DT9832 module. Hardware triggering was used to synchronise the excitation and reception of the

signal.

Guided wave measurements were performed over a range of frequencies and phase velocities were calcu-

lated using a frequency-shifting technique. A curve was fitted through the longitudinal L(0,1) phase velocity

measurements to obtain the “rod velocity” which is the phase velocity at zero frequency. Refer to our

previous paper [29] for a more detailed explanation of this method. The guided wave dynamic MoE was

then calculated by using this rod velocity in Equation 1. The traditional ToF method is used in this study.

Therefore, the dispersion compensation technique presented in our previous paper [32] was not implemented

for both ToF and guided wave received signals.

2.4. Static bending test

For comparison, static MoE measurements of the samples were obtained using three-point bending tests.

The tests were performed using an Instron 5967 Universal Testing Machine according to the ASTM D198

standard [33]. Roller supports were positioned near the edges of the sample for support and a span length

of 2200 mm was used. Load was applied to the center of the sample at a loading rate of 15 mm/min. The
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three-point bending test was performed until an elongation of 100 mm at the midpoint was achieved. The

static MoE was then calculated using

ES =
PL3

48∆I
, (4)

where P is the load (N), L is the span length (mm), ∆ is the displacement at midspan (mm) and I is the

moment of inertia (mm4). Figure 5 and 6 shows the experimental setup for the three-point bending test

on a 16 mm diameter wooden sample. The moisture content of the samples was measured using a MD918

moisture meter and was measured on the same day as the static bending test. The density of the samples

was calculated according to the ASTM D2395 standard [34].

Figure 5: Diagram of a three-point static bending test with centre load.

(a) (b)

Figure 6: Experimental setup for three-point bending test using the Instron 5967 Universal Testing Machine.
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3. Results

3.1. Wood properties

Table 1 shows the mass, density, acoustic velocity, dynamic MoE and static MoE values obtained for the

fifteen radiata pine cylindrical rod samples. The measured moisture content of the samples is approximately

8.5% with no variation between the samples. The measured density of the samples ranges between 395 - 655

kg/m3, as seen in Table 1. The average density of the samples is approximately 525 kg/m3 with a standard

deviation of 68 kg/m3. The minimum and maximum values of static MoE obtained were 8.00 and 17.00

GPa respectively whereas the dynamic MoE values ranged from 8.31 - 19.33 GPa. The density and stiffness

values obtained in this study are within the range reported in the literature for radiata pine [35].

Table 1: Measured values for varying parameters for the fifteen wooden rod samples where EL(res), EL(ToF ) and EL(GW ) are

the dynamic MoE values for the resonance, ToF and guided wave methods respectively and ES are the static MoE values.

Sample
Mass

(g)

Density

(kg/m3)

Acoustic velocity (m/s) EL(res)

(GPa)

EL(ToF )

(GPa)

EL(gw)

(GPa)

Es

(GPa)Resonance ToF GW

1 248 504 5308 5184 5248 14.21 13.56 13.89 13.59

2 282 574 5621 5805 5754 18.12 19.33 18.99 17.00

3 238 484 5041 5281 5155 12.30 13.50 12.87 11.86

4 322 655 5308 5408 5446 18.45 19.16 19.43 18.73

5 254 517 5356 5592 5446 14.82 16.16 15.32 14.37

6 216 439 4468 4706 4560 8.77 9.73 9.14 8.23

7 230 468 4756 5166 5108 10.58 12.49 12.21 10.05

8 256 521 4917 5118 5068 12.59 13.64 13.38 10.93

9 314 639 5205 5408 5339 17.30 18.68 18.21 16.28

10 272 553 4935 4970 4901 13.48 13.67 13.29 12.32

11 194 395 4588 4598 4588 8.31 8.34 8.31 8.00

12 260 529 5092 5169 5146 13.71 14.13 14.01 13.01

13 268 545 5500 5493 5518 16.49 16.45 16.60 15.69

14 248 504 4684 4830 4832 11.07 11.77 11.78 9.99

15 230 468 4372 4276 4213 8.94 8.55 8.30 8.28

Mean 225 519 5010 5133 5088 13.28 13.94 13.71 12.55

Std. Dev. 32 66 367 390 398 3.24 3.41 3.44 3.26
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3.2. Relationship between dynamic MoE and density

Researchers have reported the importance of density to determine wood quality [36, 37]. Figure 7 shows

the relationship between dynamic and static MoE values as a function of density. The figure shows a positive

linear relationship between the MoE values using all four methods with respect to density.

To quantitatively measure the linear relationship between the MoE and density, Pearson’s correlation

coefficient (r-value) is used. A positive correlation coefficient indicates the tendency for one variable to

increase or decrease together with another variable [38]. Table 2 shows the correlation values between

density and the MoE values. The table shows high correlations (0.89 - 0.90) between the two variables.

The correlation values obtained in this study are higher than those reported in the literature for radiata

pine. Ivkovic et.al [7] and Lindstrom et.al [39] obtained correlation values ranging between 0.39 - 0.71 for

radiata pine samples aged between 3 - 8 years old. The low r-value may be due to the inconsistent material

properties for juvenile wood. The difference in correlation between MoE and density may also be related

to the growth rings and outerwood proportion which could lead to biased results [40]. Previous studies on

other tree species have reported strong correlations between density and dynamic MoE. For example, Illic

[41] obtained correlations ranging from 0.81 - 0.83 between density and resonance dynamic MoE values.

Chauhan and Sethy [42] obtained correlations ranging from 0.73 - 0.74 between density and dynamic MoE

obtained using resonance and ToF methods for 8 different wood species. In contrast, some studies have

advised against using density alone as a predictor of MoE [43, 44] or have reported no correlation between

them [45].

Figure 7: Relationship between MoE values obtained using different methods and density of the samples.
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Table 2: Pearson’s correlation coefficient between dynamic and static MoE values and density.

Density EL(res) EL(ToF ) EL(GW )

EL(res) 0.90 - - -

EL(ToF ) 0.89 0.97 - -

EL(GW ) 0.90 0.98 0.99 -

ES 0.89 0.99 0.96 0.97

Figure 8: Relationship between dynamic and static MoE for 16 mm diameter wooden rod samples.

3.3. Comparison between static and dynamic MoE

Figure 8 shows the relationship between dynamic MoE and static MoE values obtained for the wooden

rod samples. The figure shows good agreement between dynamic MoE values obtained using resonance,

ToF and guided wave methods with static MoE values. The coefficient of determination, R2 value is used to

measure the goodness of fit of the regression models to predict static MoE from dynamic MoE values. High

R2 values (0.93 - 0.98) were obtained between the dynamic MoE and static MoE values. The results show

that dynamic MoE values obtained using resonance, ToF and guided wave methods are higher compared to

static MoE values.

An R2 value of 0.98 was obtained using the resonance method. Resonance dynamic MoE values were

on average 6.4% higher compared to the static MoE values. Similar results were obtained by Lindstrom

et.al [40] who performed stiffness measurements using the resonance method on radiate pine samples. The

authors obtained an R2 value of 0.93 and the results from the study show that dynamic MoE values were on

average 4 - 7% higher compared to static MoE. Previous studies on other wood species have also obtained

resonance dynamic MoE values which were approximately 5 - 10% higher compared to static MoE values
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[46, 47]. The resonance dynamic MoE values obtained in this study are consistent with those reported in

the literature. More work is needed to investigate the cause of the variation between the resonance dynamic

MoE and static MoE values.

Using the ToF method, an R2 value of 0.93 was obtained. The ToF dynamic MoE values were on average

11.6% higher than static MoE, which is a significant overestimation. This ToF overestimation is expected

as it has been reported in the literature for wood [16, 17]. Studies have reported that ToF measurements

can vary due to factors such as the ToF tool used [48], the distance between probes [49], the position of

probes [50] and the signal strength [51]. The results of this study show relatively small variations in ToF

measurements compared to those reported in the literature. This may be because small diameter rod samples

were used. We expect higher variations between resonance and ToF measurements in green wood samples

due to variation in factors such as moisture content, microfibril angle and temperature.

Guided wave dynamic MoE values were on average 9.5% higher than static MoE values. These results

are higher than those reported by Fathi et.al [26, 27] who performed measurements on rectangular wooden

plates. The difference may be due to the geometric shape of the samples as cylindrical rods were used in

this study. Furthermore, the authors estimated the elastic modulus by measuring the Lamb wave shear

velocity and shear modulus. In this study, the longitudinal wave velocity is used to directly measure the

elastic modulus. The guided wave method used in this study also produced results that are closer to the ToF

method compared to the resonance method. This suggests that similar stress waves are being propagated

and measured using both methods. The variation between the ToF and guided wave method may be due to

dispersion effects. Dispersion can cause distortion of the ToF received signal which can lead to higher ToF

measurements. Dispersion compensation can potentially be used to obtain more accurate ToF measurements

as discussed in our previous paper [32]. The difference between guided waves and ToF measurements may be

larger for larger diameter samples as it is expected that higher dispersion will be observed in larger diameter

samples. However, more work is needed to investigate this.

4. Conclusion

In recent years, guided wave testing has been widely used for structural health monitoring and mechanical

property characterization of structural materials. Guided wave testing has also been performed for wood-

based materials. However, previous guided wave studies for wood have only compared MoE values obtained

using guided waves with static bending tests for rectangular wood samples. In this work, dynamic MoE

values obtained using the guided wave technique are compared with traditional resonance, ToF and static

bending methods for cylindrical wooden samples. The measurements were performed on fifteen cylindrical

radiata pine rods with a diameter of 16 mm and length of 2440 mm.

The rod samples have a density range of 395 - 655 kg/m3 with an average density of 519 kg/m3. The
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static MoE obtained in this study has a range of 8.00 - 18.73 GPa whereas dynamic MoE has a range

between 8.34 - 19.43 GPa. Strong correlations (r-value = 0.89 - 0.90) were observed between dynamic MoE

and density, see Table 2. Regressive models for MoE produced high R2 values, which ranged from 0.93 -

0.98 using the resonance, ToF and guided wave methods.

Table 3: Average difference between dynamic MoE obtained using resonance, ToF and guided wave methods with static MoE

obtained using three-point bending test.

Average EL(res) EL(ToF ) EL(GW )

Difference (GPa) 0.8 1.4 1.2

Standard deviation (GPa) 0.36 0.84 0.70

Difference (%) 6.4 11.6 9.5

Table 3 shows the average error between dynamic MoE and static MoE. The results show that the

resonance, ToF and guided wave methods respectively produced stiffness measurements that were on average

6.4%, 11.6% and 9.5% higher compared to the static bending test respectively. The guided wave method has

higher R2 (0.97) compared to the ToF method (R2 = 0.93). From the results, the best method to be used

for stiffness estimation of wood would be the resonance method. This is because resonance dynamic MoE

values are closest to the static MoE values which are considered the gold standard for the wood industry.

However, this method requires two exposed ends hence it cannot be used on standing trees. Alternatively,

the guided wave technique does not require two exposed ends and thus can be performed on standing trees.

The guided wave method produces stiffness measurements with lower errors and variation compared to the

ToF method. The similarity in measurements between the guided wave and ToF methods suggests that

both methods are measuring the same wave mode. The difference may be because the ToF measurements

are affected by dispersion effects. The guided wave method used in this study shows potential in obtaining

improved stiffness measurements compared to the ToF method but more work is needed.

The measurements performed in this study were limited to 16 mm diameter kiln-dried radiata pine rod

samples. Measurements should be repeated on a higher number of samples with varying diameters and sizes.

This would help to better determine the errors and uncertainties associated with the proposed guided wave

method. The measurements should also be repeated on large log samples, standing trees or seedlings. For

large samples and seedlings, the effects of inhomogeneity, moisture content, temperature, microfibril angle,

variation in grain angle, presence of knots and higher order wave modes on the proposed guided wave method

can be evaluated. The resonance dynamic MoE values found in this study were higher than static MoE

values. To determine if there is a bias in static bending measurements, measurements should be repeated

on samples with known mechanical properties and using different support length spans. Future work has

therefore been planned to perform static bending tests on aluminium rod samples to validate this.
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[4] M. Babiak, M. Gaff, A. Sikora, Š. Hysek, Modulus of elasticity in three-and four-point bending of wood, Composite

Structures 204 (2018) 454–465.
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Conclusion

Chapter 6

Conclusion

The ability to measure the mechanical property of wood, particularly stiffness, is an important

aspect for the wood industry. It can be used for the segregation of logs into different grades.

Additionally, it can also be used for improving breeding trials for juvenile trees which can help

improve the profitability, sustainability and efficiency of the industry. Traditionally, the static

bending method is used to measure the stiffness of wood. However, this method is costly, time-

consuming and can be destructive. Acoustic NDT methods such as the resonance and ToF

methods have been developed to mitigate these issues. Both acoustic methods can be used on

felled logs and timber samples but the ToF method is the only acoustic method that can be

used on standing trees. Literature has reported that the ToF method has a systematic overes-

timation compared to the resonance and static bending methods. Researchers have suggested

the potential causes of the ToF overestimation but the exact cause is still not known.

In recent years, guided wave NDT methods have been widely used for structural health monitor-

ing and mechanical property characterization of metallic structures. There have also been some

guided wave studies performed for wood. Most of these guided wave studies have been performed

for structural health monitoring of timber utility poles or NDT measurements on rectangular

wooden plates. For rectangular plates, guided waves propagate as Lamb waves which are dif-

ferent to rod waves that propagate in cylindrical rods. Additionally, no previous studies have

utilised guided wave knowledge to determine the cause of ToF overestimation reported in the

literature for wood. Guided wave techniques have also not been compared with the traditional

acoustic ToF and resonance methods.

This study is one of the first works to have performed guided wave measurements on cylindrical

wood samples. This PhD study resulted in the publication of three peer-reviewed Q1 Journal
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Articles, with the fourth one currently in preparation. Additionally, two conference papers have

also been published. The results of this study show that guided wave knowledge can be used

to improve understanding of wave propagation in wood which has helped to identify a potential

cause of the ToF overestimation. Guided wave techniques can also be used to obtain improved

NDT measurements for wood. A summary of the main contributions of this study is provided

below:

1. The first study to obtain experimental dispersion curves for a wooden cylindrical rod.

2. Enhancement and suppression of desired wave modes can be achieved by utilising ring

arrays of shear transducers and varying the transducer orientation.

3. Presented a new approach to measuring the rod velocity of wood by fitting of multi-

frequency guided wave measurements.

4. Investigated the effects of dispersion on ToF measurements obtained using amplitude

threshold FToA technique.

5. The first work to show that dispersion can be a potential cause of ToF overestimation.

6. The first work to compare acoustic velocity and stiffness measurements obtained using

guided waves with traditional acoustic ToF, resonance and static bending methods.

This work shows that guided wave theory can be used to better describe wave propagation in

wood. This opens up the pathway for future researchers to implement more complex guided

wave techniques for wood. This can help motivate the development of guided wave tools and

techniques in order to obtain more accurate NDT measurements for wood. This could lead to

improved segregation and breeding opportunities which can increase economic growth. Guided

wave techniques can also be used for structural health monitoring of timber structures which

can help reduce inspection costs and time.
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Future works

Wood is an inhomogeneous material and the acoustic velocity can be affected by factors such as

the presence of knots, moisture content, microfibril angle, variation in grain angle and tempera-

ture. Additionally, higher order wave modes, which can increase wave propagation complexity,

may start to propagate at lower frequency ranges for larger diameter rods, as illustrated in Ap-

pendix 1. In order for us to better understand guided wave propagation in wood, it is beneficial

to simplify the conditions and reduce the factors that can affect the wave propagation. In this

study, we have therefore used small diameter wood samples to simplify the wave propagation.

This reduced the effects of inhomogeneity and allowed only the fundamental wave modes to

propagate. This could help us to more easily understand guided wave propagation and the

effects of dispersion on acoustic velocity measurements in the wood sample.

The diameter of wood samples used in this study is similar to that of juvenile trees and seedlings.

The outcome of this study could potentially be used in breeding trials for juvenile trees which can

help the wood industry. However, measurements would need to be performed on real juvenile

trees and seedlings to see how well the results correlate. In this case, the juvenile trees would be

different to the rods used in this study. The juvenile trees have a full ring structure and would

be more affected by increase in inhomogeneity, higher moisture content, temperature variation

and the presence of reaction wood and knots.

In future work, the experiments should also be repeated on larger diameter samples, logs, and

standing trees for a variety of wood species which have different mechanical properties. For

large diameter samples, higher dispersion is expected to occur which could lead to higher over-

estimation. It is also expected that higher order wave modes may start to propagate at lower

frequency ranges, as seen in Appendix 1. Additionally, bulks wave are also expected to occur.

In this study, higher order wave modes and bulk waves were not measured in the small diameter

samples. These waves can travel at higher velocities compared to the fundamental longitudinal

L(0,1) wave mode. The ToF method will measure the acoustic signal with the fastest velocity.

Therefore, the ToF method could be measuring the arrival times of these waves, which could
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lead to an overestimation. Future work should investigate the presence of these waves, under

what circumstances they start to propagate and their effects on ToF measurements.

In addition to experimental measurements, Finite Element Analysis (FEA) software such as

ANSYS or COMSOL Multiphysics can also be used to perform simulation of guided wave prop-

agation for wood samples. These samples could have varying geometric shapes, diameters,

mechanical properties and moisture content. The software can also be used to isolate certain

factors which can help improve the understanding of the impacts of specific factors on NDT

measurements made on wood. This can further help to identify the potential causes of ToF

overestimation.

In this study, shear transducers were clamped onto the sample using springs to provide good

coupling. This method would not be practical for large diameter logs and standing trees as

it is difficult to set up. Future work should therefore be performed to investigate the practical

implementation of the shear transducers in a real-world scenario. This should include mounting,

coupling, bark penetration and whether good signal-to-noise ratio can be achieved.

The use of shear transducers in this study allowed the excitation and reception of the torsional

wave mode. Currently, there are no guided wave studies that have reported the use of the

torsional wave mode for wood. The torsional wave mode is non-dispersive hence dispersion

effects will not distort the signal which makes it suitable for NDT. The shear velocity which

is the velocity of the torsional wave mode is related to the shear modulus. The ability to

measure the shear modulus is also of interest to the wood industry. This can potentially be used

to measure the mechanical properties and anisotropy of wood which can help in segregation.

In addition, the use of Macro Fiber Composite (MFC) actuators and sensors should also be

investigated. The MFCs are thin, flexible and can easily be mounted onto samples compared to

the shear transducers used in this study. Some of the MFCs have also been specifically designed

to excite and receive torsional vibrations which could provide better signal-to-noise ratio.

The results from this study show that the measured acoustic velocities obtained using the guided

wave method are slightly higher compared to the resonance method. This may be due loading

of the samples when resonance measurements are performed. The samples were supported using
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two foam pads positioned under the sample near each end. Due to the small size of the rods

used in this study, it is possible for the samples to be loaded by the foam pads. Any loading

on the sample would reduce the resonance frequency which would cause an underestimation of

acoustic velocity. However, this would need to be investigated further.
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Appendix 1

Resonance and ToF velocity calculation

Resonance

Figure 1 shows the resonance received signal in the time and frequency domain. To calculate the

resonance velocity, the received signal in the time-domain is converted into the frequency-domain

using a Fast Fourier Transform (FFT). The nth resonance harmonic can be obtained from the

peaks observed in the frequency-domain signal. The first resonance harmonic is marked with a

red cross mark as seen in Figure 1.

(a) (b)

Figure 1: Plots of resonance received signal in the (a) time-domain and (b) frequency-domain
for a 16 mm diameter wooden sample.

The resonance velocity can be obtained by using

cres =
2Lfn
n

(1)

fn is the nth resonant frequency where n is an integer (1, 2, 3. . .) and L is the length of the

specimen. To obtain the resonance velocity from the first harmonic, the following calculations

were made. The length of the sample L = 2.460 m. At harmonic n = 1, the measured resonance
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frequency peak fn = 873 Hz. The measured resonance velocity cres is approximately 4295 m/s

as seen below.

cres =
2× 2.46 m× 873 Hz

1
= 4295 m/s (2)

Time of Flight

Figure 2 shows a diagram of the experimental ToF setup. RX1 and RX2 are transducers that

are separated by a distance and clamped onto the sample. A hammer hit is performed at one

end of the sample to generate stress waves.

Figure 2: Diagram of ToF experimental setup.

Figure 3 shows ToF received signals for a 16 mm diameter wooden rod. ToF experiments in this

study utilize the amplitude threshold technique to measure the First Time of Arrival (FToA) of

the received signals. The red-marked crosses in the figure show the FToA of the received signals

for RX1 and RX2 using a threshold value of 0.005 V.

Figure 3: ToF received signals for a 16 mm diameter wooden rod sample.
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The ToF velocity can be obtained using

ctof =
∆d

T
, (3)

where ∆d is the distance between two transducers (RX1 and RX2) and T is the propagation

time for a stress wave to propagate from one transducer to the other.

From Figure 3, we can calculate the ToF velocity of the sample. Using a threshold value of 0.005

V, the measured FToA at RX1 and RX2 are 25.9500 and 26.5095 ms respectively. The time T

taken for the stress wave to propagate from RX1 to RX2 is the difference between the FToA at

RX1 and RX2. This is calculated to be 0.5595 ms. The distance ∆d between RX1 and RX2 =

1.0 m and T = 0.5595 ms. The calculated ctof is approximately 4396 m/s as seen below.

ctof =
2.46 m

0.5595× 10−3 s
= 4396 m/s (4)
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Appendix 2

Guided wave measurements on 101.67 mm diameter aluminium sample

In previous chapters, we have utilised small diameter samples where it is expected that only the

fundamental wave modes would be visible at low frequency ranges. However, for larger diameter

samples, we would expect higher order wave modes to occur at the frequency range of interest.

Some initial measurements were therefore performed on aluminium samples to illustrate the

difference in results that would be expected on larger diameter samples. These measurements

were performed on an aluminium sample with a diameter of 101.67 mm and a length of 2510 mm,

see Figure 1. Aluminium was used because the mechanical properties are known and theoretical

dispersion curves can be generated. However, it should be noted that aluminium is isotropic

and homogeneous while wood is orthotropic and inhomogeneous.

(a) (b)

Figure 1: Photos of the 101 mm diameter aluminium sample.

Figure 2 shows theoretical wavenumber-frequency dispersion curves obtained using GUIGUW for

16 mm and 101 mm diameter cylindrical aluminium rods. These were obtained using Young’s

Modulus of 68.9 GPa and Poisson’s ratio of 0.33. For simplicity, only the longitudinal wave

modes were plotted while the flexural and torsional wave modes were omitted. Figure 2(a)

shows that for the 16 mm diameter aluminium rod, only the fundamental longitudinal wave

mode is observed. However, for the 101 mm diameter rod, it can be seen that multiple higher

order longitudinal wave modes were observed in addition to the fundamental longitudinal wave
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mode, see Figure 2(b).

(a) (b)

Figure 2: Theoretical wavenumber-frequency domain plots for aluminium sample with diameters
of (a) 16 mm and (b) 101 mm.

Figure 3: Experimental wavenumber-frequency domain plot for the 101.67 mm diameter alu-
minium sample.

Initial experimental guided wave measurements were performed on the 101.67 mm diameter

aluminium rod. Using the methodology described in Chapter 2, guided wave measurements were

made on the aluminium sample with the transducers aligned in the longitudinal direction. A 2D

FFT was performed on the guided wave measurements to obtain wavenumber-frequency domain

plot, see Figure 3. This figure shows somewhat similar results to the theoretical wavenumber
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dispersion curves shown in Figure 1(b). This shows that higher order wave modes are present.

In contrast, only the fundamental wave modes were observed for the 16 mm diameter aluminium

rod sample as seen in Figure 8 in Chapter 2. This illustrates some of the differences between

guided wave measurements performed for large diameter samples. Thus more work will be needed

for larger diameter samples. Additionally, improved resolution for the wavenumber-frequency

domain plots could be achieved using zero padding.
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Appendix 3

Effect of dispersion on measured ToF

Figure 1 shows the phase velocity dispersion curve for aluminium rods with different diameters

obtained using GUIGUW. We have also included the dispersion curve for an aluminium rod

assuming no dispersion which can be represented as an infinitely thin rod. The phase velocity

for a non-dispersive material is a constant phase velocity for all frequencies. The figure shows

that as the diameter of the aluminium rod increases, dispersion also increases.

Figure 1: Plot of dispersion curves for aluminium rod with varying diameters.

Using the method explained in Section 3.7 of Chapter 4, simulations were performed on alu-

minium rods of varying diameters. Figure 2 shows the simulated time-domain received signals

when the transmit signal travels a distance of 2.512 m. The figure shows that the rise time of

the received signal decreases as the diameter of the aluminium rod increases. This would affect

the measured ToF velocity when the amplitude threshold FToA method is used.

The theoretical rod velocity for aluminium can be obtained using

cL =

√
EL

ρ
, (5)

where EL is the Modulus of Elasticity (MoE) in the longitudinal direction and ρ is the density
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of the material. The MoE and density for aluminium 6061 are 68.9 GPa and 2,710 kg/m3

respectively. Using Equation 5, the theoretical rod velocity for the aluminium sample would be

approximately 5042 m/s.

Figure 2: Simulated time-domain received signals for aluminium rods with varying diameters.

Table 1 shows the measured ToF velocity obtained using the amplitude threshold FToA tech-

nique for aluminium rods with varying diameters. The measured ToF velocity for the infinitely

thin rod is similar to the theoretical rod velocity for aluminium. The table also shows that as

the diameter of the aluminium rod increases, the measured ToF velocity also increases. These

simulations indicate that dispersion effects can potentially cause ToF overestimation when mea-

sured using the traditional amplitude threshold method. This overestimation may vary with the

diameter of the sample.

Table 1: Measuired ToF velocities for aluminium with varying diameters.

Dispersion ToF velocity (m/s)

Infinitely thin 5042

16 mm diameter 5121

50 mm diameter 5384
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Appendix 4

This article was published and presented at the Acoustics 2022: The Nature of Acoustics con-

ference held on 31 Oct - 2 Nov 2022 at Te Papa, Wellington, New Zealand.
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ABSTRACT 

Acoustic methods such as resonance and time of flight techniques have traditionally been used to measure the mechanical 
properties of wood. Guided wave techniques have been used extensively for non-destructive testing on metallic structures. 
However, there have only been a few studies that have utilized guided wave techniques for non-destructive testing on wood. 
In this study, guided wave measurements were performed on wood and aluminium cylindrical rods using a ring array of 
shear transducers. Enhancement of either the fundamental L(0,1) or fundamental torsional T(0,1) wave modes and 
suppression of other wave modes could be achieved using the transducer array.  The torsional T(0,1) wave mode has not 
been used for non-destructive testing of wood. The non-dispersive nature of the T(0,1) wave mode makes it a desirable 
wave mode for wood property estimation. In addition, experimentally measured phase velocity dispersion curves were used 
to perform dispersion compensation on amplitude threshold time-of-flight received signals. Results suggest that dispersion 
can be a cause of overestimation in acoustic velocity measured using the time-of-flight method relative to resonance. 
Dispersion compensation can be used to mitigate this overestimation to obtain more accurate acoustic velocity 
measurements.

INTRODUCTION 

Acoustic technology is a popular Non-Destructive Testing 
(NDT) technique that is used to measure wood stiffness as 
it is easy to use and less expensive compared to other NDT 
methods.  The stiffness of wood is related to the Modulus 
of Elasticity, E in the longitudinal direction and is 
generally estimated using  

𝐸 = 𝜌 𝑣௟
ଶ (1) 

where 𝜌 is the density and 𝑣௟  is the acoustic velocity in the 
longitudinal direction. The resonance and Time of Flight 
(ToF) methods are the most common acoustic methods 
[1]. However, it has been reported that the ToF method 
has a systematic overestimation in measured acoustic 
velocity compared to the resonance method [2]. 

An acoustic signal propagating in a rod-like structure 
initially propagates as bulk waves. After travelling 
sufficient distance, guided waves are expected to be 
generated. These guided waves are composed of different 
types of vibrations called wave modes which are generally 
dispersive. The wave modes propagating in rod-like 
structures are the longitudinal, flexural and torsional wave 
modes. Dispersion happens when the frequency 
components in a signal travel at different velocities along 
a waveguide. As the signal propagates, it spreads out it 
space and time. Dispersion curves describe the 
relationship between the velocity of the wave modes with 
frequency and can be represented in different domains 
such as phase velocity vs frequency, group velocity vs 
frequency or wavenumber vs frequency [3].  

There are several studies that have performed guided 
wave measurements in timber samples [4]–[10]. 
However, no previous study has investigated the effects 
of dispersion on ToF measurements performed on wood. 
The effects of dispersion on sharp impacts have been 

investigated for isotropic materials using Split Hopkinson 
Pressure Bar (SHPB) test. It has been reported that 
dispersion can cause significant changes to the rise time at 
the start of the measured received signal [11]. Dispersion 
compensation techniques have been used to reduce the 
effects of dispersion on guided wave measurements for 
isotropic materials [12]. However, no previous studies 
have performed or investigate the effects of dispersion 
compensation for wood. 

This paper investigates the use of shear transducers and 
guided wave measurements to obtain experimental 
dispersion curves for a cylindrical wooden rod. This is 
also the first study to use a ring array of shear transducers 
for wood. Results indicate that the desired wave modes 
can either be enhanced or suppressed by changing the 
alignment and using a ring array of transducers. The non-
dispersive torsional T(0,1) wave mode has not been used 
for non-destructive testing for wood. The T(0,1) wave 
mode is non-dispersive and makes it suitable for wood 
property measurement. The systematic overestimation of 
the ToF method relative to resonance have been reported 
in literature. The effects of dispersion on ToF 
measurements for wood has not been investigated. 
Experimentally measured dispersion curves were used to 
perform dispersion compensation on ToF measurements. 
The result suggest that dispersion can be a cause of the 
overestimation and dispersion compensation can be used 
to mitigate this.  

MATERIALS AND METHODS 

A kiln-dried radiata pine rod with a diameter of 16 mm 
and length of 2460 mm was used. Similarly, an aluminium 
rod with a diameter of 16 mm and length of 2510 mm was 
also used for comparison purposes. Shear transducers 
manufactured by Plant Integrity Ltd [13] were used for 
transmission and reception. For dry coupling, the 
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transducers were clamped onto the sample using springs 
as shown in Figure 1. The contact faces of the transducers 
were aligned parallel to the wood grain for longitudinal 
wave transmission and reception. For torsional wave 
mode transmission/reception, the contact faces of the 
transducers were aligned at right angles to the wood grain. 
A ring array of four transducers was mounted around the 
sample using the mounting system shown in Figure 2.  

Figure 3 shows the theoretical phase velocity dispersion 
curve for the aluminium rod sample. These were obtained 
using GUIGUW using the following parameters. A rod 
diameter of 16 mm, density of 2,710 kg/m3, Young’s 
Modulus of 68.9 GPa and Poisson’s ratio of 0.33. The 
dispersion curve shows only the three fundamental wave 
modes are present. Both the longitudinal L(0,1) and 
flexural F(1,1) wave modes are dispersive whereas the 
fundamental torsional T(0,1) wave mode is not.  

ToF experimental setup 

For wood related studies, the ToF method involves two 
probes inserted into a sample and separated by a distance 
d. The acoustic velocity is then measured using  

𝑣௧௢௙ =
∆ௗ

்
 (2) 

where T is the propagation time of the stress wave from 
one probe to the other. First Time of Arrival (FToA) 
techniques are commonly used to determine the arrival 
time of a received signal. The technique only looks at the 
first part of the signal and ignores the remainder of the 
signal. The amplitude threshold is the most common 
FToA method used for NDT testing. The method 
measures the time at which a signal first goes above a 
certain threshold value.  

For ToF measurements, a shear transducer (RX1) was 
positioned 50 mm away from end of the sample while 
another transducer (RX2) was positioned at the opposite 
end to receive vibrations. A hammer was impacted at one 
end of the sample (near RX1) parallel to the grain to 
generate longitudinal vibrations. The signal received from 
the transducers were then recorded. The transducers were 
directly connected to the ADC channels of a DT9832 
module and sampled at 2 MHz. The amplitude threshold 
method was used to determine the time T taken for the 
signal to propagate between the two receivers. The ToF 
velocity was then calculated using Equation (2). The ToF 
measurements were repeated 10 times and the average 
ToF velocity was obtained. 

Resonance experimental setup 

For resonance measurements, a hammer was impacted 
parallel to the grain at one end of the sample.  A GRAS 
46BF-1 microphone was positioned at the opposite end of 
the sample to measure the received signal. The received 
signal was sampled at 2 MHz using the ADC channels 
from a DT9832 module. A Fast Fourier Transform (FFT) 
was performed on the received signal and the resonance 
velocities were calculated using 

𝑣௥௘௦ =
ଶ௅௙೙

௡
 (3) 

where L is the length of the sample and fn is the nth 
resonant frequency (where n = 1, 2, 3..). The average of 
the first 5 harmonics was taken as the resonance velocity.  

Guided waves experimental setup 

Three transducers were used for guided wave 
measurements. One transducer acting as a transmitter 
(TX) was attached at one end of the sample. Another 
transducer acting as a receiver (RX1) was attached 50 mm 
away from the transmitter while the other receiver (RX2) 
was attached at the opposite end of the sample. An 
excitation signal was created in MATLAB and outputted 
from an Agilent 33220A Function Generator. A 5 cycle 
Hanning-windowed sine wave with central transmit 
frequencies ranging from 15 kHz to 50 kHz was used as 
the excitation signal. A custom-built 400 Vpp linear 
power amplifier was used to amplify the transmit signal. 
The receive transducers were connected to custom-built 
pre-amps and the received signal was sampled at 2 MHz 
using the ADC channels of the DT9832 module.  

  
(a)                                           (b) 

Figure 1. Photo (a) shows a PZT transducer used in the 
experiment. Photo (b) shows the transducer being 

pushed against a wood sample. 

       
    (a)                                     (b) 

Figure 2. Mounting system for a ring array of 
transducers around a wood sample  

Figure 3. Theoretical phase velocity dispersion curve 
for 16 mm diameter aluminium. 
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Dispersion curve and dispersion compensation 

Assume a signal g(t) excited by a transducer that only 
generates a single wave mode. The received signal y(t) at 
a distance d from the transmitter can be modelled in the 
frequency domain as  

𝑌(𝜔) = 𝐺(𝜔)𝑒ି௝ ௞(ఠ)ௗିఈ(ఠ)ௗ, (4)  

where 𝜔 is the angular frequency, 𝐺(𝜔) is the Fourier 
Transform g(t), 𝑘(𝜔) is the wavenumber and 𝛼(𝜔) is the 
attenuation. The relationship between wavenumber and 
phase velocity vph is given by 

𝑘 =  
ఠ

௩೛೓
. (5)  

The phase velocity for each guided wave transmission was 
calculated using a frequency-domain shifting technique. 
The received signal at RX1 was converted into the 
frequency domain using a FFT. Equation (4) was then 
used to propagate the received signal by a distance d using 
an initial phase velocity vph. The propagated signal 𝑌(𝜔) 
was then transformed back to the time-domain using an 
Inverse Fast Fourier Transform (IFFT). The Root Mean 
Squared Error (RMSE) between the time-domain 
propagated RX1 signal and RX2 was calculated. The 
phase velocity vph was adjusted by 1 m/s until a minimum 
RMSE was obtained. This was repeated for a range of 
central transmit frequencies.  

A curve was fitted through the calculated phase velocities 
using Equation (6) which was derived from Ref [15]. 
Optimum values for 𝑐௢, 𝛼ଵand 𝛼ଶwas obtained using a 
non-linear least squares fitting method. 

𝑐௟ = 𝑐௢ට
ଵାఈభఈమ௞మ

ଵାఈభ௞మ . (6)  

Dispersion compensation was then performed on the ToF 
received signals. Consider a dispersed received signal y(t), 
dispersion compensation can be performed at the ith 
propagation time ti in the frequency domain using 

𝑌෠(𝜔, 𝑡௜) = 𝑌(𝜔)𝑒௝(௞(ఠ)ௗ(௧೔)ିఠ ௧೔), (7)  

where 𝑌(𝜔)is the Fourier transform of the received signal 
y(t) and d is the propagation distance. This performs 
frequency domain shifting for each frequency component 
in the signal for phase velocity correction. Each frequency 
component of the signal is calculated using Equation (7) 
and the IFFT is used to convert the frequency-domain 
dispersion compensated signal to the time-domain [14]. 
This provides correct dispersion compensation of the 
received signal y(t) at time ti only. To correct the signal 
for all times, the above process is performed in a loop 
where the ith iteration performs dispersion compensation 
for the ith signal. The product of this iterative process is a 
dispersion compensated received signal y(t) for all times. 

Obtaining wavenumber-frequency plots 

A similar experimental setup such as the one used for 
guided waves was used. A transducer acting as a 
transmitter (TX) was clamped at one end of the rod 
sample. Another transducer acting as a receiver (RX) was 

clamped 1000 mm away. A chirp signal ranging from 5 to 
100 kHz was used as the transmit signal. The received 
signal at the receiver (RX) was recorded and saved into an 
new array in MATLAB. The receiver was reattached 5 
mm away from its initial position. The chirp signal was 
retransmitted and the received signal was recorded and 
saved. This process was repeated for a total of 201 
measurements. The sampled signals from all the 
measurement positions were arranged in a 201 × N matrix, 
where N is the number of samples. A 2D FFT method [16] 
was used on the matrix to obtain wavenumber-frequency 
domain plots. Theoretical dispersion curves for 
aluminium were overlaid onto these wavenumber-
frequency domain plots. This experiment was then 
repeated using the transmit and receive arrays. 

RESULTS 

Resonance and Time of Flight 

The experimental average resonance and ToF velocities 
are given in Table 1. The results show that ToF velocities 
are slightly higher compared to resonance velocities and 
are not within the measurement error. This is in line with 
the results reported in literature where ToF measurements 
are overestimated compared to resonance measurements. 

Table 1. Average resonance and ToF velocity. 

Material 
Resonance 

velocity (m/s) 
ToF velocity 

(m/s) 

Wood 4463 ± 41 4592 ± 33 

Aluminium 5036 ± 21 5130 ± 35 

Experimentally measured dispersion curves 

Aluminium 

Figure 4 shows the experimental wavenumber-frequency 
plots for the aluminium sample obtained using different 
number of transmitters aligned either in the longitudinal 
or torsional direction. Theoretical dispersion curves for 
the aluminium sample were obtained using GUIGUW and 
overlaid onto the experimental wavenumber-frequency 
plots. The resonance velocity was converted into 
wavenumber using Equation (5) and overlaid onto the 
wavenumber-frequency domain plots. The converted 
resonance velocity line is observed to align well with the 
fundamental longitudinal L(0,1) wave mode. 

Figure 4(a) shows that using a single transmit and single 
receive transducer aligned in the longitudinal direction, 
two dispersion curves that corresponds to the fundamental 
L(0,1) and F(1,1) wave modes are observed. However, 
when four transmitters are and a single receiver was used, 
only a single dispersion curve that aligns with the L(0,1) 
wave mode is observed, as seen in Figure 4(b).  

A similar effect is seen in Figure 4(c) where the F(1,1) and 
T(0,1) wave modes are observed when a single transmit 
and single receive transducer are aligned in the torsional 
direction. Figure 4(d) shows that only the T(0,1) is mainly 
present when four transmitters were used. These results 
show that enhancement and suppression of desired wave 
modes can be achieved using a ring array of shear 
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transducers. This allows single wave mode 
excitation/reception to be achieved. Excitation of a single 
wave mode is desirable as it mitigates the distortion of the 
received signal which may be a result of the propagation 
or reflection of other wave modes. 

Wood 

Figure 5 shows the wavenumber-frequency domain plots 
for the 16 mm diameter wood sample using different 
number and alignment of transducers. Three dispersion 
curves that represent the fundamental longitudinal L(0,1), 
flexural F(1,1) and torsional T(0,1) wave modes are 
expected to be observed for the cylindrical wood sample. 
Curves have therefore been overlaid onto the 

wavenumber-frequency domain plots in order to label the 
observed wave modes. 

Similarities are observed between the wavenumber-
frequency domain plots for the wood sample in Figure 5 
and the aluminium sample in Figure 4. Different wave 
modes are being excited and measured depending on the 
alignment of the transducers. The use of a ring array of 
transducers aligned in either the longitudinal or torsional 
direction can assist in enhancing the L(0,1) or T(0,1) wave 
modes and suppressing other unwanted wave modes. A 
ring array of shear transducers can therefore be used for 
single wave mode transmission/reception in wood. When 

 
(a) Longitudinal alignment – single transmitter 

  
(b) Longitudinal alignment – four transmitters 

 
(c) Torsional alignment – single transmitter 

 
(d) Torsional alignment – four transmitters 

 
Figure 4. Wavenumber-frequency domain plots for  

the 16 mm diameter aluminium sample using different 
number and alignment of transducers 

 
(a) Longitudinal alignment – single transmitter 

  
(b) Longitudinal alignment – four transmitters 

 
(c) Torsional alignment – single transmitter 

 
(d) Torsional alignment – four transmitters 

 
Figure 5. Wavenumber-frequency domain plots for  
the 16 mm diameter wood sample using different 

number and alignment of transducers 
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the transmitters are aligned in the torsional direction, only 
the torsional T(0,1) wave mode was generated for the 
wood sample as shown in Figure 5(d). The non-dispersive 
torsional T(0,1) wave mode can potentially be used for 
non-destructive testing for wood as it is not affected by 
dispersion effects. 

Dispersion compensation 

Dispersion compensation was performed to investigate 
the effects of dispersion on the ToF received signals. 
Figure 6 shows the original ToF received signal and the 
dispersion compensated ToF received signal for the 
aluminium and wood samples using hammer hit 
excitation. The results from the figure show significant 
difference in rise time at the start of the received signal. 
The dispersion compensated received signal is slightly 
delayed and the slope of the signal is sharper compared to 
the original received signal. This phenomena was 
observed for both the aluminium and wood samples.  

Table 2 shows the amplitude threshold ToF velocities for 
the wood and aluminium samples before and after 
dispersion compensation was performed. The results 
show that a significant reduction in ToF velocity after 
dispersion compensation was performed on the received 
signal. The average resonance velocity for wood and 
aluminium are 4526 m/s and 5036 m/s respectively. The 
difference between the ToF velocity and resonance 
velocity for wood was reduced from 1.4% to 0.2% after 
dispersion compensation was performed. For aluminium, 
the difference was reduced from 1.8% to 0.5%. This 
shows that dispersion can be a  cause of overestimation 
for amplitude threshold ToF measurements. The results 
also show that dispersion compensation can be used to 
mitigate this overestimation. 

Table 2. Amplitude threshold ToF acoustic velocity for 16 
mm diameter wood and aluminium sample before and after 

dispersion compensation. 

Material 
Before dispersion 

compensation (m/s) 
After dispersion 

compensation (m/s) 

Wood 4592 4538 

Aluminium 5130 5064 

 

CONCLUSION 

Time of flight, resonance and guided wave measurements 
were performed on 16 mm diameter cylindrical wooden 
and aluminium rods using dry-coupled shear PZT 
transducers. Wavenumber-frequency domain plots were 
obtained using guided wave measurements and the 2D 
FFT method. The results show that excitation and 
reception of the desired wave modes can be achieved by 
changing the orientation of the transducers in either the 
longitudinal or torsional direction. Improved 
measurements were achieved using a ring array of shear 
transducers. The most significant improvement was most 
observed when the transducers were oriented in the 
torsional direction where the torsional wave mode was 
enhanced and flexural wave modes were suppressed. 
There are limited studies on the use the torsional wave 
mode for non-destructive testing for wood. 

The overestimation of the ToF method relative to the 
resonance method has been reported in literature. 
However, the exact cause of the overestimation is not 
known. No previous studies have investigated the effects 
of dispersion on ToF acoustic velocity measurements 
obtained using amplitude thresholding. In this study, 
experimental dispersion curves were measured and 
dispersion compensation was performed on ToF received 
signals for both aluminium and wood samples. The results 
show that dispersion can distort the rise time at the start of 
the received signal. This can affect significantly affect 
ToF measurements obtained using the amplitude 
threshold method. The results also show that dispersion 
compensation can be used to mitigate dispersion effects 
and reduce the ToF overestimation. This would allow 
more accurate wood stiffness measurements to be 
obtained.  

Future works could include performing measurements on 
samples with varying diameters to investigate the 
relationship between sample diameter and acoustic 
velocity obtained using resonance, ToF and guided wave 
measurements. As shown in the results, dispersion effects 
can be a cause of ToF overestimation. The non-dispersive 
nature of the torsional wave mode means that it is not 
affected by dispersion effects. The torsional wave mode 
could potentially be used to obtain more accurate wood 
property estimation. More research into guided waves in 
wood is necessary to determine whether improved 
measurements of wood properties can be obtained. 

 
(a)  

 
(b) 

Figure 6. Plot showing the effects of applying 
dispersion compensation on the received signals for 

amplitude threshold ToF using hammer hit excitation 
for (a) aluminium and (b) wood samples 
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ABSTRACT 

Ultrasonic Guided Wave techniques are commonly used for non-destructive evaluation of rod or plate-like structures. 
Guided waves propagate as wave modes that are generally dispersive. The phase and group velocities of these wave modes 
can be described using dispersion curves. However, these dispersion curves are dependent on factors such as the mechanical 
properties, diameter, cross-sectional shape and temperature of the sample. The 2D FFT method is commonly used to 
experimentally measure the dispersion curves but has low accuracy. Time-domain techniques have also been used to obtain 
phase velocity measurements. However, these techniques do not take dispersion effects into account, which can lead to 
errors. In this work, a technique is presented that measures the phase velocity using guided wave propagation theory, which 
includes dispersion. The results from this technique are compared to methods such as 2D FFT and zero-crossing.

INTRODUCTION 

Ultrasonic Guided Wave (UGW) techniques have been 
widely used for Non-Destructive Testing (NDT) and  
Structural Health Monitoring (SHM) of metallic 
structures such as rods, pipes and plates [1 - 2]. Dispersion 
curves are useful for UGW as they help to predict and 
understand the behaviour of different types of vibrations 
called wave modes. Dispersion curves describe the 
relationship between phase/group velocity as a function of 
frequency. The ability to experimentally measure 
dispersion curves is therefore important for guided wave 
applications. 

There are various methods which can be used to estimate 
dispersion curves such as the Short Time Fourier 
Transform (STFT) [3], Continuous Wavelet Transform 
(CWT) [4], Hilbert-Huang Transform (HHT) [5] and 
others. These methods are time-frequency analysis (TFA) 
methods and have limitations such as energy 
concentration optimization [6] and time-frequency 
resolution [7]. The most widely used method for 
dispersion curve estimation is the 2D Fast Fourier 
Transform (FFT) [8]. 

The 2D FFT method can be used to identify the presence 
of wave modes propagating in a medium. The method 
involves performing a 2D FFT in the time and space 
domain. The results of the 2D FFT gives a visual 
representation of the dispersion curves in the 
wavenumber-frequency domain. However, further 
processing of the results are needed to extract the phase 
velocity. The resolution and accuracy of the 2D FFT 
method is dependent on the number of measurement 
points and the spacing between them. To obtain high 
accuracy, a large number of measurement points with very 
small spacing between them is needed. This increases the 
complexity of the method making it difficult to obtain 
accurate results. 

Another method which is widely used for phase velocity 
dispersion curve estimation is the zero-crossing method 

[9]. The zero-crossing method measures the time instants 
at which the received signals crosses the zero amplitude 
line. This method is affected by which zero-crossing 
instants are used. The TFA methods, 2D FFT and the zero-
crossing methods do not take dispersion into account. This 
can lead to errors when performing phase velocity 
measurements especially for dispersive wave modes 
where the signal is distorted due to dispersion effects. 

This paper investigates a new method for phase velocity 
measurement using a frequency-shifting technique. The 
main feature of this technique is that dispersion of the 
wave mode is considered when obtaining phase velocity 
measurements. Initial measurements were performed on a 
slightly dispersive longitudinal L(0,1) wave mode. Using 
simulation, a signal was propagated by a distance and the 
error between the simulated and experimental signal was 
calculated. The dispersion curve was adjusted until a 
minimum error between the simulated and experimental 
signal was obtained. Measurements were performed on a 
cylindrical 16 mm aluminium rod.  A comparison between 
the proposed method, zero-crossing method and 2D FFT 
method was also made. Results show that the proposed 
method has similar performance to the zero-crossing 
method with an average error of 0.25%.  

MATERIALS AND METHODS 

Dry-coupled shear PZT transducers made by The Welding 
Institute (TWI) [10] were used for transmission and 

  
(a)                                           (b) 

Figure 1. Photo (a) shows a PZT transducer used in the 
experiment. Photo (b) shows the transducer being 

pushed against an aluminium sample. 
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reception of acoustic/guided waves. The dimension of the 
transducer is 12 mm x 14 mm. For coupling, the 
transducers were clamped onto the sample using springs 
as shown in Figure 1. Measurements were performed on a 
6061-T6 aluminium rod with a diameter of 16 mm and 
length of 2510 mm. Figure 2 shows the theoretical phase 
velocity dispersion curves for the aluminium rod sample. 
These were obtained using GUIGUW assuming a rod 
diameter of 16 mm, density of 2,710 kg/m3, Young’s 
Modulus of 68.9 GPa and Poisson’s ratio of 0.33. 

Obtaining wavenumber-frequency plots 

Wavenumber-frequency domain plots were obtained 
using the 2D FFT method described by Alleyne and 
Cawley [8]. A shear transducer used for transmission 
(TX) was clamped at one end of the sample while another 
transducer used for reception (RX) was clamped 1000 mm 
away. For transmission, a sweep signal ranging from 5 
kHz to 100 kHz was generated in MATLAB and outputted 
from an Agilent 3320A Function Generator. The 
transmitted signal was amplified to 400 Vpp using a 
custom-built linear power amplifier. The receiver was 
connected to a custom-built pre-amp and the received 
signal was sampled at 2 MHz using the ADC channels 
from a Data Translation DT9832 module. The received 
signal was then saved into a new array in MATLAB. The 
receiver was de-clamped and repositioned 5 mm away 
from its initial position. The transmission and reception 
process were repeated until a total of 201 measurement 
locations were obtained. In MATLAB, the sampled 
signals were arranged in a 201 × N matrix, where N is the 
number of samples per measurement location. A 2D FFT 
was then performed on the matrix to convert from the 
space-time domain to the wavenumber-frequency 
domain. Theoretical dispersion curves were then overlaid 
onto the wavenumber-frequency plot.  

Guided waves experimental setup 

For guided wave measurements, a pitch-catch 
configuration was used. The configuration consists of 
three transducers, one acting as a transmitter and two 
acting as receivers. The transmitter (TX) was clamped at 
one end of the rod sample. One receiver (RX1) was 
clamped 50 mm away from the transmitter and the other 
receiver (RX2) was clamped at the other end of the rod 
sample. For transmission, 5 cycles of a Hanning-
windowed sine wave with central frequencies ranging 
from 20 kHz to 50 kHz in steps of 1 kHz were used. The 

excitation signal was created in MATLAB and outputted 
from an Agilent 33220A Function Generator. The signal 
was then amplified to 400 Vpp using a custom-built linear 
power amplifier. The receivers were connected to custom-
built pre-amps and the received signal was sampled at 2 
MHz using the ADC channels from a DT9832 module.  

Phase velocity measurement 

Phase velocity measurements were obtained using the 
zero-crossing method and a frequency shifting technique. 
Details of the methods will be discussed in the following 
subsections. 

Zero-crossing 

The phase velocity of the guided wave measurements 
were obtained using the zero-crossing technique [9]. First, 
an initial threshold value was defined to window the 
received signal at the region of interest. The windowed 
signal was resampled from 2 MHz to 10 MHz using a 
spline interpolation. This was done to increase the 
resolution. The time at which the signal crosses the zero 
amplitude line before and after the threshold value were 
determined. The zero-crossing instants 𝑡ଵ(𝑥௡), 𝑡ଶ(𝑥௡), 
𝑡ଷ(𝑥௡) and 𝑡ସ(𝑥௡) are obtained, as seen in Figure 3. 

The zero-crossing instants were determined for each 
measurement location 𝑥௡ for both receiver RX1 and RX2. 
The phase velocity was calculated using 

𝑣௣௛ =
௫೙మି௫೙భ

௧೘(௫೙మ)ି ௧೘(௫೙భ)
  (1) 

where m = 1, 2, 3 or 4. From the zero-crossing instants, 
the first, second and third half periods (𝑇଴.ହ,ଵ, 𝑇଴.ହ,ଶ, 𝑇଴.ହ,ଷ) 
are obtained using 

𝑇଴.ହ,௜(𝑥) = 𝑡௜ାଵ(𝑥) − 𝑡௜(𝑥), (2) 

and the equivalent frequencies for the phase velocities 
were calculated by 

𝑓଴.ହ,௜(𝑥) = 0.5/𝑇଴.ହ,௜ . (3) 

Proposed method 

Phase velocity measurements were also obtained using a 
frequency-domain shifting technique. For each guided 
wave signal transmission, a Fast Fourier Transform (FFT) 
was performed on the received signal 𝑔(𝑡) at RX1 to 
convert the received signal into the frequency-domain 

 
Figure 2. Theoretical phase velocity dispersion curve 

for 16 mm diameter aluminium rod. 

P
h

a
se

 V
e

lo
ci

ty
 (

m
/s

)

Figure 3. Zero-crossing instants for received signal at 
RX1 using a 5 cycle 40 kHz Hanning-windowed sine 

wave as the transmit signal. 
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𝐺(𝜔). Simulated propagation of the converted signal 
𝐺(𝜔) by a distance d (distance between receivers RX1 
and RX2) was performed using the equation 

𝑌(𝜔) = 𝐺(𝜔)𝑒ି௝ ௞(ఠ)ௗିఈ(ఠ)ௗ, (4) 

where 𝜔 is the angular frequency, 𝑌(𝜔) is the Fourier 
transform of the propagated received signal RX1, 𝑘(𝜔) is 
the wavenumber and 𝛼(𝜔) is the attenuation. The 
wavenumber was converted into phase velocity using 

𝑘(𝜔) =
ఠ

௩೛೓(ఠ)
, (5) 

where 𝑣௣௛(𝜔) is the phase velocity. After propagation, the 
signal 𝑌(𝜔) was converted back into the time domain 
𝑦(𝑡) using an Inverse Fast Fourier Transform (IFFT). The 
difference between the simulated propagated time-domain 
RX1 signal 𝑦(𝑡) and the received signal at RX2 was 
obtained by calculating the Root Mean Squared Error 
(RMSE). The phase velocity 𝑣௣௛(𝜔) was iteratively 
adjusted by 1 m/s until a minimum RMSE was obtained . 
This corresponds to the measured phase velocity for that 
central transmit frequency. This was repeated for each 
guided wave transmission. Figure 4 shows a block 
diagram of the phase velocity measurement process. 
Figure 5 shows an example of the time-domain plots for 
the propagated and received signal. The phase of the 
simulated propagated RX1 signal is observed to match 
well with the received signal at RX2.  RESULTS 

Comparison with zero-crossing 

Figure 6 shows phase velocity measurements obtained 
using the zero-crossing, proposed method and theoretical 
phase velocity of the L(0,1) wave mode obtained using 
GUIGUW. For the zero-crossing method, the first, second 
and third zero-crossings were used. The figure shows that 
the first, second and third zero-crossing produces similar 
phase velocities at low frequencies. However, as the 
frequency increases, the first zero-crossing starts 
deviating away from the second and third zero-crossing.  

For comparison, using the proposed method, phase 
velocity measurements were obtained by including and 
excluding dispersion of the simulated signal. To include 
dispersion, theoretical phase velocity dispersion curve of 
the L(0,1) wave mode was used. To exclude dispersion, a 
constant phase velocity was used for all frequencies. The 
figure shows that more accurate results were obtained 
using the proposed method when dispersion was included. 
Higher variations are observed using the proposed method 
compared to the zero-crossing method.  

Table 1 shows the experimental errors of different 
methods compared to the theoretical dispersion curve. The 
largest average error is obtained using the first zero-
crossing method which is approximately 0.48%. The 
smallest average error was obtained using the proposed 
method by including dispersion which was approximately 
0.25%. The difference in accuracy between the two 
methods is not significant. 

 

Figure 4. Block diagram of the proposed frequency-
shifting technique 

Figure 5. Time-domain plots of the received signal RX2 
and propagated signal RX1 using 5 cycles of a 40 kHz 
Hanning-windowed sine wave as the transmit signal  

Figure 6. Phase velocity measurements obtained using 
varying methods. 
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Comparison with 2D FFT method 

In this subsection, results from the second zero-crossing 
are used as it provides the best performance compared to 
the first and third zero-crossing. Phase velocity 
measurements obtained from the second zero-crossing 
and the proposed method (with dispersion) were 
converted into wavenumber domain using Equation (5). 
The converted values were overlaid onto the 
wavenumber-frequency domain plot, as seen in Figure 7. 
The figure shows that the zero-crossing and proposed 
method align well with the theoretical L(0,1) wave mode 
and overlaps with the experimental dispersion curve. Note 
that the 2D FFT method can only provide a qualitative 
measure of the dispersion curve as it has low resolution. 
The resolution of the 2D FFT method is limited and is 
affected by the number of measurement points and the 
distance between each measurement point. A single pixel 
in the y-axis when converted from wavenumber to phase 
velocity would lead to large errors. In this study, the 
calculated pixel resolution in the y-axis is 6.22 m-1. At the 
wavenumber of interest at 30 kHz, the calculated 
resolution in terms of phase velocity is approximately 714 
m/s.  

CONCLUSION 

A frequency shifting technique is proposed which 
includes dispersion for phase velocity measurement. 
Comparison was made between the proposed method, 
zero-crossing method and 2D FFT method. Results 
indicate difference in phase velocity measurement when 
different zero-crossing instants are used. The performance 

of the proposed method is observed to be similar to the 
zero-crossing method. No significant difference was 
observed using the proposed method when dispersion was 
excluded. This may be due because the L(0,1) wave mode 
is only slightly dispersive at the frequency range used in 
this study. The proposed method aligns well with results 
obtained using the 2D FFT method. However, the 2D FFT 
method has low resolution which results in high 
uncertainties.  

Note that in this study, the proposed method was used on 
a slightly dispersive wave mode. There is potential for the 
method to be used for more dispersive wave mode where 
dispersion effects and distortion of the signal are more 
palpable. Phase velocity measurement techniques that do 
not include dispersion are expected to be less effective 
when used on dispersive signals. Future works should 
include performing measurements at higher frequencies 
where dispersion effects are more significant or on more 
dispersive wave modes such as the flexural wave mode. 
The proposed method has the potential to be used to 
provide more accurate phase velocity measurements 
which could lead to improved NDT measurements. 
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