Laser Ultrasonics for Noncontact
Measurement of Lamb Waves in
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J.H. JONG, PH. BRODEUR, E.F. LAFOND, J.P. GERHARDSTEIN

and B.M. PUFAHL

The experimental demonstration of noncontact laser ultrasonics to monitor Lamb waves and the relevant mechanical behaviour of paper is
presented. Measurements were performed in a controlled environment using a variable-speed web simulator. Signals obtained using the
photorefractive method on nonmoving paper are discussed and the preliminary analysis of Sy and Ay modes is presented. On moving paper,
the detection of ultrasonic signals based on the Photo-EMF interferometer technology is reported at production speeds on copy paper and
42 Ib linerboard. Preliminary results verify the potential of laser ultrasonics for real-time monitoring of elastic stiffness, bending stiffness
and shear rigidity .

Nous faisons ici la démonstration d’essais d’ultrasons laser sans contact pour suivre les ondes Lamb et le comportement mécanique
afférent du papier. Les mesures ont été effectuées dans un environnement controlé a ’aide d’un simulateur de feuille en continu 4 vitesse
variable. Les signaux obtenus a I’aide de la méthode photoréfractive sur du papier immobile sont discutés et I’analyse préliminaire des
modes S, et Ay est présentée. Sur le papier en mouvement, la détection des signaux ultrasoniques basés sur la technologie de
Uinterférometre Photo-EMF est reportée a des vitesses de production sur du papier pour reproduction et du carton couverture 42 lb. Les
résultats préliminaires confirment le potentiel des ultrasons laser pour le suivi en temps réel de la rigidité élastique, de la rigidité a la

flexion et de la rigidité au cisaillement.

INTRODUCTION

The development of on-machine paper
stiffness or “strength” sensors has been an
on-going process for over 25 years because
mechanical properties are critical to the
papermaking process, converting opera-
tions, and end-use performance [1]. While
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the development of contact methods is at
centre stage [2-16], noncontact methods did
not receive full attention even though they
are far more desirable to the papermaker
[17-21]. Merits of the latter methods in-
clude eliminating potential damage to the
moving web and monitoring of fine papers,
coated grades and paperboards. These same
methods may prove beneficial in tissue
and wet-end testing. It is expected that the
availability of a noncontact method would
simplify the development of full-sheet
inspection systems for paper stiffness.
Assuming that Lamb waves can be excited
and detected in a noncontact manner using
ultrasonic principles, one distinguishes two
different test approaches: air-coupled
transduction and laser ultrasonics.

Air-Coupled Transduction
Considerable progress has been
made in recent years toward the develop-
ment of efficient air-coupled capacitive
transducers, which are more sensitive and

have a larger bandwidth than air-coupled
piezoelectric transducers [22]. These trans-
ducers are relatively inexpensive. However,
their utilization remains limited by the air
medium itself: sound absorption in air in-
creases with frequency, sound velocity in
air is temperature-dependent, and path
lengths are sensitive to turbulence [23]. A
resonance technique to induce and detect
Lamb waves using air-coupled transducers
was successfully tested on nonmoving
paperboards [17,18]; an on-line implemen-
tation is hardly possible because the trans-
mitter—receiver assembly must be rotated to
get the maximum transfer of energy into the
paper. Also, since the sheet must be fairly
thick to excite Lamb waves (>400 pm), test-
ing of fine paper grades is difficult [18].

Laser Ultrasonics

The second approach, laser ultra-
sonics, considers the laser generation and
detection of Lamb waves. The discipline is
now well established [24], and applications
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exist in the metal and plastic industries.
Merits include point source excitation (ideal
configuration for detection of stiffness ori-
entation distribution), absence of measure-
ment artifacts due to the coupling medium
(insensitivity to air temperature and mois-
ture, turbulence), uniqueness of information,
and large bandwidth. Also, it offers unique
conditions for the simultaneous optical
detection of fibre orientation distribution
using a light-scattering method. Difficulties
still exist in relation to surface roughness
dependency (speckle averaging), sheet flut-
tering (also true for air-coupled transduc-
tion), and complexity of equipment. There
are currently three patents describing the
use of lasers to generate Lamb waves in
paper [19-21]. However, contact transducers
[19,20] and unproved optical deflectometry
[21] were used for the detection of Lamb
waves. None of these patents considers opti-
cal heterodyne interferometry for detection
to enhance measurement sensitivity [25]. A
formal demonstration of noncontact laser
ultrasonics on static paper has been per-
formed [26,27]. Also, a fundamental study
of Lamb wave propagation in copy paper
using noncontact laser generation and de-
tection principles was investigated [28,29].

The concept of noncontact laser
generation and detection of Lamb waves is
described schematically in Fig. 1. A high-
power pulsed laser beam is focused onto the
surface of paper. Upon interaction of laser
light with paper, a thermoelastic effect
occurs, thus exciting a spectrum of Lamb
waves (also called plate waves) in all direc-
tions in the plane of paper. An interferome-
ter using a continuous wave (CW) laser is
used for ultrasound detection, but a pulsed
laser with sufficient coherent length could
also be used. Depending upon the position
of the detection point with respect to the
generation point, waves propagating along
machine direction (MD), cross-machine
direction (CD), or any other planar direc-
tions are detected. Also, two different prop-
agation modes are detected: dilatational and
bending modes. Fundamental (zeroth order)
dilatational or symmetric (Sy) and bending
or antisymmetric (Ag) Lamb wave modes
are depicted in Fig. 2.

In this work, results gathered using
two promising laser detection systems for
paper testing are described: a two-wave mix-
ing photorefractive interferometer (TWM)
applied to nonmoving paper and a photo-
induced electromotive force (Photo-EMF)
interferometer applied to moving paper.
Lamb waves were excited using a Q-switched
Nd:YAG laser operating at 1064 nm (near
infrared). Pulse width and maximum pulse
energy were 5-7 ns and a few tens of mlJ,
respectively. The beam diameter on the
paper was less than 1 mm. Under these gen-
erating conditions, an intermediate excita-
tion regime between thermoelastic and
ablation regime was observed. Additional
work beyond the scope of this study is un-
derway to optimize Lamb wave excitation,

while preventing any visible damage to
paper through ablation.

A schematic diagram of the photo-
refractive interferometer setup for non-
moving paper testing is shown in Fig. 3. A
detailed description of this setup was
reported by Lafond et al. [30]. In brief, out-
put from the CW Ar:ion detection laser (A =
515 nm) is split into two beams: the sample
and pump beams. A microscope objective
lens is used to focus the sample beam onto
the paper surface. The scattered beam carry-
ing the ultrasonic signal is collected by the
objective lens and recombined with the
pump beam in the Bi;,Si0,, (BSO) photo-
refractive crystal. This arrangement is sensi-
tive to nanometre-scale displacements at the
surface of paper. The interference signal is
detected by a photodiode. The BSO crystal
is very sensitive to displacements, but its
slow response time (>10 ms) makes it un-
suitable for moving paper. A crystal with a
faster response time such as gallium arse-
nide (GaAs) would be more appropriate for
a moving surface. One should note in Fig. 3
that the paper surface is at an angle with
respect to the optical detection path to opti-
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Fig. 1. Laser ultrasonics principles.

mize the detection of particle motion (Lamb
waves) in the plane of paper. The paper
sample can be rotated by 90° to perform ei-
ther MD or CD measurements.

A schematic diagram of the Photo-
EMF interferometer for moving paper ex-
periments is shown in Fig. 4. The paper
sample is mounted on a computer-controlled,
variable-speed, rotating drum capable of
simulating web speeds up to 2850 m/min.
The presence of a backing material for dem-
onstration purposes does not affect Lamb
wave propagation. Details of this setup are
presented elsewhere [31]. The detection
method is based on the photo-electromotive
property of a photorefractive crystal. A
small current is created at the surface of the
crystal by the slight phase shift of the speck-
les caused by Lamb wave-induced motion

Sy Mode Lamb Wave

Ay Mode Lamb Wave

Fig. 2. Cross-sectional view of paper exhib-
iting the fundamental Sp and Ao modes for
Lamb waves. d
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Fig. 3. Schematic diagram of the photorefractive interferometer setup [30].
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of the paper surface. The current is picked

up by two electrodes located on the sides of _ Calibraltill\l/ﬁ'lz

the crystal. The frequency response of the - piezo. at

Photo-EMF interferometer is relatively flat Paper . 2 DCW tfr ion

and very well adapted to Lamb wave detec- sample Focusing & etection faser )
tion under continuously changing speckle . collecting amplifier
conditions (moving paper). Moreover, it ; lens | ,7\'/2 plat.e

cuts off low-frequency vibrations, which Signal beam
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(below 10 kHz). Q === =
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LAMB WAVE PROPAGATION

Assuming that paper can be modelled . Web P°1a““.“g Ehl\zg) g;ctiuc‘i[ed
as an orthotropic material, i.e. a material simulator  beam splitter GaA. ectc;.
that has three mutually orthogonal symme- $ CIyS
try planes, relationships exist between paper signal
stiffness properties and different Lamb pump beam
wave propagation modes [1,18]. For ortho-
tropic symmetry, there are nine independent et

bulk stiffness coefficients: Cqy, Cp, Cs3,
CIZ’ C13, C23, C44, C55 and C66 [18,27].
Although bulk stiffnesses are common in kg 4, §chematic diagram of the Photo-EMF interferometer [31]. The varlable speed
expressing 3D linear elasticity, it is conve-  moving web simulator is shown at left.

nient to use four planar stiffnesses for Lamb

wave propagation in paper: Oy, Qs», Q52
and Qg Strictly speaking, @y, = Cy; — Cy3%/ 3500
C33 and Q22‘= C22 - C232/C33, but the error ~ ]

is very small and one can assume in practice

that Q;~C;; and Oy ~Cyy [27]. 3000 - / N /
2500 -

S 0= f(Cﬁ,Cﬂ,c:n ,css)

Figure 5 illustrates the dispersion be-
haviour of Lamb waves for the special case
of copy paper along machine direction. The
dispersion equation [18,32] was solved
from the stiffness data gathered using the
contact ultrasonic test equipment available
at IPST [33,34]. We are concerned mainly
with the fundamental S and A modes here.
Since the Sy mode is nondispersive at low 500
frequency (up to the cut-off frequency), a
cross-correlation technique can be used to 0 , i . . .
evaluate the wave velocity, from which Q1 0.0 0.5 1.0 15 2.0 2.5 3.0
and Q,, are determined (apparent density of
paper multiplied by square of velocity) [13]. Frequency (MHz)

The A, mode relates to both longitu-
dinal and shear stiffness properties. This Fig. 5. Typical calculated dispersion curves in MD for copy paper.
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Fig. 6. Single-shot signals collected with the TWM setup for nonmoving copy paper in MD and CD.
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mode is dispersive (frequency dependent
velocity) at low frequency and reaches a
plateau at high frequency [32]. The asymp-
totic velocity at high frequency is known to
be that of a Rayleigh wave, which exists on
the surface of a half-space material. It can be
used to determine the out-of-plane shear
stiff- nesses in MD-ZD and CD-ZD plane
directions (Css and Cyy). As further
described below, the phase unwrapping
technique developed by Schumacher et al.
[35] was used in this work to extract stiff-
ness information from the Ay mode.

Other important characteristics of the
dispersion curves are found by varying the
values of the elastic stiffnesses as defined in
Ref. [1]. By raising or lowering the value of
@11, one can determine its effect on the S
and A, modes. The major effect of 0y, ison
the low-frequency limit of the S, mode,
while only a minor change is observed in the
initial slope of the Ay mode. The main effect
of Cay3 is on the cut-off frequency for the S
mode. Cy; has only a minor effect on the
Sy mode. The effect of Css is on the high-
frequency limit of the S and Ay modes [27].

NONMOVING PAPER RESULTS
USING THE TWM METHOD

Figures 6(a) and (b) show examples
of recorded signals obtained on nonmoving
copy paper using the TWM setup in MD and
CD. The signals were recorded at genera-
tion-detection distances of 10 and 15 mm
for Fig. 6(a) and 10 and 20 mm for Fig. 6(b).
One important achievement of the detection
method is the quality of single-shot signals
without any averaging. The presence of the
symmetric S, mode wave is observed first.
Itis followed by the antisymmetric Ay mode
wave. As expected, this signal is signifi-
cantly larger in amplitude and duration than
the S signal. Also, it is dispersive and has
lower frequency content. These are all char-
acteristics of a bending wave. Also, satura-
tion of the A, signal in Fig. 6(a) at 10 mm
was due to generation in the ablation regime
overloading the photodiode, and this re-
sulted in the beating of this signal.

To determine the phase velocity of the
S, mode from Fig. 6(a), the cross-correlation
function of the two S signals was obtained.
This is shown in Fig. 7. It indicates that there
is a maximum peak at 1.72 ps. Since this
peak exists at the relative time delay between
the two signals, the resulting S, velocity can
be found by dividing it by the relative dis-
tance between the two detection points, i.e.
5 mm. The resulting velocity is 2907 +
29 m/s for this particular case. In compari-
son, the Sy velocity obtained by the contact
method was 3274 + 33 m/s. The difference
may be explained by the fact that the S,
mode is very sensitive to the exact measure-
ment of the generation-detection distance
and the local characteristics of the paper
surface where the laser beam is shot. Hence,
several measurements must be made to be
statistically valid. More statistically valid
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Fig. 7. Cross-correlation of two Sy signals in Fig. 6(a).

measurements of the S, velocity were per-
formed previously [29,36], which showed
that the contact and noncontact methods
provided similar values.

The Sy mode velocity measurements
in the low-frequency region can be used to
determine the elastic stiffness constants,
Q4 in MD and Q,, in CD [18]. As previ-
ously indicated, the Sy mode also contains
information on C33 (ZD). Ideally, if the S,
mode can be measured accurately around
the cut-off frequency, C33 can be deter-
mined. Yet, the nature of the narrow-
frequency bandwidth of the S; mode makes
it difficult to estimate C3; using this method
[27]. Further work is needed to evaluate Cs4
from the S, mode, especially with thick
linerboard samples in which the Sy mode
cut-off frequency is known to be in a lower
frequency region when compared to thinner
papers such as copy paper.

The technique used here to extract
information from the Ay mode is based on
the method originally suggested by Sachse
and Pao [37]. Later, Schumacher et al. [35]
applied it to Lamb waves. In this method,
the phase velocity is extracted from the fre-
quency domain information and unwrapped
as a function of frequency. Referring to
Fig. 6(b), only the signal region correspond-
ing to the Ay mode is selected and the rest is
zero-padded. Each signal is windowed using
a rectangular window and processed in the
frequency domain. The phase angle spectra
are unwrapped and their difference, A(f), is
directly related to the phase velocity of the
A, mode using the following relationship:

2n-f-Ad
(A0(f)+ 2mm)

where c(f) is the phase velocity of the A,
mode (m/s), fis the frequency (Hz), Adis the
distance between two detection points (m),
A¢(f) is in radians, and m is an integer for the
correction of the phase at low frequency.
Figure 8 shows the combination of
the steps described above for evaluating the

«f) = (6]
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A, mode wave using signals recorded in
Fig. 6(b). The amplitude spectra indicate
that significant signal energy exists only in
the frequency region between 0.005 and
0.3 MHz. This trend is consistent through-
out the trials. On the other hand, the results
given by Johnson [27] on nonmoving copy
paper using a Mach-Zehnder interferometer
showed that energy was present up to
1.0 MHz. The reason for not being able to
detect higher frequency A, information
with the TWM configuration'is unclear. It
may be related to the generation method.

Of importance is the integer m to be
used in Eq. (1) to correct the phase angle in
the very low frequency region (<5 kHz)
where the signal energy is also low. As the
phase unwrapping is performed from low to
high frequencies, the accuracy of the phase
measurement at a given frequency depends
upon the phase values at lower frequencies.
A small error in phase angle at very low fre-
quencies will accumulate and produce sig-
nificant differences at higher frequencies.

Figure 9 shows a comparison be-
tween the theoretical A, dispersion curve
and the results with corrected phase angles.
The theoretical curve was obtained from the
numerical solution of Ay mode dispersion
equation for a given range of frequency. The
valid range covers the frequency region
where the signal energy is present. The
phase velocity determined from the original
phase difference tends to predict a higher
magnitude in the low-frequency region be-
low 0.1 MHz, while the one corrected with
—2m seems to match the theoretical curve in
the low-frequency region. Comparison with
other paper samples shows that good predic-
tion seems to come from the correction of
—21 or —4m. Nevertheless, further analysis is
underway to determine the accuracy of the
correction term m for the A mode analysis
[36].

Figure 10 shows a series of signals
obtained on copy paper in CD using the
Photo-EMF setup at web speeds up to
25 m/s. The distance between generation’
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Fig. 8. Ao mode analysis of signals on static copy paper in CD; top: zero-padded Ao signal in time domain, middle: amplitude spectrum,

bottom: unwrapped phase angle spectrum.

and detection points, power of the detection
laser, and energy per pulse of the generation
laser were maintained at 10 mm, 1.33 W,
and 25.6 mJ, respectively. Single-shot re-
sults are reported up to 6 m/s. While the Sy
mode signal is easily observed only up to
6 m/s, the Ay mode is detected up to 25 m/s,
e.g. above the production speed for copy
paper. By improving the current experimen-
tal configuration and optimizing the laser
optics, the S/N ratio can be further improved.
Results were also obtained on moving 42 1b
linerboard samples. Figure 11 shows aver-
aged signals in MD at web speeds up to
20 m/s, e.g. above the production speed for
linerboard. The distance between genera-
tion and detection points was 10 mm. While
the Agmode is detected clearly up to 20 m/s,
the S, mode is barely observed at even the
lowest speed.

To analyze the effect of the generation-
detection separation distance on moving
paper results, copy paper measurements
were made at 10, 15 and 20 mm separation
distances. Results obtained at web speeds of
2 and 10 m/s are shown in Figs. 12(a) and
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distance increased, the amplitudes of Sy and
A, signals decreased. It is shown that the
high-frequency A, waves were attenuated
in travelling the extra distance. On the other
hand, the S, wave maintained almost the
same arrival time, which indicates no dis-
persion in Sy wave speed although the sig-
nal attenuation took place in amplitude.

Figure 13 shows the A mode analy-
sis at 10 and 20 mm separation distances.
The zero-padded A, signals are shown and
the energy of the signals is mostly present
below 0.4 MHz (see amplitude spectra).
Figure 14(a) shows the comparison of the
original and several phase-corrected Aq
mode phase velocities shown against a
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theoretical curve and an approximate curve.
The approximate curve was obtained by
simplifying the theoretical dispersion equa-
tion applicable for a low-frequency region
[18,38]. Figure 14(b) shows the same A,
mode results in a different format, making it
easier to interpret. The A, phase velocity is
divided by the square root of the corre~
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sponding frequency so that the approxima-
tion curve becomes linear. The theoretical
dispersion curve becomes a decreasing line
that deviates away from the approximate
curve. It is also easier to compare each
phase correction with the approximate and
theoretical curves. Eventually, the bending
stiffness of paper may be obtained from
Fig. 14(b) since the bending stiffness is a
function of basis_weight and the fourth
power of C_ /+/Freq. It may also be possi-
ble to obtain information related to the out-
of-plane shear, Cyy and Css, from the data.
Nevertheless, further work is required to ex-
tract bending stiffness and out-of-plane
shear information.

FUTURE DIRECTION
AND POTENTIAL OF
THE TECHNOLOGY
The development of on-machine
paper stiffness sensors has been an on-going
process for over two decades because
mechanical properties are critical to the
papermaking process, converting opera-
tions, and end-use performance. Until now,
most of the research has focused on the de-
velopment of contact methods, and some of
" these methods have started to appear in
commercial applications [39]. Nevertheless,
noncontact concepts are far more desirable
to the papermaker. Also, it is hypothesized
that the availability of a noncontact method
would simplify the development of full-
sheet inspection systems for paper stiffness.
Based on current knowledge and prelimi-
nary results of noncontact laser ultrasonics,
the method has the full potential to become
anext generation application to measure on-
line paper stiffness properties. Its deploy-
ment is challenging, but it should provide
the necessary information to fulfill the
needs of elaborate papermaking control
strategies. Further work needs to be pursued
to address the inverse analysis of paper stiff-
ness properties based on Lamb waves as
well as the bending stiffness and the shear
rigidity properties of a wide range of papers.

CONCLUSIONS

This study investigated the use of
noncontact laser ultrasonics to measure
paper stiffness on nonmoving and moving
paper. The TWM method was used to detect
signals on nonmoving paper. The S; mode
was -analyzed using a cross-correlation
method, and the current status of the A,
mode. analysis technique was discussed.
The Photo-EMF method was found useful
to detect Lamb waves in MD and CD on
moving paper at production speeds, but left
minor visible marks on the paper surface
when ablation was used. This is not accept-
able to paper manufacturers and current
efforts are aimed at improving generation
efficiency and detection sensitivity so that a
good signal-to-noise ratio can be achieved
without leaving a visible mark on the paper.
The Sy and Ay wave results were evaluated
to investigate the performance of the

noncontact method compared to the contact
method. The attenuation of the A, wave was
addressed. The effect of different genera-
tion/detection distances was presented
based upon Ay mode analysis. Future direc-
tions and the potential of noncontact tech-
nology for on-line application were briefly
commented upon.
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