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Abstract

The propagation of elastic waves through a material is used to interrogate media in a

variety of research and industrial applications. In the time domain the elastic moduli

can be estimated from the propagation speeds of primary waves (also called compres-

sional waves, or P-waves), secondary waves (shear, or S-waves), and surface waves. For

an isotropic medium, two elastic constants and the density uniquely define elastic wave

propagation. Furthermore, heterogeneity in the material results in scattering, and in-

ternal friction causes attenuation of the elastic waves. Such heterogeneities range from

fractures in composites and rocks, to vessels and fats in tissue. Traditionally, elastic

waves are generated and detected using mechanically coupled piezoelectric transducers

(PZTs). PZTs are relatively inexpensive with a high dynamic range. At the same time,

PZTs have a relatively large footprint, are difficult to couple to the sample consistently

and automatically, and are prone to mechanical ringing. These concerns can be overcome

with all-optical, non-contacting systems. This thesis reports on optical alternatives to

PZTs. The theory and hardware for novel contacting and non-contacting optical devices

to determine the elastic properties of many materials are presented. Further, we apply

our techniques to areas of interest to New Zealand primary industries, estimating the

elastic properties of apples and timber used for construction.

Laser Doppler Vibrometers (LDVs) are heterodyne interferometers which detect sur-

face particle velocity via the Doppler shift of an incident laser beam. We present a home

built, robust and relatively inexpensive detector, which consists of a heterodyne interfer-
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ometer and phase locked loop frequency demodulator, as an open-source alternative. We

illustrate the broadband capabilities with the detection of ultrasonic waves in a mudstone

sample, and low-frequency (100Hz) vibrations of a piston. These results are compared to

a Polytec OFV-505 sensor head coupled with the VD-09, 50 mm/s/V velocity decoder,

and a correlation of 0.97 was found between the two devices. The home built detector

was found to have a higher noise floor at elastic wave frequencies greater than 1.5 MHz,

which is the highest rated frequency of the VD-09, 50 mm/s/V velocity decoder. We

also adapt the LDV to be capable of detecting the sum of the surface particle motion

at two locations in a single channel. The Green’s function, or impulse response, can be

estimated from the autocorrelation of this signal; the result containing some predicted

artefacts. Typically the cross-correlation of independent, equipartioned wavefields is used

to estimate the elastic Green’s function, commonly termed seismic interferometry. The

underlying theory and hardware required to estimate the Green’s function from the auto-

correlation of the sum of two wavefields is presented and compared to traditional seismic

interferometry. This technique is used to estimate the elastic Green’s function between

two locations on an aluminium block with surface scatterers. The Green’s function es-

timate is dominated by artefacts near t = 0, however we find that these can largely be

ignored as the spacing between the receivers is much larger than the Rayleigh wavelength.

This method could be an effective, low cost and non-contacting technique for structural

monitoring, particularly where ambient noise has established equipartitioned wavefields

in the structure.

Additionally, we use short duration pulses of light to excite broadband waves in an

apple, via the photoacoustic effect, for the first time, and detect these waves using an

LDV. The firmness of an apple is a commonly used indicator of quality and maturity

during sorting and cold storage. Because the resonant modes of an apple are dependant

on the elastic properties, vibration tests are favoured over other – often destructive – tests.

Laser-generated and laser-detected elastic waves are used to infer the elastic moduli and
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attenuation of elastic waves in an apple. Furthermore, we repeat our measurements

periodically for 15 days to monitor changes in the apple at room conditions. Although

the elastic and anelastic properties all decay with age, we find that attenuation of the

Rayleigh wave decreased by 75%, which is greater than both the Firmness Index (30%)

and Elastic modulus (19%).

Next, we excite elastic waves in samples of New Zealand Radiata pine. Wood is an

orthotropic material which shows a dramatic difference in elastic moduli relative to grain

growth and ring layers. Monitoring the elastic properties of wood has been conducted

using contacting transducers, and grain orientation has been determined using light. We

use short duration laser pulses to excite elastic waves in the wood samples and detect

these waves using an LDV. The elastic moduli perpendicular to the grain growth are

determined using the wavespeeds of P- and Rayleigh waves. We find that on average high

grade SG12 wood has an elastic modulus perpendicular to the grain 2.7 times greater

than lower grade SG6 wood. Furthermore, we translate the samples to observe lateral

variations in the wood structure, such as knots.

Many materials, such as sedimentary rocks, exhibit a large frequency and strain am-

plitude dependence of their elastic moduli. To determine the elastic properties at low

frequencies we develop a high sensitivity strain meter using a distributed feedback fibre

laser. All-fibre lasers offer several advantages over resistive strain meters; they are robust,

immune to electrical noise, can be multiplexed and are highly sensitive. The frequency

of the light emitted by the fibre laser is down-shifted using a heterodyne interferometer.

A low-pass filter and power meter demodulate the interferometer signal to produce a

voltage dependent on the strain. We present some preliminary results by attaching our

optical strain sensor to a Tuff sample from White Island. Strain is measured at ampli-

tudes on the order of 0.1 µε, which is similar to seismic events, and a change in resonance

is observed with increased water saturation.
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Chapter 1

Introduction

Elastic waves are used to interrogate media in a variety of research and industrial applica-

tions, and the theoretical basis is well understood [Turner and Weaver, 1994]. One classic

application is seismology, where elastic waves generated by earthquakes or man-made ex-

plosions are used to infer the elastic properties of the Earth [e.g., Aki and Richards, 2002].

Stress/strain measurements for the assessment of mechanical properties of a material us-

ing ultrasonic waves are common [Castellini et al., 2006, Castellini and Scalise, 1999,

Salman and Sabra, 2013], as well as non-invasive imaging with elastic waves scattered by

heterogeneities in the sample. Such heterogeneities range from fractures in composites

[e.g., Ramamoorthy et al., 2004, Blum et al., 2010] and rocks [e.g., Scales and Malcolm,

2003], to vessels and fats in tissue [e.g., Johnson et al., 2014, Sehgal, 1993].

Traditionally, elastic waves at ultrasonic frequencies are generated and detected using

mechanically coupled piezoelectric transducers (PZTs) [Nakamura, 2012]. PZTs are rela-

tively inexpensive with a high dynamic range. At the same time, PZTs have a relatively

large footprint, are difficult to couple to the sample consistently and automatically, and

can be prone to mechanical ringing. These concerns can be avoided with laser-based

systems. High energy pulses of light generate elastic waves via the photoacoustic ef-

fect [Dewhurst et al., 1982, Scruby and Drain, 1990], first discovered by Bell [1880],
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CHAPTER 1. INTRODUCTION 2

and can be detected with a heterodyne interferometer called a laser Doppler vibrometer

(LDV). Excitation and detection of high frequency elastic waves is collectively termed

laser ultrasound. We aim to advance laser ultrasound hardware and theory for use in

a wide range of applications. Some materials exhibit a strong frequency dependence on

their elastic moduli [Batzle et al., 2006]. To compliment ultrasonic measurements, low

frequency waves can be detected using highly sensitive fibre optic strain sensors [Cranch

et al., 2008].

1.1 Characterisation of Materials using Elastic Waves

For an isotropic medium, two elastic constants and the density define elastic wave prop-

agation. Often such media are represented by the elastic or Young’s modulus, E, and

the Poisson’s ratio, ν, where the former describes the amount of strain when stress is

applied in the same dimension, while the latter is the ratio between the strain in or-

thogonal directions from stress [e.g., Stein and Wysession, 2009]. The impulse response,

or Green’s function, of a material contains information about the elastic and anelastic

properties. In the time domain E and ν can be estimated from the propagation speeds

of primary waves (also called compressional waves, or P-waves), secondary waves (shear,

or S-waves), and surface waves. P- and S-waves are body waves that travel throughout

the material. Conversely, Rayleigh waves are surface waves with a combination of lon-

gitudinal and transverse particle motion [Stein and Wysession, 2009]. As surface-wave

geometric spreading happens over a surface - rather than over a volume for body waves -

Rayleigh waves are often dominant features in the recorded wave field. In the frequency

domain, the elastic waves can be thought of as the sum of the resonant modes of the ma-

terial [Snieder and Van Wijk, 2015]. The resonant modes of a material are determined

by the size, shape and elastic wave speeds; therefore, resonance testing is a favoured

non-destructive sensing tool in many areas of research [Watson and Wijk, 2015, Tutuncu
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et al., 1998, Chen and DeBaerdemaeker, 1993].

Typically a single source and receiver are used to collect the Green’s function. How-

ever, Green’s function retrieval by cross-correlation of equipartitioned wavefields has be-

come an important tool in seismic monitoring and non-destructive testing [Snieder and

Şafak, 2006, Campillo and Paul, 2003, Aki, 1957]. The wavefields could consist of am-

bient noise [Curtis et al., 2006, Sens-Schönfelder and Wegler, 2006, Lobkis and Weaver,

2001] or be generated from transient sources [Malcolm et al., 2004, Mikesell et al., 2012].

For Green’s function retrieval from ambient noise, time synchronized signals from each

receiver are cross-correlated to extract the Green’s function [Curtis et al., 2006, Sabra

et al., 2005]. For transient sources, the Green’s function can be estimated by summing

the cross-correlation of the response recorded between receivers if the sources are located

on a contour (in 2D) or a surface (in 3D) that surrounds the receivers [Wapenaar and

Fokkema, 2006, Mikesell et al., 2012].

Several methods have been used to determine the firmness of fruit, both at the point

of harvest and periodically in cold storage, as an indicator of fruit quality. For many

years, manual, destructive tests have been the considered the gold standard of quanti-

tative firmness testing techniques, and the most widely used [Abbott et al., 1992]. The

impulse response of apples has previously been used to characterize fruit firmness [Chen

et al., 1996], and LDVs have been used to detect the elastic wavefields generated using

contacting transducers [Muramatsu et al., 2000, Terasaki et al., 2006]. The resonant

modes have also been used to determine the firmness [Chen and DeBaerdemaeker, 1993,

Yamamoto et al., 1980, Shmulevich et al., 2003], and a connection has been found with

pH [Hou et al., 2018]. Similarly, measurements of E in dry wood is largely limited to static

3-point and 4-point bending measurements. Contacting ultrasonic transducers have been

used to determine wood strength [Bucur and Archer, 1984], and the polarisation of light

has been used to identify grain growth [Nieminen et al., 2013]. Based on the infra-red

absorption spectrum of wood by Kuo et al. [1987] and non-contacting, optical detectors
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outlined by Scruby and Drain [1990], Bucur [2006] theorized that traditional transducer

measurements could be reproduced using lasers.

Typically ultrasound in the 106Hz range is used to examine small composite samples

in the lab. However, many materials, such as sedimentary rocks, exhibit a large frequency

and strain amplitude dependence of their elastic moduli [Tutuncu et al., 1998]. To ac-

curately estimate the elastic moduli of these materials during seismic activity, such as

an earthquake, excitation at a similar frequency and amplitude must be applied. Forced

deformation of materials at low frequencies provide complementary information to that

gathered using ultrasound. Though prevalent in research and industry, resistive strain

gauges are small, insensitive, susceptible to electronic interference and prone to breaking.

Distributed feedback (DFB) all-fibre lasers are simple optical devices that can be used to

measure strain, temperature and pressure by monitoring the emitted wavelength [Cranch

et al., 2008], and overcome many of the limitations associated with resistive strain gauges.

1.2 Thesis Outline

We present seven chapters in the theme of optical sensor design and application for non-

contact estimates of elastic properties of materials. In each chapter, we first present

an introductory section providing the background literature and theory relevant to the

topic. Appendix A describes efficient generation of elastic waves via the absorption

of short duration light pulses. Chapter 2 describes the design and performance of an

all-optical heterodyne interferometer, often termed a laser Doppler vibrometer (LDV).

Single point LDVs, both commercial and home-built, form the foundation of our non-

contact measurement of elastic waves. In Chapter 3 we modify the LDV to be capable

of detecting the sum of wavefields at two locations in a single channel. We show that

the Green’s function between the locations can be estimated using the auto-correlation

of the wavefield sum. In Chapter 4 we excite elastic waves in an apple using high energy
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pulses of light and detected waves using an LDV. We use the propagation of these waves

to identify the apple’s resonant modes and its elastic properties. Furthermore we monitor

how the elastic properties and attenuation change over the course of 15 days. Appendix B

further characterises the modes of an apple and outlines a potential commercial system.

Similarly, in Chapter 5 we identify the elastic moduli perpendicular to the grain of many

wood samples using laser ultrasonics, overcoming many of the limitations of traditional

techniques. Chapters 2 to 5 use high-frequency wave propagation to estimate the elastic

properties. However, many materials exhibit a frequency dependence of their elastic

moduli due to their structure. In Chapter 6 we report the design of a contacting all-fibre

laser to measure strain at lower frequencies, where laser ultrasound is not an effective

measurement tool. We attach the laser sensor to a White Island Tuff, a relatively soft,

porous rock formed from consolidated volcanic ash, and monitor the laser wavelength

during compression of the sample.

1.3 Scientific Contributions

1.3.1 Journal Publications

S. Hitchman, K. van Wijk, N. Broderick, and L. Adam, "Heterodyne interferometry for

the detection of elastic waves: a tutorial and open-hardware project", European Journal

of Physics 36(3):035011 (2015).

S. Hitchman, K. van Wijk, and Z. Davidson, "Monitoring attenuation and the elastic

properties of an apple with laser ultrasound", Postharvest Biology and Technology 121:

71–77 (2016).

K. van Wijk and S. Hitchman, "Apple seismology", Physics Today 70(10):94–95 (2017).
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S. Hitchman, K. van Wijk and R. Snieder, "Estimating the Green’s function using

a single channel dual-beam interferometer.", The Journal of the Acoustical Society of

America 144(1): 124-130 (2018).

1.3.2 Conference Proceedings

S. Hitchman, K. van Wijk, and Z. Davidson, "Monitoring attenuation and the elastic

properties of an apple with laser ultrasound", in Proc. The International Tri-Conference

for Precision Agriculture, 2017.

1.3.3 Conference Presentations

S. Hitchman, "Non-contacting elastic interrogation using laser ultrasonics", IONS Con-

ference on Optics, Atoms and Laser Applications, University of Auckland, Auckland, New

Zealand, November 26, 2015.

S. Hitchman, K. van Wijk, and Z. Davidson, "Laser ultrasonic monitoring of the elas-

tic properties of an apple", The International Tri-Conference for Precision Agriculture,

Claudelands Arena, Hamilton, New Zealand, October 15, 2017.

S. Hitchman, K. van Wijk and R. Snieder, "Non-contact estimation of the elastic

Green’s function using a dual beam laser Doppler vibrometer", The 3rd Australia New

Zealand Conference on Optics and Photonics, December 6, 2017.



Chapter 2

Heterodyne Interferometry for the

Detection of Elastic Waves

This chapter is adapted from:

S. Hitchman, K. van Wijk, L. Adam and N. Broderick

Heterodyne interferometry for the detection of elastic waves: a tutorial and

open-hardware project

European Journal of Physics 36(3):035011 (2015).

2.1 Abstract

In this chapter we present an overview of optical interferometry and electronic demodula-

tion for use in the detection of ultrasonic waves. Non-contacting acoustic and ultrasonic

measurements are of interest in applications ranging from non-destructive evaluation to

rock physics, and medical imaging. The fundamental workings of the detector – the

interferometer – are easily explained in undergraduate physics courses, but practical im-

plementations are dominated by specialized, and commercial, devices. We present a

robust and relatively inexpensive detector, which consists of a heterodyne interferometer

and phase locked loop frequency demodulator, as an open-source alternative. We illus-

trate the broadband capabilities with the detection of ultrasonic waves in a mudstone

7
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sample, and low-frequency (100Hz) vibrations of a piston.

2.2 Introduction

A wide variety of optical interferometers exist and have been extensively studied [Tra-

mannoni and Matteucci, 2006, Miffre et al., 2002, Hecht, 2001, Yariv and Yeh, 2006],

with the basic theoretical principles to measure displacement or particle velocity intro-

duced at the undergraduate level of any physics program. A common type of optical

interferometer is the Michelson interferometer [Michelson, 1881], which can be used to

interrogate a variety of optical properties [Tramannoni and Matteucci, 2006]. A Michel-

son can be divided into two classes; homodyne and heterodyne interferometers [Scruby

and Drain, 1990]. Homodyne interferometers produce an intensity signal that is propor-

tional to the difference in optical path length between a known reference beam and an

unknown sample beam. Heterodyne systems are designed such that the intensity output

is periodic, where the sample motion is encoded in the spectrum of the output. In this

article both types of interferometer are discussed with reference to the measurement of

ultrasonic waves.

Ultrasonic waves are used to interrogate media in a variety of research and indus-

trial applications, and the theoretical basis for ultrasonic interrogation is well under-

stood [Turner and Weaver, 1994]. Stress/strain measurements for the assessment of

mechanical properties of a material using ultrasonic waves are common [Castellini et al.,

2006, Castellini and Scalise, 1999, Salman and Sabra, 2013], as well as non-invasive imag-

ing with ultrasonic waves scattered by heterogeneities in the sample. Such heterogeneities

range from fractures in composites [e.g., Ramamoorthy et al., 2004, Blum et al., 2010]

and rocks [e.g., Scales and Malcolm, 2003], to vessels and fats in tissue [e.g., Johnson

et al., 2014, Sehgal, 1993].

Traditionally, ultrasonic measurements are performed using mechanically coupled



CHAPTER 2. HETERODYNE INTERFEROMETRY 9

piezoelectric transducers (PZTs) as both the source and receiver of the ultrasound [Naka-

mura, 2012]. PZTs are relatively inexpensive with a high dynamic range. At the same

time, PZTs have a relatively large footprint (nominally the size of the wavelength as-

sociated with the resonant frequency), are difficult to couple to the sample consistently

and automatically, and are prone to mechanical ringing. These concerns can be avoided

with a laser-based system, such as a heterodyne interferometer called a Laser Doppler

Vibrometer [LDV, Rothberg et al., 2017]. A beautiful example of a millimeter-wave

interferometer to measure seismic vibrations in the field is given by Smith et al. [2010].

With the development of the LDV the use of acoustic wave interrogation of media

has been extended to non-contact surface wave detection. Many areas of research require

non-contact detection; where contact with the sample is not available, such as in land

mine detection and medical imaging [Valeau et al., 2004, Lauxmann et al., 2012], and also

where contact disrupts the acoustic waveform [Argo IV et al., 2008]. LDVs also provide a

means of surface scanning in order to form 2D images of surface acoustic waves without

the need for an array of detectors [Valeau et al., 2004, Vanlanduit et al., 2005].

Practical considerations and the need for robust, yet broadband, high-resolution, non-

contacting ultrasonic measurements allow commercial LDVs to prevail, even in research

environments [e.g., Scales and Malcolm, 2003, Blum et al., 2010]. The high quality of

these commercial devices comes with significant cost, and any intellectual property at the

heart of these units makes the sensor somewhat of a “black box,” which is certainly not

optimal in a research environment. Therefore, we present here the details of the design,

a part list, and building instructions for a relatively simple LDV. We name this device

the Open Source Laser Doppler Vibrometer (OSLDV). Recent developments in laser

technology and electronics make the completion of such a device not only possible for a

larger community of scientists and engineers, but it is also relatively low-cost (we estimate

the total cost of our prototype around US$12k). In this tutorial the construction of an

LDV detector and the demodulation electronics required to produce an output voltage
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proportional to sample velocity are outlined. To validate our system, we measure a 100-

Hz vibrating plate and the ultrasonic wave field in a mudstone sample, and compare our

results with those of a commercial LDV.

2.3 Interferometry

Let us briefly introduce the concept of interferometry, but please consult Hecht [2001],

for example, for a more complete description. Consider two plane waves, E1 and E2,

with equal frequency, f , and phase, φ, such as those emitted by the laser source of an

interferometer.

E1 = E10 cos(k · r1 − 2πft+ φ),E2 = E20 cos(k · r2 − 2πft+ φ), (2.1)

where (E10, E20) are the amplitudes and r1, r2 are the travel paths of each respective

wave. The wave vector, k, is a vector describing the propagation of the wave, where

|k| = 2π
λ
. The sum of these waves, ET, is given by

ET = E1 + E2 (2.2)

As we only detect the intensity of the resultant wave, at this point we convert from

the electric field, ET, to the resultant intensity, IT :

IT = 〈ET
2〉 = (E1 + E2) ∗ (E1 + E2) = E1

2 + E2
2 + 2E1 ∗ E2. (2.3)

Given that:

I1 = 〈E1
2〉 & I2 = 〈E2

2〉, (2.4)
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The intensity of the summed plane waves of Equation 2.1 is

IT = I1 + I2 + 2
√
I1I2 cos(∆Φ), (2.5)

and

∆Φ = k · r1 − k · r2 + φ− φ = k · (r1 − r2), (2.6)

where r1 and r2 are the paths travelled by each wave and Φ is the phase difference

between the waves.

For a Michelson interferometer, as shown in Figure 2.1, the laser source is split into

the reference and sample beams using a beam splitter, BS. Because the reference and

sample beams have the same origin, there is no initial phase difference between the beams.

The beams are reflected by mirrors M1 and M2, and recombined at BS. The recombined

beams are incident at the detector, the intensity of which is governed by Equation 2.5.

Equation 2.6 shows the phase difference at the detector is due to the optical path length

difference between the two beams [Hecht, 2001]. In a Michelson interferometer the ref-

erence mirror position is known (or constant), therefore the displacement of the sample

mirror, M1, can be measured using the resultant intensity, IT .

2.3.1 The Doppler effect

From here on, we consider dynamic systems, where the the sample arm length r1 varies

with time due to displacements x(t) of M1. In applications where displacements are

small, but the angular frequency ω of the displacement is large, it stands to reason that

the velocity vs(t) is more easily detected [Scruby and Drain, 1990]. Consider a sample

with M1 in harmonic motion with an amplitude A:

x(t) = A sin(ωt). (2.7)
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Detector
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Figure 2.1: Schematic of a Michelson interferometer, where laser light is split in two
arms by a beam splitter (BS), reflected by two mirrors (M1, M2), then recombined at
the BS. A difference in arm length (|r1− r2|) results in a phase difference, ∆Φ, described
by Equation 2.5, and observed by the detector.
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Then, its particle velocity is defined by the temporal derivative:

vs(t) =
dx

dt
= ωA cos(ωt). (2.8)

This implies that for large values of ω, the particle velocity is relatively large compared

to the particle displacement. In that case, we focus our detection scheme on the Doppler

shift [Doppler, 1842].

In a Michelson interferometer, a stationary receiver detects light that is reflected off a

moving target with particle velocity v(t). The detected frequency of the reflected light is

Doppler shifted [Gjurchinovski, 2012]. For a beam with normal incidence to the surface of

the mirror, that is, cosα = cosβ = 1 in Equation 9 of Gjurchinovski [2012], the detected

signal has a frequency

f2(t) = f1

(
1− v(t)/c

1 + v(t)/c

)
, (2.9)

where f1 is the emitted frequency, c is the speed of light and v(t) is the mirror velocity.

For vs(t) << c, Equation 2.9 can be further simplified using the Taylor series expansion:

f2(t) = f1(1− v(t)/c)(1 + v(t)/c)−1

≈ f1(1− v(t)/c)(1− v(t)/c)

≈ f1(1− 2v(t)/c)

(2.10)

ignoring higher order terms. The Doppler shift is then given by

fD(t) = f2(t)− f1 ≈ −
2v(t)

λ
. (2.11)

where the wavelength of the source laser is λ = c/f1. In interferometry only the motion

parallel to the beam direction is considered; we define sample motion toward the beam as

negative, resulting in positive Doppler shifts, and motion away from the beam as positive,

resulting in negative Doppler shifts.
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As the reference and sample beams no longer have the same frequency, the intensity

of the combined beams will ’beat’ sinusoidally, with a frequency equal to the difference

between the arms, caused by the Doppler shift. When beams of differing frequency

superimpose, an additional amplitude modulation term arises in the interference term.

This phenomenon occurs for all waves and is often referred to as ’beating’. Again consider

two plane waves, however this time with different frequencies and initial phase differences

ignored:

E1 = E10 cos(2πf1t), E2 = E20 cos(2πf2t), (2.12)

where f2 = f1+fD. Converting to exponential notation, the superposition of these waves

is given by:

ET = E10e
i2πf1t + E20e

i2π(f1+fD)t = ei2πf1t[E10 + E20e
i2πfDt]. (2.13)

Using the identity cos(2πft) = <e[ei2πft], the resultant electric field is described a plane

wave with a time-varying amplitude, defined by the term in the square brackets. Again

we only detect the intensity of the resultant wave, which is given by

I = I1 + I2 + 2
√
I1I2 cos(2πfD(t)t). (2.14)

2.3.2 Heterodyne interferometry

The intensity pattern described by Equation 2.14 will produce the same beat pattern for

positive and negative Doppler shifts of equal magnitude. Thus it can be said that the

Michelson interferometer suffers from directional ambiguity. To turn this detector from

a homodyne to a heterodyne device capable of extracting directional information of the

velocity, a constant frequency shift can be added to the reference beam. The reference

beam is then given by:

E2 = E20 cos(2π(f1 + fC)t).



CHAPTER 2. HETERODYNE INTERFEROMETRY 15

The beat frequency is therefore no longer only proportional to the magnitude of the

Doppler shift, but the sum of the Doppler shift and the constant shift fC . This method

removes several practical concerns. In particular the directional ambiguity due to the

cosine function is removed, as a positive beat frequency is ensured, so long as fC is

greater than fD. The information dependence on the magnitude of the intensity of each

arm, I1 and I2, is also removed, as the information is encoded entirely in the oscillation

frequency. Removing the DC terms, reducing the amplitude of the interference term to

a single term and including the additional frequency shift, Equation 2.14 becomes:

IAC(t) = A cos (2π(fC + fD(t))t) = A cos (2π(fC + hv(t))t), (2.15)

where A = 2
√
I1I2 and h = 2/λ. IAC is analogous to a frequency modulated signal,

where the message signal is the velocity of the sample, v(t), and h is the modulation

index [Haykin, 2009] which relates the observed frequency deviation to the message signal.

As we are interested in the sample motion, frequency demodulation techniques used in

communications can be applied to the intensity signal in order to extract the velocity

information. In practice, fc is introduced with an Acousto-Optic Modulator (AOM).

AOMs use acoustic waves to produce gradients in the refractive index, n, of an optical

medium. This occurs due to the dependence of the refractive index on the density of the

medium, which changes with the acoustic wave. Although the changes in refractive index

are relatively small (10−4), AOMs can have a large impact on the properties of the incident

optical beam [Hunsperger, 2009]. The refractive index gradient acts as a Bragg grating

travelling through the medium with the acoustic wave. Unlike a stationary grating, each

diffraction order also has a frequency shift of n ∗ fAOM , where n is the diffraction order

and fAOM is the frequency of the acoustic wave. The frequency shift is typically in the

Megahertz range, thus many orders of magnitude less than the oscillation frequency of

the incident beam. An excellent description of AOMs and Bragg gratings, including the
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governing mathematics, is presented in Yariv and Yeh [2006].

2.3.3 FM Demodulation

As described by Equation 2.15, the detected interferometer signal is frequency modulated,

where the sample velocity is the message signal. Frequency modulation is a form of angle

modulation, where the frequency of a carrier wave is modulated in accordance with

some message signal. For a message signal of v(t), such as that in Equation 2.15, the

instantaneous frequency is

fi(t) = fc + hv(t). (2.16)

Equation 2.11 shows h to be 2
λ

for frequency deviations due entirely to Doppler

shift, such as those in heterodyne interferometry. The detected interference pattern,

IAC(t), must be demodulated to extract the velocity information. Demodulation can be

performed digitally, but it requires high sampling rates (and thus large data sets per

recording) to not alias the signal dominated by the carrier frequency. Performing analog

demodulation removes these limitations. A Phase Locked Loop (PLL) is a simple and ef-

fective electric circuit for frequency demodulation, provided high-quality radio frequency

(RF) components are used [Schilt et al., 2011]. A schematic of a standard PLL designed

to demodulate a Frequency Modulated input signal is presented in Figure 2.3. A PLL is

a feedback system designed to adjust a voltage controlled oscillator (VCO) such that its

oscillation frequency, rlo(t), is matched to the input signal, IAC(t). Frequency matching

is achieved by ’locking’ the phase difference between the signals to a constant value. A

frequency mixer and low-pass filter are often used as a differential phase detector, pro-

ducing an output voltage, Vout, proportional to the phase difference between the input

signals, rlo(t) and IAC(t). If there is a difference in frequency between rlo(t) and IAC(t),

the phase difference between the signals will increase. The output of the phase detector

follows this difference, and is used to control the frequency of rlo(t). The oscillation
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frequency of rlo(t) increases or decreases with the phase difference until the frequency

matches the frequency of IAC(t). When the frequencies are matched, the phase difference

between the signals is maintained. If the input signal is frequency modulated, the output

of the PLL will ’follow’ the frequency deviation, thus demodulating the message signal

from the carrier. Typically VCOs require Vout to be offset by a DC voltage, VDC , in order

to match the rlo frequency to the IAC carrier at Vout = 0 V. That is: rlo ∝ VDC + Vout(t).

The low-pass filter determines several parameters of the PLL, particularly the maximum

message frequency that can be demodulated and the noise floor. The PLL filter should

be as close as possible to the maximum expected frequency, as a filter with high cut off

frequency is not as effective at removing fC from the output signal. Frequency demod-

ulation can also be done digitally if appropriate hardware is available, discussed further

in Chapter 3.

2.4 The OSLDV: a simple Laser Doppler Vibrometer

Figure 2.2 illustrates the design of the OSLDV. Light from a 1.2 mW stabilized Helium-

Neon laser is split into the reference arm and sample arm with beam splitter BS1. The

coherence length of this laser is such that it can accommodate a large optical path length

difference between the reference and sample arms [Yariv and Yeh, 2006]. Due to the

scattering and absorption losses of light from the sample, a greater interference amplitude

is achieved by using a 90:10 (R:T) beam splitter (BS1); 90% of the beam energy is used for

the sample beam and 10% is used for the reference beam. The sample beam is directed to

the focusing elements through a polarizing beam splitter, PBS, which is orientated such

that light from BS1 is transmitted. Scattered light returning from the sample has made

a double pass through a quarter-wave plate, which rotates the polarization such that

returning light is entirely reflected by PBS. Wave plates use birefringence to rotate the

polarization of light; a half wave plate (or a double pass through a quarter wave plate) will
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Figure 2.2: Schematic of OSLDV. M1: Silver Mirror. AOM: Acousto-Optic Modulator.
BS1: 90:10(R:T) Beam Splitter. BS2: 50:50 (R:T) Beam Splitter. PBS: Polarizing Beam
Splitter. Quarter λ/4 and Half λ/2 wave plates are used to ensure that all light reflected
from the sample is directed toward BS2, and to improve interference.
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rotate the polarization of light by 90 degrees [Hu et al., 2013, Hecht, 2001]. The beams are

recombined using a 50:50 non-polarizing beam splitter, BS2. BS2 produces two identical

beams which both can be used in a single or double balanced detector configurations.

For the OSLDV we use a single detector and terminate the other beam using a beam

dump. An AOM in the reference arm increases the reference beam frequency by 80 MHz.

The absolute value of the frequency shift is arbitrary, as long as it is significantly above

the maximum expected Doppler shift caused by the sample motion. Thus the choice of

AOM falls primarily to other properties, such as efficiency and aperture size. For the

OSLDV a high diffraction efficiency (85%) fused silica AOM was used. Using the first

order diffracted beam of the AOM as the reference beam, the output intensity ’beats’ with

frequency of 80 MHz for a stationary sample. When the sample is in motion the velocity

is encoded in the frequency deviation from the carrier frequency due to the Doppler shift

of the reflected light. Thus the interferometer produces a frequency modulated signal.

Detection of this signal requires a detector that can resolve the high-frequency carrier

signal, while still providing large gain.

The OSLDV detector provides 4 ∗ 104 V/W for beat frequencies up to 250 MHz.

Though not necessary, an electrical amplifier (ZHL-6A-S+) was used to amplify the

detector output. This reduces the dependence of the demodulated signal on alignment of

the focusing elements. All components for the OSLDV are mounted on a stiff aluminium

plate with M6-threaded holes, and are listed in Table 2.1. The velocity sensitivity of

the OSLDV demodulator can be calculated by dividing the sensitivity of the VCO used

by the modulation index, h, from Equation (2.15) [Schilt et al., 2011]. For h = 2
λ
'

3.16 × 106 Hz/ms−1 and VCO tuning sensitivity of 3.87 MHz/V (Zx95-100-s+), the

velocity sensitivity is calculated to be 1.22 m/s/V . This is then amplified using a high-

bandwidth current feedback oscillator to increase the sensitivity to 50 mm/s/V.
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Figure 2.3: Schematic of the Phase Locked Loop (PLL). VCO: Voltage Controlled
Oscillator, LPF: Low Pass Filter. Vout(t) is the output signal of the PLL which is pro-
portional to the frequency deviation from the carrier, fD. A DC offset, VDC is applied to
the VCO in order to match rlo(t) to the carrier frequency of IAC(t) at Vout(t) = 0. The
amplifier has a gain of k = 24.4 to produce a sensitivity of 50 mm/s/V.

Table 2.1: Bill of materials used to construct the OSLDV.

System Component Brand Model Number
PLL VCO Minicircuits ZX95-200+ / ZX95-100+

Mixer Minicircuits ZX05-1L-S+
Summing Amplifier Operational Amplifier LT LT1259

Resistors - -
Capacitors - -

RF Amplifier Minicircuits ZHL-6A-S+
Interferometer Laser (HeNe) Thorlabs HRS015

AOM Gooch & Housego 23080-1-LTD
AOM Driver Gooch & Housego 21080-1AMXTL
BS1 (90:10) Thorlabs BS028
BS2 (50:50) Thorlabs BS013

PBS Thorlabs PBS102
Detector Thorlabs FPD510-FV

Mirrors (1-2) Thorlabs PF10-03-P01
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2.5 Results and Discussion

To test the performance of the OSLDV we detect the velocity of a sinusoidal vibrating

piston at low frequencies, as well as ultrasound waves in a mudstone sample, stimulated

with a PZT. The detected waveforms are then compared to a state-of-the-art LDV system:

the Polytec OFV-505 sensor head coupled with the OFV-5000 controller. Polytec OFV-

505 systems have been used by many in research environments [van Wijk et al., 2004,

Lebedev et al., 2011, Scales and Malcolm, 2003], and allow for automatic beam focusing

with large dynamic range and wide demodulating bandwidths.

2.5.1 Low-frequency oscillations of a piston

A Brüel & Kjær mini-shaker type 4810 driven with a frequency of 100 Hz was used to test

the OSLDV at lower frequency, large displacement conditions. The measured velocity of

the sample using the Polytec and OSLDV systems are presented in Figure 2.4 Both the

Polytec LDV and OSLDV waveforms are the average of 200 measurements, and acquired

at 10 kilo-samples per second with 16-bit resolution on an AlazarTech PCI oscilloscope

card. Figure 2.5 shows a peak at 100 Hz in the power spectra of both traces.

2.5.2 Ultrasound in a mudstone

The anisotropic properties of mudstones have been extensively studied using PZT ultra-

sonic systems [e.g., Hornby, 1998, Dewhurst and Siggins, 2006, Wong et al., 2008]. We

excite an ultrasonic wave with a central frequency of 500 kHz with an Olympus pulser

(Olympus NDT 5077PR-20-A) and PZT (Olympus NDT V101RB) into a 37.5mm diam-

eter, 32.7mm long, cylindrical core carbonate mudstone from the Bakken formation, with

sedimentary layers perpendicular to the wave propagation. Measurements were recorded

at room temperature and pressure. The compressional (P-)wave propagates through this

mudstone at a speed of ∼ 3250 m/s [Adam et al., 2014]. For calibration purposes, we



CHAPTER 2. HETERODYNE INTERFEROMETRY 22

V
el
oc
ity

(m
m
/s
)

Time (ms)

Polytec
OSLDV

Figure 2.4: Comparing velocity measurements of a vibrating plate at 100 Hz using the
OSLDV and a Polytec vibrometer.
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Figure 2.5: Power Spectra of 100-Hz vibrations using the OSLDV and Polytec vibrom-
eters.
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Figure 2.6: Ultrasonic wave field in a mudstone, measured with the Polytec and OSLDV
vibrometers (after removing the documented delay in the Polytec measurement). The
primary wave arrives at 10.5 µs, followed by waves scattered by the sides of the sample
and internal heterogeneity.
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Figure 2.7: Power spectra of the waveforms measured with the OSLDV and Polytec
LDV.
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compare measurements of the velocity to the results of the Polytec LDV. We use reflective

tape on the mudstone sample to increase light backscattered to the detectors, however

the rough surface of the sample also introduces speckle which reduces the spatial coher-

ence of the sample and reference beams. Acquisition was done using the 50 mm/s/V

sensitivity setting of the Polytec VD-09 decoder. Both the Polytec LDV and OSLDV

waveforms are the average of 200 measurements, and acquired at 100 mega-samples per

second with 14-bit resolution on an AlazarTech PCI oscilloscope card. With a sample

thickness of 3.3 cm, the expected P-wave arrival time of 10.5 µs matches our observations.

Later arrivals from a combination of reflections from the sides of the sample, scattering

from internal heterogeneities, and ringing of the PZT source are recorded similarly on

the two LDVs. The power spectra of the Polytec and OSLDV systems are presented in

Figure 2.7.

2.5.3 Comparison of the OSLDV to a commercial device.

The results presented in Sections 2.5.1 and 2.5.2 show that the OSLDV and Polytec

OFV-505 sensor produce waveforms that are virtually indistinguishable in two typical

laboratory applications when reflective tape is applied to the sample. In the case of

detecting ultrasound in a mudstone sample the normalised cross correlation of the Polytec

and OSLDV recordings was calculated to be 0.97, at a time delay of 8.2 µs. The delay

is introduced to the Polytec waveform due to the (proprietary) steps in of the VD-09

decoder set to 50 mm/s/V. This delay is quoted in the Polytec manual is 8.16 µs, which

has been removed in Figure 2.6 to visually assess the agreement between the detected

waveforms. The OSLDV has a higher noise floor at frequencies above 1.5 MHz than

the Polytec sensor, again most likely due to the electronics of the VD-09 decoder as the

maximum detectable elastic wave frequency is reported to be 1.5 MHz. Though we find

that the OSLDV in a laboratory setting produces equivalent results to the Polytec LDV at

significantly reduced cost, the robustness and quality of the Polytec OFV-505 sensor head
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make the device suitable for many research applications. In particular the availability of

decoders with differing sensitivities and bandwidths, as well as the large dynamic range of

the sensor head working distance overcome many limitations in a laboratory environment.

However, for applications where the working distance and measured vibrations have little

variation, the OSLDV can be adapted to fit the required parameters while also reducing

the total cost. For example, most of the total cost of the OSLDV is due to the stabilised

Helium-Neon laser, which has a coherence length of approximately 50 meters. However,

many applications do not require this range of distances between source and receiver. In

these cases a less expensive, unstabilised laser could be used, significantly reducing the

total cost of the OSLDV.

2.6 Conclusions

With the development of many applications in non-contacting ultrasonics and acous-

tics, a low-cost and open-source Laser Doppler Vibrometer (OSLDV) is presented as an

alternative to commercial devices. Velocity decoding in the raw signals of an interfer-

ometer intensity signal is fully discussed, in addition to the extraction of the velocity

information using electronic frequency demodulation techniques. The first acoustic and

ultrasonic measurements of velocities in a mudstone and an aluminium plate prove vir-

tually identical results, compared to a commercial system for frequencies from 100 Hz to

1 MHz.
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Estimating the Green’s function using a Single Channel Dual-Beam Interferometer.

Manuscript submitted for publication.

The Journal of the Acoustical Society of America 144(1): 124-130 (2018).

3.1 Abstract

Cross-correlation of independent, equipartioned wavefields is a well-established method

to estimate the elastic Green’s function, commonly termed seismic interferometry. The

sum of two wavefields is recorded in a single channel and the Green’s function can be

estimated from the autocorrelation; the result containing some predicted artefacts. The

underlying theory and hardware required to estimate the Green’s function is presented

and compared to traditional seismic interferometry. This technique is used to estimate

the elastic Green’s function between two locations on an aluminium block with surface

28
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scatterers. Wavefields excited via rapid thermoelastic expansion of the surface using

a pulsed laser are detected by a dual-beam heterodyne interferometer. The detector

is capable of directly measuring the sum of the wavefields at two locations in a single

channel. This method could be an effective, low cost and non-contacting technique for

structural monitoring, particularly where ambient noise has established equipartitioned

wavefields in the structure.

3.2 Introduction

Over the past decade Green’s function retrieval by cross-correlation of wavefields recorded

at independent receivers has become an important tool in seismic monitoring and non-

destructive testing [Snieder and Şafak, 2006, Campillo and Paul, 2003, Aki, 1957]. The

wavefields could consist of ambient noise [Curtis et al., 2006, Sens-Schönfelder and We-

gler, 2006, Lobkis and Weaver, 2001] or be generated from transient sources [Malcolm

et al., 2004, Mikesell et al., 2012]. For Green’s function retrieval from ambient noise, time

synchronized signals from each receiver are cross-correlated to extract the Green’s func-

tion [Curtis et al., 2006, Sabra et al., 2005]. For transient sources, the Green’s function

can be estimated by summing the cross-correlation of the response recorded between re-

ceivers if the sources are located on a contour (in 2D) or a surface (in 3D) that surrounds

the receivers [Wapenaar and Fokkema, 2006, Mikesell et al., 2012]. The direct arrival

of the Green’s function can be used to estimate the bulk elastic properties of the sam-

ple, and the coda consists of scattered waves. Differences in the Green’s function under

the influence of external factors (time, stress or temperature) can therefore be used for

time-lapse monitoring [Snieder et al., 2002, Grêt et al., 2006, Snieder and Hagerty, 2004].

Here, we estimate the Green’s function between two receivers which are simultaneously

recorded on a single channel. In the case of a single channel recording of two wavefields,

we show that the auto correlation of the recording is proportional to the Green’s function
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between receivers, with some additional artefacts.

We amend the underlying theory for seismic interferometry for independent receivers

for the new case of two receivers recorded in a single channel. Next, we show the design

and discuss the inner workings of a non-contacting laser Doppler vibrometer modified

to simultaneously record the surface velocity of two locations on a sample surface. To

validate the theory and hardware we extract the Rayleigh wave Green’s function between

two locations on an aluminium block with surface scatterers. Elastic waves are generated

via thermo-elastic expansion of the aluminium surface due to the absorption of a high

energy pulse of light.

This hardware and analysis could be used for non-contact structural monitoring.

In the case of monitoring of a concrete bridge, for example, it has been shown that

traffic-induced vibrations detected at multiple contacting accelerometers can be cross-

correlated to estimate the Green’s function [Farrar and James III, 1997]. Over time,

stress induced cracking of concrete causes a decrease in the elastic wave speeds and

an increase in attenuation, both of which can be monitored by comparing the Green’s

function direct arrival and coda as a function of time [Stähler et al., 2011]. Seismologists

have used ambient noise and earthquake coda, which consists of many scattered events,

to successfully monitor changes in the subsurface of the Earth. An excellent example of

subsurface monitoring over time is presented by Sens-Schönfelder and Wegler [2006], who

compare the estimated Green’s function for each day to a reference recording to monitor

changes in the subsurface near Merapi Volcano, Indonesia. Variations in the Green’s

function estimated by passive seismic interferometry strongly agreed with results found

in an independent active coda-wave interferometry experiment [Wegler et al., 2006].

3.3 Theory of seismic interferometry

Weaver and Lobkis [2002] showed that for a finite body the cross-correlation of an equipar-
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tioned wavefield at two receivers provides the Green’s function. Because equipartioned

wavefields are difficult to produce in a laboratory setting we consider the case of many

transient sources located on a contour that surround a pair of receivers. For a transient

source located at x the observed wavefield recorded by a receiver located at xA is given

by:

U(xA,x, ω) = G(xA,x, ω)s(ω), (3.1)

where G(xA,x, ω) is the impulse response and s(ω) is the Fourier transform of the

source-time function. The impulse response, or Green’s function, between two receivers,

G(xA,xB, ω), can be approximated using the cross-correlation of wavefields U(xA,x, ω)

and U(xB,x, ω) which are surrounded by sources on a surface δD [Wapenaar and Fokkema,

2006]:

G(xA,xB, ω)S(ω) +G∗(xB,xA, ω)S(ω) ≈ 2

ρc

∮
δD

U∗(xA,x, ω)U(xB,x, ω)δ2x, (3.2)

where G∗(xB,xA, ω) represents the time-reversed impulse response from xB to xA, U∗ is

the complex conjugate and S(ω) = s∗(ω)s(ω) is the power spectrum of the source wavelet.

Source-receiver reciprocity of the acoustic Green’s function indicates that G(xA,xB, ω) =

G(xB,xA, ω), therefore Equation 3.2 simplifies to:

2<[G(xA,xB, ω)]S(ω) ≈ 2

ρc

∮
δD

U∗(xA,x, ω)U(xB,x, ω)δ2x, (3.3)

where < represents the real part. Equation 3.3 implies that in the time-domain the sum

of cross-correlated wavefields excited from sources located on a surface δD is proportional

to the Green’s function between receivers. In practice Equation 3.3 implies that in the

time-domain Green’s function retrieval from transient sources requires many excitation

locations and two independently recorded receivers. In situations where there are con-

straints on time and/or a limited number of receivers/sources are available, Green’s func-
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tion retrieval may be inaccurate. We propose to record the sum of wavefields U(xA,x, ω)

and U(xB,x, ω) in a single channel to estimate G(xA,xB, ω). Recording the sum of the

wavefields at two locations halves the data size and recording time required for Green’s

function retrieval. The single channel, two location recorded wavefield UAB(ω) is defined

by:

UAB(ω) = U(xA,x, ω) + U(xB,x, ω). (3.4)

Because the sum of the waves at both receivers is recorded on a single channel for each

source location, we use the auto correlation function instead of the cross-correlation. The

auto correlation of UAB(ω) when integrated over source locations can, with Equation 3.3,

be written as:

2<[G(xA,xB, ω)]S(ω) + |G(xA,xA, ω)|2S(ω)+

|G(xB,xB, ω)|2S(ω) ≈ 2

ρc

∮
δD

|UAB(x, ω)|2δ2x,
(3.5)

where |G(xA,xA, ω)|2S(ω) and |G(xB,xB, ω)|2S(ω) are the response of coinciding source

/ receiver, with power density spectra S(ω), located at xA and xB respectively.

3.4 A dual-beam vibrometer

We present a dual beam laser Doppler vibrometer (DB-LDV) designed to simultane-

ously record the particle velocity at two locations on a single channel. To validate the

DB-LDV and the use of the auto correlation to approximate G(xA,xB, ω), we excite

elastic waves in an aluminium block with surface scatterers. This experiment is recip-

rocal to that presented by Mikesell et al. [2012]. They showed that the auto correlation

of recorded wavefields can be used to locate scatterers in a heterogeneous sample, and

that the cross-correlation of wavefields at two source locations is an accurate estimate

of the direct and scattered waves. First, we describe the operation of traditional LDVs

and the modifications required to record two channels simultaneously. LDVs are optical
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devices which measure the surface particle velocity of a sample using a reflected laser

beam [Hitchman et al., 2015, Scruby and Drain, 1990]. LDVs have been used to char-

acterize the elastic response of fruit [Muramatsu et al., 2000, Hitchman et al., 2016],

rocks [Blum et al., 2013], structures [Siringoringo et al., 2011, Fujino et al., 2001] and

soft tissue phantoms [Johnson et al., 2014]. Typically LDVs generate a beam of light

which has a modulated intensity pattern, I(t). The frequency of the oscillation contains

information about the surface vibration of the sample. Figure 3.1 shows the design of a

dual-beam LDV, and a complete description of a single-beam LDV has been presented

in Chapter 2, where the LDV splits light into a reference beam, which has a known path

length and frequency, and a sample beam, which is reflected by the sample. When the

sample surface is in motion, the sample beam frequency is Doppler shifted. In the time

domain the Doppler shift of the sample beam, fDxA is related to the surface particle

velocity u(xA,x, t) by:

fDxA =
2u(xA,x, t)

λ
cos (θ − π), (3.6)

where λ is the wavelength of the laser used and θ is the angle between the direction of

the surface motion and the laser beam. Equation 3.6 shows that when the surface of the

sample is moving away from the laser, that is θ = π = 180◦, the sample beam is red-

shifted and decreases in frequency. When the sample is moving towards the laser beam

blue-shift occurs. We only consider normal incidence to the sample surface. For lasers

that operate in the visible spectrum, the frequency of the emitted photons is on the order

of 1015Hz. Changes to the nominal frequency due to sample motion therefore cannot

be detected using current electronic devices. To measure fDxA and extract u(xA,x, t)

the sample beam is added to a frequency-shifted reference beam resulting in a detected

intensity pattern, I(t), which beats at a frequency equal to the magnitude of difference

between the photon frequency of the reference beam and the sample beam:

I(t) = A cos
[
2π
∣∣∣( c
λ

+ fref

)
−
( c
λ

+ fDxA(t)
)∣∣∣ t] = A cos [2π (|fref − fDxA(t)|) t], (3.7)
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where fref is the frequency deviation of the reference beam and A is the amplitude of the

intensity pattern, determined primarily by the amount of light reflected by the sample.

The reference beam is frequency shifted using an Acousto-Optic modulator (AOM) in

order to avoid directional ambiguity of the sample motion due to the absolute value in

Equation 3.7 [Hitchman et al., 2015]. The c/λ term is the nominal frequency of the

laser, where c is the speed of light and λ is the laser wavelength. The c/λ terms cancel

when interfering the reference and sample beams, as shown in Equation 3.7. We modify

the LDV presented by Hitchman et al. [2015] to form a DB-LDV capable of detecting

the sum of the surface vibrations at two locations. Figure 3.1 shows the design of the

dual-beam interferometer. The sample beam is split into two orthogonally polarized

beams using a Polarizing Beam Splitter (PBS) and focused on to the sample surface.

Light which is backscattered off the surface is collected by the focusing lenses and the

beams are recombined at the PBS. These beams do not interfere with one another, due

to their orthogonal polarizations. Separating beams by polarization rather than spacial

positioning is often termed polarization-division multiplexing, a technique commonly

used in fibre-optic communication where light is confined to the optical fibre core [Morant

et al., 2014]. The recombined beams are mixed with the reference beam set to 45◦ relative

to both sample beams using a 50:50 Beam Splitter (BS). The interference pattern, Idual(t),

at the detector is given by:

Idual(t) = A cos [2π (|fref − fDxA(t)|) t] +B cos [2π (|fref − fDxB(t)|) t], (3.8)

where fref is the frequency shift of the reference beam due and fDxA(t) and fDxB(t) are

the Doppler shifts due to wavefields u (xA,x, t) and u (xB,x, t), respectively. Setting
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amplitudes A and B to 1 results in an interference pattern given by:

Idual(t) = 2 cos

[
2π

(
fref −

|fDxA(t) + fDxB(t)|
2

)
t

]
+ cos

[
2π

(
|fDxA(t)− fDxB(t)|

2

)
t

]
.

(3.9)

Equation 3.9 shows that the interference pattern of the dual beam laser Doppler vibrom-

eter forms a frequency modulated (FM) signal, similar to an FM radio signal. Here,

the carrier frequency is fref , the message signal, which contains information about sur-

face motion, is |fDxA(t) + fDxB(t)|/2. There is also a time-variant envelope given by

cos [2π (|fDxA(t)− fDxB(t)|) t/2]. The message signal can be extracted from Idual(t) us-

ing I/Q demodulation [Haykin, 2009]:

fref −
|fDxA(t) + fDxB(t)|

2
=
Idual(t)

dQ

dt
+Q(t)

dIdual
dt

Idual(t)2 +Q(t)2
, (3.10)

where Q(t) is a 90◦ phase shifted interference pattern Idual(t). Equation 3.6 can be

rearranged to relate the simultaneously recorded wavefields u(xA,x, t) + u(xB,x, t) to

the frequency of Idual(t):

u(xA,x, t) + u(xB,x, t) = 2 [fDxA(t) + fDB
(t)]λ− fref , (3.11)

where λ is the wavelength of the laser used and fref is given by the driven frequency of the

AOM (Figure 3.1). In practice the signal is recorded and digitized by a computer and a

PCI-E based data acquisition card (PCIE-DAQ), where the discrete form of equation 3.10

can be implemented. Note that the SNR of Idual(t) is decreased by a factor of 4 relative to

the single beam interference pattern I(t) in Equation 3.7. This is due to (1) splitting of the

sample beam and (2) reduced interference due to reference beam polarization. The set-up

of the dual beam interferometer is drawn in Figure 3.1. The sample arm (red) is split

using a polarizing beam splitter (PBS), causing the light for the two subsequent sample
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Figure 3.1: Schematic of the dual-beam interferometer used for single channel acquisi-
tion of wavefields at two locations.The sample arm (red) is split using a polarizing beam
splitter (PBS), causing the light for the two subsequent sample beams (green and blue) to
be orthogonally polarized. Light reflected from the sample is Doppler shifted due to the
surface motion of the sample. The sample beams are recombined at the PBS but do not
interfere with each other due to the polarization of each backscattered beam, as indicated
by the dashed arrows. A reference beam (magenta) is also shifted using an Acousto-Optic
Modulator (AOM) and the polarization is set to 45◦ relative to each sample arm. The
reference beam and sample beams are combined using a 50:50 Beam Splitter (BS). The
resulting interference pattern, I(t), is an oscillation where the instantaneous frequency
is equal to the mean of the Doppler shifted sample beams and plus the reference arm
frequency shift.
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beams (green, blue) to be orthogonally polarized. The sample beams are focused on to

the surface of a sample and back-scattered light is collected by the interferometer. Back-

scattered light from the sample is Doppler shifted if the surface is vibrating, encoding the

surface motion into the oscillation frequency of the sample beams. Because the sample

beams are orthogonally polarized they do not interfere with each other, simplifying the

final intensity pattern. A reference beam (purple) is frequency shifted using an Acousto-

Optic Modulator (AOM) and the polarization is set to 45◦ relative to both sample arms.

Both sample beams and the reference beam are combined using a Beam splitter. The

resulting interference pattern, Idual(t), is an oscillation where the instantaneous frequency

is equal to the combination of the Doppler shifts: fref−|fDxA(t)+fDxB(t)|/2. The legend

shows the polarization orientation of each beam at different stages of the interferometer.

The circular arrow depicts circular polarization, and the straight arrows depicts linearly

polarized light at different orientation angles. The polarization is controlled using λ/4

and λ/2 waveplates.

3.5 Example: surface wave scattering in an aluminium

block

An aluminium block (280mm × 230mm × 215mm) with cylindrical holes of 1mm diam-

eter and 3cm in depth has previously been used to estimate the Rayleigh wave Green’s

function between two surface locations [Mikesell et al., 2012]. In the same block we excite

elastic waves with a pulsed Nd:YAG 1064-nm laser focused to a 1 mm beam diameter

on the block surface (Figure 3.2). Each excitation pulse has a duration of 10ns and total

energy of 50 mJ/pulse. Localized heating of the block due to laser light absorption causes

thermoelastic expansion and generates broadband ultrasonic waves [Scruby and Drain,

1990]. A scanning mirror system is used to move the source location in a circle surround-

ing the holes. The dual-beam interferometer described in Section 3.4 records ultrasonic
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xA xB

1

2

holes

θ

source locations

1Figure 3.2: In an aluminium block with 15 holes, xA and xB mark the locations where
the wavefields are recorded with a dual beam interferometer. The elastic wave source is
moved in a circle around the scatterers and the recording locations. The position of the
source is recorded as a function of the angle θ, where θ = 0 is defined by the bottom most
point of the circle. Hole 1 is located 52.5 mm and 15.5 mm from xA and xB respectively.
Hole 2 is located 72 mm and 32 mm from xA and xB respectively.

waves at locations xA and xB. A depiction of the setup is presented in Figure 3.2.

Our experiment is similar and reciprocal to that presented by Mikesell et al. [2012],

where the receiver was translated in a series of line scans to encompass a fixed source.

Automation of our translation and data acquisition is controlled with PLACE, a python-

based laboratory automation toolkit [Johnson et al., 2015]. Figure 3.3 shows the recording

of u(xB,x, t), the wavefield measured at xB for each source location x as the source is

translated in a circle encircling the receivers. Similarly, Figure 3.4 shows the wavefield

measured at xA. The total wavefield can be written as the sum of the direct wave u0

and the waves ui that are radiated by each scatterer i. Note that ui is dominated by
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the single-scattered waves, but it also contains contributions from multiple scattering

interactions with other scatterers. The wavefield is then given by

u = u0 +
N∑
i=1

ui . (3.12)

where N is the total number of scatterers. Recording of u(xB,x, t) is done by blocking

the vibrometer sample beam that would detect u(xA,x, t), the wavefield at xA. The x

coordinates are presented as a function of source azimuth (0◦ < θ < 360◦) with respect

to the centre of the aluminium block, where θ = 0◦ corresponds to the bottom-most

point of the circle. Figure 3.3 is dominated by a direct Rayleigh wave, the first term in

equation 3.12, which travels from the source to the receiver at a velocity of 2900 ms−1 in

the aluminium block. In the greyscale image whiter and darker shades represent particle

motion away from and toward the vibrometer, respectively. As the source is translated

in a circle around the centre of the aluminium block the arrival time of the direct wave

varies sinusoidally as xB is positioned 2.5 cm away from the centre of the circle of sources.

Waves scattered by the holes in the aluminium block, represented by ui in equation 3.12,

show up in the recorded wavefield at times greater than the direct arrival and at lower

amplitudes. For our experiment multiple scattered waves do not show up above the noise

floor of our data and we ignore these in our analysis.

Next we repeat our translation with both vibrometer sample beams incident on the

aluminium block. Figure 3.5 shows the recording of u(xA,x, t) + u(xB,x, t) for each

source location. As the wavefield for each shot is the sum of two receiver locations,

two large amplitude direct Rayleigh waves show up as sinusoids in Figure 3.5. Smaller

amplitude vibrations due to scattering of waves from holes in the surface of the aluminium

block are also present in the recorded wavefield sum.
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Figure 3.3: Elastic wavefields recorded by the interferometer with only the xB sample
beam incident on the block are presented as a function of excitation angle. The greyscale
image shows the surface particle motion of the aluminium block where white and black
shades represent motion into and out of the surface respectively. The dominant feature
is the direct Rayleigh wave arrival from source to receiver. Rayleigh waves scattered by
holes in the surface of the aluminium block are detected at lower amplitudes and later
arrival times.
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Figure 3.4: Elastic wavefields recorded by the interferometer with only the xA sample
beam incident on the block are presented as a function of excitation angle. The greyscale
image shows the surface particle motion of the aluminium block where white and black
shades represent motion into and out of the surface respectively. The dominant feature
is the direct Rayleigh wave arrival from source to receiver. Rayleigh waves scattered by
holes in the surface of the aluminium block are detected at lower amplitudes and later
arrival times.
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Figure 3.5: Elastic wavefields at xA and xB recorded by the interferometer are presented
as a function of excitation angle. The direct Rayleigh wave for each receiver can be
identified as large amplitude sinusoids. Waves scattered by holes in the surface of the
aluminium block can be observed after the direct wave arrival at lower amplitudes.
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3.5.1 Autocorrelation

Equation 3.12 describes a wavefield comprised of a direct wave and many waves radiated

by scatterers. The autocorrelation of this wavefield is, in the frequency domain, given by

|u|2 = |u0|2 +
N∑
i=1

|ui|2 +
N∑
i=1

(uiu
∗
0 + u∗iu0) +

∑
i 6=j

uiu
∗
j . (3.13)

The first two terms are the autocorrelation of a wave with itself, which peaks at t = 0.

The terms uiu∗0 is the cross-correlation of the wave radiated by scatterer i with the direct

wave, this term gives an arrival at the difference of the arrival time of the ui relative to

the direct waves. The term u∗iu0 is the same but at opposite arrival times. Finally the

cross terms uiu∗j for i 6= j are of higher order in the scattered waves and are, in general,

small compared to the cross terms uiu∗0 and u∗iu0. When we ignore products of scattered

waves, equation 3.13 reduces to

|u|2 ≈ |u0|2 +
N∑
i=1

(uiu
∗
0 + u∗iu0) . (3.14)

Figure 3.6 shows the autocorrelation of each shot of u(xB,x, t) shown in Figure 3.3. This

Green’s function is represented mathematically as G(xB,xB, ω)S(ω) in Equation 3.5,

and can be thought of as the Green’s function for a coinciding source/receiver [Mikesell

et al., 2012] using the approximation given by equation 3.14. In this case the ’direct’

Rayleigh wave is instantaneous and arrives at t = 0. In the autocorrelation the delay

time of scattered waves is the difference in arrival time between the direct wave and

scattered wave for each wavefield in Figure 3.3. The delay time for scattered waves

vary smoothly as a function of the source position θ. Extrema in the delay time for a

given scattered wave defines the stationary phase point, indicating the position where

the source, receiver and scatterer are aligned [Mikesell et al., 2012]. The dashed line

in Figure 3.6 follows the delay time of a scattered wave, relative to the direct wave,
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with a extrema of t ≈ +10.7µs. Because the autocorrelation is symmetric in time, as

shown in equation 3.13, there is an identical stationary-phase point at t ≈ −10.7µs.

Using the aluminium Rayleigh wave speed the distance between xB and the scatterer is

calculated to be r = 15.5mm, which corresponds to hole 1 in Figure 3.2. For two receivers

recorded in a single channel, equation 3.5 indicates the auto correlation of the sum of two

wavefields can be used to approximate the Green’s function between the two locations,

G(xA,xB, ω)S(ω). Figure 3.7 displays the autocorrelation of each wavefield presented in

Figure 3.5. The auto correlation function is dominated by large amplitudes near t = 0,

corresponding to the G(xA,xA, ω)S(ω) and G(xB,xB, ω)S(ω) terms in Equation 3.5.

The direct wave between receivers shows up as sinusoids in the auto correlation also,

corresponding to the 2<[G(xA,xB, ω)]S(ω) term in Equation 3.5. To extract the Green’s

function we sum the wavefields in Figure 3.7 over the source position. The time-reversed

anti-causal recording (t < 0) is then summed with the causal recording to improve the

signal-to-noise ratio (SNR). Figure 3.8 shows the extracted Green’s function using the

auto correlation method, compared to the Green’s function extracted by standard seismic

interferometry from individual recordings of wavefields u(xA,x, t) and u(xB,x, t). The

arrows indicate where scattered waves are expected to arrive based on the distances from

each scatterer to the receivers.

3.6 Discussion

We used transient sources to generate an equipartitioned wavefield of which the auto-

correlation function can be applied to extract the Green’s function. Equation 3.5 shows

that the auto correlation is comprised of the Green’s function between receivers and the

Green’s function for coinciding source and receivers located at xA and xB. The coinciding

source and receiver terms cause artefacts to occur throughout the autocorrelation. Near

t = 0 artefacts are due to the ’direct’ Rayleigh wave at both xA and xB, and later arte-
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Figure 3.6: autocorrelation of the wavefield recorded at xB for each source position, θ.
The auto correlation of the recorded wavefield is dominated by strong oscillations near
t ≈ 0 which corresponds to the ’direct’ Rayleigh wave from xB to xB. Waves scattered
by holes are present in the coda of the autocorrelation and vary smoothly in time as a
function of θ. The dashed line follows the correlation of the direct wave and a scattered
wave for each source location. This scattered wave has an maximum arrival time of
t ≈ −10.7µs at θ ≈ 200◦, which corresponds to hole 1 in Figure 3.2.
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facts are caused by waves that have been back-scattered by holes to and from the same

location. Because of these terms we expect a single hole to produce three scattered waves

in the auto correlation, one for each component of Equation 3.5; 2<[G(xA,xB, ω)]S(ω),

|G(xA,xA, ω)|2S(ω) and |G(xB,xB, ω)|2S(ω).

In Figure 3.8 the upper arrows indicate the expected scattered wave arrival times

for the 2<[G(xA,xB, ω)]S(ω) component, and the lower arrows indicate where artefacts

occur due to |G(xA,xA, ω)|2S(ω) and |G(xB,xB, ω)|2S(ω). For example, three peaks

in the auto correlation are labelled 1, which correspond to waves scattered by the hole

1 in Figure 3.2. The first of these peaks occurs at t ≈ 10.7µs and is due to the wave

that travels from xB to 1 and is back-scattered to xB. This wave arrives before the

direct wave because two way travel distance to the hole is shorter than the distance of

50 mm between xA and xB. The next peak occurs at t ≈ 23.4µs, corresponding to a

wave that has been emitted at either xA or xB, scattered off the hole and then detected

at the opposing receiver. The scattered wave is also present in the cross correlation.

The third peak occurs at t ≈ 36µs, corresponding to the wave which makes a round

trip from xA to the hole. This scattered wave coincides with the wave that is scattered

by hole 2 in the cross correlation. For the direct wave between receivers, which has an

arrival time of t ≈ 17µs, there is a good agreement between the auto correlation of the

wavefield sum and the cross correlation of the individual wavefields. At times before

the direct wave arrival the auto correlation has artefacts corresponding to events which

are back-scattered from a coinciding source and receiver and the instantaneous direct

wave arrival, as shown in Figures 3.6 and 3.7. From 17 < t < 27µs few artefacts occur

and again there is good agreement between the Green’s function and auto correlation.

For t < 27µs many artefacts occur in the auto correlation and agreement with Green’s

function is diminished. Without prior knowledge of the location of scatterers it is not

possible to differentiate between artefacts and scattered waves in the Green’s function,

other than those which occur before the direct wave arrival between receivers.
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The terms |G(xA,xA, ω)|2S(ω) and |G(xB,xB, ω)|2S(ω) in equation 3.5, which are

the cause of artefacts in autocorrelation of the wavefield sum, can be subtracted from

the resultant Green’s function to remove the artefacts if they have been recorded sep-

arately. In practise, to completely remove the artefacts both wavefields u(xA,x, t) and

u(xB,x, t) would need to be recorded and their autocorrelations subtracted from the

wavefield sum autocorrelation. Furthermore, with u(xA,x, t) and u(xB,x, t) recorded

individually G(xA,xB, ω)S(ω) can be estimated via the cross-correlation of these wave-

fields, making the autocorrelation of the wavefield sum redundant.

For in-situ structural health monitoring we propose not to use active sources but

long recordings of the ambient background elastic wavefield. In a similar situation arte-

facts which are present in the auto correlation of the sum of two wavefields may not be

detrimental to monitoring changes in a material. The cost of laser Doppler vibrometers

plays a major role in the prevalence of contacting transducers for NDT. This becomes

an even greater problem when two locations are required to be sampled simultaneously.

Our LDV design does not require a large number of additional components, reducing

the costs. Furthermore, because the interferometer and records the sum of wavefields

in a single channel, the number of acquisition channels and data size does not increase

compared to a traditional laser Doppler vibrometer.

3.7 Conclusion

We present underlying theory and hardware required to estimate the Green’s function

between two locations using the autocorrelation of the sum of equipartitioned wavefields.

This technique is an adaption from standard seismic interferometry where the correlation

function is applied to independent receivers. Furthermore a dual-beam laser interferome-

ter capable of recording the sum of wavefields at two locations is presented in detail. Such

a device and technique could provide a low-cost, non-contact method of characterizing
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in-situ material properties. As a proof of concept we extract the direct Rayleigh-wave

Green’s function and scattered coda between two locations on a aluminium block with

surface scatterers. The Green’s function is compared to that estimated by traditional

seismic interferometry, highlighting large artefacts which occur near t = 0. Our technique

requires few modifications to traditional seismic and laser interferometry and could be

applied to passive structural monitoring.



CHAPTER 3. DUAL-BEAM INTERFEROMETER 49

40 30 20 10 0 10 20 30 40

Time [µs]

0

50

100

150

200

250

300

350

T
h
e
ta

 [
D

e
g
re

e
s]

Figure 3.7: Auto correlation of the dual wavefield as a function of source angle θ.
As in Figure 3.6, the auto correlation is dominated by strong oscillations near t ≈ 0
which correspond to the ’direct’ Rayleigh wave from xA to xA and from xB to xB. The
direct wave that travels between xA and xB shows up as large amplitude sinusoids which
oscillate about t = 0 with extrema of t ≈ 17µs.
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Figure 3.8: The sum of the auto correlated wavefields (solid) is compared to the Green’s
function extracted using standard seismic interferometry (dashed). The direct wave has
an arrival time of t ≈ 17µs and a good agreement is found between the auto correlation
and the Green’s function. The auto correlation is dominated by a direct wave artefact
which occurs at t = 0µs. Arrows show when waves scattered by the holes are expected to
arrive and are calculated using the co-ordinates of the holes and xA and xB. Upper arrows
indicate the arrival times of waves which are emitted from one receiver, are scattered by
holes in the aluminium and are then detected by the opposing receiver. These waves are
present in both the cross correlation and the auto correlation. Lower arrows indicate the
arrival times of waves which are emitted and detected by the same receiver after being
back-scattered from the holes. Arrows labelled 1 show where waves scattered by hole 1
are expected to occur in the cross and auto correlations.



Chapter 4

Monitoring attenuation and the elastic

properties of an apple with laser

ultrasound

This chapter is adapted from:

S. Hitchman, K. van Wijk and Z. Davidson

Monitoring attenuation and the elastic properties of an apple with laser ultrasound

Postharvest Biology and Technology, 121:71–77, 2016.

and:

K. van Wijk and S. Hitchman

"Apple seismology"

Physics Today 70(10):94–95 (2017).

4.1 Abstract

The firmness of an apple is a commonly used indicator of quality and maturity during

sorting and cold storage. Because the resonant modes of an apple are dependant on the

elastic properties, vibration tests are favoured over other – often destructive – tests. We

present a novel non-destructive and non-contact method using laser-generated and laser-

51
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detected elastic waves to infer the elastic modulus and Poisson’s ratio of an apple from

the velocity of surface and body waves. In addition, we analyse the attenuation of these

waves. Although the elastic and anelastic properties all decay with age, attenuation is

the most sensitive to changes in ripeness of the apple.

4.2 Introduction

The optical absorption spectrum and scattering of light in fruit have been used to non-

destructively infer fruit soluble solid content [Peng and Lu, 2007] and texture [Lu and

Peng, 2006, Huang and Lu, 2010]. Several other methods test the firmness of fruit, both

at the point of harvest and periodically in cold storage, as an indicator of fruit quality.

Magness-Taylor (MT) pressure tests involve a small cylindrical rod being pushed into

the fruit until permanent deformation occurs. The force required to deform fruit flesh

is used as a quantitative firmness measurement [Magness and Taylor, 1925]. The MT

index is often considered the gold standard of quantitative firmness testing techniques,

and the most widely used [Abbott et al., 1992]. An apple’s elastic properties can also

be measured by compressing cylindrical sections of apple flesh and measuring the stress-

strain relationship [Khan and Vincent, 1993, Varela et al., 2007]. In addition to these

destructive methods, non-destructive tests exist which measure the frequency of an ap-

ple’s vibrational modes, which can be used to infer elastic properties [Cooke and Rand,

1973, Abbott et al., 1968, Lu and Abbott, 1996, Zhang et al., 2014]. The Firmness Index

(FI) combines measurements of the fundamental resonant vibration mode fl, and mass

m in such a way that it correlates with MT results:

FI = f 2
l m

2/3. (4.1)

The frequency of the resonant mode is dependent on the shape, size and elastic constants

of the fruit [Lu and Abbott, 1996, Cooke and Rand, 1973]. Chen and DeBaerdemaeker
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[1993] derived that for a sphere FI is proportional to the elastic modulus E:

FI =

[
(1− ν)

ρ1/3(6π2)2/3(1 + ν)(1− 2ν)

](
2πflR

vP

)2

E, (4.2)

where R is the radius, ν the Poisson’s ratio, ρ the density, and vP the compressional wave

speed of the sphere.

Duprat et al. [1997] report a correlation coefficient of 0.8391 between the FI and MT

experiments on apples in cold storage over a number of months. Resonance tests are

favoured over pressure tests, as the former are non-destructive and sample the entire ap-

ple [Duprat et al., 1997, Abbott et al., 1992]. We present elastic wavefield measurements

and a quantitative analysis of an intact apple using an optical system, which is non-

contact and non-destructive. Laser ultrasonic techniques [Scruby and Drain, 1990, Blum

et al., 2010] are used to generate and detect the elastic waves in the apple, overcoming

many of the limitations associated with contacting resonant experiments. A contacting

system with an impulse hammer and non-contact microphones in fixed positions around

an apple has previously been used to characterize fruit [Chen et al., 1996], and ultrasound

has been used to estimate the elastic modulus of watermelon [Ikeda et al., 2015], for ex-

ample. To quantitatively estimate the apple’s elastic properties, we use a high-energy

pulsed laser to generate elastic waves in an apple via thermoelastic expansion, and a

laser Doppler interferometer to detect elastic waves. Such a system has been successfully

used in geophysics [e.g., Adam et al., 2014, Blum et al., 2013] and medical imaging [e.g.,

Johnson et al., 2014], but has not previously been applied to fruit.
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4.3 Materials and methods

4.3.1 Wave propagation and modes

Elastic wave propagation measurement is a well established method to estimate the elastic

properties of solids. One classic application is seismology, where elastic waves generated

by earthquakes or man-made explosions are used to infer the elastic properties of the

Earth [e.g., Aki and Richards, 2002]. For an isotropic medium, two elastic constants and

the density define elastic wave propagation. Often such media are represented by the

elastic or Young’s modulus, E, and the Poisson’s ratio, ν, where the former describes the

amount of strain when stress is applied in the same dimension, while the latter is the

ratio between the strain in orthogonal directions from stress [e.g., Stein and Wysession,

2009].

Time domain: propagating waves

First, we quantitatively estimate E and ν from the propagation speeds of primary waves

(also called compressional waves, or P-waves), secondary waves (shear, or S-waves), and

surface waves. P- and S-waves are body waves that travel through the apple flesh. The

S-wave velocity vS, and P-wave velocity vP in an isotropic medium, together with the

density ρ, uniquely define the elastic moduli:

E = v2Sρ

 v2P
v2S
− 2

v2P
v2S
− 1

+ 2

 , ν =
1

2

 v2P
v2S
− 2

v2P
v2S
− 1

 . (4.3)

Conversely, Rayleigh waves are surface waves with a combination of longitudinal

and transverse particle motion [Stein and Wysession, 2009]. As surface-wave geometric

spreading happens over a surface - rather than over a volume for body waves - Rayleigh

waves are often dominant features in the recorded wave field. The Rayleigh wave velocity,

vR, is related to vS and vP such that the following condition is satisfied [Rayleigh, 1885,
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Stein and Wysession, 2009]:

(
2− v2R

v2S

)2

+ 4

√
v2R
v2S
− 1

√
v2R
v2P
− 1 = 0, (4.4)

with the requirement that 0 < vR < vS. This relation eliminates the need to measure vR,

vS and vP independently for an isotropic material: if two wave velocities are measured,

the real roots of equation 4.4 determine the velocity of the third wave type.

Frequency domain: resonance

The resonant modes of a system are the result of interfering propagating waves. Mathe-

matical models are readily available for regular systems such as solid spheres and cylin-

ders, for example, where the first in depth study of vibrations of a homogeneous sphere

was conducted by Lamb [1881]. The normal modes of a solid sphere, determined by

its radius and elastic properties [Snieder and Van Wijk, 2015], can be separated into

spheroidal S and torsional T modes. Each mode is characterized by their number of

surface nodal lines l, number of internal nodal lines n, and azimuthal order m: nS
m
l ,

and nT
m
l . Here, we only consider the radial displacement of each mode, and because the

torsional modes have no radial displacement these are omitted.

Spheroidal modes which have no internal nodal lines (n = 0) are dominated by the

constructive interference of surface Rayleigh waves [Stein and Wysession, 2009]. Butkov

[1968] shows that interfering Rayleigh waves which generate these modes have
√
l(l + 1)

wavelengths on the surface of a sphere. Using this requirement it can be shown that the

mode frequency nfl for n = 0 is related to the Rayleigh wave velocity and sphere radius

R as

0fl =
√
l(l + 1)

vR
2πR

, (4.5)

where the Rayleigh wavelength is λR = vR
fl
, R is the sphere radius and 0fl is the frequency

of oscillation for 0S
m
l . Interference of surface Rayleigh waves with an oscillation frequency
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0fl creates standing waves on the surface of the sphere. For an isotropic sphere, 2l + 1

modes exist at the same resonant frequency nfl, but have mode shapes based on the

azimuthal orderm. The magnitude of the surface displacement as a function of epicentral

distance, θ, is governed by the associated Legendre polynomials [Andrews and Andrews,

Stein and Wysession, 2009]:

Pm
l (x) =

[
(1− x2)m/2

2ll!

] [
dl+m

dxl+m
(x2 − 1)l

]
, (4.6)

where x = cos θ for a sphere.

Spheroidal modes which have no surface nodal lines (l = 0), often termed radial

modes, are dominated by the constructive interference of P-waves [Aki and Richards,

2002]. The frequency of these modes can be found by finding the roots to:

cotx =
1

x
− 1

4

(
vP
vS

)2

x, (4.7)

where:

x =
2πnf0R

vP
. (4.8)

The lowest root of equation 4.7 corresponds to the fundamental mode 0S
0
0 . The

subsequent roots correspond to modes with l = 0 and n = 1, 2, 3.... For modes where

both n > 0 and l > 0 there are no analytical solutions for the frequency of these modes,

but software packages exist which estimate the eigen-frequencies of these modes. For

models of Earth, the Mineos [Masters et al., 2007] package can be used.

Attenuation and quality factor

In the absence of damping, resonant modes are theoretically infinitely large in amplitude.

However, internal friction (anelasticity) assures finite amplitude resonant peaks in the
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power spectrum. The quality factor Q is a measure of anelasticity [Vallina, 1999]:

1

Q(f)
=
δfl
fl
, (4.9)

where fl and δfl are the center frequency and full width at half maximum of a resonance,

respectively.

In the time domain, there is an equivalent contribution from anelasticity, as shown in

Box 5.7 of Aki and Richards [2002]:

A(t) = A0

(
1− π

Q(f)

)tf
⇔ ln (A(t)) = ln(A0) + tf ln

(
1− π

Q(f)

)
. (4.10)

This means that the natural logarithm of the amplitude decay of propagating waves form

a line with a slope defined by the quality factor Q(f).

4.3.2 Non-contact monitoring of a Braeburn apple

The Braeburn variety of apple is a firm eating apple with a spherical shape, of which

the ripening process in modified atmospheres and internal browning has been studied

[Hertog et al., 2001, McGlone et al., 2005]. We optically excite and detect elastic waves

at a range of positions along the apple’s equator to estimate the elastic wave speeds in

a New Zealand Braeburn apple with a circumference of 23.5 cm. Figure 4.1 shows a

cross section of the apple during excitation and the propagation paths of the generated

surface and body elastic waves around the equator of the apple. A high energy laser pulse

absorbed by the sample creates a localized area of rapidly increased temperature, and

hence increased volume (i.e., thermo-elastic expansion), producing elastic waves [Scruby

and Drain, 1990]. A tunable OPO laser (Radiant 532 LD, Opotek, Carlsbad, CA, USA)

with centre wavelength of 1735 nm, pulse energy of 8.38 mJ, pulse duration of 10 ns,

beam diameter of 1 cm, and a repetition rate of 20 Hz is used to generate elastic waves in
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an apple. The laser wavelength of 1735 nm is used as it is highly absorbed by the apple,

generating large amplitude elastic waves for a relatively low source energy. A complete

description of elastic wave generation with light is given in Appendix A.

Elastic waves are detected using an LDV, fully described in Chapter 2. The LDV

measures surface particle velocity in the direction of the laser beam by detecting the

Doppler shift of light back-scattered by the sample [Scruby and Drain, 1990, Hitchman

et al., 2015]. LDVs have previously been used to detect the surface motion of fruit

stimulated using a contacting source [Muramatsu et al., 2000, Terasaki et al., 2006].

Simultaneously to our experiment, Hosoya et al. [2017] excited elastic waves in an apple

using a pulsed laser which is not incident on the apple. Instead the laser light is strongly

focused to a point in the air near the apple. Due to the large pulse energies (100’s of

mJ/pulse) used by Hosoya et al. [2017], at the focal point the energy density of the light

becomes so great that the air is rapidly turned to plasma resulting in a shock wave. The

laser-induced plasma (LIP) shock wave travels through the air and excites elastic waves

in the apple, which are detected using an LDV.

Excitation and detection of elastic waves using lasers offers several advantages over

contacting transducer methods; namely the removal of source to sample coupling incon-

sistencies, small source and receiver footprint, and ease of scanning. The LDV beam is

focused to sub-millimetre diameter on the equator of the apple. LDV signal quality is

aided by retro-reflective tape applied to the apple, which increases the amount of light

back-scattered to the LDV. The reflective tape could possibly be removed with adequate

signal processing and careful alignment of the apple and LDV. Typical LDVs detect the

surface particle motion only in the direction of the incident beam. This is because particle

motion perpendicular to the laser beam (θ = 90◦ or 270◦ in equation 3.6) does not result

in a Doppler shift. For our setup, where the LDV beam is incident normal to the surface

of the apple, waves with a radial particle motion such as P- and Rayleigh waves can be

detected. Elastic waves with a purely tangential motion, such as S-waves, are not easily
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Figure 4.1: Cross-section of an apple to illustrate that laser-generated P- and Rayleigh
waves propagate through and around the apple. The light pulses are generated by a
tunable Q-switched laser. On average each pulse has a total energy of 8.38 mJ centred
at 1735 nm. The resultant wavefields are detected with a laser Doppler vibrometer, an
optical interferometer which directly measures surface particle velocity. Excitation is
repeated at many locations around the circumference of the apple to estimate the elastic
wave speeds.

detected. A multi-component LDV could be used [Blum et al., 2010] to detect S-waves

directly. Instead, we calculate the S-wave velocity vS from the P-wave and Rayleigh-wave

speeds using the real roots of equation 4.4. Data are recorded on an AlazarTech ATS9440

digital oscilloscope card at 107 samples/s, and 14-bits dynamic range. Data acquisition is

automated using the open-source Python control software PLACE [Johnson et al., 2015].

4.4 Results and Discussion

4.4.1 Elastic wave speeds

Optically excited wavefields in an apple are presented in Figure 4.2 as a function of

epicentral distance, in degrees, between the source and receiver, and time. A low-pass
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Figure 4.2: Elastic wavefields excited using short duration laser pulses are presented as
a function of time and angular distance around. The dominant feature in the wavefields
are Rayleigh waves, which take approximately 2.5ms to circumnavigate the surface of the
apple. Using a least-squares fit to the arrival times of the Rayleigh waves as a function
of the distance, the wave speed is estimated to be vR = 96± 3 m/s. The first arrival in
the wavefield are the p-waves, which travel through the apple flesh directly from source
to receiver. Figure 4.3 shows the same wavefields plotted as a function of direct distance
through the apple which can be used to estimate the P- wave speed.
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filter with a corner frequency of 10 kHz was applied to each wavefield. The wavefields

are dominated by surface waves circling the apple multiple times, taking approximately

2.5ms to circumnavigate the apple at the equator. From the propagation of these surface

waves we estimate that the Rayleigh wave speed is vR = 96± 3 m/s using a least-squares

fit of the arrival times and the distance travelled by the maximum amplitude Rayleigh

wave phase. The earliest part of the same waveforms in Figure 4.3 highlight the lower-

amplitude arrival of the primary waves as a function of the distance through the apple

flesh. A linear regression on this arrival results in a sub-sonic P-wave speed estimate

vP = 142±7 m/s. Closer inspection of Figure 4.3 reveals that the P- wave speed decreases

at distances greater than ≈ 6cm. This is most likely due to a dramatically slower P-wave

speed through the core of the apple, discussed further in the following Section. The real

roots of equation 4.4 provide the S-wave speed for an isotropic material. Substituting

the measured values of vP and vR results in vS = 99±4 m/s. As these are measurements

on a single apple, the errors presented for the elastic wave speeds are most likely due to

the deviation in apple shape from a perfect sphere.

4.4.2 The normal modes of an apple

Propagating elastic waves in the apple can be viewed as the superposition of its normal

modes. Equations 4.5 and 4.7 establish which peak in the power spectra corresponds to

which spheroidal mode. Substituting the measured wave speeds and size of the apple we

find that resonant modes with n = 0 dominate the power spectra of the apple (bottom

panel of Figure 4.4), and are the result of interfering Rayleigh waves. Rayleigh surface

waves experience two-dimensional geometric spreading, whereas body waves spread in

three dimensions. Hence, it is not surprising that Rayleigh waves associated with n = 0

modes dominate over body-wave signals expressed in n > 0 overtones. Tukey and Young

[1942] show that apple flesh is anisotropic at the cellular level due to cell elongation, air

pockets and thickening of the cell wall during ripening. However, at these low frequencies
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Figure 4.3: Elastic wave fields as a function of time and the Euclidean distance through
the apple from source to receiver. A linear regression on the primary wave arrival time
results in a P-wave speed vP = 142± 7 m/s.
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the wavelengths in the apple are on the order of the size of the apple, and much greater

than the cells. This means the isotropic model allows us to explain our experiment. Air

pockets are likely the cause of slow wavespeeds and large attenuation of elastic waves

in an apple. Attenuation results in Rayleigh waves that are barely perceptible after one

revolution of the apple (Figure 4.2) and broad peaks in the PSD (Figure 4.4). The PSD

of the apple shows a good agreement between normal modes generated by interfering

surface waves on an apple and a sphere when appropriate parameters are used. For

resonant modes which are the result of interfering body waves, such as the breathing

mode 0S
0
0 , the heterogeneity of the apple cannot be ignored. An apple, like Earth, has a

core at the centre and a thin skin on the outside. However, unlike Earth we find that an

apple’s elastic wave speeds drastically decrease with depth. Mineos [Masters et al., 2007]

is a computer modelling toolkit that estimates the eigen-frequencies of the normal modes

of a sphere which has varying elastic properties with depth. Typically Mineos is used to

estimate the normal modes of a self gravitating Earth model, such as the Preliminary

reference model (prem) of Dziewonski and Anderson [1981]. To simulate the properties

of an apple we reduce the Inner and Outer Core parameters to approximately half the

original values. We find that the 0S0 eigen-frequency, 0f0, decreases from ∼ 0.814 mHz

to ∼ 0.32 mHz. In this model the 0S0 mode has the smallest eigen-frequency, lower than

that of the 0S2 mode where 0f2 was estimated to be ∼ 0.36 mHz. For this reason we

believe that the resonant mode with the lowest eigen-frequency of an apple is the 0S0. We

compare a section of the power density spectra of Earth and an apple to highlight their

differences, and similarities, in Figure 4.4. The frequency of the 0S
0
2 mode, as shown

in Figure 4.4, closely matches previously presented values measured using contacting

methods at comparable frequencies [Chen and DeBaerdemaeker, 1993, Yamamoto et al.,

1980, Shmulevich et al., 2003] and has been used to infer apple firmness via the Firmness

Index (FI, equation 4.1).
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Figure 4.4: Sections of the power density spectra of wavefields measured in Earth (top)
and a Braeburn apple (tottom). Dotted lines and labels indicate the frequency of resonant
modes of an isotropic sphere with size and elastic wavespeeds equal to those measured
in the apple. Unlike Earth, we find that the 0S0 mode is the lowest frequency mode in
an apple due to slow wavespeeds in the core.
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Figure 4.5: Wave fields in the apple at a constant source-receiver epicentral distance of
173◦ indicate a decrease in velocity and an increase in attenuation over a period of 360
hours.

4.4.3 Time lapse properties

Apple ripening results in softening flesh over time as cell structure breaks down, causing

a dissolution of the cell wall and the middle lamella and growing intercellular spaces [Ben-

Arie et al., 1979]. Previous studies have shown that both elastic wave transmission and

Magnes-Taylor tests show a decrease in the elastic constants as apples mature [Chen

et al., 1996]. To confirm a decrease in elastic constants using our all-optical method,

we repeat the experiment outlined in Section 4.3.2 on a new Braeburn apple, with a

mass of 189 g and circumference of 24 cm. For this apple we find vP = 182 ± 7 m/s,

vR = 100.5± 0.1 m/s. The S-wave speed is found to be vS = 110± 4 m/s using the real

roots of equation 4.4. Equation 4.3 shows that the elastic modulus and Poisson’s ratio

are related to the P- and S-wave velocities. Using equation 4.3 we find for this apple

quantitative estimates of the elastic modulus E = 26 ± 1.5 MPa, and Poisson’s ratio

ν = 0.21± 0.05.

The estimated elastic modulus does not match previously reported measurements

using compressive or destructive methods performed on apple flesh sections [Khan and

Vincent, 1993, Varela et al., 2007], as these are performed at quasi-static conditions.
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Figure 4.6: The Power Spectral Density (PSD) of waves recorded at an epicentral
distance of 173◦ display a decrease in the frequency of the first resonant mode, as the
apple ages.
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The apple flesh is viscoelastic, and thus exhibits frequency dependence of its elastic

properties [Varela et al., 2007]. We estimate changes in the elastic and anelastic properties

over 15 days from elastic waves recorded and detected daily at a source and receiver

separation of 173◦. A control apple was placed in the same room conditions to monitor

mass and volume throughout the experiment. Figure 4.5 shows the recorded elastic wave

forms for each time stamp. Figure 4.6 present their Power Spectral Density (PSD),

zoomed in to show the 0S2 mode. Changes in the arrival time and amplitude of the

elastic waves, as well as in the frequency of resonant modes indicate a decrease in the

quality factor Q and the elastic moduli.

Elastic properties

The wave fields of Figure 4.5 clearly show primary and surface waves arriving consistently

later (and decreasing in amplitude). Figure 4.5 shows that the P-wave arrival time

increases at a rate of δtP = 3.96 ± 0.07 µs/day and the Rayleigh wave arrival time

increases at a rate of δtR = 8.59 ± 0.02 µs/day. From these, we estimate that vp and

vs decrease at a rate of δvP = −1.49 ± 0.02 m/s/day and δvS = −0.83 ± 0.01 m/s/day,

respectively. Conversely, the resonant mode 0S2 was found to decrease linearly at a rate

of δf = −9.4± 0.2 Hz/day.

The rate of change of the control apple density is estimated to be δρ = 820 ±

50 g/m3/day. We extrapolate this gradient to the test apple and find that this lin-

ear increase in density fits within the error of initial and final density measurements of

the test apple (see panel 1 of Figure 4.7). With the density, estimated wave speeds, and

using Equation 4.3, the elastic modulus and Poisson’s ratio were estimated as the apple

aged. A least-squares regression on the daily estimates of E in panel 2 of Figure 4.7 indi-

cates a decay rate of δE = 0.355± 0.005 MPa/day, which amounts to a ∼ 19% decrease

over the fifteen day period. The Firmness Index, FI, (see panel 3 of Figure 4.7) was

calculated using the decay in the frequency of the 0S2 mode, shown in Figure 4.6, and
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Figure 4.7: Density, elastic modulus, FI, and Poisson’s ratio estimated over a period of
fifteen days. Error bars show the standard error in each property from initial measure-
ments, which are largely determined by errors in the P- and Rayleigh wave speeds.



CHAPTER 4. MONITORING OF AN APPLE WITH LASER ULTRASOUND 69

the extrapolated apple mass using Equation 4.1. Furthermore, a least-squares regression

indicates a decay rate of the Firmness Index to be δFI = 3336± 3 Hz2/kg2/3/day, which

amounts to an overall decrease of ∼ 30%. Finally, the Poisson’s ratio (panel 4 of Fig-

ure 4.7) does not decrease significantly, noting its relatively large standard deviation. FI

was found to decrease at a greater rate than the elastic modulus E. Equation 4.2 reveals

this difference can be attributed to a decrease in the primary wave speed and the density

increase.

Attenuation

The amplitude of the 0S2 mode in Figure 4.6 does not decay monotonically, and the

estimated quality factor Q does not vary significantly, given our relatively large standard

deviation on Q (top panel of Figure 4.8). However, the amplitude of Rayleigh waves

of Figure 4.5 decay monotonically and significantly as the apple ages. Tracking the

amplitude of the phase with the largest amplitude at t = 0 hours, results in the bottom

panel of Figure 4.8. This amplitude decreases at a rate of δA = 240 ± 70 nm/s/day, or

75% after 15 days. The Rayleigh wave amplitude was found to decrease at a significantly

greater rate than the elastic constants or the FI, and may provide the most sensitive

parameter of acoustic monitoring of the ripeness of an apple. However, Figure 4.8 shows

that the Q factor of the 0S2 mode is approximately constant over the duration of this

experiment. Therefore, in order to observe intrinsic absorption in the frequency domain,

higher-order apple modes should be considered.

In a commercial setting, the attenuation of many apples would need to be measured

on a single day. In this case tracking the amplitude and arrival time of a particular

phase in the waveform as the apple ages is not possible. Due to the logarithmic nature of

attenuating waves we simplify Equation 4.10 to a decaying exponential function in order

to find the temporal attenuation coefficient, α(τ):
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Figure 4.8: The quality factor Q of the 0S2 mode (top) and Rayleigh wave phase
amplitude decay (bottom) measured as the apple ages. The error in Q is calculated
using the standard deviation from the initial Q factor measurements on the 0S2 mode.
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A(t) = A0 exp−α(τ)t, (4.11)

where A0 is the initial amplitude and A(t) is the amplitude of subsequent Rayleigh

waves which arrive at time t and τ represents the age of the apple. In this case α(τ)

is an average of the attenuation with time of propagating Rayleigh waves due to all

the resonant mode Q factors. We use a least-squares regression to fit Equation 4.11

to Rayleigh wave peaks for many wavefields recorded at t = 0 and find the average

attenuation to be α(0) = 550 ± 30s−1. For the same apple excited periodically for 15

days, and using at an epicentral distance of 120◦, α(τ) was found to increase by ≈ 50%

for the duration of the experiment. Figure 4.9 shows the measured wavefields (panel 1),

the normalised, fitted exponential decay curves (panel 2), and the estimated α(τ). The

relative change in α(τ) with time is not as large as tracking a single phase, as shown in

Figure 4.8, however finding α(τ) can be easily automated and shows a greater sensitivity

to age compared to the elastic constants and FI.

4.5 Conclusions

Fully non-contact and non-destructive acoustic measurements on a Braeburn apple us-

ing laser ultrasound provide the means to monitor the ripeness with either propagating

waves, or as the superposition of normal modes. A popular existing method to estimate

the apple’s (age-dependent) firmness – a quantity proportional to the elastic modulus –

focuses on the fundamental mode of vibration. We find, however, that the elastic mod-

ulus decrease is less (19%) than the firmness index (30%) after fifteen days, and that

the most sensitive parameter to monitor the ripeness of the apple is the attenuation of

Rayleigh waves in the apple (75%). The Poisson’s ratio and the quality factor Q of the

fundamental mode of the apple were not found to decrease significantly over the same

period.
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Figure 4.9: Elastic waves were excited in an apple periodically for 15 days with the
source and receiver separated by 120◦ at the equator (panel 1). An exponential decay
curve was fitted to the peaks in the envelope of the wavefield to estimate the attenuation
coefficient (panel 2). The attenuation of Rayleigh waves was found to increase as the
apple aged (panel 3) by ≈ 50% over 15 days. Error bars represent the standard error in
the attenuation estimation.



Chapter 5

Laser ultrasound on wood

5.1 Abstract

The propagation speed of elastic waves, along with the density, uniquely define the elastic

moduli of materials. We excite and detect elastic waves in samples of Radiata pine using

laser ultrasound. The Young’s modulus perpendicular to the grain is determined in

each sample, and a clear distinction between wood grades is observed. Furthermore,

each sample is translated longitudinally to detect changes in the wood structure, such as

knots.

5.2 Introduction

Estimating the Young’s modulus, E, of dry wood is largely limited to static 3-point and

4-point bending measurements [Brancheriau et al., 2002]. When used in construction, E

determines the amount of bending under load and knots reduce the modulus of rupture,

MOR, an indicator of the maximum load which can be applied to the wood before failure.

Bending tests are effective at determining the average stiffness of wood, however the long

processing time and costly equipment are limiting factors for large wood samples. Bucur

and Archer [1984] showed that the elastic constants of wood can be determined using

73
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the velocity of elastic waves and the density, and Sandoz [1989] used ultrasonic wave

speeds to sort beams of spruce into three classes. In both cases contacting piezoelectric

transducers were used to measure the compressional or P-wave speed parallel to the grain.

Elastic waves velocities are influenced by many factors, namely species, moisture content,

temperature, direction of propagation and individual tree growth [Green et al., 1999]. In

most cases these factors can be accurately controlled and variation due to individual

tree stiffness can be identified. Recently light has been used to identify wood fibre

orientation [Nieminen et al., 2013] and decay in historic wooden buildings [Dackermann

et al., 2014]. Air-coupled ultrasonic transducers have also been used to estimate the

quality of glued wooden planks [Sanabria et al., 2011] and wooden beams [Kandemir-

Yucel et al., 2007]. Light can also excite elastic waves via the photoacoustic effect,

first observed by Bell [1880], which has advantages over transducer measurements as

no physical contact is required. Kuo et al. [1987] used laser light with a modulated

intensity to excite sound waves, which are detected using a non-contacting microphone,

in small samples of wood. As the amplitude of excited sound waves are proportional to

the wavelength of the light, see Appendix A, the infra-red (IR) absorption spectrum of

wood was determined. Based on the IR spectrum presented by Kuo et al. [1987] and non-

contacting, optical detectors outlined by Scruby and Drain [1990], Bucur [2006] theorized

that traditional transducer measurements could be reproduced using lasers. We use short

duration pulses of light emitted from a laser to excite ultrasonic elastic waves in wood

via the photoacoustic effect. The excited wavefields are detected using an LDV. LDVs

have previously been used to detect excited wavefields in wood from other sources, such

as wood-boring insects [Zorović and Čokl, 2015]. Six samples of New Zealand Radiata

pine are interrogated using laser ultrasound and determine the elastic wave velocities and

Young’s modulus perpendicular to the grain. Variation in factors, other than stiffness,

which determine the wave speed is reduced by keeping the species, moisture content

and temperature consistent between samples. Furthermore, we translate each sample in
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the direction of the grain to identify variation in the the elastic properties as along the

sample.

5.2.1 Elastic Waves

Elastic wave propagation is a well established method to estimate the elastic properties

of solids. One classic application is seismology, where elastic waves generated by earth-

quakes or man-made explosions are used to infer the elastic properties of the Earth [e.g.,

Aki and Richards, 2002]. The propagation speeds of primary waves (also called com-

pressional waves, or P-waves), secondary waves (shear, or S-waves), and surface waves

can be used to estimate the elastic properties. P- and S-waves are body waves which

travel throughout the wood sample. For an isotropic material the S-wave velocity vS,

and P-wave velocity vP , together with the density ρ uniquely define the elastic moduli:

µ = v2Sρ, M = v2Pρ, (5.1)

where µ is the shear modulus andM is the P-wave modulus. For an isotropic medium

two elastic constants, such as µ and M fully characterize the material. We are interested

in the bending strength of wood which is defined by its Young’s modulus, E. Equation 5.2

shows how E is related to µ and M .

E =
µ (3M − 4µ)

M − µ
. (5.2)

Conversely, Rayleigh waves are surface waves with a combination of longitudinal

and transverse particle motion [Stein and Wysession, 2009]. As surface-wave geometric

spreading happens over a surface - rather than over a volume for body waves - Rayleigh

waves are often dominant features in the recorded wave field. By solving the boundary

conditions for an elastic wave trapped at a surface the Rayleigh wave velocity, vR, can be

related to vS and vP such that the following condition is satisfied [Rayleigh, 1885, Stein
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and Wysession, 2009]:

(
2− v2R

v2S

)2

+ 4

√
1− v2R

v2S

√
1− v2R

v2P
= 0, (5.3)

with the requirement that 0 < vR < vS. This relation eliminates the need to measure

vR, vS and vP independently: if two wave velocities are measured, the real roots of

equation 5.3 determine the velocity of the third wave type.

5.2.2 Wood as an orthotropic material

The elastic properties of homogeneous, isotropic materials can be fully characterized by

two independent elastic constants, such as M and µ, given in Equation 5.1. Due to its

internal structure wood and wood composites exhibit orthotropic behaviour, i.e, they

are symmetric about 3 perpendicular axes that have dramatically different elastic con-

stants [Bodig and Jayne, 1993]. Typically these axes are referred to as the Longitudinal

(L), Transverse (T) and Radial (R) principal axes [Green et al., 1999]. The axes arise

due to the pattern of wood growth, where the L axis is parallel to the grain, T is perpen-

dicular to the grain and parallel to the annual layering (rings), and R is perpendicular to

both, as shown in Figure 5.1. Green et al. [1999] give the ratio between the measured E

and µ in each principal axis for many species of wood, estimated by static compression

tests. For softwoods such as pine at approximately 12% moisture content the Young’s

modulus in the Longitudinal axis, EL, is typically ≈ 18 times greater than ET and ≈ 10

times greater than ER. Wood used for construction is cut into beams such that the L axis

is parallel to the long edge of the wood, maximizing the bending strength of the beam.

After cutting the R and T axes may not align perpendicular to the side of the sample as

is depicted in Figure 5.1. Knots in the wood represent a change in the orientation of the

principal axes due to branch growth. As EL >> ER, ET , a rotation of the L axis due to

a knot causes a decrease in the average Young’s modulus and creates a point prone to
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Figure 5.1: The principal axes of wood are shown with respect to the grain direction
and growth rings in a typical wood sample used for construction.

fracture. For this reason visual inspection of wood samples is used to downgrade wood

samples with many and/or large knots.

5.3 Materials and Method

Equations 5.1 and 5.3 show that the elastic moduli can be estimated using the P- and

Rayleigh wave speed and the density. A tunable OPO laser (Radiant 532 LD, Opotek,

Carlsbad, CA, USA) with centre wavelength of 680 nm, pulse energy of 40 mJ, pulse

duration of 10 ns, beam diameter of 1 cm, and a repetition rate of 20 Hz is used to

generate elastic waves in wood. Localized heating of the material generates elastic waves

via thermoelastic expansion [Scruby and Drain, 1990]. A complete description of elastic

wave generation using light is presented in Appendix A. From the absorption spectrum
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of wood we find that 680nm is not the most efficient wavelength to generate elastic waves

in wood. However, due to the greater energy output at shorter wavelengths of our laser

we find that 680nm generates the largest amplitude elastic waves. The excited wavefield

in each wood sample is measured with a Polytec V505 laser Doppler vibrometer and

V5000 controller. We use the DD-300 displacement decoder which has a built in band-

pass filter with corner frequencies 35kHz and 25MHz. Figures 5.2 shows the move-out

method and 5.4 shows the setup of a scan along the longitudinal axis of the wood. The

move-out method estimates the phase velocity of Primary, P-, and Rayleigh waves in the

R/T plane near the middle of the sample is estimated by varying the separation distance

between the source and receiver (Figure 5.2). The proportion of wave propagation in the

R or T axis depends on the ring orientation determined during cutting. This experiment

is repeated on two samples which have been graded by a static bending test to be SG6

or SG12 grades of wood. On average SG6 grade wood has an average EL = 6GPa

with a minimum tolerance of EL = 4GPa. Similarly SG12 grade wood has an average

EL = 12GPa with a minimum tolerance of EL = 9GPa. For the L axis scan we set the

separation distance between the source and receiver and translate the sample along the

L axis. The translation can be used to identify variations in elastic wave speed along the

sample length and the average properties. In both cases each recorded wavefield is the

average of 100 realizations and reflective tape is used to increase the signal to noise ratio

of the LDV detector.

5.4 Results

5.4.1 Elastic wave move-out

The phase velocity of P- waves, vP , and Rayleigh waves, vR, are estimated by varying

the source and receiver separation distance. Figure 5.3 shows the recorded wavefield at

each location on the wood surface as the source is translated away from the detector.
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Figure 5.2: Elastic waves are generated using high energy pulses of light and detected
using a laser Doppler vibrometer.
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Figure 5.3: Elastic wavefield measurements in SG6a (Left) and SG12b (Right) samples.
The Rayleigh wave (solid) and P- wave (dashed) arrival time is recorded at different
stand-off distances to estimate the elastic wave phase velocity.

SG12 SG6
Density 567 kg/m−3 336 kg/m−3

vP 1367 m/s 1559 m/s
vR 584 m/s 449.5 m/s
ERT 0.567GPa 0.21GPa

Table 5.1: Elastic wave velocities measured using the move-out method are used, with
the density, to estimate ERT for two SG6 and SG12 grade Radiata Pine samples. We
find that for these samples the SG12 grade wood has an ERT approximately 2.75 times
greater than the SG6 grade sample.

The source receiver separation distance is recorded as X position, and the greyscale

shows the displacement of the surface due to wave vibrations. P-waves travel faster than

other elastic waves and are identified as the first peak in the wavefield. Rayleigh waves

are typically large in amplitude and travel slower than P- waves. Table 5.1 shows the

estimated wave speeds and the density of each sample which are used to estimate ERT .

We find that the SG12 graded wood has a much greater ERT than the SG6 graded wood.

Multiplying ERT by 18 to gives EL ≈ 10GPa and ≈ 4GPa for SG12 and SG6 samples,

respectively, which are within the tolerances of the 3-point bending test.
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SG6 SG12
Approximate grain angle (◦) 0 45 90 0 45 90

Density (kg/m3) 336.91 351.7 481.8 534.31 561.6 567.26
Primary arrival (µs) 41.5 39.11 36.3 41.53 35.88 33.8
Rayleigh arrival (µs) 98.4 87.9 70.16 75 71.4 71.77

E (GPa) 0.186 0.216 0.497 0.477 0.59 0.555

Table 5.2: Numerical results calculated using the average wavefield along the length of
wood samples

5.4.2 Linear Scans

To estimate the mean ERT of each wood sample the velocity of elastic waves are deter-

mined at many locations along the sample surface. The LDV detector and laser source

are separated by 40.5mm perpendicular to the grain axis and the sample is translated

using translation stage (Figure 5.4). The elastic wavefield is recorded at intervals of 1mm

on the sample surface. Figures 5.5 and 5.6 show the ring orientation (left panel), the

elastic wavefields recorded along the length of the sample (middle panel) and the sum of

all wavefields (right panel) for each wood sample. Elastic waves which travel to the end

of the sample and are reflected back to the receiver have an arrival time proportional to

the x position of the wavefield. The location where reflected waves cross indicates the

approximate centre of the wood sample as waves reflected from each end have similar

arrival times. Reflected waves travel much faster than the direct wave between source

and receiver as a proportion of the travel direction is parallel to the grain, which exhibits

much greater wave speeds. From the average elastic wavefield along the samples the elas-

tic wave speeds and amplitudes are determined. Reflected wave do not coherently stack

when summing along the longitudinal axis due to the varying arrival times. Table 5.2

shows the results for the SG6 and SG12 graded wood as a function of ring angle.
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Figure 5.4: The 680nm pulsed laser (o) and LDV (x) are separated by 4.05cm on the
surface of the sample. The sample is translated along the L axis using a linear translation
stage to identify changes in elastic properties along the length of the sample.

5.5 Discussion

We estimate the Young’s modulus in the R/T plane, ERT , for many wood samples pre-

viously determined to be SG12 or SG6 grades using a 3-point bending test. 3-point

bending tests are the least accurate test for estimating E, however the simplicity of the

setup allows for every manufactured sample to be graded. Using a move-out method

the phase velocity of P- and Rayleigh wave speeds were estimated near the centre of the

wood, where side reflections are of least concern. From the wavespeeds and the density

ERT is calculated for two wood samples. The move-out method is the most accurate

technique as many phase arrivals are used to find the elastic wave speeds. However

this method is slow and interrogates only one small cross-section of the wood. Because

of these limitations the move-out method is not appropriate to identify changes in the

bending strength or abnormalities in the entire wood sample. Linear scanning along the

wood surface with a fixed laser source and receiver separation distance was able to iden-

tify changes in the bending strength. Additionally, the P- and Rayleigh arrival times in

the sum of all wavefields (Figures 5.5 and 5.6) gave similar average ERT values to those

found using the move-out method for samples SG12a and SG6a. We find that for these
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Figure 5.5: Line scans on SG6 grade wood with different layer orientations. Left panel:
The end of each the wood sample showing the cross-section in the RT plane. Middle
panel: Wavefield recordings at each surface location along the L axis of the sample.
Right panel: Average of all wavefields in the middle panel.
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Figure 5.6: Line scans on SG12 grade wood with different layer orientations. Left panel:
sample layering orientation. Middle panel: Wavefield recordings as a function of surface
location along the surface of the sample. Right panel: Average wavefield used for elastic
monitoring
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samples SG12 grade wood has on average an ERT that is 2.75 times greater than the

SG6 graded wood. Sample SG12b has ring orientation that is approximately 45◦ to the

surface. Because of this orientation, elastic waves propagating from the source to receiver

cross varying number of layers as the wood is translated. This is evident when compar-

ing the linear scan (middle panel) of samples SG12a and SG12b, where the elastic wave

arrival times vary slightly in the SG12b along the length of the sample. Despite this the

average ERT for the SG12a and SG12b are similar (Table 5.2). Samples SG12c and SG6a

contain knots visible on the surface of the wood. Knots in wood occur due to branch

growth and cause a localized change of grain orientation. Due to the orthotropic nature

of wood, a change in grain orientation dramatically changes the local E and creates a

weak point in the wood, decreasing the overall MOR. In SG12c the knot is detected

between x = 50mm and x = 0mm, and in SG6a the knot is detected between x = 150mm

and x = 100mm. For both samples we observe a localised increase in the arrival time

of both P- and Rayleigh waves at the location of the knot. Even large knots typically

do not influence EL measured by 3- and 4-point bending tests and are currently visually

identified. Sample SG6c shows a much greater ERT than the other samples assigned the

SG6 grade. Wood samples graded via a static bending test and assigned a grade from

SG6 to 15 based on the New Zealand Primary Industries (MPI) regulations. A large knot

or defect in another part of the wood could have resulted in a lower grade for the SG6c

sample, as the ERT and density matches the SG12 grade samples more than the SG6a

and SG6b samples.

5.6 Conclusions

The Young’s modulus perpendicular to the grain in wood samples is determined using a

novel non-contacting method. Elastic waves are generated and detected using lasers and

the elastic wave velocities and wood density are used to determine the Young’s modulus
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in the R/T plane. We find that on average the SG12 grade wood has ERT = 0.539GPa,

and SG6 grade wood has ERT = 0.201GPa, which agree with previous estimates of

the Young’s modulus perpendicular to the grain. Furthermore, localised variation in the

Young’s modulus are identified by repeated measurements along the length of the sample.

Knots are identified visually and by the localised increase in elastic wave speeds.



Chapter 6

Distributed FeedBack all-Fibre Lasers

for detecting nano-strain in rocks.

6.1 Abstract

Strain sensors have been used for measuring the low-frequency, low-amplitude elastic

and viscoelastic properties of rocks. Typically resistive strain gauges are used, however

these suffer from low sensitivity, electronic noise and small footprints. Over the past

two decades, optical strain meters have been developed to address these shortcomings.

We use a distributed feedback fibre laser as a strain sensor to measure the strain in a

White Island Tuff. The wavelength of the fibre laser strain meter is sensitive to strain,

temperature and pressure. A heterodyne interferometer is used to measure the laser

wavelength and a low pass filter and power meter acts as simple a demodulator. We

measure the strain of the sample at a range of frequencies. A phase shift between the

driving signal and the sample due to wetting, indicating a decrease in Q factor.

87
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6.2 Introduction

Ultrasonic waves can provide information about the elastic moduli of materials [Castellini

et al., 2006, Castellini and Scalise, 1999, Salman and Sabra, 2013]. However, many ge-

ological materials such as sedimentary rocks exhibit a non-linear relationship between

the elastic moduli and both strain frequency and amplitude [Tutuncu et al., 1998]. To

accurately estimate the elastic moduli of a material during seismic activity, such as

an earthquake, seismic wave lengths must be applied in the laboratory. Several tech-

niques exist for inducing low-frequency strain in rocks, and these can be divided into two

categories: resonance and stress-strain techniques. Forced deformation or stress-strain

methods involve measuring both the stress and strain in a material to measure the elastic

and anelastic properties. The ratio between the applied stress and the strain gives the

Young’s modulus, E, and the phase difference is proportional to the attenuation or Q-

factor. Typically the sample material is placed in series with a reference material which

has known elastic constants [Batzle et al., 2006]. Strain in both the sample and the

known reference are measured, and the applied stress is estimated using the moduli of

the reference. These methods have been used extensively with metals and composites,

however, the induced strain is typically several orders of magnitude greater than strain

induced in rocks due to seismic activity. Extremely sensitive strain sensors are required

to accurately measure strain magnitudes common in seismic deformations. Furthermore,

the elastic properties and Q of porous rocks change dramatically with fluid saturation at

low frequencies, due to movement of the fluid [Toksöz et al., 1979, Bourbie and Zinszner,

1985, Batzle et al., 2006]. Seismic data is usually collected at f < 100Hz and at strain

amplitudes < 10−6. Resistive strain sensors are commonly used for measuring the low-

frequency, low-amplitude elastic and viscoelastic properties of rocks [Batzle et al., 2006].

Though prevalent in research and industry, resistive strain gauges are small, insensitive,

susceptible to electronic interference and prone to breaking. For heterogeneous rocks the

small footprint of resistive strain gauges results in localised measurements that may not
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reflect the bulk properties. Furthermore, due to the tiny changes in resistance at these

strain amplitudes, much care must be taken to ensure proper shielding from ambient

electronic noise. For these reasons fibre optic sensors for measuring strain have been

extensively investigated. Distributed feedback (DFB) all-fibre lasers are simple optical

devices that can be used to measure strain, temperature and pressure by monitoring the

emitted wavelength [Cranch et al., 2008] . These devices overcome many of the draw-

backs associated with electronic devices; DFBs are long, immune to electrical noise and

extremely sensitive. In this chapter we present an optical strain meter and demodula-

tion electronics to measure nanostrain in materials at low frequencies. A sensing DFB

is mixed with an external, temperature controlled laser resulting in a beat frequency

proportional to the wavelength of the sensor. We use a low-pass filter and power detector

as a frequency discriminator to estimate the strain. We apply our method to measure

the strain induced in a sedimentary rock. Furthermore, we observe a phase shift in the

strain relative to the driving voltage of a shaker when fluid is injected into the rock.

6.2.1 Current technology

Resistive strain gauges

Resistive strain gauges are electronic devices which have a resistance which is proportional

to changes in the length of the gauge. Foil strain gauges consist of a long, thin metal

wire bent into many parallel lines, as shown in Figure 6.1. The resistance of a conducting

material is given by:

R =
ρL

A
, (6.1)

where R is the resistance in ohms, ρ is the resistivity of the material, L is the length and

A is the cross-sectional area. Stretch or compression of the gauge results in an change in
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the intrinsic gauge resistance, RG:

∆R = kεRG, (6.2)

where ε =
∆L

L
is the strain and ∆R is the change in resistance. The strain gauge fac-

tor, k, accounts for the change in ρ and A as a result of the induced strain. The resistivity

ρ varies with strain due to the piezoresistive effect [Higson, 1964]. This effect is small

for metal foil gauges, resulting in gauge factors of k ≈ 1 + 2ν, where ν is the Poisson’s

ratio. For semiconductor strain gauges the piezoresistive effect is much greater, resulting

in much more sensitive devices (k ≈ 300) [Thurston, 1961]. To measure the change in

resistance of the strain gauge a Wheatstone bridge is typically used (figure 6.1). Three

resistors and the strain gauge form the bridge, where R1 = R3 and R2 = RG in an ideal

bridge. Changes in RG due to strain results in Vmeas to vary proportionally. For applica-

tions where the measured strains need to be less than ε = 1 × 10−6 small change in RG

requires special shielding and high amplification with low-noise electronics [Batzle et al.,

2006]. To overcome these limitations optical fibre strain sensors have been developed.

Fibre Bragg Gratings

An optical Bragg grating is a device with a periodic variation of the refractive index, n.

The effect of the periodic variation in n is a narrow-band optical reflector [Russell et al.,

1993], where the reflected wavelength of the Bragg Grating is governed by:

λB = 2neffΛ (6.3)

where λB is the reflected wavelength, neff is the average refractive index and Λ is the

periodicity of the grating. Over the past few decades permanent Bragg gratings have been

written into the core of optical fibres [Kawasaki et al., 1978, Ams et al., 2012], benefiting

from the robustness, availability and prevalence of all-fibre devices. Figure 6.2 shows a
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+1V

-1V

Figure 6.1: Foil or semiconductor strain gauges are passive devices which have a variable
resistance that is sensitive to strain, ε. To measure the change in resistance of the strain
gauge a Wheatstone bridge is typically employed. As shown above, three resistors and the
strain gauge form the bridge, where R1 = R3 and R2 = RG in an ideal bridge. Changes
in RG due to stretch or compression cause Vmeas to increase or decrease proportionally.
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schematic of an FBG. The lower panel shows the transmission and reflection profile of

broadband light by the FBG. Most of the light passes through the FBG without being

reflected, however light at the Bragg wavelength is reflected. The reflectivity of a Bragg

grating is given by:

R = tanh2

[
πn

(
L

λB

)(
∆n

n

)
η(V )

]
, (6.4)

The factor η(V ) is the fraction of the fundamental mode intensity contained within the

fibre core which contains the grating. The reflectivity R is therefore directly proportional

to the length of the grating, L, and the refractive index perturbation ∆n/n. The full

width half maximum (FWHM) bandwidth, ∆λ, is given by:

∆λ = λBs

√(
∆n

2n

)2

+

(
1

N

)2

. (6.5)

The factor s is ≈ 1 for strongly reflective gratings and ≈ 0.5 for weak gratings.

6.2.2 FBG’s as sensors: Strain, Temperature and Pressure

Equation 6.3 shows that the Bragg wavelength, λB, is proportional to the average refrac-

tive index of the optical fibre core, n, and the Bragg periodicity, Λ. Both n and Λ are

dependant on physical changes to the optical fibre, such as temperature, ∆T , strain, εz

and pressure, ∆P , and therefore FBGs can be used as sensors. In general, the relative

change in λB is given by the partial derivatives of n and Λ with respect to P, T and ε:

∆λB
λB

=
∆nΛ

nΛ
=

(
1

Λ

∂Λ

∂(P, T, ε)
+

1

n

∂n

∂(P, T, ε)

)
∆(P, T, ε), (6.6)

Temperature and Strain

Equation 6.6 shows the relative change in the Bragg wavelength ∆λB/λB due to tem-

perature and strain is dependant on the relative change of the refractive index, n, and

Bragg periodicity, Λ. For a Bragg grating which is stretched or heated, the change in
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Figure 6.2: A fibre Bragg grating (FBG) is a narrow-band optical reflector etched
into the core of an optical fibre [upper panel]. A small fraction of light that passes
through the FBG is reflected at every interface of the varying refractive index, ∆n. Due
to the periodicity Λ of the FBG only light at a certain wavelength, termed the Bragg
wavelength λB, is coherently backscattered. λB is sensitive to external factors such as
strain and heat, and therefore FBGs have been used as sensors. Often a broadband light
source is coupled into the FBG fibre, and the reflected wavelength is used as an indicator
of the FBG environment [lower panel].
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wavelength is given by:

∆λB
λB

= (1− ρε) εz + (α + η) ∆T, (6.7)

The first term in equation 6.7, (1− ρε) εz, describes the relative change in λB with lon-

gitudinal strain, εz. ρε is the photo-elastic coefficient, which describes how the refractive

index of the fibre changes with εz:

ρε =
n2

2
[c12 − ν (c11 − c12)] (6.8)

where c11 and c12 are the components of the fibre-optic strain tensor and ν is the Poisson’s

ratio. In typical silica optical fibre ρε ≈ 0.22, which decreases the sensitivity of the

fibre to longitudinal strain. The second term in Equation 6.7 describes the temperature

dependence of ∆λB/λB. Here α is the thermal expansion of silica and η is the thermo-

optic coefficient representing the temperature dependence of the refractive index.

Pressure

For FBGs used as pressure sensors the contribution of the fractional change in fibre

diameter due to confining pressure is negligible compared to the change in longitudinal

length. The relative change in Bragg periodicity and refractive index due to pressure are

given by:

∆Λ

Λ
=

∆L

L
= −(1− 2ν)P

E
, (6.9)

and,
∆n

n
=
n2P

2E
(1− 2ν) (2c12 + c11) , (6.10)

where E is the Young’s modulus of the fibre. Taking the partial derivative of equa-

tions 6.9 and 6.10 with respect to P and substituting 6.10 and 6.9 into Equation 6.6
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gives:

∆λB
λB

=

[
− 1

E
+
n2

2E
(2c12 + c11)

]
∆P (1− 2ν) . (6.11)

6.3 Active optical fibre strain meters

Fibre Bragg gratings are passive narrow band mirrors which reflect light at a wavelength

which is sensitive to strain, temperature and pressure. Furthermore, active all-fibre lasers

which incorporate FBGs can also be used as highly sensitive strain meters. Distributed

Bragg Reflector (DBR) lasers consist of an optical gain medium located between two

FBGs [Kotaki and Ishikawa, 1991]. Electrons in the gain medium are excited using an

optical pump and spontaneous emission of broadband light occurs when electrons return

the ground state [Yariv and Yeh, 2006]. The FBG reflectors cause light at the Bragg

wavelength to resonate within the DBR, resulting in stimulated emission of more photons

at the Bragg wavelength. Lasing occurs if the gain in photons due to stimulated emission

is greater than the losses through the FBGs. DBRs have been demonstrated to produce

high output power for low input energy [Spiegelberg et al., 2004]. However, DBRs are

prone to dramatic shifts in frequency (mode-hopping) which reduces their applicability

to sensing.

A similar design is a Distributed FeedBack (DFB) fibre laser. DFB lasers do not use

two FBG mirrors to form an optical cavity like conventional lasers and DBRs. Instead

DFBs consist of a gain medium co-located with a single FBG [Kringlebotn et al., 1994].

Light at the Bragg wavelength resonates within the FBG and amplifies due to the gain

medium. DFB fibre lasers exhibit lower output powers than DBRs (typically <1mW) due

to the length of the gain medium being restricted to the length of the FBG. However,

mode-hopping is reduced by including a phase shift in the FBG structure, resulting

in very stable operation, ultra-narrow line-width (typically <10 kHz) and wide tuning
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of a few nanometers (corresponding to 100s of GHz at λ = 1550nm). These features

are favourable for sensing applications. Cranch et al. [2008] give an excellent overview of

DFB fibre laser sensors and extraction of the wavelength using homodyne and heterodyne

interferometers.

Homodyne interferometers are simple in design and require few components, but they

are sensitive to path length changes in other fibre optic components in the system. Active

feedback is required for stable operation and localised strain measurements. Huang et al.

[2016b] demonstrate a DFB strain sensor based on interference with an external refer-

ence fibre laser. Mixing with an frequency-shifted reference laser is termed heterodyne

interferometry and results in an oscillating interference pattern. The frequency of the

interference pattern is equal to the frequency difference between the reference laser and

the sensor, and can be used to accurately measure wavelength shifts.

Figure 6.3 shows the schematic of a DFB fibre laser strain meter. We use DFB fibre

lasers with wavelength near 1550nm as fibre optic components at this wavelength are

cheap and readily available. Our DFBs are unidirectional, 45mm in length and produce

< 1mW output power, as purchased from the Laser Research Institute of Shandong

Sciences Academy, China. As a sensor, the DFB-FL operates under the same principle as

an FBG; strain, temperature and pressure result in a change in the operating wavelength.

Yelen et al. [2004] showed that for unidirectional operation the phase shift should be

placed at 0.4L. The DFBs are doped with Erbium and are activated using a BL976-

SAG300 laser diode. To extract the wavelength of the sensor, light from the sensor is

mixed with a SFL1550S diode laser from Thorlabs using a 95:5 combiner. The reference

diode has a narrow line-width and wide frequency tuning range. A DET01CFC InGaAs

biased detector measures the interference between the reference laser and the sensor.

The interference pattern oscillates at a frequency which is proportional to wavelength of

the DFB sensor. A low-pass filter and envelope detector are used to extract the shift in

wavelength of the sensor, discussed in the next section.
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Figure 6.3: ADistributed FeedBack Fibre Laser (DFB-FL) is an all-fibre laser consisting
of a phase shifted Bragg grating etched into a doped fibre core. L is the length of the
grating and Λ is the grating periodicity. Electrons in the erbium-doped fibre core are
excited using a 980nm pump diode which is coupled to the DFB-FL using a Wavelength
Division Multiplexor (WDM). For the maximum amount of DFB-FL light to be emitted
towards the WDM it has been shown that the π/2 phase shift should be placed at 0.4L.
To extract the wavelength of the sensor, λ1, light from sensor is mixed with a reference
laser using a 95:5 combiner. Only 5% of the reference laser is used due to its high
power (relative to the DFB sensor) which can saturate the detector. At the detector
interference between the reference laser and the sensor causes an oscillating intensity
which is proportional to λ1. A low-pass filter and envelope detector are used to produce
an output voltage V which is proportional to λ1.
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6.3.1 A low pass filter and envelope detector as a frequency dis-

criminator

Chapters 2 and 3 presented analogue and digital frequency demodulation techniques to

extract the frequency shift of a laser beam due to Doppler shift. For the heterodyne,

free-space interferometers previously discussed, typically a frequency shift of 10-100s of

kilohertz occurs about a 10s of megahertz carrier frequency. Due to their high sensitivity,

DFB fibre laser strain meters exhibit much larger frequency shifts (spanning many orders

of magnitude). In this case standard FM demodulation techniques dramatically reduce

the dynamic range of the sensor. Instead, we use a low-pass filter and power detector to

estimate the wavelength deviation of the DFB sensor from the reference laser. Figure 6.4

demonstrates the attenuation of electronic power as a function of beat frequency for a

simulated single order low-pass filter with a corner frequency of 10MHz. The resting

beat frequency can be adjusted by tuning the reference laser, as shown by dots in Fig-

ure 6.4. Deviation from the rest frequency results in a non-linear change in the power of

the interference pattern detected by the optical detector in Figure 6.3. The sensitivity of

the demodulator is given by the derivative of the low-pass filter and decreases as the beat

frequency increases. The low-pass filter frequency discriminator using off-the-shelf com-

ponents which have extremely high dynamic range. This means that slow variations in

strain, due to temperature for example, can be monitored simultaneously with vibration

measurements.

In practise, the electronic components each have an intrinsic bandwidth and injection

loss, resulting in attenuation of the interference pattern without the need for an inde-

pendent low pass filter. We use a DET01CFC InGaAs biased detector from Thorlabs to

detect the interference pattern and a ZX47-60LN-S+ Power detector from Minicircuits

to measure the power. Figure 6.5 shows the voltage output of the power detector as a

function of the strain. For strain up to 2 × 10−6ε the output voltage follows the shape

of a low-pass filter. For ε > 2 × 10−6 the output voltage increases. This is possibly due
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Figure 6.4: A low pass filter and power detector is used as a frequency discriminator
to produce an output voltage proportional to λ1. Above shows an example of a single
order low-pass filter with a characteristic frequency of 10MHz. As λ1 changes with ε
and T the amplitude of the beat frequency varies due to filter. The beat frequency can
also be controlled by the tunable reference laser. Blue, red and green markers show the
stationary point when the beat frequency is tuned with the reference laser. Oscillations
show how the envelope of the beat frequency will increase and decrease due to external
forces. The sensitivity of the sensor is given by the derivative of the low-pass filter and
decreases as the beat frequency increases.
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Figure 6.5: The output voltage of the envelope detector is measured as a function of
the beat frequency to characterize the demodulation electronics. For strains of less than
2× 10−6ε, the output voltage follows that of a low-pass filter.

to a non-linear response of the coaxial cables used to connect the optical detector to the

power meter. For this work we keep the frequency discriminator in the linear regime by

tuning the reference laser while a smooth low-pass filter is developed.

6.4 Preliminary Results: Strain in a White Island Tuff

We attach a DFB strain sensor longitudinally to a dry cylindrical Tuff sample originating

from White Island, an active volcano in New Zealand. Strain sensors could not be

attached around the curved side of the sample as our DFBs have the protective cladding

stripped and have reduced bending strength. A Tuff is a light, porous sedimentary rock
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formed by consolidation of volcanic ash. An impermeable and insulating jacket (we use

kapton) is glued around the long edge of the sample to prevent fluid movement and to

provide a smooth surface to attach optical and resistive strain gauges. The DFB sensor

is attached to the jacket using a thin layer of epoxy resin. The Tuff sample is placed

in series with a shaker and aluminium reference (Figure 6.6). Strain is induced in the

sample by driving the shaker at 115Hz with 1V peak-to-peak using a function generator.

Figure 6.7 shows a single realization of the induced strain measured using the DFB

strain sensor. A 5kHz low-pass filter is applied to the data and the strain amplitude is

calculated using the curve shown in Figure 6.5. A maximum of 0.17µε is induced in the

sample which is in-line with seismic deformation. At this frequency there is no phase

difference between the input, V (t), and the induced strain. The Q-factor and bulk elastic

moduli of sedimentary rocks have been shown to be dependant on fluid saturation [Batzle

et al., 2006]. We measure strain phase shift in the Tuff sample at a range of frequencies

and fluid injection, presented in Figure 6.8. The phase shift of the strain in the sample

increases dramatically at higher frequencies with wetting.

6.5 Discussion

Distributed feedback fibre lasers present many advantages over resistive strain gauges,

and extensive research has been conducted to develop fibre lasers as strain and tempera-

ture sensors. We present the design and preliminary results of a DFB fibre laser sensor,

which emits light at a wavelength that is sensitive to its environment. The DFB sensor

light is mixed with a reference laser to downshift the frequency of the DFB light to where

it can be detected using electronics. A similar to the design presented by [Huang et al.,

2016a], where the beat frequency is measured directly to estimate strain. We do not di-

rectly measure the beat frequency, instead a low-pass filter and power detector are used

to demodulate the beat frequency to a voltage that is proportional to the sensor wave-
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Figure 6.6: The DFB sensor is attached to a cylindrical Tuff sample which is placed
in series with a shaker and aluminium reference. V (t) is the signal driving the shaker,
which induces strain in the aluminium and the sample. The DFB lasers are activated
using a pump diode and mixed with a reference laser using a 95:5 combiner. Strain in the
sample is extracted from the detected signal using a low-pass filter and power detector.

length. This has several advantages over digitally recording the beat frequency, including

huge dynamic range, non-linear sensitivity, and simplicity of design. The dynamic range

of the demodulator is large due to the availability of wide bandwidth power detectors.

When digitally recording the beat frequency directly aliasing can occur due to the large

sweep in beat frequency. The power detector used in our design has a very large dynamic

range of 10− 8000 MHz. Non-linear sensitivity of the demodulator can be an advantage

as this increases the number of potential uses for DFB laser sensors. For example, com-

posites and metals can have widely varying elastic moduli. For materials with a small

Young’s modulus, where large strains are induced by small stress, other DFB demodula-

tion techniques, such as an unbalanced Michelson homodyne interferometer, can quickly

saturate. With a low pass filter, Figure 6.4 shows that the sensitivity can be tailored to

the application by changing the wavelength of the reference diode.

We extract the strain magnitude and phase relative to the driving voltage of the

shaker. In order to fully characterize the rock DFB strain sensors need to be attached to
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Figure 6.7: A Tuff sample is compressed at a frequency of 115Hz and a DFB-FL is
used to measure the induced strain. The measured strain (solid) has a maximum strain
of ε ≈ 0.17× 10−6.
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Figure 6.8: The input (upper panel) and normalised strain (lower) is shown for 316,
562, 1000 and 1778 (a-d) Hz driving frequency. Furthermore, fluid is added to the Tuff
sample to decrease the Q-factor and induce a phase shift between the input and strain.
At 316Hz there is no phase difference between the wet and dry samples. At higher
frequencies a phase shift occurs when water is injected into the sample. This is most
likely due to a shift in resonant frequency of the system due to a change in moduli and Q
of the Tuff sample. In order to measure the frequency dependence of Q the stress must
be measured directly.



CHAPTER 6. OPTICAL FIBRE STRAIN METER 105

the aluminium reference to measure the induced stress. This will allow for accurate mea-

surements of the longitudinal Young’s modulus and Q factor. To estimate the Poisson’s

ratio, a DFB can be attached perpendicular to the longitudinal axis. Furthermore, we

measure the phase difference between the driving voltage of the shaker and the measured

strain. This phase shift is likely due to a shifting of a resonance peak for the entire system

and cannot be used to estimate the change in Q-factor.

6.6 Conclusion

A distributed feedback fibre laser is demonstrated as a strain, temperature and pressure

sensor by mixing with a reference laser and demodulating using a low-pass filter and

power meter. Benefits of a low pass filter demodulator are extremely wide dynamic

range and simple design. We show that sub micro-strain measurements are possible in

a cylindrical Tuff sample. Furthermore, phase shifts in the strain due to wetting are

recorded as a function of frequency, which is correlated to the change in Q-factor and

resonance of the rock due to pore fluid saturation.



Chapter 7

Conclusions and Future Work

7.1 Conclusions

We present the design, theory and implementation of non-contacting and contacting

optical sensors to estimate the elastic and anelastic properties of a wide range of materials.

Chapter 2 concerns the design of an optical heterodyne interferometer and demodulation

hardware, collectively called a laser Doppler vibrometer. The bandwidth and accuracy

of this open source device are comparable to a commercial version. Subsequently we

modify this single-beam interferometer to a dual-beam interferometer in Chapter 3, which

measures the sum of wavefields at two locations in a single channel. Additionally, the

underlying theory required to estimate the Green’s function between these two locations

using the auto-correlation of this signal is developed. As a proof of concept we extract the

direct Rayleigh-wave Green’s function and scattered coda between two locations on an

aluminium block with surface scatterers. Artefacts in the reconstruction of the Green’s

function, as predicted by the theory, are identified and discussed. In particular artefacts

at t = 0 dominate the estimate of the Green’s function. Such a device and technique could

provide a low-cost, non-contact method of characterizing in-situ material properties.

In Chapters 4 and 5 we use lasers to excite and detect elastic waves in in-tact apples
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and wood samples. Fully non-contacting and non-destructive acoustic measurements on

a Braeburn apple using laser ultrasound provide the means to monitor the ripeness with

either propagating waves, or as the superposition of normal modes. A popular existing

method to estimate the apple’s (age-dependent) firmness – a quantity proportional to

the elastic modulus – focuses on the fundamental mode of vibration. We find, however,

that the elastic modulus decrease is less (19%) than the firmness index (30%) after fifteen

days, and that the most sensitive parameter to monitor the ripeness of the apple is the

attenuation of Rayleigh waves in the apple (75%). The Poisson’s ratio and the quality

factor Q of the fundamental mode of the apple were not found to decrease significantly

over the same period.

Furthermore, the elastic modulus perpendicular to the grain in wood samples is de-

termined using a laser ultrasound. The elastic wave velocities and wood density are used

to determine the Young’s modulus in the R/T plane. We find that on average the SG12

grade wood has ERT = 0.539GPa, and SG6 grade wood has ERT = 0.201GPa, which

agrees with previous estimates of the Young’s modulus perpendicular to the grain. Lo-

calised variation in the Young’s modulus are identified by repeated measurements along

the length of the sample. Knots are identified visually and by the localised increase in

elastic wave speeds.

In Chapter 6, we address the need for non-localised, low frequency and small am-

plitude strain measurements, where laser ultrasound is not an appropriate method. A

distributed feedback fibre laser strain meter and a novel demodulation tool is introduced.

All-fibre lasers have several benefits over traditional strain gauges, namely increased sensi-

tivity, robustness and size. To validate the device we measure nano-strain in a cylindrical

Tuff sample at 115Hz. Furthermore, we observe a phase shift between the driving voltage

of the shaker and the measured strain. The phase shift changes with saturation of the

rock, most likely due to a shifting of resonant peaks and a decrease of Q factor.

Finally, empirical data for optimising elastic wave generation via the photoacoustic
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effect is presented in Appendix A, and the resonant modes of an apple and a potential

apple sorting setup are discussed further in Appendix B.

7.2 Future Work

Though the sensing devices discussed in this work have been characterised and validated,

much work is required before these can become robust devices for use in research and

industry. For both the single and dual-beam detectors, reflective tape was required to

have sufficient back-scattered light from the sample. This could be improved by increasing

the wavelength of the laser, which decreases diffuse scattering and increases the amount of

light scattered back to the interferometer. Additionally double-balanced photodetectors

offer improved SNR over traditional detectors and collect light from both sides of the

final beam splitter. Implementation of a balanced detector would greatly improve the

dual-beam detector, as the light is split multiple times resulting in a factor of 4 decrease

in the SNR [Painchaud et al., 2009]. Overall, these detectors need to be put in an

isolating housing, with welded optic mounts to decrease noise and improve robustness.

An image of the dual-beam interferometer in its current state detecting elastic waves in

the aluminium block is shown in Figure 7.1.

Similarly, many components of the DFB fibre laser strain meter need to be improved

before our design can be efficiently used to measure the elasticity and Q factor of rocks

under in situ conditions. The filtering characteristics of the system, shown in Figure 6.5,

need to be improved to match a single order low-pass filter. This will increase the

dynamic range of the system. Furthermore, our DFBs have their protective cladding

stripped over the sensing element. Removal of the cladding makes the DFBs prone to

breaking, particularly if they are bent. New manufacturing techniques now exist which

allow for DFBs to be produced with the protective cladding intact [Ams et al., 2012].

With these improvements the design could be used in a wide range of research and



CHAPTER 7. CONCLUSIONS AND FUTURE WORK 109

Figure 7.1: The dual-beam interferometer described in Chapter 3. The two beams are
incident on an aluminium block with surface holes. Here demodulation electronics are
used to extract the surface motion of the block. However digital demodulation is the
preferred method.
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commercial applications.

Chapter 4 shows that laser ultrasound can be a powerful tool for detecting the the

elastic properties of an apple. Due to the variation of biological samples, a study including

many apples and a statistical analysis should be conducted. Furthermore, we conducted

a time-lapse measurement using a sub-optimal excitation wavelength. In Appendix A we

show that excitation of C−H chemical bonds present in the apple is much more efficient

that excitation of water. Because we excite chemical bonds found in carbohydrates and

not water, laser ultrasound could be used to determine both firmness and sugar content

simultaneously. In future work we need to avoid the use of retro-reflective tape applied

to the apple in future measurements, as this will not be possible in a commercial setting.

We have also determined the transverse elastic moduli of wood in Chapter 5. The

results agree with previous values, determined by bending and traditional ultrasound

measurements [Bodig and Jayne, 1993]. However, the transverse properties of wood are

of less interest in a commercial setting than the longitudinal properties. We aim to repeat

our measurements parallel to the grain growth to estimate the bending strength of wood.

Furthermore, our estimates rely on measurement of wood density, which may not be

possible. The elastic wave speeds alone may provide enough information to grade wood,

however further research is required.
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Appendix A

Ultrasound generation as a function of

optical wavelength

A.1 Photoacoustic effect

Pulsed laser light is used to generate acoustic waves in materials by utilizing the photoa-

coustic effect [Rosencwaig and Gersho, 1976]. Absorption of light energy causes localised

heating of the sample and the resultant thermoelastic expansion generates elastic waves.

The local volume of expansion following a short duration laser pulse, can be expressed

as:
dV

V
= −κp(r̂) + βT (r̂), (A.1)

where κ is the isothermal compressibility, β is the thermal coefficient of volume expansion,

and p(r̂) and T (r̂) are the changes in pressure and temperature as a function of distance,

r, from the centre of the light source. In the case of a 10ns laser pulse the fractional

volume expansion and thermal diffusion from Equation A.1 during the pulse is negligible

and the initial pressure, po(r̂), can be written as:

p0(r̂) =
βT (r̂)

κ
. (A.2)
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The temperature T increases as a function of optical absorption can be expressed as:

T =
Ae
ρCv

, (A.3)

where Ae is the absorbed energy density, ρ is the mass density and Cv is the specific

heat capacity at constant volume. The absorbed energy density, Ae, is dependant on the

absorption coefficient µa and the optical energy density or fluence, F (r̂):

Ae = µa(λ)F (r̂), (A.4)

Combining equations A.2, A.3 and A.4 shows that the initial pressure can be de-

scribed as a function of a materials optical and thermal properties:

p0(r̂) =
βAe
ρCvκ

= Γµa(λ)F (r̂). (A.5)

Here the thermal properties of the materials are grouped into the Grueneisen param-

eter Γ = β
ρCvκ

.

A.2 Elastic wave generation in wood, apples and water

rich tissue

Equation A.5 shows that the initial pressure P0(r̂) and the resultant elastic wave energy

can be increased by 1) increasing the energy density of the light pulse, and 2) changing

the laser emission wavelength to one that has a large µa. Therefore, the elastic wave

source can be optimised by tuning the wavelength of the exciting laser to a wavelength

that is highly absorbed by the sample. For many biological samples, such as water rich

tissue, the absorption spectrum of light is dominated by that of water. Figure A.1 shows

the IR absorption spectrum of water and the energy normalised maximum displacement

of a tissue phantom excited via the photoacoustic effect. The largest amplitude elastic
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Figure A.1: Optical absorption coefficient, µa of water [Palmer and Williams, 1974]
shown in the range of 1300 − 2100nm. The energy-normalized maximum displacement
as a function of source wavelength in a tissue phantom is also shown. The phantom is
comprised of 98.5 mL water, and 1 gram of agar. Peaks in the maximum displacement
occur at wavelengths which are highly absorbed by water.

waves are generated with wavelengths that are highly absorbed by water.

For both Braeburn apple’s and dry Radiata pine, however, we find that the most

efficient excitation of elastic waves does not occur at a water absorption peak. The

energy-normalised elastic wave amplitude generated as a function of source wavelength

is given for a Braeburn apple (Figure A.2) and for a Radiata pine sample (Figure A.3).

In the excitation wavelength range of 800− 1900nm, peaks occur in the apple excitation

spectrum indicating efficient generation of elastic waves. These peaks occur at ≈ 950,

≈ 1200 and ≈ 1730nm. The absorption peak at ≈ 950nm has a corresponding peak in

the absorption spectrum of water, however the other peaks do not. Golic et al. [2003]
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Figure A.2: Optical absorption coefficient, µa of water [Palmer and Williams, 1974]
shown in the range of 800 − 1900nm. The energy-normalized Rayleigh wave amplitude
excited in a Braeburn apple as a function of source wavelength is also shown. Peaks in
the amplitude correspond to a large optical absorption coefficient µa(λ) for the apple.
These peaks do not strongly correlate with the absorption of water, and are likely the
result of carbohydrates and sugars in the apple flesh and skin. Dashed lines indicate the
first and second harmonic vibrations of the C −H bond, a common bond in sugars.

present the peak absorption wavelength for many chemical bonds commonly found in

fruit, and Sun [2009] shows that the first and second harmonic vibrations of the C −H

bond, a common bond in sugars, occur at a wavelengths of ≈ 1700nm and ≈ 1200nm

respectively. Figure A.3 shows that excitation of sugar in the apple is more efficient

that excitation of water. For Radiata pine we find the efficient excitation wavelength is

2100 nm, which also corresponds to hydrocarbon bonds [Golic et al., 2003].
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Figure A.3: The energy-normalised maximum displacement in the wavefield as a func-
tion of excitation wavelength. Radiata pine does not show clear absorption peaks like
tissue or apples, however 2100nm was found to be the most efficient excitation wave-
length.



Appendix B

Further classification of Apple modes

The resonant modes of a sphere are classified using 3 indices, the number of radial nodes

n, the number of surface nodal lines l, and the azimuth order m [Stein and Wysession,

2009]. For an isotropic sphere, the eigen-frequencies of modes are determined by the

radius, elastic wave speeds and the n and l indices. The azimuth order m does not

influence the eigen-frequency of a mode in a stationary isotropic sphere, but does influence

the mode shape. For each mode 2l + 1 shapes exist, characterised by the azimuth order

where −l < m < l. For example, the 0S
m
2 mode has 5 potential mode shapes as l = 2

and m = −2,−1, 0, 1, 2. Equation 4.6 establishes the mode shape based on the azimuthal

orderm and surface nodal lines l. Due to Earth’s rotation, its resonant modes do exhibit a

frequency dependence on m, a term often referred to as mode splitting. In Figure 4.4 this

is particularly evident for the 0S2 mode, where the mode is split into multiple peaks [Deuss

et al., 2011]. In Chapter 4 we showed that for an apple the power density spectra (PSD)

of excited wavefields are dominated by Rayleigh waves propagating in the surface of the

sample. Figure B.1 shows the PSD of wavefields recorded at many locations around

an apple’s equator. Dashed lines and labels indicate the mode eigen-frequencies of an

isotropic sphere with radius and elastic wave speeds equivalent to the apple. A similar

study showed that a scanning LDV could be used to determine the normal mode shape
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and frequency of a soccer ball from two different manufacturers [Ronkainen and Harland,

2007].

In some cases, a peak in the PSD is close to many predicted modes. Experimentally

the dominant mode shape m can be estimated by plotting the mode amplitude as a

function of epicentral distance and compare the shape to that predicted by Equation 4.6.

Figure B.2 shows the amplitude of the 0S
m
2 mode as as function of source-receiver sep-

aration angle and the shape of modes with m = 0 and m = 1. These values of m are

chosen as they exhibit nodes and anti-nodes around the equator based on Equation 4.6.

We find a good agreement with the mode shape for 0S
0
2 based on the location of these

nodes and anti-nodes on the apple surface. The ≈ 2000Hz resonant mode in the apple

PSD has three potential modes based on a sphere model. These are the 0S0, 0S4 and 1S2

modes. In Figure B.3 we show the shape of these modes using m = 0 as a function of the

epicentral distance and compare to the measured amplitude of the ≈ 2000Hz resonant

mode. We found that the 0S
0
4 mode was the best fit. Conversely no agreement was found

with the shape of the 0S0 mode, strengthening our conclusion that the 0S0 mode occurs

in an apple at a much lower frequency than that of an equivalent homogeneous sphere.

B.1 Normal mode quality factor

From the PSD of each waveform (Figure B.1), and equation 4.9, we estimate the quality

factor Q for the lowest order modes 0S2 and 0S3 to be 7.7 ± 1.5 and 11.3 ± 1.6, respec-

tively. Further Q estimates as a function of frequency for the waveform at 173◦ epicentral

distance are termed Qf in Figure B.1. The time-domain quality factor Qt is estimated

from equation 4.10 and the attenuation of all wave fields as a function of time. The qual-

ity factor Q in the apple generally increases with frequency, indicative of a viscoelastic

medium.
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Figure B.1: The power spectral density of the elastic wave fields from Figure 4.2. The
normal modes are identified with equation 4.5.

B.2 Towards in-line estimation of apple firmness

In Chapter 4 we identified that the temporal attenuation of Rayleigh waves in an ap-

ple could be used to assess an apple’s firmness. The temporal attenuation, α, was first

estimated using the Q-factor of the 0S2 resonant mode, but the decrease in Q was not

found to be statistically significant over the course of 15 days. However, the temporal

attenuation coefficient, α, estimated in the time domain using a fitted exponential curve,

was found to increase at a greater rate than the elastic constants and firmness index.

Toward monitoring of apple firmness in a commercial setting, α needs to be estimated on

a single day for many, typically moving, apples. In this case, monitoring the amplitude

of a single phase is not sufficient to estimate α, because the source energy and epicentral

separation of the source and receiver may be unknown or inconsistent between record-

ings. Ekström [2001] showed that surface waves circumnavigating the Earth could be

identified using a method based on the auto-correlation function of the elastic wavefield
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Figure B.2: The magnitude of the ≈ 1000Hz resonant mode is shown as a function
of epicentral distance (i.e., the distance between source and receiver). The magnitude is
found to have peaks at ≈ 90, 180 and 270 degrees, and troughs at ≈ 60, 120, 220 320
degrees. These nodes and anti-nodes show that the mode is dominated by the m = 0
mode shape, 0S

0
2 . The m = 1 mode shape, 0S

1
2 is also shown, however there is a poor

match between this mode shape and the measured mode amplitudes.
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Figure B.3: The magnitude of the ≈ 2000Hz resonant mode as a function of epicentral
distance is compared to some potential mode shapes. Here a least-squares regression
found that this resonant mode is dominated by the 0S

0
4 mode shape, however the 1S

0
2

mode shape also shows good agreement with the measured amplitudes. For an equivalent
isotropic sphere the 0S0 mode also has a resonant frequency of ≈ 2000Hz, however no
correlation was found for this mode shape.
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The shaded area shows the error in Qt based on a least squares regression of temporal
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measured by one seismometer on the Earth’s surface. For an apple the normalized auto-

correlation of wavefields could provide α without the need for knowledge of the source

energy and location relative to the receiver. Figure B.5 shows a moving apple which has

elastic waves excited and detected by a source and receiver lasers angled at 90◦ to each

other. As the apple moves through the path of the receiver laser many wavefields could

be recorded. Furthermore, recent work in post-processing of the LDV recording has lead

to great advances in reduction of background vibrations, validating the use of LDVs in

noisy environments [Halkon and Rothberg, 2017].

As a proof of concept, wavefields detected at many locations around the apple as

described in Section 4.3.2 are used to estimate α with the auto-correlation function. Fig-

ure B.6 shows the wavefields and their normalized auto-correlations. Raw wavefields do

not stack coherently due to the varying arrival times of Rayleigh waves. In the auto-

correlation however, waves that have circumnavigated the apple arrive at the same time

irrespective of source receiver separation. Because of the coherent arrival times the auto-

correlations can be stacked to increase SNR, as shown in Figure B.7. The result of this

method provides a rough estimation of the impulse response for a coinciding source and

receiver on an apple, similar to the results found in Chapter 3. From the Green’s function

we estimate the attenuation coefficient, α, using the circumnavigating waves. We find

that for this apple α = 593s−1, which is in-line with previous measurements. Further-

more, Figure B.7 shows that nearly the same result is achieved when only wavefields

detected at 50◦ to 150◦ are used, validating the setup shown in Figure B.5.

B.3 Conclusions

Classification of some of the resonant modes of an apple are identified using a homo-

geneous, isotropic sphere model. The amplitude of modes as a function of epicentral

distance is used to estimate the mode shape. We also calculate the Q-factor of the
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Figure B.5: A moving apple could be sampled using an LDV and Source laser orientated
90◦ to one another.
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Figure B.6: Raw realizations wavefields (top) do not coherently stack due to differing
Rayleigh wave arrival times. The normalized auto-correlation of the wavefields show that
circumnavigating waves arrive at intervals of ≈2.5ms for each epicentral distance. The
sum of all auto-correlated data is shown in Figure B.7.
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Figure B.7: When the normalized auto-correlation of each wavefield are summed only
the Rayleigh waves that have circumnavigated the apple coherently stack. For this apple
these arrivals occur at intervals of ≈2.5ms. The amplitude and arrival time of each
circumnavigating Rayleigh wave could be used to estimate the temporal attenuation, α,
a key indicator for apple firmness monitoring. Furthermore, using only the wavefields
detected at 50◦ to 150◦ gives a similar result, simplifying the setup.

resonant modes as a function of mode frequency. The Q-factor was found to increase

substantially with frequency, indicating the apple is a viscoelastic material. Further-

more, a commercial system is presented based on autocorrelation of wavefields around

the apple. This technique addresses some of the challenges associated with fast, in-line

sensing and processing of fruit.
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