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Abstract — This paper describes optical instrumentationoteel to vibration analysis.
Two strategies based on digital Fresnel holograguieypresented. The first one, called
time-averaging consists in the numerical reconstnoof the hologram after recording
with an exposure time much greater than the vibnagieriod. Thus, the holograms have
their amplitude modulated by a Bessel function. st strategy, using a pulsed regime,
allows the reconstruction of the full movement loé tvibration, even if it exhibits very
high amplitude. Experimental results presentedhis paper concern the study of the

vibrations of a clarinet reed under free and forasdillation regimes.
Keywords —digital ~ holography, holographic  interferometry, drferometry,
instrumentation measurement and metrology, optioapection, acoustics, musical

acoustics
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1. INTRODUCTION

Digital holography became properly available siitseconfirmation was established in
1994 [1]. In few years, a lot of wonderful applicats have been demonstrated such as
digital holographic microscopic imaging [2], seacwiinformation [3], surface shape
measurements [4], remote metrology [5] and vibreti@analysis [6-9]. In vibration
analysis, time averaging [7] was demonstrated tagdgears that it is a very useful tool to
investigate the properties of objects under sirdada@xcitation. However, the vibration is
observed in the sense of its amplitude since i@s@hs lost during the process. So,
pseudo-pulsed digital holography was developedrdopnstructing both amplitude and
phase of the vibration [8]. An extension of thignpiple into simultaneous 2D full field
vibration analysis by combining digital holograpdayd spatial multiplexing of holograms
was also proposed [9]. However such a strategynlg alid for sinusoidal vibrations.
Pulsed lasers are also used for reconstructingatiimrs [6]. This allows freezing the
object at the time of the recording. Generally, ekpental results are limited to double
pulse experiments, that means vibration is noty fuliconstructed in the sense of its
amplitude and phase. Considering that, this papes 8 present a thorough investigation
of vibrations by using digital Fresnel holograpfifre investigation is applied to a clarinet
reed. The reed is excited following two modes: eepunonochromatic sinusoidal regime
and a pure autooscillation regime. Two interfer@retvere constructed allowing studies
with the time averaging principle and the full restruction of the vibration using a
pulsed light beam. The paper is organized as falloBections 2 describes the basic
principle of digital Fresnel holography, in Secti@ndifferent strategies for vibration
analysis will be discussed, Section 4 presenteMperimental setups developed for the
study of forced and free oscillations of a clarires#td. Section 5 draws the conclusions of

the study.



2. THEORETICAL BASICS
Consider a reference set of coordinatgy,g} attached to the surface of an object of

interest,z being perpendicular to the surface and considasetthe propagation direction

of the diffracted light beam (see figure 1 for exéde). The object surface illuminated by a
coherent beam of wavelengthd produces an object wave front noted
AX,Y) = Alx.y)expli ¢ (x,y)]. Phasek is random because of the roughness of the surface
and it will be considered that it is uniform ovemrg+mj. In what follows, it is considered
that the object wave propagates through a distdgned which it interferes with a plane
and smooth reference wave having spatial frequemued{ ug,vg}. At distancedy, the
reference set of coordinate is chosen toXg/{z. The diffracted field produced by the

temporally varying object is given in the Fresngb@ximations by [10,11]

O(X,’y,'do,t):iexp(ianolA)eX{ 7 (2 y,z)}

L o _ - (1)
x:[o :[OA(X, y,t)ex;{/;g(; (x2 + yz)} ex;{— jldlz (x>(+yy)}dxdy
The reference wave can be simply described usspatally biased phase:
R(X, ") = agexd2j m{ux+vey)]. (2)
In the interference plane, the temporally varyiotpgramH is written:
H(x',y", do,t)=]O(x", ', do,t)|2 +|R(x, y')|2 )

+R(x, y)O(x',y', dy, 1)+ R(x, y)OU (X ', 1)

In digital Fresnel holography, the interferogranrasorded with a matrix of pixels thus
discretizing the spatial coordinate in the recagdatane. Generally, the detector includes
MxN pixels of pitchegy andpy, each of them sizefl,xA,. Furthermore, in the case of a

time-varying hologram, the hologram effectively oeted by the sensor during the



exposure timd is given by:

4+T

H(x',y',dO,T):jt1

1

H(x',y',d,,t)dt. 4)

The object wave can be digitally reconstructed §inagi a discrete version of the Fresnel
integral (equation (1)). The numerically reconstedc object will be in focus for a

reconstruction distance equal tix=—dy in the reconstruction algorithm. Thus, the
diffracted field in the +1 order, noted:', at distancedz=—d, from the recording plane

can be computed withK(L) > (N,M) data points by evaluating the following equatjidh:

" V- _iexd=2jmd,/A) j )
AZ(X,Y,~d,) T ex;{ T A (x> 4y )}

k=K-1l=L-1

x H (kpx,lpy,dO,T)exp{—Aj—dﬂ(kzpf +|2p§)} . (5)

k=0 1=0 0

Note that in the case wher&,[) = (N,M) the digital hologram will be padded with
(K-N,L-M) zeros [12]. In reference [7] was demonstrated tiha diffracted field in +1

order is given by (* means convolution):

AY(X,Y,~d,) = A%d? exp{—jn)ld (u +V)RDXY)

. 6
x A (X,Y)DW,,, (X,Y,~d,)03(X = Augd,,Y = Av.d,) ©)

where W, (X,Y,~d,) is the filtering function of bi-dimensional distee Fourier

transform, given by [7]

VT/NM(Xay’_d) exp{—Jn(N 1) n(M )ypy

sin(mNxp, /Ad,) sm(mvlypy /)ldo)
sin(ﬂxpx /A do) sin(ﬂypy /A do)

(7)




Note thatA(X,Y) is the real object temporally integrated by tletedtor. Two regimes
may be considered for the recording: time averagegime and pulsed regime. If the
hologram is recorded in time averaging regime wtien object is excited with a pure
sinusoidal excitation (frequendy, T >> 1), the reconstructed object appears to be the

real object whose amplitude is modulated by thesBlefsinctionJy according to [7]:
A (X.Y) =[30 (A, (X Y] A (X.Y), (8)

whereAg@n, is the maximum amplitude of the sinusoidal optjgladse variation due to the
oscillation of the object. The Bessel modulatiodi¢ates the modal structure of the object
under the sinusoidal excitation.

In the opposite case, ie the hologram is recordéd w pulse light shorter than the
oscillation period of the object, then one g&{g’,y’,do, T) = H(X',y’,do,t;) with t; being the

time at which is started the recording, then weeh&V
A (X, Y) = A (X, Y)exdigo (X, Yot ). 9)

In this last case, the variations of the opticagdy, between several recordings allow to
reconstruct the full movement of the excited ohj&obwing the sensitivity vector of the
interferometric setup. The next section discusbéesinvestigation of vibrations using

digital Fresnel holography.

3. INVESTIGATION OF VIBRATIONS
For the analysis of vibrations, one must distinguetween free and forced oscillations.

In forced oscillation regime, the amplitude of abons can be controlled by the
excitation source whereas in the free oscillategime the object imposes its own rule on
the observer. So, the digital holographic setup tnies configured according to the

amplitude of the oscillation. In the time-averaghnegime one particularity of the setup is



that the vibration is under a monochromatic exidtat This means that the maximum
amplitude of oscillation to be measured can berotiatl and chosen so that the number
of fringes due to the Bessel modulation in recarcséd holograms is low (equation (8)).
This way for analysing vibrations is quite simpledadoesn’t need a complicated setup
although the experimental results are partial beeaf the disappearance of the vibration
phase in the reconstructed object [7]. Nevertheless general rule, acoustics engineers
are often confronted with free oscillations whicke anulti-chromatic and have high
amplitude regarding the optical wavelength. Thiadkiof vibration is generally not
controlled since it is often initiated with nonlare phenomena leading to an
autooscillation phenomenon. The study of such lasiih needs a more elaborated
strategy than that used for forced oscillationglebd, the oscillation must be finely
temporally sampled with a temporal resolution allugvthe fringe resolution in the phase
data, especially is the amplitude is high. The fatbvement of the object can then be
reconstructed by adding all the partial resultsamiatd with the temporal sampling. Note
that the greater the oscillation amplitude is, tgeanust be the number of recorded
holograms. An example of such vibrations is foundaisingle-reed woodwind musical
instrument. The clarinet is typically such an iostent. Its reed is a small slice of natural
cane or synthetic material put into vibration whle musician is blowing air into the
instrument. The clarinet is usually consideredhasassociation of a linear resonator, the
pipe, and a nonlinear exciter, the reed, subjettaair flow from the mouth. The role of
the lowest reed resonance frequency in sound ptiotuby single-reed instruments was
established in the past [13]. The understandinge®physical mechanisms that lead to the
production of sound in the clarinet needs an intué@pvestigation of the reed oscillation
under monochromatic excitation and under the frexillation regime. So the

experimental investigation of the clarinet reed awbur was performed with the



development of two digital holographic interferoerst allowing the visualisation of the

reed movement with time averaging holograms anht putsed holograms.

4. EXPERIMENTAL SETUPS AND RESULTS
The holographic interferometers are based on Madimder architecture with off-axis

recordings [7-9]. The laser is chosen accordinghto oscillation regime: a continuous
HeNe laser /=632.8nm) for time-averaging and a frequency dalilelYAG pulsed
laser @=532nm) for the free oscillation regime. The refee wave is issued from a
spatial filter in order to be smooth, plane andhwinhiform amplitude. The sensor is a
digital camera with f1xN}={1024x1360} pixels of pitchep,=p,=4.65um (PCO Pixel
Fly). The numerical reconstruction of the holograsperformed according to equation
(5) with a two-dimensional discrete Fourier tramsfo The clarinet reed is placed at a
distance which depends on the size of the inspexiad. For a rectangular zone of size
(axb), larger size is verticag>b, the distance at which must be placed the obgegivien

by [14]:

4p,a
A

d, = , (10)

and the couple of optimal spatial frequencieslierreference wave are given by

(uR,vR)=[18—iy,OJ (11)

The optimal values of these parameters allow ammaptrecording in which the three
orders do not overlap and the object is fully iniéd in the diffracted field.

4.1 CASE OF TIME AVERAGING

For the forced oscillation regime the inspectedezisnabout xb)=(35mmx9mm). Thus

the recording distance is set to de1030mm. In forced oscillation regime, the clarinet



reed is submitted to an acoustic wave emitted loyidspeaker placed behind the reed. In
the set-up, the clarinet reed is fixed with a ligatas it is the case in usual conditions.
The amplitude and the frequency of the loudspeed&rrbe controlled so that the number
of fringes in the Bessel modulation remains rekdjiiow, ie the fringes are resolvable.
The laser power is adjusted such that the expdsueeof the detector i$=1s, ensuring
the conditionT>>1/; for f>100Hz. Figure 1 shows the experimental setup Xoitaion
and recording in the time averaging regime. Figuend 3 show the vibration modes of
the clarinet reed in the frequency range 1kHz-10KHean be observed that the first and
the second pure bending mode at 1880Hz and 4508k jrst torsion mode at 3260Hz
and other modes which are characteristic of theatitn behaviour of this reed. These
modal structures are indicators of mechanical ptagseof the reed; it can be expected
that future work will allow to qualify the aptitudd any reed for the musical playing.

4.2 CASE OF FREE OSCILLATIONS

As pointed out previously, the case of free osidies for the clarinet reed corresponds to
playing conditions, i.e. when the clarinet reedhishe autooscillation regime. In order to
produce suitable oscillation conditions, an an@ianouth modeling that of a musician
playing clarinet was built in the laboratory [15his artificial mouth is constituted mainly
with an air-proof caisson and an artificial lip netidg the tight-lipped going of the
musician. The schematic diagram of the artificiauth is depicted in figure 4. In the set-
up, the clarinet reed is fixed with a ligature &assithe case in usual conditions. The
artificial lip is made with a rubber membrane fillevith water so that it has quite the
same consistency as the real musician’s lip. Thetmmcludes an optical window which
allows illumination of the reed. To initiate fresaillation of the reed, flow is blown in the
mouth. The overpressure in the mouth ishef order of 60 hPa. It induces a flexure of the

reed and introduces an air flow into the instrumefgreafter a threshold pressure, the



equilibrium position of the reed becomes unstable the reed oscillates at a frequency
inversely proportional to the effective length bétclarinet. The sound generated by this
oscillation is periodic but multi-chromatic andthe setup the fundamental frequency was
about 162 Hz. The particularity of the observedastillation regime, classicallyalled
beating reed regime, is that the amplitude is iredoby the characteristics of the
mouthpiece. This amplitude can vary from a fewhsrdf millimetre to one millimetre. A
pressure sensor made with piezo-resistive gagesdptione) is placed in the mouthpiece
of the clarinet, as indicated in figure 4 (top v)ewhis sensor measures the pressure
fluctuations induced by the mechanical vibration tbé reed. The pressure signal
delivered by the mouth is of primary use for theiag setup described in figure 5. The
laser beam is issued from the double frequencyepudYAG laser with a pulse width of
20ns and pulse energy about 7mJ. The inspected ®oe square region of about
(9mmx9mm), thus, the mouth is placed in such atlatthe reed is at abodg=315mm
from the detector area. In the set-up, illuminatamgle 8 is set to 22° for experimental
convenience. Figure 6 shows a photograph of thiéicat mouth illuminated by the
pulsed laser. Considering that the amplitude canhreseveral hundredths of microns, the
study of the vibrating field must be performed adong to a stroboscopic strategy. The
laser firing is adjusted such that the movemefibely sampled giving resolved fringes in
the field of view. Thus the pressure sensor induithethe beak gives a reference signal
which is used to synchronise the laser firing ane digital recording. The reference
instant is the zero crossing of the pressure siginah the laser firing is temporally shifted
from kA=K’ /fo. Integerk’ indicates the number of oscillation period befthre next laser
firing and integerk gives the temporal delay between two consecutiwepiings of the
oscillation. The recording mode takes into accairihe maximum cadence of the sensor

(7 Hz). Results presented in the paper are obtawidd k=28 andAr=2us and 3150



digital holograms were recorded and computed foomstructing the full movement of
the reed during one oscillation period. Note tlne time for the full data processing is
about 24 hours. A graphical interface managesawiaicroprocessor, all the parameters:
pressure signal, charge of the flash pump of teerJaswitch of the Pockels cell in the
laser and trigger of the sensor. Figure 7 showsreg of the synchronization signal. It
exhibits four important parts during one periodtloé free oscillation. The first part is
called the opening reed since the reed is in a hegkl position regarding to the
mouthpiece. Then, the second part correspondstoltising phase during which the reed
goes tight to the mouthpiece. The third part coesls to the closing of the reed: the
reed closes the reed channel. After that, the past of the cycle corresponds to the
opening phase during which the reed goes to itis kegel position. So, the movement of
the reed is bi-stable. Figures 8 to 13 presentraxpeatal results of the reed movement for
six time intervals indicated in figure 7 by poif{,B,C,D,E,F,G,H,,J,K,L}. In some
figures, some shapes (see for example figure I&ufe high irregularity while others
don't (see for example figure 10). The reason &stduhe amplitude shown in the figure.
Especially, high amplitude reconstructed with ayéanumber of holograms exhibit less
noise than small amplitude reconstructed with allsmanber of holograms. Note that the
signal of figure 7 is not exactly that of the lasampling since the effective acquisition
rate is 5.63Hz. Consequently the reconstructed mewe is not the real displacement of
the reed but it corresponds to a synthetic disph&ce constituted with sampling data
points temporally spaced from 177.62ms. On figurpdints A to E correspond to open
valve, this means the reed is in its higher pasitiBoints E and F correspond to the
closing phase, and then from F to L one obsenegpliase during which the reed goes to
the beak to close the valve. Figures 8 to 13 shHwmvdeformation of the reed and the

inspected zone included 138490 data points. Thercohap gives the relative

10



displacement in micron units. Figures 11, 12 exhsbiocks of the reed. These shocks
induce a strong deformation of the reed. To thea bésour knowledge, these results
constitute a first attempt to reconstruct a symtheted deformation on a pseudo-period of

its autooscillation regime in an artificial mouth.

5. CONCLUSION

This paper presents methods for vibration analysisig digital Fresnel holography.
Methods are based on time averaging for forcedlasons and pulsed recording devoted
to free oscillations. The two methods are appliedat clarinet reed. In the forced
oscillation regime, the reed is excited by an attowgave with controlled frequency and
amplitude such that the reconstructed hologramsb@xesolvable Bessel fringes. These
Bessel fringes are a signature of the mechanidabeur of the reed. In the case of the
autooscillation regime, the reed is placed in atifi@gal mouth. Deformation of the
clarinet reed can be extracted with the recordifhg3160 pulsed digital holograms
virtually temporally spaced of 2 ps. The methodwa high spatial resolution on the
reconstructed image. Experimental results showvtheation behaviour of the clarinet
reed under autooscillation regime, exhibiting hayhplitude shocks during the closed
phase. These works give opportunity to acoustissaiehers to better understand sound

production and musical quality of a clarinet.
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Captions

Figure 1. Digital holographic interferometer for the timeeaaging regime

Figure 2. Time averaged holograms of the reed in the freqpesnge 1kHz-5kHz
Figure 3. Time averaged holograms of the reed in the frequesnge 5kHz-10kHz
Figure 4. Artificial mouth

Figure 5. Digital holographic interferometer for the freeciligtion regime

Figure 6. Photograph of the artificial mouth illuminated ttne pulsed laser
Figure 7. One period of the pressure signal issued frommtbeth

Figure 8. Reed deformation fakt=0.340ms between A and B

Figure 9. Reed deformation fakt =1.416ms between C and D

Figure 10.Reed deformation fakt=0.654ms between E and F

Figure 11.Reed deformation fakt=0.922ms between G and H

Figure 12.Reed deformation fakt=0.944ms between | and J

Figure 13.Reed deformation fakt=0.862ms between K and L
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