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Doppler Effect in Flexible and Expandable Light
Waveguide and Development of New Fiber-Optic
Vibration/Acoustic Sensor
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Abstract—New principle and a geometrical arrangement of an
optical fiber for a vibration/acoustic measurement are proposed
in the present paper. The sensor is based on a new finding that a
frequency of light wave transmitted through a bent optical fiber
is shifted by vibration at the bent region. The phenomenon can
be explained as Doppler’s effect in flexible and expandable light
waveguide. Several configurations of the sensor have been de-
signed, and very high sensitivity is achieved in the extremely wide
frequency range. Principle, sensor configuration and theoretical
sensitivity, mcasurement system, and some experimental consid-
eration are described in the present paper. The sensor sensitivity
was examined experimentally in the low and middle frequency
range, and the detectability was confirmed experimentally in the
frequency range of acoustic emission signals.

Index Terms—Acoustic emission, displacement measurement,
Doppler effect, optical fiber transducers, strain measurement,
velocity measurements, vibration measurement.

I. INTRODUCTION

FIBER-OPTIC sensor has following advantages: 1) small

diameter and lightweight, 2) flexibility, 3) high strength,
4) heat resistance, 5) immunity to electromagnetic interference,
and 6) durability and corrosive resistance. These characteristics
are very adequate to real-time health monitoring of structures in
their total life cycle. There are many kinds of fiber-optic sensors
developed. The achievements and applications are reviewed, for
example, in [1]. There are many types of sensor configurations
(Giallorenzi et al. [2], Bucaro et al. [3], Jackson et al. [4]),
for example linear, loop and coil, and several methods of
inerfervmeters, including humodyne (Dandridge et al. [5]),
heterodyne, synthetic-heterodyne (Cole et al. [6]), etc. Fiber-
optic sensors have been applied to measurement of pressure
(Hocker [7]), acoustic detection (Giallorenzi et al. [2], Bucaro
and Hickman [8]) and hydrophone (Bucaro et al. [9], Jarzynski
et al. [10]). Fabry—Pérot interferometer (FPI) and fiber Bragg
grating (FBG) sensors have been applied to vibration/acoustic
measurements [11]-[13].

Recently, the authors have proposed a new principle and
geometrical arrangement of the optical fiber for the vibra-
tion/acoustic measurement [14], [15]. The sensor is based on a
new finding that frequency of light wave transmitted through a
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Fig. 1. Flexible and expandable light-waveguide.

bent optical fiber is shifted by vibration at the bent region. The
phenomenon can be explained as Doppler’s effect in flexible
and expandable light waveguide. Several sensor configurations
have been proposed, and very high sensitivity has been achieved
in the extremely wide frequency band. Principle, sensor con-
figuration and theoretical sensitivity, measurement system, and
some experimental consideration are described in the present

paper.

II. DOPPLER EFFECT IN FLEXIBLE AND EXPANDABLE
LIGHT WAVEGUIDE

Consider the light wave transmission in a media with refrac-
tive index n. The light wave with frequency fo emitted from a
moving point A (light source) is detected at other moving point
B (observer). The distance between points A and B changes
from L to L + dL during infinitesimal time interval d¢t. Doppler
frequency shift f, is observed at B by the observer

n dL

N 1

fo=-

where )\ is the light wavelength in a vacuum, and \g/n is the
light wavelength in the media.

Next, consider an arbitrary light path (light waveguide), T,
as shown in Fig. 1. The path is flexible and expandable. It has
finite overall length L and two ends, denoted as points A and B,
respectively. An incident light from the one end A (light source)
is transmitted through the waveguide and detected at the other
end B (observer). When the waveguide moves or vibrates, the
same equation as (1) is applicable

dL

o dt (V)]
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where ngq is the equivalent refractive index of the waveguide
and \o/meq is the equivalent length of light wave in the
waveguide.

From a geometrical consideration (see detail in Appendix A),
dL/dt is given by (3)

C:l_j:t’-_—[v.t,]fi'+/lc-vonds (€))

r

where k, v, and n are the curvature, the velocity vector and the
unit normal vector of the infinitesimal segment ds, respectively,
and t is the unit direction vector defined at the end points A and
B. (See Fig. 1.) The operation e indicates inner product of two
vectors.

From (2) and (3), we obtain the following equation:

fleq vet)s - fleq

)\0 _XO_ k-vends. (4)

fo=-

This equation implies “Doppler effect in flexible and expand-
able light waveguide.” Displacement rate normal to the small
segment of the bent optical fiber effects on the frequency shift
of the light transmitted through the optical fiber and that the
intensity of the frequency shift is proportional to the curvature
of the bent fiber. We can detect the local displacement rate at
the bent region in the optical fiber. As a feature of sensors,
output signal shall return to steady-state value when the external
excitation is removed. It requests that the waveguide is elastic,
ut deformation is reversible.

Behavior of light wave traveling through the media is com-
plex. Exact solution should be obtained by applying special
theory of relativity, but the present result gives a sufficient
accuracy when motion of light waveguide is much smaller than
the light speed.

III. SENSOR CONFIGURATIONS AND
THEORETICAL SENSITIVITY

A. Circular Loop

In the case of a circular loop sensor, the sensitivity of strain
rate can be evaluated by integrating (4) on the strain-rate field.
For simplicity, the uniform strain-rate field, €;,€y and gy is
assumed on the integration path. The velocity vector and the
unit normal vector are given by (5) and (6), respectively, where
polar coordinate system is employed, as shown in Fig. 2.

_ 5 [ €2c080 + 5 (Yay + ay) sin b
V—R{ 1 (4ay — tzy) cOSO + €y 5in 6 ®)

cosé
n= { sin @ } ©
where W, and R are rotation term of distortion and radius

of the loop, respectively. Substituting (5) and (6) into (4), the
theoretical frequency shift f is obtained

_'n'Rneq (oté,) = _ THRneq (61 +¢€2). ()
" Ao

h
fo'=
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Fig.2. Circular loop sensor and polar coordinate system.
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Fig. 4. U-shaped sensor.

The sum of the axial strain rates or the sum of the principal
strain rates is converted into the Doppler frequency shift by
applying circular loop sensor. Shear strain and rotation have no
effect on the frequency shift. In the case of N turns of loop, as
shown in Fig. 3, the frequency shift becomes N times larger

N7 RayNeq
Ao

th_ NmRayNeq

D = " (61+€2) B

(Ez +€y) =—
where Ray = (Rmax + Rmin)/2 is the average radius of the
loop. The circular loop sensor has no directional sensitivity.

We can control the sensitivity of the sensor by changing the
radius and number of turns. The size of the loop is equivalent
to a gauge length of the sensor, and it is recommended that the
gauge length should be sufficiently smaller than the wavelength
of the elastic wave measured.

B. U-Shaped

Frequency change between points A and B along the U-
shaped path, as schematically shown in Fig. 4, is considered.
On the straight line of the U-shaped path, curvature & is zero,
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Fig.5. Elongated circular loop sensor.

and the integral in (4) along the straight lines is zero. On the
circular part, the velocity vector and the unit normal vector are

given by (9) and (10), respectively

v [ & (Reosb+1)+ B (4gy + digy) sin @
2 (wy — day)(Rcos@ 1 1) | Reysiné [’

s T
(-3=<3) ©
_ [ cosh
= sinbd [

Substituting (9) and (10) into (4), the theoretical frequency
shift f is obtained.

(10)

h n s . T 5.
- {(Grea) s o).
This shape of the sensor has directional sensitivity as a
function of I/ R. Sensitivity ratio, Sgy, Of €; 10 €, is given
by (12)

amn

l

g (12)

ERES

Sey =1+

C. Elongated Circular Loop

In the case of an elongated circular loop, as shown Fig. 5, the
previous manner of calculation can be applied, and the (13) is
obtained

th _ _Tea (1R 4 90)é, + TRE,} .

D=7 13)

This shape of the sensor has also directional sensitivity Sy

2 1
In the case of N turns of loop, the frequency shift becomes N
times larger, but the ratio of directional sensitivity is unchanged

(14)

Nneq

" 15)

(7 Ray + 20)éx + T RavEy] .

IV. SETUP OF MEASUREMENT SYSTEM

A laser Doppler velocimeter (LDV) is used to detect the fre-
quency shift. Detection electronics is FM discriminator. Light
source is He-Ne laser (output power; 1 mW, wavelength. Ag:
632.8 nm), and heterodyne interference technique, as shown in
Fig. 6, is applied to the measurement in the present paper. An
acoustooptical modulator (AOM) changes the frequency of the
reference light source from fy to fo + fm (fm = 80MHz) in
order to produce beating signals with frequency of fp + fum.
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Fig. 6. Setup of measurement system.

The sensitivity of the optical circular fiber sensor (average di-
ameter: 20 mm, number of turn: 10) is calculated theoretically.
By applying commercially available performance data of the
LDV (Melectro, V1002) [16], the resolution and dynamic range
were obtained and listed in Table I. Extremely high resolution
less than nanostrain (1071°) is expected in the very wide fre-
quency range from 1 kHz to 1 MHz. Low-frequency vibration
of 0.1 Hz is detectable with sufficient sensitivity. The resolution
of the newly developed sensor is extremely superior to the other
fiber optic sensors, such as FBG. The developed fiber-optic
sensor covers the measurement range from conventional strain
gauge to AE sensor.

V. EXPERIMENTS
A. Cyclic Tensile Test

Rectangular aluminum alloy coupon specimen (length:
150 mm, width: 25.0 mm, and thickness: 1.90 mm) was fixed
to loading frame by a pair of hydromechanical grips. A circular
loop fiber-optic sensor and a conventional strain gauge were
bonded on the surfaces of the specimens. Average diameter
2R, of the circular loop is 20 mm, and the number of turns is
two. Sinusoidal tensile cyclic load was applied to the specimen
by electrohydraulic testing machine. The frequency of the
applied load was selected between 2 and 30 Hz.

The polyimide coating and adhesive material and interfacial
property between cladding and coating should have effect on
the sensitivity. The measured frequency shift fp is expressed as
follows:

N7R,y N ) .
sz—Ka_% —M(61+52)

(16)

(Ex+€y) = —Ka

where K, is a calibration coefficient. Measured calibration
coefficient value K, is listed in Table II. K, value is almost
independent of the frequency and the average value is 0.834.
From the theoretical point of view, K, shall be near one but
not exceed one. The experimental data well agrees with the
theoretical condition.

B. Vibration of Cantilever Beam

Because of extremely wide frequency range of the developed
fiber-optic sensor, we need to apply multiple methods to cali-
brate the sensitivity. In the present paper, conventional electrical
resistance strain gauge was used in order to examine the strain
amplitude of a vibrating metallic beam plate in the frequency
range from 100 to 440 Hz. A single mode optical fiber coated
with polyimide polymer was used for a 2-turn loop sensor with
average diameter 2R of 16.2 mm.
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TABLE 1
SPECIFICATION OF OPTICAL LOOP FIBER SENSOR (DIAMETER: 20 mm, NUMBER OF TURNS: 10): CALCULATED VALUES
Frequency Range 0.1 Hz -3 MHz
Resolution (at Ranges (4)) | 10Hz | 1kHz | 10kHz | 100kHz | 1 MHz
Strain Rate (pe/s) 0.44 44 44
Strain (u€) 0.01 | 0.0001 [ 0.00001 | 0.00001 | 0.00001
Total Dynamic Range (dB) 160 140 120
TABLE 1I
MEASURED CALIBRATION COEFFICIENT VALUE K, OF CIRCULAR LOOP SENSOR (DIAMETER: 20 mm, NUMBER OF TURNS: 2): TENSILE TEST
Frequency | 1.98 3.04 5.03 7.09 9.98 19.82 | 30.0 | Average
K, value 0.852 | 0.846 | 0.841 | 0.830 | 0.831 | 0.818 | 0.820 | 0.834
Te
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Fig.7. Vibration beam plate specimen and sensor arrangements.

Configuration of the beam plate specimen and arrangement
of sensors are shown in Fig. 7. Four sheets of cross strain gauges
are pasted on fhe same Yocation but opposite surface of the fibex-
optic loop sensor. Average values of €, and &, were obtained
from the four sets of the cross strain gauges. Deflection of the
beam was measured with a noncontacted laser displacement
pickup. The vibrating force was subjected to the center of the
plate, and the force was monitored with an accelerometer.

Because of the low sensitivity of the conventional strain
gauge, it can measure the strain amplitude with comparable
accuracy only at the resonance frequency. The second mode of
resonance vibration was used for measurement. The location of
the fiber-optic loop sensor and strain gauges were determined
from the finite element analysis. In order to change the res-
onance frequency, thickness of the plate was changed in four
steps of 1, 2, 3, and 4 mm, which are related to the resonance
frequency of 105, 210, 324, and 438 Hz, respectively.

Examples of the detected vibrations are shown in Fig. 8.
Difference of phase between the strain gauge and the fiber-
optic sensor is 7/2, it means the fiber-optic sensor detects the
strain rate. The amplitude of the sensor output was measured

13

;.. L;iner Displajceme:nt G'me 2
__6 h . H H N H .
0 0.002 0.004 0.006 0.008
Time, sec

Fig. 8. Examples of detected sensor outputs.

with lock-in amplifier. Calibration coefficient K, was exper-
imentally determined by comparing the output signal of the
fiber-optic sensor and the strain gauges. The result was shown
in Fig. 9. K, is almost independent of the frequency and the
average value is 0.84.
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Fig. 9. Calibration coefficient K, experimentally determined: Cantilever
beam test.
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Fig. 10. Impulse force of a small ball to a long bar.

C. Elastic Wave Propagation in a Long Bar Impacted by
Collision of Small Ball

In order to examine the dependence of sensitivity on fre-
quency over 500 Hz, elastic wave propagation in a long steel
bar, whose end was impacted by collision of a small steel ball,
was measured by the fiber-optic sensor. Specimen and test setup
are schematically shown in Fig. 10. Diameter and length of the
steel bar are 15 mm and 2 m, respectively. Mass and diameter
of the steel ball are 1.5 g and 7.15 mm, respectively. Impact
velocity of the ball was chosen as 1, 2, and 3 m/s. Optical fiber
is wrapped around the steel bar, as shown in Fig. 10, and the
velocity Vy in the radial direction was measured. According to
(4), there is a linear relation between Doppler frequency shift
fp and radial velocity Vg

fo = —K, 2y, an
Ao

Time history of the impact force is calculated from Hertz’s
dynamic elastic contact theory (See Appendix B). The theoret-
ical time history is used as input of impact force to the end of
the elastic bar, and propagation of the elastic wave is calculated
with finite element method (see detail in Appendix C). The
cxperimental result of the radial velocity Vg is compared with
the numerical one in Fig. 11. Transfer function of the sensor
system is obtained by assuming the input and output signals
as the numerical and experimental results, respectively. The
results of gain and phase of the transfer functions are plotted
in Fig. 12(a) and (b), respectively. The sensitivity of the fiber-
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Fig. 11. Time history of displacement rate of elastic wave propagating in a
long rod.
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Fig. 12. Frequency characteristics estimated. (a) Gain. (b) Phase.

optic sensor is nearly constant in the frequency range between
10 and 80 kHz.

D. Quasi-AE Wave

Performance test as an AE detector was carried out in
the present paper. A PZT vibrator generates quasi-AE waves
with main frequency of 150 kHz on a steel plate (800 mm x
800 mm x 3 mm). The quasi-AE waves were detected with
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Fig. 13. Quasi-AE waves detected with the fiber-optic sensor and a PZT
AE sensor. (a) Fiber-optic sensor with loops of 2R = 10 mm and N = 10.
(b) Conventional resonant-type PZT AE sensor.

the developed fiber-optic sensor (circular-shaped) and a con-
ventional PZT resonant-type AE sensor. Fig. 13 shows a result
of fiber-optic sensor with loops of 2R = 10 mm and N = 10
[Fig. 13(a)] compared with PZT AE sensor [Fig. 13(b)].

Sensitivity of the new fiber-optic sensor is almost equivalent
to the conventional AE sensor. Duration of the fiber-optic
sensor is smaller than that of the PZT sensor. Authors think
that it shows excellent linear sensitivity of the newly developed
optical sensor.

VI. CONCLUSION

New principle and a geometrical arrangement of optical
fiber for vibration/acoustic measurement are proposed in the
present paper. The principle of the sensor can be understood
as Doppler’s effect in flexible and expandable light waveguide.
Theoretical strain-rate sensitivity of circular loop, U-shaped,
and elongated circular loop sensors have been theoretically ob-
tained. The sensor sensitivity was examined experimentally in
the low and middle frequency range, and the detectability was
confirmed in the wide frequency range from 1 Hz to 80 kHz, or
AE signals. By applying commercially available performance
data of LDV, the resolution of the sensor was calculated. Ex-
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tremely high resolution less than nanostrain (10~19) is expected
in the very wide frequency range from 1 kHz to 1 MHz.

APPENDIX A

Consider the infinitesimal segment ds of an arbitrary path,
as shown in Fig. 1. Light wave is transmitted from point 1
to point 2 in the segment. The segment moves at the velocity
vector v. Unit direction vector t and the unit normal vector n
are defined, as shown in Fig. 1. The velocity vector of the fiber
motion measured at points 1 and 2 are v; and v, respectively.
Direction change along the infinitesimal segment ds is df.

Elongation velocity of the segment ds is given by

d(fi—g):(vzot—-vlot):dvot. (A1)

dt

Operation e indicates inner product of two vectors, and the
gradient d/ds is given as

d (dL dv d dt
—([=Z)=—et=—(vet)—ve—.
ds(dt) ot ds(v. ) Vel

Is (A2)

Integrating (A2) along the arbitrary path I' as shown
in Fig. 1.

L
(cil—t =[vot]§—/vog—2ds: [vot]ﬁ+/vond0
r r
:[vot]ﬁ+/nvonds (A3)
r
where geometrical relations
dt (A%)

— =-nedf and df = kds
ds
are used in (A3).

APPENDIX B

Let an elastic ball of mass m and radius r strike the end of an
infinitely long cylindrical bar with velocity Vp in longitudinal
impact. It is assumed that the ball and the bar have the same
material properties. Call 3(t) the relative displacement of the
centers of mass of ball and bar. Newton’s law at x = 0, at the
end of the bar which the ball is impacted, gives the velocity of
the impacting ball [17]

t
1
v=Vp— — /F(t)dt. (B1)
m
0
The Hertzian law of impact gives
F=Kp? (B2)
2 E
K_E:,'—l_,,z“' (B3)



1774 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 24, NO. 4, APRIL 2006
TABLE III
MATERIAL CONSTANT
Densit Modulus of Cross-sectional | Radius ofthe | Poisson’s ratio,
WP | elasticity, E | area of the bar, A ball, r v
7860 kg/m® | 2.1x10"'N/m? | 0.0001767 m? 3.58 mm 0.3
900 Y
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30 * .‘.‘ L2 Fig. 15. Finite element model and mesh division.
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o I R !.-"' . Newmark-beta operator (v = 0.5, 3 = 0.25) was used, and
A * time step was 0.1 us.
0 O Ll . : 0ia, tungy |
0 5 10 15 20 25
-
ine ] ACKNOWLEDGMENT
Fig. 14. Calculated force—time relationships. The authors thank Prof. K. Hotate, the University of Tokyo,

From (B1) and (B2), the following differential equation in
the variable (3 is obtained

423

e gt =0

K dj? K
LK (B4)
m

pC()A 7

where p is the density, Co = (E/p)'/? the velocity of the
stress-wave uniformly distributed across the section of the
cylindrical bar, A the cross-sectional area of the bar, E the mo-
dulus of elasticity, v the Poisson’s ratio, and F', the force
between the ball and the bar. Equation (B4) was solved numer-
ically for the initial conditions; 8 = 0,v = Vp att = 0.

The values in Table III were substituted in (B4). Three
different impact velocities were considered: 1, 2, and 3 m/s. By
using Mathematica (Wolfram Research) to numerically solve
(B4), the change in (3 were obtained. Substituting the values
of 3 and (B3) in (B2), the time history of impact force F' was
obtained. The results were shown in Fig. 14.

APPENDIX C

The results of Appendix B were used as mechanical loads
in finite element analysis. By using MSC Software Corporation
Marc Mentat, finite element model was built and MSC Marc
(MSC Software) was used for Finite element analysis. The
model was assumed as symmetrical with respect to the central
axis of the bar. Fig. 15 is a view showing the models. The model
was divided into 20000 elements (2000 * 10). Each element
is 1 mm * 0.75 mm. The 4-node axisymmetric quadrilateral
element (isoparametric) was used. The boundary condition
was free, and the calculated mechanical loads were given as
Fig. 14, according to the three different impact velocities’
models. The values of material constants in Table III were used.

for a fruitful discussion on the principle of the sensor. The
authors also thank Y. Machijima, Dr. F. Matsumura, and
S. Takahashi, LAZOC, Inc. for technical supports to the new
fiber-optic sensing system.
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