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Annual Report to the Office of Naval Research 

on the AASERT-program 

Title: Laser Doppler Interferometry for Structural Acoustics and Material Characterization 

P.l. 's: Yves H. Berthelot 

Institution: Georgia Institute of Technology 

Contract: DoD AASERT program in support of N00014-91-J-1888 and N00014-94-l-0947 

Scientific Officers: Dr. G. L. Main (Code 334) and Dr. Ph. Abraham (Code 332SM) 

1. Personnel 

The DoD-AASERT grant is used to support graduate students (MS and Ph.D level) in the 

area of laser interferometry for stuctural acoustics. 

- R. L. Willis, MS student 

- M. Yang, Ph.D. student (female) 

- H-G. Kil, Ph.D, student (Graduated Summer 1995) 

- T. S. Stone, Ph.D. student (Starting Fall 1995) 

- Faculty supervision by Professors Berthelot and Jarzynski. 

2. Objectives and Overview 

The main objective of the research program is to develop a versatile laboratory for laser 

Doppler interferometric measurements relevant in structural acoustics. Particular attention 

is placed on the detection of in-plane vibrations because of the importance of shear and lon

gitudinal waves on acoustie radiation from submerged structures as well as the importance 

of mode conversion at discontinuities such as bulkheads and end caps. 

The applications of the research can be divided into two groups: 

( 1) characterization of thE~ response of some new materials of interest in naval applications. 

( 2) direct imaging of elastic waves in complex structures to identify sources and sinks of 

structural acoustic energy; 
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The research effort is divided into four on-going projects {2 in each group): 

(la) Characterization of the response of some voided polymers of interest in some naval 

applications. (Work done in conjunction with NRL- USRD} 

(lb) Characterization of the response of polyurethane films known to exhibit "giant elec

trostrictive" properties.. (Partially supported by NSWC} (Mr. Guillot is the graduate 

student involved in this project) 

(2a) wave propagation in cylindrical shells. Automated scanning laser system for detection 

of longitudinal, shear, flexural, and evanescent waves. 

{2b) simultaneous measurements of in-plane and out-of-plane surface motion at 4 points. 

Time domain measuretnents and data analysis. 

2. Technical Approach 

Project# la: 

A laser system dedicated to material characterization has been built. It consists of 

5 independent fiberoptic compact interferometers, each capable of measuring in-plane and 

out-of-plane motion. The system is used to study material properties of some polymers 

materials and experimental results will be compared with numerical modeling being done 

at NRL-USRD. 

Project# lb: 

A laser Doppler interferometer has been designed and built to measure normal dis

placements simultaneously on both sides of freely suspended thin samples of polyurethanes 

(elastomers) known to exhibit the "giant electrostrictive effect". Measurements on both 

side allows one to subtract any bending motion that may occur in the sample and provide 

direct measurements of the d33 piezoelectric coefficient. Phase-mixed and phase-separated 

samples obtained from NSWC are being tested. 

Project # 2a: 

A fully automated laser Doppler interferometer has been designed and built to measure 

in-plane surface motion on a cylindrical shell excited radially by a shaker. The laser probe 

makes use of optical fiber technology and allows for a compact head (about 4 x 3 x 0.5 inches) 

to be scanned at a distance of about one inch from the surface. The probe is designed to 

measure displacement amplitudes in the nanometer range at low to mid-frequencies (i.e., up 
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to twice the ring frequency of the shell). The data is analyzed in the frequency-wavenumbers 

(axial and circumferential) domain by means ofFFT's for the frequency and circumferential 

variables, and with the overdetermined modified extended Prony (OMEP) algorithm fur the 

axial coordinate. The results allows one to separate longitudinal, shear, and flexural waves, 

and to observe evanescent waves near the shaker and mode conversion at the end caps. 

Project # 2b: 

A 1 watt argon-ion laser is used in a fiberoptic interferometer to measure independently 

at 4 surface points both the in-plane and one of the out-of-plane components of the vector 

displacement at the surface. Time-domain analysis of the data is achieved either by phase

locked loop demodulation or, alternatively, by digital Hilbert transform. The system can be 

used to analyze wave propagation and mode conversion and, to some extent, to study power 

How in complex elastic structures. The effects of surface roughness, laser polarization, and 

angles of incidence on the signal-to-noise ratio of the system have been studied in detail to 

improve detection and ease of operations. 

3. Significant results 

The most important aspect of this research effort is that the Georgia Tech group bas de

veloped some strong expertise in the area of laser interferometry for structural acoustics. 

Many graduate students are benefiting from this Program. But specifically, the significant 

results obtained to date can be grouped as follows. 

Project# la: 

The five channel laser interferometer has been designed and partially built. It is a 

robust system that will be an asset for graduate education and research for many years. 

System performances and limitations have been and are still being measured. The system 

is designed to operate in t.he 100-5,000 Hz range. The minimum detectable velocities are 

in the pm / s range in this frequency range, the maximum detectable velocity being of the 

order of 30 mm/s with the current detection system (phase locked loop) on the samples 

being currently tested. 

Project # 1 b: 

The electrostrictive thickness coefficient, d33, has been measured for polyurethane film 
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samples with two different controlled material morphologies prepared at the NSWC (White 

Oak) laboratory. The large electrostrictive strains exhibited by the polyurethane films make 

these materials promising candidates for low frequency underwater sound projectors. 

Project# 2a: 

.. Shear, longitudinal, and flexural waves have all been detected with the automated 

scanning and focusing laser system. The data shows that the LDV technique can 

directly measure all the waves which propagate in the shell. The measurements at 

Georgia Tech are the first direct noninvasive detection of the fast longitudinal and 

shear waves. 

- Evanescent waves have been observed near the free ends for the circumferential mode 

n = 3, clearly indicating mode conversion. Also, a strong torsional mode ( n = 0) has 

been observed. The LI>V technique is the only method which can detect directly and 

noninvasively torsional motion. 

- Although all measurements have been made in air, the probe has also been tested in 

water. 

Project # 2b: 

- The proof-of-concept for simultaneous measurements at several surface points of both 

in-plane and out-of-plane motion has been established. Measurements have been ver

ified with a piezoelectrically excited cylindrical shell with known surface displacement 

amplitudes. 

- Measurements on an L-shaped beam confirm that mode conversion between longitudinal 

and flexural waves oceur at the bend. Estimates of power flow can be obtained from 

such measurements. 

- The effect of surface roughness, laser beam polarization and angles of incidence on the 

signal-to-noise ratio are being quantified so as to improve the system. 

4. Publications, Conference Presentations, and Research Dissemination 

- ONR Program Review, Boca. Raton, January 9-12, 1995 

- ONR Workshop, Georgia Institute of Technology, May 17-18, 1995 

- Yang, M., Jarzynski, ,J. and Berthelot, Y., "Optical detection of mode conversion in an 

Lshape beam," Procredings of the 3rd International Congress on Air and Structure-
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Borne Sound and Vibrations, Montreal, Canada {1994). 

- Kil, H.G., Jarzynski, J. and Berthelot, Y., "Detection of propagating and evanescent 

elastic waves on a cylindrical shell from measurements of inplane displacements with a 

scanning Laser Doppler Interferometer," Proceedings of the 3rd International Congress 

on Air and Structure-Borne &lund and Vibrations, Montreal, Canada {1994). 

- M. Yang, J. Jarzynski, andY .. Berthelot, "The effect of surface characterization and 

laser beam polarization on laser Doppler vibrometry" 128th meeting of the Acoustical 

Society of America (Austin, TX, November 1994) J. Acoust. Soc. Am. Vol96, No. 5, 

part 2, 3292 {1994). 

- Y. H. Berthelot, J. Jarzynski, H. G. Kil, L. Willis, and M. Yang, "Laser interferometry 

for structural acoustics". (Invited paper) 129th meeting of the Acoustical Society of 

America (Washington I)C, June 1, 1995). J. Acoust. Soc. Am. Vol97, No. 5, part 2, 

3347 (1995). 

- F. Guillot, J. Jarzynski, and E. Balizer, "A fiber optic dual-beam laser Doppler vi

brometer for measuretnent of electrostrictive and piezoactive response of thin films". 

129th meeting of the Acoustical Society of America (Washington DC, June 1, 1995). 

J. Acoust. Soc. Am. Vol 97, No. 5, part 2, 3251 {1995). 

5 



REPORT DOCUMENTATION PAGE ,_~ 

OMI No. ·ntw-DIII 
hlllc,... ... ._... ... ...._.,....._ • ....._. 10 _.., 1 .._,_..,_,....._ • ..., .., ....... ........_..,...._ ... -.--. .,...,... ... 
............................ .......... ................ ., .............. __,....,..... ............. ..,..., ... rtl&U ...... ot ........ 
...... ......... ...... 1M._.. 10 w......- ............... .....,__ o.-...111r ....... Opml- 1M ........ WS ...,_ 0..11....,., I~AU lJIW, Aftllllloa. VA 
l3»l.&m ... IOlM om. rtl u'"l ... Mil hdpc, ~ ..... ,.,.. (,_,.111}, 'It' ...... 0C .SO 

1. AGENC'Y.-ONLv-....~ L ~e».TE 11/30/97 a. fiPCIII'TTYNMCe».TU~Fina1 Report 7/94,·9/97 

.. 11T\.I/JIC IUITJT\.I 

Precision Imaging and Measurements for Structural Acoustics 

~ .wntoa($) 

Yves H. Berthelot 

Georgia Institute of Technology 
Office of Contract Administration - 0420 
Atlanta, GA 30332 

Office of Naval Research 
800 North Quincy Street 
Arlington, VA · 22217-5660 

u. suPPLDIDITA.RY Nons COR: 

Unlimited 

11 AIS1'IACI' ,,..,.,. 100 ...,.,.) 

NOOO 14-94-1-094 7 
432p006 .... 16 

A fiberoptic laser Doppler interferometric system has been designed, built, and tested for measurements (0.5 - 3kHz) of 
surface vibrations in structural acoustics. The two complex elastic moduli of a voided polymer have been measured as a 
function of frequency. The measurement errors associated with this new technique are discussed. 

Laser interferometry, viscoelastic materials, bulk and shear moduli 

Unclassified Unclassified Unclassified Unlimited 



AASERT GRANT 02-103-025-94-033 

Grant Title: 

Performing Organization: 

Principal Investigator: 

Grant number: 

R&Tnumber: 

Parent Grant Number: 

Parent PR Number: 

ONR Scientific Officer: 

FINAL REPORT 

ONR Grant Information 

Precision imaging and Measurements for Structural acoustics 

Georgia Institute of Technology 

Yves H. Berthelot 
yves. berthelot@ me.gatech.edu 

NOOO 14-94-1-094 7 

432p006 ... 16 

N00014-97-1-0185 

97PR03144-01 

Geoffrey L. Main, code 334 



Overview of the research objectives 

The objective of this research effort was to develop the expertise and the experimental 
research capabilities for precision laser Doppler measurements of surface vibrations 
relevant in structural acoustics. Over the three years covered by the AASERT grant (07/94 
to 08/97), the main research effort concentrated on building a laser system that could be 
used to determine the two complex elastic moduli (bulk and shear) of a voided polymer 
within known and acceptable error bounds. 

Relevance to the Navy 

Effective ship hull treatment depends in part on a good understanding of the acoustic 
properties of the viscoelastic layer attached to the hull. Measuring the shear and bulk 
dynamic moduli of a viscoelastic san1ple is therefore critical to predict correctly acoustic 
performance. Two of the most common experimental techniques used to measure dynamic 
moduli are the resonant technique (Madigosky and Lee) and the DMT A (Dynamic 
mechanical testing apparatus), both of which are very useful but have some intrinsic 
limitations. The proposed laser-based experimentaVnumerical technique is an alternative, 
noncontact, method capable of measuring simultaneously both shear and bulk moduli., an 
important advantage since manufacturing variabilities and hysteretic material response are 
common sources of errors. 

Technical Approach 

In the first phase of the research program, a set of five independent laser Doppler 
interferometers was built, calibrated, and tested for measurements of structural vibrations in 
the 0.3- 5kHz range. The design relies on optical fibers so that the laser probe heads can 
be placed relatively far from the optical bench. The optical probe heads were designed to be 
very compact and capable of measuring either out-of-plane or in-plane surface motion. 
(Two photographs of the experimental setups are available on the web site 
http://www.me.gatech.edu/yves.berthelotlbothphotos.html) 

The second phase of the research was to use the system to measure the frequency
dependent bulk and shear moduli of some voided polymers. A sample of arbitrary shape 
(typically, a rectangular block of 1 "x2"x3") is excited harmonically at its base (by a shaker 
or a piezoelectric stack). The surface dynamics of the sample is non-invasively measured at 
several points (in-plane and out -of plane surface velocities - amplitude and phase) by a set 
of four independent fiberoptic laser Doppler interferometers and referenced (amplitude and 
phase) to its base motion. The material parameters are determined from a least-square fit 
between the experimental data and numerical predictions obtained from a finite element 
code in which the frequency-dependent elastic moduli are the adjustable parameters. 



Major Results 

1) Hardware 

2.1: Five probe laser system 

A five probe fiberoptic interferometer system has been designed and calibrated for 
laboratory measurements of surface vibrations at ambient conditions has been built and 
calibrated. (See Willis et al. JASA, 102 (5), Nov 1997). See also Figure 1. Typical 
performances and characteristics are shown in Table 1. 

~ In-plane Out-ofplane 

Noise floor (wlo ave.) 65 Jlrnls - rms 35 Jlrnls- rms 
Noise floor (wl 64 ave) 5 Jlnlls - rms 3.5 Jlrnls- rms 
Maximum velocity 35 mrnls - peak 17 mrnls - peak 
Maximum displacement 18 Jl:m - peak 125 Jlm - peak 
Sensitivity 23.7 (Jlrnls) I mv 11.7 (Jlrnls) I mv 
Bandwidth DC-· 10kHz DC -10kHz 

Table 1: Typical performance and characteristics of the interferometers. 

1.2: Two probe scanning system 

A two probe scanning syste1n is being completed for measurements inside a small 
pressure/temperature chamber. (0-500 psi, 6-40 C).Direct measurements in a pressure
temperature chamber will alleviate some of the problems currently encountered with the use 
of time-temperature superposition principle and associated shifts. 

1.3: Single probe system 

A separate single proble system (either in-plane or out-of-plane) for independent 
calibrations and testing. This system can be also used in the Mhz range for ultrasonics. 

2) Software 

2-1: Automated data acquisition (Lab view) and Processing (Matlab) 

The 5 laser probe system has been automated for data acquisition and processing. The 
system is capable of acquiring 7 signals (from two digital oscilloscopes), including 2 
reference signals, 64 times at: a given frequency. Each signal is analyzed with a DFT to 
measure the complex amplitude at the frequency of interest relative to the complex 
amplitude of the base excitation. 

2-2: Finite element code (Fortran) 

A finite element code is used to model the dynamic behavior of the sample. The code uses 
825 nodes, and 36 quadratic elements. The boundary conditions are such that the all faces 



of the sample are free except for the bottom face which is driven harmonically and 
uniformly. The model assun1es a homogeneous and uniform material with Young modulus 

E, loss factor 11, and Poisson ratio, v . 

2.3: Inversion Code (Fortran) 

The search for the 3 parameters (E, 11, v) that best describe the measured data is obtained 
by a three-dimensional direction-set method (Powell's method), a robust, classical method 
in pptimization theory. The function that is minimized is the mean-square difference 
between the measured values (amplitudes and phases) of surface displacements relative to 
the base and the values predicted by the FEM code. (See block diagram Figure 2). 

For more details, see Willis et al., JASA 102 (5), Nov 1997. 

3) Experimental results 

3-1: Frequency dependent bulk and shear moduli and complex sound speeds 

The frequency-dependent, complex sound speeds (shear and longitudinal) were 
simultaneously measured in the same sample in the 0.5- 2.5 kHz range. (The frequency 
range could be lowered with a larger sample). The results are shown in Figure 3. (solid 
line). Note that the vertical scale is greatly expanded around the mean value, thus indicating 
the great precision of the technique. 

3-2: Error analysis 

• Intrinsic variability (repeatability): A statistical analysis of the data, over 64 sets of 
data, was performed to measure the variance of the data obtained with the same sample 
and the same measurement apparatus. The resulting variance in the complex sound 
speeds was estimated. see Figure 1 (dashed lines). The dashed lines correspond to the 
sound speeds evaluated with the mean surface velocities± 1 standard deviation. This 
shows that the error in amplitudes and phases of the measured surface velocities 
translate into variation of sound speeds less than 1%. 

Relative error (*)(1.0-2.5 kHz) real part imaginary 
Longitudinal sound speed <1% (1 o/o) <1 o/o (3%) 
Shear sound speed <1% (1%) <1% (3%) 

(*) values indicate the typical average error over the frequency range. Values in 
parentheses indicate the maximum error in that frequency range. 

• True variability between measurements (same sample): Tested the effect of the 
variability of bonding the sample to the base, i.e., repeated the measurements with the 
same sample, before debonding and after rebonding to the same base. In each case, the 
base was excited with a different drive: a Ling shaker and a piezoelectric stack. The 
relative errors measured with the same sample tested with the two drives (and with 
debonding and rebonding to the base) are shown in the table below. 



Relative error (*)( 1.0-2.5 kHz) real part imaginary 

Longitudinal sound speed 3o/o (4%) 10% (13o/o) 

Shear sound speed 3% (4%) 12o/o (20%) 

(*) values indicate the typical average error over the frequency range. Values in 
parentheses indicate the maximum error in that frequency range. 

• True variability between measurements (different samples): Tested the method 
with two samples taken fron1 the same piece of material, both with the same 
excitation (Ling shaker). 

Relative error (*)(1.0-2.5 kHz) real part imaginary 

Longitudinal sound speed 4% (5%) 10% (16%) 

Shear sound speed 4% (5o/o) 10% (16o/o) 

(*) values indicate the typical average error over the frequency range. Values in 
parentheses indicate the maximum error in that frequency range. 

• Comaprison of the results with independent (in-situ) measurements made by Jarzynski 
et al. on a large chunk of the same material. Also, compared the results with Kerner's 
model in which the matrix material properties were calculated using experimental data 
obtained with the DMTA apparatus (results provided by Walt Madigosky). 

results: (a) In situ results: Sound speeds are in reasonable agreement with our 
measurements, but at present, the in-situ results are only accurate within 10 to 
20% and only the real prutof sound speeds has been estimated. 

(b) Kerner's model. The comparison with Kerner's simple model of voided 
polymers is not really meaningful because we don't know the material properties 
of the host material. (We had to estimate the properties from measurements made 
with the DMT A, measurements provided by W. Madigosky). Nevertheless, the 
comparison between measured values of sound speeds and predicted values was 
remarkably close. 

• Spatial uniformity of the base motion (0.5 to 3kHz). We compared the uniformity of 
several bases (inlcuding a wedge), and excitation by the Ling shaker, the B&K 4810 
shaker, and several piezoelectric stacks. 

result: The piezoelectric stack (Sensor Technology) performs best. A simple 
aluminum base to support the sample works best. 

• Base assembly: We tested for the best combination ofbondings between the 
piezoelectric stack, the back mass, the base, and the sample. 

result: best results were obtained with the piezoelectric stack bonded to a massive 
lead brick using uncured butyl rubber; the aluminum base supporting the sample 
was attached to the stack with rubber cement; and the sampled was super-glued to 
the base. With this arrangement, the nonuniformity of the base motion was less 
than 2% below 2 kHz and less than 4o/o at 3 kHz. (Results with the Ling shaker 
were worse.) 



• Reflective tape. We assessed the effects of using small reflective tapes or small spots of 
white paint on the sample, for either in-plane or out-of-plane measurements. 

results: the effect appears negligible. 

• Sensitivity analysis on the position of each laser probe: We performed numerical 
experiments (with measured data) to assess the relative contributions of the 
measurements made by c!ach laser probe on the resulting material properties. 

• Sensitivity analysis of the numerical code: We performed numerical experiments to test 
the dependence of the results on (a) the initial guesses of material properties (Young's 
modulus, loss factor, and Poisson ratio); and (b) the mesh size in the finite element 
code. 

results: the material properties are independent of the initial guesses. They remain also 
identical if the mesh size is increased, thus indicating that the method is very robust and 
does not converge towards false minima. 

Personnel: 

R. Lance Willis, MS (graduated 95) 
T. Shane Stone, MS (graduated 97) 
Andrew C. Moore, MS (graduated 97) 
Shawn Lin, MS (graduated 97) 
R. Lance Willis, PhD 
E. Hamilton, BS (minority student) 
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