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set a test object in resonance. Further, the interesting physical properties 
of the ship hull composites are studied. 
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1 Notation 

a Acceleration 

c Damping coefficient 
c Sound velocity 

D Diameter 
F Force 

f Frequency 
H Frequency response 

h Height & thickness 
I Acoustic intensity 

k Spring coefficient 
L Length 

m Mass 
n Mode shape 

q Charge displacement  
R Reflection coefficient 

S Sensitivity factor 
s Wave energy distribution loss 

T Transmission coefficient 
t Time 

v Velocity 
x Distance & direction 

y Distance & direction 
z Acoustic impedance 

z Distance & direction 
 Attenuation coefficient 

 Relative damping 



 6 

 Angle 

 Wavelength 

 Pi 

 Density 

 Beam spread angle 

 Angular frequency 

 
Indices 
0 Original values 
1 First order 

2 Second order 
3 Third order 

air Sound velocity for air 
c Core 

s Shell 
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Abbreviations 

FFT Fast Fourier Transform 
FRF Frequency Response Function 

NDT Non-Destructive Testing 
NEWS Nonlinear Elastic Wave Spectroscopy  

NWMS Nonlinear Wave Modulation Spectroscopy 
PZT Piezoelectric Transducer 

SDOF Single degree of freedom 
VI Virtual instrument 
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2 Introduction 

2.1 Background 

The need for damage detection in materials and constructions is today high 
in many industries. To be able to examine a material without damaging it is 
called Non-Destructive Testing, NDT, and have a wide range of 
applications. Linear ultrasound investigation is a common method, and has 
been used for a long time. When sending an ultrasonic wave through a test 
object damages can be detected by analyzing the reflected or transmitted 
sound. 

A new method called Nonlinear Wave Modulation Spectroscopy, NWMS, 
has been studied at the Department of Mechanical Engineering at Blekinge 
Institute of Technology. The method is a part of the NDT group Nonlinear 
Elastic Wave Spectroscopy, NEWS. NEWS represents a group of powerful 
tools to explore nonlinear features in micro-inhomogeneous material and 
link them to micro-damages. Experiments have shown that the nonlinear 
elasticity of materials increases dramatically when it becomes damaged. To 
describe the NWMS method, it consists of exciting a test object with two 
separate frequencies simultaneously, and study the harmonics of the two 
waves, and their sum and difference frequencies. [1][2] 

The test specimens in this work are made of a composite laminate. 
Composites are today used for its versatile characteristics, such as strength 
and light weight. The particular laminates studied are used in modern ships 
for example in the hulls.  

The thesis is aiming for automating the process of NWMS and develops it 
that larger areas, such as the complete hull of a ship may be investigated. 
Also development and evaluation of non-contact transducers is performed. 
Conventional methods of this kind can not locate the micro-damages and 
shows only the total amount of nonlinearities of the test specimen. By 
constructing a prototype that will work as the NWMS method but is not in 
contact with the actual test object, a more narrow investigation can be 
performed and the location of flaws can be closer determined, in the same 
time the equipment is easy to move around and reduces valuable set-up 
time. The prototype uses the criterions of an open resonator to set the air 
between the test object and the prototype into resonance, then air excites 
the test object with the frequency the air has in the resonance.  
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2.2 Method 

The physical properties of the composites are studied. Determination of the 
velocity of sound in the different layers and through the laminate is done. 
The sound velocity is needed to calculate the expected first resonant mode. 
These resonant frequencies are then experimentally found and proven.  
The prototype construction is built to be able to excite a test specimen with 
its resonance frequency without being in direct contact with the object. It is 
then shown that the air in the gap will be set into resonance, and the 
amplitude is high enough to excite the test object. 
The software program LabVIEW 7 Express, from National Instruments Inc., 
is used to develop a program that automates the procedure of the NWMS 
method. The frequency range of the first resonant mode is scanned and the 
exact frequency is determined. When exciting the object with this 
frequency the program will automatically control the height of the air gap 
to keep the resonance conditions steady.  
 

2.3 Limitations 

The NWMS method uses two different frequencies simultaneously to excite 
a test object. When the prototype and the control program is constructed 
only one frequency is considered, namely the first resonant mode. There are 
also many interesting physical properties besides the velocity of sound and 
the resonance frequencies studied in this thesis, like E-modulus, wave 
propagation path, damping etc.  
 

2.4 Thesis contribution 

The shipyard that provided us with the test specimens is interested in 
finding alternative methods to investigate micro-damages and 
delaminations in their construction materials. Today a sherografy method is 
used for these tests. If the NWMS method can be developed into an 
automated process, larger areas can be inspected with less time and the 
damages can be located. This method can then be competitive. Many kinds 
of industries are looking for new types of effective NDT methods. 
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3 Theory 

The theory behind the method used in this project is well described in 
previous theses [3] [4]. This work can be seen as a continuation of these 
and further development and evaluation of the NWMS method being used 
at the department of Mechanical Engineering at Blekinge Institute of 
Technology. 

 

3.1 Non-Destructive Testing 

The field of NDT is very broad and plays a critical role in assuring that 
structural components and systems perform their function in a reliable and 
cost effective fashion. NDT technicians and engineers define and 
implement tests that locate and characterize material conditions and flaws 
that may otherwise cause serious and disastrous events. Because it allows 
inspection without interfering with a product's final use, NDT provides an 
excellent balance between quality control and cost-effectiveness. 

 

3.2 Ultrasonic waves 

Sound generated above the human hearing range are categorised as 
ultrasound. Ultrasound is acoustic waves with a frequency from 
approximately 20 kHz and up. Ultrasonic waves can be transmitted into, 
metallic and non-metallic materials. The waves will travel at different 
speed in different materials. The wavelength is directly proportional to the 
velocity of the wave and inversely proportional to the frequency of the 
wave. This relationship is shown by the following equation. 

     (3.1) 

Where c is the velocity of sound, f equals the frequency and is the wave 
length. 



 11 

3.3 Ultrasonic testing, general 

Ultrasonic testing uses this high frequency sound energy to conduct 
examinations and make measurements. Ultrasound can be used for flaw 
detection, dimension measurements, material characterization and more. An 
ultrasonic test system consists of several functional units, such as signal 
wave generator, transducer and display/analysis devices. The wave 
generator is an electronic device that produces an electrical signal. The 
ultrasonic waves can be applied in a test object by a Piezoelectric 
Transducer (PZT) that transforms electric energy into vibrations. The sound 
energy propagates through the material and can be received with the same 
type of PZT, and transformed into an electrical signal that can be displayed 
on a screen. From the signal, information about flaw location, size, 
orientation and other features can sometimes be gained. 
Ultrasonic testing is a very useful and versatile NDT method. Some of the 
advantages of ultrasonic tests can be stated. First, the method is sensitive to 
both surface and subsurface discontinuities. The test object needs small 
preparation and the electronic equipment provides instantaneous results. 
Detailed images can be produced with automated systems. It has other uses 
such as thickness measurements, in addition to flaw detection. As with all 
NDT methods, ultrasonic testing also has its limitations. The surface of the 
object must be accessible to transmit ultrasound and materials that are 
rough, irregular in shape, very small, thin or not homogeneous are difficult 
to inspect. Skill and training is more extensive than with some other 
methods. Cast iron and other coarse grained materials are difficult to 
inspect due to low sound transmission and high signal noise. Defects 
oriented parallel to the sound beam may go undetected. Reference 
standards are required for both equipment calibration, and characterization 
of flaws.  

The above introduction provides a simplified introduction to the NDT 
method of ultrasonic testing. However, to effectively perform an inspection 
using ultrasonic sound, much more about the methods needs to be known. 
[3][5][6] 
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3.4 Nonlinear Wave Modulation Spectroscopy 

NWMS is a method for detecting micro cracks in various kinds of materials 
and objects. The NWMS method works as simultaneously exciting a 
sample with two autonomous waves, which frequency spectra are confined 
to two separate ranges.  
NWMS can be applied in two different modes, continuous or impact. In the 
continuous mode two sinusoidal waves with separate frequencies are 
simultaneous input into the object by using speakers or piezoelectric 
transducers. One of the signals generating a low frequency signal and the 
second one generates a high frequency wave. The response is recorded at a 
separate location on the sample. The wave form is Fourier transformed 
using the Fast Fourier transform, FFT, and the interaction of the two input 
signal is investigated. For an intact sample, the output spectrum only 
contains the two frequencies. For a damaged sample sidebands are created 
by the nonlinearity of the medium in addition of the linear effects see figure 
3.1 (a, b) below. 

In impact mode the low frequency signal is excited by a hammer while the 
high frequency continuous signal generated by a speaker/transducer is 
propagating through the sample as in figure 3.1 (c and d). [1][2][4] 
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Figure 3.1. Figure a) shows two continuous modes for non damaged object 
while b) shows the generated sidebands for damaged object. c) and d) show 
continuous mode and impact mode for intact respectively damaged object. 

 

The NWMS method shows the total amount of nonlinearities in a material. 
This means that it is not known if there is only one large crack or many 
smaller ones. This is extra important to take into account when dealing with 
materials that are nonlinear from the start. Even the undamaged material 
will give raise to sidebands and a reference test might be needed to be able 
to quantify the damages. 



 14 

3.5 Wave propagation of acoustic waves 

Ultrasonic testing is based on time-varying deformations or vibrations in 
materials. All material substances are comprised of atoms, which may be 
forced into vibrational motion about their equilibrium positions. Acoustics 
is focused on particles that contain many atoms that move in unison to 
produce a mechanical wave. When a material is not stressed in tension or 
compression beyond its elastic limit, its individual particles perform elastic 
oscillations. When the particles from a medium are displaced from their 
equilibrium positions, internal restoration forces arise. It is these elastic 
restoring forces between particles, combined with inertia of the particles 
that leads to oscillatory motions of the medium. 
In solids, sound waves can propagate in different modes that are based on 
the way the particles oscillate. These are longitudinal waves, shear waves, 
surface waves and plate waves. Longitudinal and shear waves are the two 
modes of propagation that is most used in ultrasonic testing. 
In longitudinal waves, the oscillations occur in the longitudinal direction or 
the direction of the wave propagation. The longitudinal waves are also 
called pressure or compressional waves, because compressional and 
dilational forces are active. Since their particle density fluctuates as they 
move they are also called density waves. The longitudinal waves can be 
generated both in liquids and solids because the energy travels through the 
atomic structure by a series of comparison and expansion (rarefaction) 
movements.  
In shear or transverse waves, the particles oscillate at a right angle or 
transverse to the direction of wave propagation. Shear waves require an 
acoustically solid material for effective propagation. The shear waves are 
relatively weak in comparison to longitudinal waves. They are usually 
generated in materials using some of the energy from longitudinal waves. 
[6][7] 
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3.6 Modeshape 

Standing waves are produced when two periodical waves with the same 
wavelength, the same number of half wavelengths, in the same phase and 
the same propagation velocity move against each other. The idea of a 
standing wave in the NWMS tests is to obtain much higher amplitude in the 
material and in that way be able to locate the crack.  In a standing wave the 
biggest and smallest amplitude points are at the same place. These points 
are called anti-nodes. Between two anti-nodes the amplitude is always zero 
and these points is called nodes. The distance between two nodes is a half 
wavelength, see figure 3.2. The standing wave appearance is called a mode 
shape. 

      (3.2) 

where n = 1, 2, 3, …  , and n = mode-parameter and h is the length or 
height of the mode. 
 

 
Figure 3.2. Example of half a wavelength of a wave in different phase. 

 

Generalizing for all longitudinal modes, the condition is that the distance h 
between the surfaces must be a whole number of node distances n, where 

is the wavelength. [8] 
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3.7 Piezoelectric transducers  

The conversion of electrical pulses to mechanical vibrations and the 
conversion of returned mechanical vibrations back into electrical energy is 
the basis for ultrasonic testing. The most commonly used transducer in 
vibration analysis is piezoelectric. These are effective when transforming 
electrical signal into ultrasonic vibrations. The same elements are used to 
measure the responding signal. The piezoelectric effect is in fact a charge 
displacement q when a force is applied on the piezoelectric crystal. The 
charge is proportional to the load F so 

     (3.3) 

where S is called the sensitivity factor. The piezoelectric effect is direction 
dependant and is explained with that the material is electrically dipolar in a 
specific direction. In this direction the material is said to be piezoelectric. 
[9] 

The piezoelectric elements used in the experiments are standard disc-
transducers of two different sizes. Pz26 with diameter D=10 mm and 
thickness h=1 mm and one larger with D=30 and h=2.5 mm are 
manufactured by Ferroperm Piezoceramics A/S in Denmark. These two 
sizes have been used in various experiments in the Department and have 
proven reliable so there has not been a need to investigate different 
alternatives.  

 

3.8 Transducer beam spread 

The energy in the beam spreads out as it propagates through the material. 
This phenomenon is often called beam spread but sometimes is it also 
called divergence or diffraction. Although beam spread must be considered 
when performing an ultrasonic inspection, it is important to note that in the 
far field, or Fraunhofer zone, the maximum sound pressure is always found 
along the centreline of the transducer.  

Beam spread occurs because the vibrating particle of the material doesn’t 
always transfer all of their energy in the direction of the wave propagation. 
Recall that waves propagate through that transfer of energy from one 
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particle to another in the medium. If the particles are not directly aligned in 
the direction of wave propagation, some of the energy will get transferred 
off at an angle. 

Beam spread is dependant on the frequency and diameter of the transducer 
and it is also greater when using a low frequency transducer than using a 
high frequency transducer. As the diameter of the transducer increases the 
beam spread will be reduced. 

Beam angel is an important consideration in transducer selection for two 
reasons. 
Beam spread lowers the amplitude of reflections since sound fields are less 
concentrated and weaker. 
Beam spread may result in more difficult to interpret signals due to 
reflections from the lateral sides of the test object or other features outside 
of the inspection area. 

Characterization of the sound field generated by a transducer is a 
prerequisite to understanding observed signals. [7] 

When using a transducer to set the air between the transducer and a test 
object into resonance it gets the properties of an open resonator. The wave 
energy distribution loss, s, between the resonator and the test object is 
proportional to the reflection surface. 

  (3.4) 

Where D1 is the diameter of the resonator and D2 is the diameter of the total 
reflector surface of the test object. The dimensions are shown in figure 3.3, 
where  is the angle of beam spread as in equation 3.5. [8] 

      (3.5) 
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Figure 3.3. Dimensions of open resonator with distribution-loss area. 

 

3.9 Acoustic impedance  

Sound travels through materials under the influence of sound pressure. 
Because molecules or atoms of a solid are bound elastically to one another, 
the excess pressure results in a wave propagating through the solid.  
The acoustic impedance, z, of a material is defined as the product of density 

and acoustic velocity c of that material. 

     (3.6) 

The acoustic impedance is measured in Rayles. It is important to know the 
impedance when determining the acoustic transmission and reflection at the 
boundary of two materials having different acoustic impedance. [7] 
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3.10  Reflection and Refraction 

Ultrasonic waves are reflected at boundaries where there are differences in 
acoustic impedance. This is commonly referred to as impedance mismatch. 
When an ultrasound wave passes through an interface between two 
materials at an oblique angle, and the materials have different indices of 
refraction, it produces both reflected and transmitted waves as in optics. 
The transmitted waves are also called refracted waves because their 
direction has changed relative to the direction of incidence. Refraction 
takes place at an interface due to the different velocities of the acoustic 
waves within the two materials. The velocity of sound in each material is 
determined by the material properties (elastic modules and density) for that 
material. 

In contrast to optics, a new phenomenon has now been added in which one 
kind of wave can transform into another. For example, when a longitudinal 
wave hits an interface at an angle, some of the energy can cause particle 
movement in the transverse direction to start a shear (transverse) wave. The 
transformation of one kind of ultrasonic wave into another is called mode 
changing, or mode conversion. Mode conversion, occurs when a wave 
encounters an interface between materials of different acoustic impedance 
and the incident angle is not normal to the interface. 

The direction of the reflected and the transmitted waves are determined by 
the general law of refraction 

    (3.7) 

This is called Snell’s law and was first stated by Snell for optics. It is 
however valid for all types of wave propagation. It describes the 
relationship between the angles and the velocities of the waves and equates 
the ratio of material velocities c1 and c2 to the ratio of the sine's of incident 

 and refraction  angles as shown in figure 3.4. 
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Figure 3.4. Reflection and refraction at material interface. 

 
The most fundamental rule applied both in optics and in this case is that the 
angle of the incident wave and the angle of the refraction wave are equal, as 
in equation 3.8.  

     (3.8) 

They are equal because the two waves are travelling through the same 
material and therefore have the same velocities. Both angles are here 
measured relative to the vertical plane. [6][7]. It must be added that in a 
composite such as the test specimen described later on there are numerous 
boundaries with curved surfaces. Quantification of the reflection is often 
stated by the following equation and takes a very simple form as the ratio of 
the reflected and incident wave amplitudes. R is the reflection coefficient 
and T the transmission coefficient. [7] 

 (3.9) 

 (3.10) 
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3.11  Attenuation of sound waves 

When sound travels through a medium, its intensity diminishes with 
distance. In idealized materials, sound pressure (signal amplitude) is only 
reduced by the spreading of the wave. Natural materials, however, all 
produce a more or less pronounced effect which further weakens the sound. 
This results from two basic causes, scattering and absorption. The 
combined effect of scattering and absorption is called attenuation. 
Ultrasonic attenuation is the decay rate of mechanical radiation at ultrasonic 
frequency as it propagates through material. A decaying plane wave is 
expressed as: 

    (3.11) 

where I is the acoustic intensity of the propagating wave at some location, x 
is the distance from initial location and  is the attenuation coefficient of 
the wave travelling in the x-direction. The dimension of  is nepers/length, 
where neper (Np) is a dimensionless quantity. 
The loss in intensity level with distance of the attenuated wave, expressed 
in dB, is given by 

  (3.12) 

where  is the attenuation loss in dB/m.  

Attenuation is generally proportional to the square of sound frequency. 
Quoted values of attenuation are often given, but this value only gives a 
rough indication of the attenuation and should not be automatically trusted. 
Generally, a reliable value of attenuation can only be obtained by 
determining the attenuation experimentally for the particular material being 
used. [6][7][9] 
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3.12  Frequency response and phase 

The test object can be approximated as a single degree of freedom system 
(SDOF). The Frequency Response Function, FRF, noted as |H(f)|, is 
calculated as following: 

The force balance for a SDOF system according to Newton’s second law 
gives 

    (3.13) 

where m is the body mass, x is the change in location from initial rest x0, c 
is damping coefficient and k is the spring coefficient of the material.  
The equation (3.13) is normally written as  

    (3.14) 

The time derivatives is the velocity v (3.15) 

    (3.15) 

and the acceleration a (3.16) 

    (3.16) 

Solving equation 3.14 is made by Laplace transformation. Laplace 
transformation of the right and left sides of equation 3.14 gives 

   (3.17) 
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This gives the dynamic transformation function H(s), between F(s) and 
X(s). By input of equations 3.18 and 3.19 the equation is transformed into a 
standard shape for solutions of second order mechanical differential 
equations in equation 3.20. 

     (3.18) 

    (3.19) 

   (3.20) 

where  is the undamped resonance frequency and  is the relative 
damping. 

The FRF of the system in equation (3.20) is found by putting 

    (3.21) 

With some additional calculation the FRF is  

  (3.22) 

There are a couple of different methods to decide the resonance frequency 
and the easiest method is called top in the amplitude curve. In this method 
the resonance frequency is the same as the frequency where |H(f)| has its 
maximum. [10] 
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Figure 3.5. Magnification factor versus frequency ratio |H(f)|   

(Logarithmic plot). 

 
Since the dynamic magnification factor may be quite large near resonance 
and since excitation covering a broad range may be of interest, the figure 
3.5 is plotted in logarithmic scale. 

Around the resonance frequency a phase shift occurs, shown in figure 3.6. 
The phase changes from 0º to -180º. When in resonance the phase is -90º. 

The acoustic sound wave sent from the PZTs will be in different phase at 
different distances. The ideal is to have half a wave length between the 
transducers and the test object, corresponding to the h distance in figure 3.3 
above. This means that the phase will be 90˚ at the surface of the object and 
when the reflecting wave reaches the sensors.  
 

 
Figure 3.6. Phase angle versus frequency ratio 

(Logarithmic frequency scale). 
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4 Experimental tests 

4.1 Test object 

The test specimens are provided by a regional shipyard. They consist of 
laminate composites and are for example used in the shiphulls. The 
laminates are constructed of a shell of carbon fibre and a more porous 
plastic core. This gives the composite layers different physical properties. 
Tests have been made on both damaged and undamaged materials.  
Composite materials are nonlinear from the start. The shell material 
consists of fibres crossing each other in all directions. This gives a lot of 
boundaries between the fibres in all directions where the sound waves can 
reflect. The core is made of a foam plastic material including a lot of air. 
This also gives a difficult behaviour when measuring waves propagating 
though the material. 

The dimensions of the laminate, as shown in figure 4.1, are hs=3.5 mm and 
hc=60. 

 

 
Figure 4.1. Laminate thickness.  
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4.2 Experimental setup 

The experimental tests are mostly performed in similar ways throughout the 
project. The test object has to be in a simulated free-free condition because 
no external forces or boundary conditions are wanted to interfere with the 
measurements. To simulate this, the composite is placed on a foam rubber 
foundation. This eliminates enough disturbances for the tests to be accurate. 
Different frequencies and frequency sweeps are created with a signal 
generator. The ultrasonic signals are sent into the test object via a 
piezoelectric transducer glued or waxed to the object surface. The 
corresponding output signal is then measured with one or several other 
PZTs. The PZTs are placed on different locations on the surface to perform 
the different tests. All resulting signals are visualized and analyzed in a 
digital oscilloscope and/or a computer. Parts of the setup are shown in 
figure 4.2 below. 

 

 
Figure 4.2. Experimental setup. 
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4.3 Sound velocity 

To be able to theoretically find the resonance frequency of a specific 
material the sound velocity in each material must be determined. This can 
only be done experimentally since no valid data is documented for the test 
object.  
Since the above described object contains two different materials in three 
layers three different tests must be performed: Two on the individual 
materials and one trough the whole laminate test object.  

 
4.3.1 Test setup 

The test object is excited with a signal and the time response is measured 
on the opposite side of the test object as in the setup seen in figure 4.2. 
Knowing the distance L between the transducer and sensor and measuring 
the time t the velocity can be calculated using following formula. 

     (4.1) 

To get an accurate result an average of several measurements is performed.  
From the start it is not known if the sound wave will reflect at the 
boundaries between the layers or if it will proceed through the whole 
laminate. It is hard to know which way the sound wave will travel and how 
it will reflect and refract, or even if the amplitude of the signal is high 
enough to travel through the test object. 

The test object consisting of two different materials with different 
properties is separated from each other and cut into smaller pieces. This 
means a possibility to analyse the properties of the individual materials. 
The shell material is more solid and gives a clear measurable response. The 
porous core though attenuates and weakens the signal to a degree where it 
is more difficult to measure accurate results.  
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4.3.2 Pulse excitation (pitch-catch) 

Rough ultrasonic velocity measurements are as simple as measuring the 
time it takes for a pulse of ultrasound to travel from one transducer to 
another (pitch-catch) or return to the same transducer (pulse-echo). [7] 
A signal generator is used to send a pulse with constant frequency and 
amplitude. This means that it will be easy to control and change the 
parameters for accurate results. The time response is measured and the 
difference between the excitation (trigger) signal and the response is 
calculated.  
 

4.3.3 Results 

When applying higher amplitude to the test object the sound velocity 
changes. To visualize how the velocity differs with both frequency and 
amplitude figures 4.3 and 4.4 can be regarded. 

 

Figure 4.3. Sound velocity differences in shell material. 
 

The result of the velocity of sound in the shell composite shown in figure 
4.3, are as expected showing a nonlinear behaviour. After several 
measurements these curves can be considered concluding. The velocity 
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differs more with the amplitude change than with frequency change. Ideally 
the 7.5V-curve would be more in the middle between the other two if linear 
dependence exists of the sound velocity and excitation force. No higher 
amplitude than 10V and no less than 5V were used for these measurements. 
The highest and lowest velocities from figure 4.3 are presented in table 4.1 
together with the calculated resonance frequencies. 

 
Table 4.1. Maximum and minimum velocity and calculated resonance 

frequencies for shell material. 

 
Input 

amplitude 
[V] 

Input 
frequency 

[kHz] 

Velocity 
[m/s] 

Calculated 
resonance 

frequency [Hz] 

Lowest value 5 100 3511 650185 

Highest value 10 20 3714 687778 

 

The total difference in frequency from table 4.1 is, =37593 Hz. 

The results of the core sound velocity below in figure 4.4 are a little bit 
harder to interpret. The highest amplitude now gives the lowest velocity but 
the lowest amplitude does not give the highest velocity. This can of course 
be due to different circumstances. The measurements and curves are 
difficult to analyse since they contain a lot of noise. The core material is 
nonlinear and it is not expected to have a linear behaviour. The total 
difference is 15 m/s so the results are still useful when predicting a 
resonance frequency. 
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Figure 4.4. Sound velocity differences in core material. 

 

The highest and lowest velocities from figure 4.4 are presented in table 4.2 
together with the calculated resonance frequencies. 

 
Table 4.2. Maximum and minimum velocity and calculated resonance 

frequencies for core material. 

 
Input 

amplitude 
[V] 

Input 
frequency 

[kHz] 

Velocity 
[m/s] 

Calculated 
resonance 

frequency [Hz] 

Lowest value 10 10 932 7767 

Highest value 10 5 947 7892 

 
The difference between the highest and lowest amplitudes from table 4.2 is, 

=125 Hz. 

Comparing  for the different layers it is found that the largest difference 
belongs to the value from the shell measurement. This means the sound 
velocity of the shell material is strongly amplitude dependent, i.e. the 
material shows a nonlinear behaviour. 
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When measuring the sound velocity through the whole laminate, the same 
amplitudes for the above described measurements could not be used. The 
signal attenuates in the object to a level where it is not measurable. To 
overcome this problem a signal amplifier must be used to raise the 
amplitude. Amplification must be enough to receive a clear response signal. 
Input amplitude of 55V is sufficient to have a good response significantly 
higher than the noise floor.  

The pulse signal used for the measurements just described can not be used 
with the available amplifier. It is a regular stereo amplifier and has to use a 
smother signal. This means that the same measurements were not 
performed. One measurement could be performed though, when sending a 
continuous pulse-like signal measuring between peaks of the input signal 
and the response signal.  
When the frequency is 10 kHz and the amplitude is 55V the sound velocity 
is calculated to 1485 m/s. Calculating linear propagation through the whole 
laminate, 1236 m/s is obtained. This value does not correspond to the 
measured value but according to the significant difference in amplitude of 
the transmitted signal, the large difference is not unexpected. 
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4.4 Resonance frequencies 

The first resonant modes for the different layers and for the composite are 
determined, where half a wavelength is equal to the thickness of the test 
object. Using these frequencies makes it possible later on to use the NWMS 
method to find flaws in the material. There are several resonance 
frequencies in every material. To find them all, the frequency is swept from 
a low value to a higher when an acoustic wave is sent into the object. In this 
way many frequencies are excited separately. To visualize the sweeps it is 
not sufficient to look at the time signal alone but the FFT of the time signal 
has to be regarded [3]. The signal is added together to a whole sweep. 
There will be peaks in the spectra where there are resonances. 
The PZTs has their own resonance frequency. This is easy to find when 
looking at a sweep. The theoretical frequency is about 220 kHz. Due to the 
glue fixture and the wire connections soldered to the PZTs the frequency 
will change in reality.  
When the sound velocity is determined in the material it will be possible to 
calculate an expected resonance frequency f for the thickness of the 
laminate.  

     (4.2) 

Where λ is half a wavelength with the same length as the thickness of the 
material. 

From the theoretical calculations expected resonance frequencies are found. 
Sweeps are then made around the area of the peaks. Three different tests are 
done for the individual two materials and the whole composite. Signals 
with amplitudes of 5V, 7.5V and 10V have been used. 
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4.4.1 Results 

The highest resonance frequency of the spectra investigated is clearly the 
transducers resonance frequency. It is clearly seen that this frequency will 
have much higher amplitude than the measured resonances of the test 
object. This frequency resonance will peak at about 250 kHz, shown in 
figure 4.5, and is similar to the theoretical. The 30 kHz difference is most 
likely due to the glue fixture and wire connections and the fact that they 
differ in size when manufactured. The figure below shows the sweep and 
the increasing response amplitude around a resonant mode. 
On each side of the sweep the noise floor is shown to get an idea of the 
amplitude of the sweep response signal. The amplitude of the input signal is 
set constant to 10 V. 

 

 
Figure 4.5. Resonance frequency of the Transducers. 
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Figure 4.6. Resonance frequency of the core material with a thickness of 60 

mm. 
 
The frequency sweeps around the expected resonance for the core test 
object is shown in figure 4.6. The measured frequency of 7896 Hz can be 
compared to the calculated of 7810 Hz, when input amplitude of 10V is 
used. The difference might seem large but the error can be led back to the 
manual measurements of the time responses when measuring the sound 
velocity. With the measured frequency the sound velocity is calculated to 
947 m/s. This compared to the theoretical average velocity of 937 m/s 
shows how big the difference is in velocity.  
Two lower amplitudes of 7.5V and 5V respectively are used to show the 
nonlinear behaviour of amplitude dependence of the resonance frequency. 
The resonance frequencies are 7480 Hz for 7.5V amplitude and 7540 Hz 
for 5V. This can be compared to the calculated values of 7833 Hz for 7.5V 
and 7825 Hz for 5V. These do not correlate as well as measuring with a 
signal with 10V amplitude. 
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Figure 4.7. Resonance frequency of the shell material with a thickness of 

3.5 mm.  
 
As for the shell material, in figure 4.7, there is a difference between the 
measured frequency and the calculated. For 10V amplitude of the input 
signal the measured resonance frequency is 685740 Hz, which would mean 
a velocity of 3703 m/s differs from the calculated frequency of 686300 Hz 
calculated from an average velocity of 3706.6 m/s. 

As before lower amplitudes are used to visualise the amplitude dependence 
of the resonance frequency. The resonance frequencies are 685920 Hz for 
7.5V amplitude and 685940 Hz for 5V. The calculated frequencies are for 
7.5V 685370 Hz and for 5V 653333 Hz. Also here the lower amplitudes do 
not compare well.  
For the last measurement of the resonance frequency in the laminate the 
input signal was amplified to approximately 55V. Measurements were also 
made with amplitudes of 35V and 10V. Lower amplitudes are not sufficient 
to give a good response signal.  
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Figure 4.8. Resonance frequency of the whole laminate test object. The 
thickness is 67 mm and the maximum amplitude appears at 11033 Hz. 

 
The resulting frequency found from figure 4.8 above is 11033 Hz. 
Comparing this to the theoretical frequency 11082 Hz the result is 
acceptable. The measured sound velocity is 1485 m/s. Calculating the 
velocity from the resonance frequency gives 1478 m/s. 
The resulting resonance for 35V is 11032 Hz and for 10V the frequency is 
11020 Hz. This means that the highest amplitude gives closest result 
comparing to the calculated. 

The resonance frequencies found from these measurements are all in the 
range of the expected results. When comparing them to the theoretical the 
difference may seem big but remembering the difficulties with examining 
these kinds of nonlinear materials the results can be motivated. It is shown 
that the theory can be proven with experiments. 
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5 Prototype construction 

To scan wider areas of any type of materials it will be time consuming to 
use the conventional method that is not very developed. To excite the test 
object with its resonance frequency a non-contact device with resonance 
tuning is constructed. The reason for non-contact is that the device will be 
easier and faster to move around. Normally the PZTs are glued to the 
surface. This is very inconvenient when large surfaces are to be examined. 
Every time a new location is to be examined the equipment must be moved 
or reconnected. Our device will also be able to excite a wider area, using an 
array of PZTs. It will also give a possibility to locate the crack easier. The 
NWMS method shows if an object contains a flaw but not the location. 
The array of transducers is mounted on a plate and works as an open 
resonator. The resonator sets the air between the resonator and the test 
object into resonance. The amplitude of the resonance signal must be high 
enough to excite the actual test object with its resonance frequency. Note 
that it is not included when building this prototype the excitation of two 
different modes only the high frequency continuous mode. 
 

5.1 Dimensioning 

There are some dimension criterions to consider when constructing an open 
resonator. The height, h, between the transducers and the test object must 
be set so the air between the exciters and the test object will be in 
resonance. When this criteria is fulfilled the amplitude in the air increases 
about 100 times. h can be calculated as  

    (5.1) 

The height should be equal to the length of the first mode as in chapter 3.6. 

The resonator shape is most preferably to be round as the transducer beam 
spread will be equal at all sides.  
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5.2 PZT Array 

To be able to excite a wider area of the test object some form of array of 
PZTs must be devised. The function of an array will be the same as to use 
one big PZT but the cost will increase dramatically with size.  

 
5.2.1 Steel prototype 

The array of transducers is built on a steel plate of dimensions 400*200*10 
mm. It consists of several large transducers for signal generation and a 
number of small for signal response, as seen in figure 5.1. The transducers 
have to be in the same level as the plate surface to get the characteristics of 
an open resonator. Therefore holes are milled on the plate to lower the 
transducers. Other holes were also drilled through the plate for the 
connection of the cords. Two parallel ports were used to connect the cords 
so that all the transducers or only half of them can be used. The sensors are 
connected to a port so four at the time can be used for measurement.  
 

 
Figure 5.1. Array of PZTs on steel plate. 
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5.2.2 Plexiglas prototype 

When assembled, the steel plate shows a problem. The solderings are hard 
to isolate from the plate witch leads to short circuits. To overcome this 
problem the PZTs and the solderings where coated with a nail polish 
without electrical conductivity. This was not enough though and there 
where still some connections between the plate and the transducers.  
Instead of a steel plate some other material can be used that is not 
conducive. One alternative is Plexiglas that has been used in previous 
theses for its linearity. Plexiglas though is harder to form for the purpose. It 
is more fragile than the metal so the holes have to be drilled with extra 
precaution. The PZTs are put closer together to concentrate the signal. This 
unfortunately makes it impossible to lower the transducers to the same level 
as the Plexiglas surface. It is simply not possible to drill holes so close in 
this material. The fact that the transducers are close may automatically 
solve the problem though. The new Plexiglas prototype has screws in each 
corner for height control and is shown in figures 5.2 and 5.3 below. All 
wires are twisted to reduce the magnetic field that has shown to be a 
disturbance. 

 

 
Figure 5.2. Overview of Plexiglas prototype with wire connections. 
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Figure 5.3. PZT placement on prototype, with sensor drilled in middle 

transducer. 
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5.3 Height control 

The height h between the PZTs on the resonator and the test object is 
supposed to be controllable in order to maintain resonance and amplitude. 
Initially a simple loudspeaker will provide the function of increasing or 
decreasing the height. The resonator could be placed on the loudspeaker 
membrane. By applying a current to the loudspeaker and change the 
amplitude the membrane will move in height. By a signal generator the 
amplitude voltage is controlled and the fine adjustment needed for this task 
is managed. Another alternative that will make it possible to use the same 
signal generator as for the ultrasonic signal is to change other parameters. 
The signal is still a sinus- or a square-wave but the frequency and 
amplitude are set very small, like 100 mV peak to peak, and the signal 
offset is then changed. This gives a satisfying ability to control the height 
without having any large vibrations or noise.  

The loudspeaker does not provide sufficient strength to support the weight 
of the construction. It is enough to change the height of the transducers but 
not of the entire array mounted on the steel plate or even the Plexiglas 
plate. For this, a kind of position manipulator is needed. These are quite 
expensive devices and before purchasing the process has to be proved 
working. When performing the tests the screws seen in figure 5.2 are used 
for controlling the height. 
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5.4 Automation-LabVIEW model  

The next step is to make the process of height control completely 
automatic. The signal is still generated with the same device but the 
controls can be automated by connecting the signal generator to a 
computer. The system has to control different components simultaneously. 
The major components are the signal generators and the oscilloscope. The 
control system is created using the software LabVIEW 7 Express. An 
instrument driver is a set of software routines that control a programmable 
instrument. Each routine corresponds to a programmatic operation such as 
configuring, reading from, writing to, and triggering the instrument. 
Instrument drivers simplify instrument control and reduce test program 
development time by eliminating the need to learn the programming 
protocol for each instrument. These driver routines are implemented in the 
control program, or virtual instrument, VI, as a part of the system. The 
basic version of the program is based on the use of the loudspeaker as 
height manipulator. 

The VI is divided into two major parts. 
1. The frequency is swept around the region where the expected resonance 

is. The physical properties of the material have to be known from the 
start. The sound velocity and the thickness of the test object give the 
expected frequency. The response signal from the measurement is 
measured via the oscilloscope, and then received back in the program, 
where the FFT is calculated. From the FFT the resonance frequency, 
where the maximum amplitude is found, is extracted. Then the height of 
the resonator above the test object is calculated i.e. half a wavelength in 
air. 

2. The frequency is set constant to stay in resonance during the NWMS 
tests. All the time the phase of the resonance frequency is under 
surveillance. If the object would, of any reason, move out of resonance 
the VI automatically changes the height until the phase is 90º again.  

A schematic block diagram of the program is presented in figure 5.4. 
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Figure 5.4. Schematic block-diagram of VI. 
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6 Prototype tests 

There are two major tests that have to be done in order to prove that the 
method is working. The first is to set the air gap between the resonator and 
the test object into resonance. The next is to show that the amplitude of the 
wave when the air is in resonance is sufficient to set the test object into 
resonance. The level of the vibrations must be significant higher than the 
noise floor when measured on the opposite side of the object. 
 

6.1 Air resonance 

The Plexiglas-prototype is mounted over a steel test object with a PZT-
sensor in level with the surface. The height between the prototype and the 
object is initially set to 5mm. 
The same resonant mode as before is now investigated, where the height is 
equal to half a wavelength. The resonance is swept around the spectra of 
the mode using first one transducer then also seven transducers. Each 
frequency increment is 2 Hz and held for 60 s so the air has time to reach 
resonance. 
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6.1.1 Results 

First one transducer is used to send the signal. The resonator is lowered as 
close to the surface as the construction allows, which is 6.1 mm. The 
theoretical frequency is calculated to 28114 Hz.  
 

 
Figure 6.1. Frequency response in air using one 30mm transducer and one 

10mm sensor with 6.1 mm distance between transducers. 
 
In figure 6.1 above the most obvious peak is at 28118 Hz. The difference 
between the measured resonance frequency and the calculated can be 
neglected. It is most likely due to an infinitely small measurement error of 
the height. 
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Figure 6.2. Frequency response in air using seven 30mm transducer and 

one 10 mm sensor with 6.1 mm height between the sensor and the 
transducers. 

 
When using more transducers the result is quite similar, the air resonance is 
still visible at a maximum of 28118 Hz as seen in figure 6.2. This means 
that there is no difference when using more transducers, just as expected. 
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6.2 Test object resonance 

The resonator is now mounted over the surface of the composite test object. 
A sensor is placed on the opposite surface of the object and also on the 
same side on the surface 300 mm from the centre of the resonator. Now it is 
possible to investigate if the prototype can use the air in resonance and if 
this has sufficient amplitude to set the object in resonance. If this works all 
the criterions for the prototype will be fulfilled. 
To have sufficient amplitude of the response signal a signal amplifier is 
used to amplify the signal as in the measurement of the resonance 
frequency presented in figure 4.8. 

The setup for these tests is schematically presented in figure 6.3 below. 
Note that all numbered components are not used at the same time. 

 

 
Figure 6.3. Schematic figure of test setup.  

 

 
6.2.1 Results 

When investigating the frequency spectra around the expected resonance 
frequency of 11 kHz it is discovered that no clear change in amplitude is 
observed. Therefore it can not be proven that the first resonant mode of the 
test object can be excited in this way.  

Instead the frequency is increased and the height lowered to the minimum 
of 6.1 mm, to search for other resonant modes. These resonance frequencies 
have a nonlinear behaviour and can change depending on the input 
amplitude. When sending the signal through air the amplitude of the signal 
will naturally have changed when it hits the test object. This makes the 
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interpretation of the behaviour impossible. The frequency is swept from 10 
kHz to 400 kHz. 
The frequency response in the air is clearly measurable throughout the 
investigated spectra. In figure 6.3 it is seen between 10 kHz and 400 kHz.  
 

 
Figure 6.4. Resonance frequency in air investigating the range 10 kHz – 

400 kHz. 
 

Figure 6.4 shows many high peaks in the spectra. There are two high peaks 
at 74 kHz and 82 kHz. Smaller peaks are seen at approximately 56.5 kHz, 
192 kHz and 297 kHz. Since the resonance is already investigated in the air 
for the height of 6.1 mm in figure 6.2, none of these peaks are the first 
resonant mode. Why the amplitude increases this much in these regions can 
be due to the 30 mm transducers resonance frequency of 74 kHz. 
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Figure 6.5. Frequency response on opposite side of laminate measuring 

with a 10 mm transducer. 
 
Figure 6.5 shows the found resonance frequency in the laminate when 
measured with sensor 1, seen in figure 6.3. The peak is approximately 239 
kHz which is similar to the PZTs natural resonance frequency seen in figure 
4.10. This is closer to the theoretical frequency of 220 kHz than the 
previous result. Here there is no glue fixture that can change the result. 
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Figure 6.6. Frequency response 300 mm from beam centre on same side as 

resonator measuring with 10 mm transducer. 
 
To verify the result the response is measured at another location, this time 
300 mm from the resonator centre, as sensor 2 in figure 6.3. As seen in 
figure 6.6 the peak is similar to the one in figure 6.5 but the frequency 
value is not the same. Here it is 258.8 kHz. The difference can be due to the 
manufacturing of the PZTs. The resonance frequency can differ since the 
dimensions are never exactly the same. It can also be due to the glue fixture 
and the cable connections. To conclude, the difference is acceptable.  

 



 51 

 
Figure 6.7. Frequency response 300 mm from beam centre on same side as 

resonator measuring with 30 mm transducer. 
 
The response is also measured with a 30 mm PZT, sensor 3 is seen in figure 
6.3. The result is shown in figure 6.7. The natural resonance frequency for 
the large transducer is not the same as for the 10 mm one. This is most 
likely why the response differs. The two peaks can be overtones of the 
resonance frequency, which theoretically is about 74 kHz, but they do not 
match with the closest overtones of 222 kHz and 296 kHz. This again could 
be due to the nonlinear behaviour but it is not proven. 
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For a comparison the same frequency spectra is investigated with a 30 mm 
transducer as an alternative to the resonator prototype.  This test is just to 
make sure the measurements are similar and whether the results can be 
trusted or not. 
 

 
Figure 6.8. Frequency response on opposite side of laminate measuring 

with a 10 mm transducer. 
 

The two figures 6.8 and 6.9 are compared to figures 6.4 and 6.5. The setup 
according to figure 6.3, PZT 1 is used to send the signal and sensor 1 in 
figure 6.8 and sensor 2 in figure 6.9 for measurement. The resonance peaks 
around 250 kHz are similar. When measuring on the opposite side the peak 
are just above 250 kHz and when measuring 300 mm from the centre it is 
almost exactly on 250 kHz in both tests. The very shifting amplitude below 
200 kHz is harder to explain. It can be due to the PZT and the fixture of 
glue. The most important thing though is the resonance around 250 kHz. 
The similarity is seen as a proof of that the method with a resonator gives 
as accurate results as using a PZT. 
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Figure 6.9. Frequency response 300 mm from beam centre on same side as 

transducer measuring with 10 mm transducer. 
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6.3 Signal attenuation 

When sending a signal with the resonator into the test object it is interesting 
to see how the signal spreads and attenuates with distance from the centre 
of the transducer beam. The signal is sent with the resonator and measured 
both on the opposite side of the test object, as with sensor 1 seen in figure 
6.3, and on the same side, as with sensor 2 in the same figure. The 
difference is that the PZTs are waxed to the surface of the test object to be 
able to move them with a step length of 10 mm.  

Four different signals with constant amplitude of 55V but different 
frequencies are used. The interesting frequencies are: 

One peak frequency from the air, 191.5 kHz. Second the anti resonance 
frequency from figure 6.5 is tested, 213.7 kHz. The third frequency is the 
anti resonance from figure 6.6, 235.7 kHz. Last one higher frequency is 
tested for reference purpose only, 800 kHz. 

For comparison tests have been performed by sending a signal with a 10 
mm and a 30 mm PZTs. The amplitude of the signal is set to 10V and the 
frequency to 213.7 kHz. 
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6.3.1 Results 

 

Figure 6.10. Signal attenuation from beam centre, with input signal 
amplitude is 55V. 

 

 
Figure 6.11. Signal attenuation from beam centre, with input signal 

amplitude of 55V. 
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The attenuation from the centre of the resonator beam is measured. 
According to Gunnarsson [3] the signal will decrease dramatically close to 
the centre and then slowly go toward zero. This experiment does not show 
any decrease up to the tested distance of 400 mm as in figure 6.10. In figure 
6.11 the response is measured on the same side of the test object as the 
resonator. Nor this test show any decrease in response signal amplitude 
except for the signal with 235.7 kHz frequency which has decreased some. 
This phenomenon is this far unexplained but it could be due to a powerful 
signal in the resonator, which could mean that a response is found further 
from the excitation area. Regarding the behaviour of the curves a form of 
pattern can be followed. 
 

 
Figure 6.12. Signal attenuation from beam centre, with input signal 

amplitude of 10V and a frequency of 213.7 kHz. 
 

It is seen in figure 6.12 that only the signal sent with a 10 mm PZT 
attenuates visibly. As conclusion it can be noted that with a large transducer 
the wave propagation is high and the attenuation low. With smaller 
transducers the signal attenuates faster in the material. 



 57 

6.4 NWMS test using prototype 

 

 
Figure 6.13. Test with the NWMS method on damaged material. 

 
In figure 6.13 is a result of the actual NWMS method presented. The 
resonator is used to send a continuous signal of 90 kHz. An impulse 
hammer is used to excite the test object as the method describes. The 
sidebands produced are clearly visible around the peak. This is a good 
result to show that the prototype can be used as it is intended. 
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7 Discussion 

Previous work concerning the NWMS method states that it has good 
potential as a competitive NDT method in many industrial applications. 
What is needed is a better developed process for the method, such as faster 
test setup and localisation of micro-damages. Not concerned in this thesis is 
the quantification of the nonlinearities i.e. number and size of the damages. 
Since the method only shows the total amount of nonlinearities it is not 
known if it displays a large flaw or numerous minor ones. 

The physical properties for the composite laminate have been studied in 
this thesis. It is known that damaged materials indicate nonlinear 
phenomena such as amplitude dependence of the resonance frequencies and 
nonlinear attenuation. The velocity of sound is an interesting parameter 
when using ultrasound. Determining the sound velocity the natural 
resonance frequency can be determined. These frequencies have also been 
determined for the materials in the composite and for the whole test object. 
A prototype has been constructed to be able to send an ultrasonic signal 
through the test specimen without the transducers being in physical contact 
with the surface of the object. The prototype has been built from the 
specifications for an open resonator with an array of transducers to increase 
the excitation area and also for non-contact testing. It is shown that the 
resonator can excite the test object with sufficient amplitude to have good 
test results. This is just a prototype and several different designs have been 
tested. For this product to be interesting it has to be developed further in 
both performance and design. 

An automation program has been developed that will be able to control the 
process of finding the resonance frequency of a material and then 
controlling the test equipment to keep resonance conditions. It was a vision 
that the program would be able to control the height of the resonator above 
the object surface. It is not yet clear though if the test object has to be 
excited with its resonance frequency and if the height has to be precision 
controlled. The program is constructed so it will change this height 
automatically if the object will fall out of resonance. The NWMS method 
has been tested with a different frequency than the resonance frequency and 
the result where satisfying. This is not shown in this particular thesis. 
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8 Conclusion 

The experiments of the physical properties showed a nonlinear behaviour in 
the damaged test object. The sound velocity varied depending on the input 
amplitude and frequency. Test where made on both the individual materials 
as well as on the composite laminate. The shell material showed higher 
amplitude dependence of the sound velocity, i.e. nonlinearity, than the core 
material. 
The results when searching for the resonance frequency showed only small 
difference from the theoretical. It is also visible that the resonance 
frequency is amplitude dependent and time dependent. For air as well as the 
composite materials it takes time for the object to reach resonance. If the 
amplitude is higher the time decreases If only ten volts input amplitude is 
used it takes up to a minute to get good results. If the amplitude is increased 
three to five times it reaches resonance in less than a second. When 
implementing the NWMS method it is recommendable to use constant 
amplitude. 

When building the prototype resonator different designs were tested. When 
using a steel-plate to mount the PZTs on they where short circuited since 
they came in contact with the steel. A Plexiglas plate showed more 
successful and the array shape is preferably to be round. It is showed that 
the response is similar when using the resonator and a regular PZT glued to 
the test object surface. It is also proven that the prototype works when using 
it for the NWMS method. 
The excitation area is quite large when using a non-contact device and it 
will probably take high amplitude to be able to excite a concentrated 
volume. Experiments showed no decrease in the signal up to a radius of 400 
mm. This means that the location of the micro-damages is not yet solved. 
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9 Further work 

The prototype and the automation program will need some further work 
before it can be accepted as a usable product. As it this far only can excite 
the test object with one high continuous signal it needs some development 
so the test object can be exited with a pulse signal as well. 
The measurement of the response signal on the test object can also be 
automated and added as a function of the prototype. It has so far only been 
measured with the conventional method, by gluing PZTs to the object.  

The height control of the transducers on the prototype over the surface 
needs a more sophisticated device for precision control. Recommendable a 
precision single axis position manipulator can be used for this purpose. It 
would be ideal if this device can be controlled by the Labveiw program like 
the other equipment. 
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A LabVIEW Virtual Instrument 

 

 
Figure A.1. Main VI. 

 
Figure A.1 shows the main VI of the program. It contains three sub-VI 
control systems. 


