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In this paper, we report on the development of an intensity-modulated fiber-optic sensor for angular dis-
placement measurement. This sensor was designed to present high sensitivity, linear response, and wide
bandwidth and, furthermore, to be simple and low cost. The sensor comprises two optical fibers, a positive
lens, a reflective surface, an optical source, and a photodetector. A mathematical model was developed to
determine and simulate the static characteristic curve of the sensor and to compare different sensor con-
figurations regarding the core radii of the optical fibers. The simulation results showed that the sensor
configurations tested are highly sensitive to small angle variation (in the range of microradians) with
nonlinearity less than or equal to 1%. The normalized sensitivity ranges from �0.25 × Vmax� to �2.40 ×
Vmax� mV ∕ μrad (where Vmax is the peak voltage of the static characteristic curve), and the linear range
is from 194 to 1840 μrad. The unnormalized sensitivity for a reflective surface with reflectivity of 100%
was measured as 7.7 mV ∕ μrad. The simulations were compared with experimental results to validate
the mathematical model and to define the most suitable configuration for ultrasonic detection. The sen-
sor was tested on the characterization of a piezoelectric transducer and as part of a laser ultrasonics
setup. The velocities of the longitudinal, shear, and surface waves were measured on aluminum samples
as 6.43, 3.17, and 2.96 mm ∕ μs, respectively, with an error smaller than 1.3%. The sensor, an alternative
to piezoelectric or interferometric detectors, proved to be suitable for detection of ultrasonic waves and to
perform time-of-flight measurements and nondestructive inspection. © 2012 Optical Society of America
OCIS codes: 060.2370, 280.3375, 120.4290.

1. Introduction

Laser ultrasonics is an all-optical nondestructive in-
spection technique that employs a Q-switched laser

(a pulsed laser) to generate an ultrasonic wave over
the surface (or bulk) of an inspected sample and an
optical sensor to detect the ultrasonic wave (after
crossing the region under analysis) and provide an
electric signal containing the required information.
Inasmuch as the aforementioned technique employs
an all-optical setup, it becomes attractive, because it
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is couplant free, noncontact, and remote from the
inspected sample [1]. The most common method to
generate and detect ultrasound, in order to perform
nondestructive inspection, employs the piezoelectric
transducer. Besides being a contact transducer, one
can cite several disadvantages, such as the require-
ment of a coupling medium, high temperatures (over
the Curie point of the piezoelectric material) are not
supported, narrow bandwidth, low spatial resolu-
tion, loading of the sample surface, and difficulty
of use in complex or curved geometries [1–4]. To over-
come the drawbacks of the piezoelectric transducer,
optical detectors, such as interferometric (e.g.,
Mach–Zehnder, Michelson, Fabry–Perot, photore-
fractive) or noninterferometric configurations (e.g.,
knife-edge, fiber-optic-based sensors, microring sen-
sors), have been applied and developed [2,5–9].
Among these, for industrial applications, interfero-
metric detectors stand out due to their high sensitiv-
ity and ability to detect on rough surfaces [10].
However, the cost is high as is the complexity of
the setup [2,11]. An alternative to the interferometer
is the intensity-modulated fiber-optic sensor, which
can have high sensitivity, low cost, and simplicity.

In the literature, there are a number of intensity-
modulated fiber-optic sensors, highlighting the linear
displacement sensor whose basic configuration com-
prises two fibers (emitting and receiving fibers) and
a reflective surface. This sensor can measure linear
displacement between the fibers and the reflective
surface, relating it to the optical intensity reflected
by the surface and coupled into the receiving fiber.
Different configurations can be found in the literature
with the emitting and receiving fibers positioned par-
allel to each other or at an angle; instead of using only
two fibers, a bundle of emitting fibers or a bundle of
receiving fibers can be used to increase the sensitivity
[11–23].Adrawbackof thisapproach is the inability to
distinguish linear displacement from angular displa-
cement, decreasing theaccuracyof thesensor [24].An-
other version, based on the same configuration but
modifiedtomeasureangulardisplacement, comprises
an additional positive lens [24–27]. The configura-
tions proposed by these authors require fine adjust-
ment and complex mounting. In addition, not much
attention is paid to the lens position; it is used essen-
tially to focus the light over the reflective surface. Ac-
cording to [28], an improvement in the amount of light
collected can be accomplished collimating the light
beam through the lens. The sensor proposed in [28]
uses a graded-index lens to collimate the light, and
the fibers are placed at an angle, facing the reflective
surface. However, the sensor was constructed to mea-
sure linear displacement, and the angular displace-
ment is treated as a secondary effect. The sensor
proposed in [29] uses an integrated lens to collimate
the light, and the fibers arealsoplacedatanangle.Ac-
cording to the authors, the sensor can measure dis-
tance and it is applied as a microphone. The
complexity and cost, however, are high, becauseman-
ufacturing requires lithographic steps.

In this work, we developed an intensity-modulated
fiber-optic sensor for angular displacement mea-
surement. This sensor was designed for high
sensitivity, linear response, wide bandwidth, and,
furthermore, simplicity and low cost. The configura-
tion proposed, as some angular displacement sen-
sors, comprises two fibers, a reflective surface, and
a positive lens. The difference arises in the arrange-
ment of the fibers, placed parallel to each other, com-
bined with the arrangement of the lens, placed in
order to collimate the light beam. This configuration
allows unequivocal measurement because it brings
very low sensitivity to linear displacement and, on
the other hand, very high sensitivity to angular dis-
placement [30]. Besides, as the laser beam is colli-
mated, the axial position of the reflective surface can
be chosen according to the requirements of the mea-
surement (e.g., long stand-off distances can be set)
and a fine positioning is not necessary. The mathe-
matical model of this sensor was presented in order
to determine its static characteristic curve according
to geometrical parameters. Computational simula-
tion (based on the mathematical model) and experi-
mental data were acquired for nine different sensor
configurations (regarding the core radii of the fibers),
validating the mathematical model and allowing a
comparison between the configurations. Finally,
the proposed sensor was applied to detect ultrasound
directly from the surface of a piezoelectric transducer
and furthermore as the optical detector of a laser
ultrasonics setup, showing the ability to detect long-
itudinal, shear, and surface ultrasonic waves.

Besides the laser ultrasonics application (the mo-
tivation of this work), typical applications of this sen-
sor could be for reflective surface angle measurement
itself, as a microphone or hydrophone (with a suita-
ble diaphragm or membrane), acoustic emission sen-
sing, characterization of piezoelectric actuators,
pulse-echo monitoring, measurement of ultrasonic
velocity and attenuation, and as part of an atomic
force microscope [2,11,26].

2. Principle of Operation

As stated before, the two fibers are positioned and
fixed parallel to each other, with their tips aligned.
The positive lens is positioned in front of the fibers
and the reflective surface, in front of the lens, as
shown in Fig. 1. The lens plays two roles: in one di-
rection it collimates the light from the emitting fiber;
in the opposite direction it focuses back the light re-
flected by the reflective surface. The principle of op-
eration of the sensor is based on the lens effect, which
converts the angular variation of the collimated
beam (caused by the reflective surface), θ, in varia-
tion of the beam spot’s position at the tip of the re-
ceiving fiber, Y2. The receiving fiber, besides
collecting the light, works as a knife-edge, and the
spot position Y2 determines the amount of light
coupled to it.

Based on this principle, a static characteristic
curve can be acquired determining the power
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transfer coefficient, η (defined as the ratio between
the optical power coupled into the receiving fiber,
Po, and the total optical power incident at the receiv-
ing fiber surface, Pi), for each θ value. This curve pre-
sents two linear regions which can be used for
dynamic measurements. To accomplish a dynamic
operation, the reflective surface angle must be ad-
justed in order to set the operation point on the cen-
ter of the linear region. In the case of ultrasound
detection, the reflective surface should be replaced
by the sample under analysis and the angle should
be adjusted properly. The ultrasonic wave that
reaches the surface of the sample creates a mechan-
ical disturbance, which can be seen as a peak and a
valley with an inclined region between then. There-
fore, the sensor is able to detect the ultrasonic wave
because this inclined region is function of the angle θ.

The sensor circuitry is based on a transimpedance
scheme designed to acquire signals from DC up to
tens of megahertz. Thus, the sensor provides an out-
put voltage signal in the time domain directly, with
no additional circuits for demodulation as occurs in
the interferometer configurations. Also, this sensor
does not require a lock-in amplifier in dynamic op-
eration (because the ultrasonic frequencies are much
higher than the environmental vibration) or addi-
tional optical components.

In the next section, the mathematical model is pre-
sented in order to determine the power transfer coef-
ficient, η, as a function of the reflective surface
angle, θ.

3. Mathematical Model

In Fig. 1, the following parameters are defined: a is
the emitting fiber core radius, b is the emitting fiber
cladding radius, aR is the receiving fiber core radius,
bR is the receiving fiber cladding radius, δ is the gap
separation between the two fibers, Zo is the distance
between the lens and the fibers, Z1 is the distance
between the lens and the reflective surface, and f L
is the lens focal distance. The XYZ axis is fixed, with
origin on the center of the emitting fiber and Z along
the emitting fiber axis.

An optical source provides the light that is con-
veyed by the emitting fiber and the light emerges
from it in a conical shape limited by the critical angle
ξo, reaching the lens. This angle is given by

ξo � sin−1�NA ∕ n�; (1)

where NA is the emitting fiber numerical aperture
and n is the index of refraction of the medium around
the fibers (air in this case). The distance Zo is set to
obtain a collimated beam after the lens, given by

Zo � f L − a ∕ tan ξo: (2)

The collimated beam reaches the reflective surface
with incidence angle θ relative to its normal, it is re-
flectedwiththesameangle,andthetotaldeviationan-
gle is equal to 2θ. The reflected beamstays collimated,
traveling in the opposite direction and impinges the
lens again. Then, the lens focuses the beam and the
optical spot reaches the receiving fiber core.

To determine the static characteristic curve equa-
tion, η�θ�, an expression relating θ and the spot cen-
ter position, Y2, is found analyzing the chief ray of
the reflected beam. Knowing the chief ray position
and angle �Y1; α1� at the reflective surface and using
an ABCD matrix, it is possible to determine the posi-
tion and angle �Y2; α2� at the receiving fiber plane
(Z � 0). Regarding the chosen axis shown in Fig. 1,
Y1 � 0 and α1 � 2θ. The angle θ is small enough
to use a paraxial approximation and the following
ABCD matrix [31]:

�
Y2

α2

�
�

�
1 Zo

0 1

��
1 0
−1
f L

1

��
1 Z1

0 1

��
0
2θ

�
: (3)

The angle α2 is not necessary in the remaining
calculation because the optical spot radius is re-
garded as constant and circular, due to the paraxial
approximation. Thus, evaluation of Eq. (3) yields

Y2�θ� � Kθ; (4)

where K � 2�Zo � Z1 − Z1Zo ∕ f L�.
The origin of the coordinate system xyz is located

at the spot center, as shown in Fig. 2. The intensity
profile of the optical spot can be regarded as a
Gaussian, and it can be written in cylindrical coordi-
nates in terms of Pi as [32]

I�r� � 2Pi

πw2 exp
�
−2r2

w2

�
; (5)

where r is the radial coordinate related to the xy axis,
andw is the optical spot radius. The beam divergence
can be disregarded because the distance Z1 is kept
lower than half of the Rayleigh range, zR, given by
[31]: zR � πw2

o ∕ λ, where wo is the beam waist and
λ is the wavelength of the optical source. In this
way, the optical spot radius can be regarded as ap-
proximately the same size of the emitting fiber core
radius; i.e., w ≈ a.

The optical power coupled into the receiving fiber,
Po, can be evaluated integrating Eq. (5) over the
receiving fiber core area, SR, as

Fig. 1. (Color online) Sensor head.

10 July 2012 / Vol. 51, No. 20 / APPLIED OPTICS 4843



Po � Γ
Z Z

SR

I�r�dSR; (6)

where dSR � rdϕdr is the differential element of
area and the constant Γ (0 ≤ Γ ≤ 1) accounts for the
transmission loss. The receiving fiber has at its cen-
ter, the origin of the coordinate system x0y0z0, corre-
sponding to the radial coordinate r0, as shown in
Fig. 2. The coordinates of an arbitrary point Q, are
defined in cylindrical coordinates as �r0;ϕ0� in rela-
tion to the receiving fiber coordinate system. On the
other hand, the same point has coordinates �r;ϕ� in
relation to the optical spot coordinate system. The
angle ϕ is defined positive in the clockwise direction
with origin at the y axis. Using the law of cosines on
the triangleQoo0, one can find the radial coordinate r0
written in terms of the coordinates r and ϕ:

r02 � r2 � y2o − 2ryo cos ϕ; (7)

where yo is the distance from the center of the receiv-
ing fiber to the center of the optical spot. The variable
yo is a function of θ, because yo � m − Y2�θ�, so

yo�θ� � m − Kθ; (8)

where m � b� bR � δ, constant, is the distance be-
tween the center of the fibers. For a point located
at the boundary of the receiving fiber core, r0 � aR,
one can find the equation for the displaced circle
in relation to the rϕ system:

ϕ�r� � cos−1
�
r2 � y2o − a2

R

2ryo

�
: (9)

Equation 6 can be evaluated integrating twice the
semicircle on the region where x > 0with integration
limits for the variable ϕ ranging from 0 to ϕ�r� and
for the variable r, from 0 to yo � aR. Thus, Eq. (6)
becomes

Po � Γ 4Pi

πw2

Z
yo�aR

0

Z
ϕ�r�

0
r exp

�
−2r2

w2

�
dϕdr: (10)

Dividing Eq. (10) by Pi and evaluating the integral
on ϕ, we obtain the power transfer coefficient as a
function of θ:

η�θ� � Po

Pi
� Γ 4

πw2

Z
yo�θ��aR

0
r exp

�
−2r2

w2

�

× cos−1
�
r2 � y2o�θ� − a2

R

2ryo�θ�

�
dr: (11)

For the particular case where yo � 0, i.e., the optical
spot is centered on the receiving fiber core, Eq. (8)
yields θ � θo � m ∕K. At this point the function ϕ�r�
is not defined, and the value for η�θo� can be found
integrating ϕ in Eq. (10) from 0 to π, which results in

η�θo� � Γ 4

w2

Z
aR

0
r exp

�
−2r2

w2

�
dr

� Γ
�
1 − exp

�
−2a2

R

w2

��
: (12)

Finally, the static characteristic curve of the sensor
can then be obtained evaluating the integral on
Eq. (11) numerically for each corresponding value
of θ, and using the result of Eq. (12) for θ � θo. As
can be seen, the reflective surface must have a non-
zero angle θ, for the light to reach the receiving fiber
core, because the emitting and receiving fiber are
spatially separated. However, in order to yield a
static characteristic curve centered on zero, the axis
of θ can be shifted by subtracting θo.

4. Results

Three optical fibers with different core radii were
used in this work: one single-mode fiber (4 ∕ 62.5 μm
core/cladding radii) and two multimode fibers
(25 ∕ 62.5 μm and 52.5 ∕ 62.5 μm core/cladding radii).
The single-mode and multimode fiber NAs were
0.12 and 0.22, respectively. Using these fibers, nine
different sensor configurations were considered
using one fiber as the emitting and the other as the
receiving. The name given to the configuration was
composed by the emitting fiber core radius (a) and
the receiving fiber core radius (aR), both in micro-
meters, as a ∕ aR. As an example, a configuration with
a � 4 μm and aR � 25 μm is called sensor 4 ∕ 25.

The static characteristic curves simulated and ex-
perimentally acquired, were for the following sen-
sors: 4 ∕ 4, 4 ∕ 25, 4 ∕ 52.5, 25 ∕ 4, 25 ∕ 25, 25 ∕ 52.5,
52.5 ∕ 4,

Fig. 2. (Color online) Front view of the sensor head and optical
spot.
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52.5 ∕ 25, and 52.5 ∕ 52.5. The cladding radii of both
emitting (b) and receiving (bR) fibers, for all sensor
configurations, were kept the same and unchanged:
external diameter of 125 μm; i.e., b � bR � 62.5 μm.
Regarding an ideal condition, there is no gap be-
tween fibers (δ � 0) and there are no transmission
losses (Γ � 1). The focal length of the positive lens
was f L � 7.4 mm. The spot size over the receiving fi-
ber plane was regarded constant as w � a� 2 μm.
Regarding wo ≈ 0.5 mm and λ � 532 nm, results in
zR ≈ 1.5 m, which means that Z1 can be up to ap-
proximately 750 mm (zR ∕ 2), as stated in the mathe-
matical model section. The sensor was mounted (and
simulated) with Z1 much smaller than this value; it
was chosen as Z1 � 35.4 mm.

A. Static Characteristic Curve Simulation

The static characteristic curves were simulated with
MATLAB software, using the parameters of the ac-
tual optical fibers and components. The first set of
simulations was accomplished with the emitting
fiber of 4 μm in three configurations: 4 ∕ 4, 4 ∕ 25,
4 ∕ 52.5. The power transfer coefficient, η, was nor-
malized and evaluated as a function of θ. The simu-
lation results are shown in Fig. 3(a), where the solid
line is the result for sensor 4 ∕ 4, the dashed line is the
result for sensor 4 ∕ 25, and the dotted line is the re-
sult for sensor 4 ∕ 52.5.

In the second set of simulations, the core radius of
the emitting fiber was changed to 25 μm. The receiv-
ing fiber core radius, as in the former case, was
simulated with three different values: 4, 25, and
52.5 μm, called, respectively, sensors 25 ∕ 4, 25 ∕ 25,
and 25 ∕ 52.5. The simulation results are shown in
Fig. 3(b), where the solid line is the result for sensor
25 ∕ 4, the dashed line is the result for sensor 25 ∕ 25,
and the dotted line is the result for sensor 25 ∕ 52.5.

The third set of simulations was accomplished
using an emitting fiber with a core radius of 52.5 μm.
Once again, three curves were achieved for receiving
fibers with core radius of: 4, 25, and 52.5 μm. The
sensors were called sensors 52.5 ∕ 4, 52.5 ∕ 25, and
52.5 ∕ 52.5, respectively. The results are shown in
Fig. 3(c), where the solid line is the result for
sensor 52.5 ∕ 4, the dashed line is the result for sensor
52.5 ∕ 25, and the dotted line is the result for
sensor 52.5 ∕ 52.5.

For all sensor configurations, the curve is sym-
metric and there are two linear regions: one positive
slope and the other, negative. It can be observed that
for the sensors for which aR ≤ a, there is a peak and
for the sensors for which aR > a, the peak is extended
to a flat region, as expected, because the optical spot
is entirely confined on the receiving fiber core.

Each static characteristic curve was normalized by
its maximum output value, which corresponds to the
peak, here called Vmax. The side of the positive slope
was chosen to fit a linear curve (using the least-
squares method) of which the linear range meets a
criterion of nonlinearity less than or equal to 1%.
The operation point (or bias point) of the sensor is

defined as the η value corresponding to the center
of the linear range, and the normalized sensitivity
is the inclination of the fitted curve. For each sensor,
the normalized sensitivity, linear range, operation
point, and nonlinearity were obtained, as shown in
Table 1.

The normalized sensitivity is a merit factor that
can be used to compare sensor configurations with
each other. Analyzing the results for a given emitting
fiber radius, the sensors with the smaller receiving
fiber core radius have higher sensitivity. Among these
sensors, the one that also has the smaller emitting
fiber core radius has the highest sensitivity; i.e., sen-
sor 4 ∕ 4 is themost sensitive, �2.40 × Vmax� mV ∕ μrad,
with a linear range of 194 μrad. The sensor with the
largest emitting and receiving core radii; i.e.,
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-8 -6 -4 -2 0 2 4 6 8

0.0

0.2

0.4

0.6

0.8

1.0

P
ow

er
 tr

an
sf

er
 c

oe
ffi

ci
en

t

Angle (mrad)

Sensor 52.5/4
Sensor 52.5/25
Sensor 52.5/52.5

-8 -6 -4 -2 0 2 4 6 8

0.0

0.2

0.4

0.6

0.8

1.0

P
ow

er
 tr

an
sf

er
 c

oe
ffi

ci
en

t

Angle (mrad) 

Sensor 25/4
Sensor 25/25
Sensor 25/52.5

-8 -6 -4 -2 0 2 4 6 8

0.0

0.2

0.4

0.6

0.8

1.0

P
ow

er
 tr

an
sf

er
 c

oe
ffi

ci
en

t

Angle (mrad)

Sensor 4/4
Sensor 4/25
Sensor 4/52.5

Fig. 3. (Color online) Simulated static characteristic curves for
the sensors: (a) 4 ∕ 4, 4 ∕ 25, and 4 ∕ 52.5; (b) 25 ∕ 4, 25 ∕ 25, and
25 ∕ 52.5; (c) 52.5 ∕ 4, 52.5 ∕ 25, and 52.5 ∕ 52.5.
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sensor 52.5 ∕ 52.5 presented the smallest sensitivity,
�0.25 × Vmax� mV ∕ μrad, with a linear range of
1840 μrad.

A practical and direct calibration method can be
used to determine the actual sensitivity (unnorma-
lized) of the sensor only by measuring Vmax (in units
of volts) and substituting the value on the corre-
sponding normalized sensitivity.

B. Experimental Static Characteristic Curve

In order to experimentally acquire the static charac-
teristic curve for each sensor configuration and to
verify the agreement with the simulation, an experi-
mental setup was mounted, as shown in Fig. 4 (with-
out lens L2 and the Q-switched laser). The optical
source used was a continuous wave (CW) Nd:YAG la-
ser with wavelength of 532 nm and 55 mW of max-
imum output power. The reflective surface used for
this experiment was a rigid mirror because we are
interested in the static characteristic curve. The mir-
ror was mounted over a rotation stage, driven by a
micrometer, that was used to vary the angle θ, and
the corresponding output voltage was measured on
the oscilloscope. When using the 4 μm core radius fi-
ber (as an emitting fiber), regardless of the fact that
it is single mode for 1310 nm and we used a 532 nm
laser, the extra propagation modes were cut off by a
mode filter, which allowed only the propagation of
the fundamental mode, LP01. In this way, the optical

spot delivered by the emitting fiber was symmetric,
circular, and homogeneous (without speckle).

The assembly and adjustment of the sensor head
proved to be very simple because it does not require
displacement or angular alignment between fibers.
The fibers (emitting and receiving) were placed par-
allel and glued together (using cyanoacrylate ester)
with the aid of a regular microscope (amplification
of 10×) just to align their tips and avoid a gap be-
tween them (in order to ensure δ � 0). The adjust-
ment of the lens L1 position was accomplished by
projecting the light spot over a screen on different
distances and verifying for the collimation. After
that, the mirror was placed in front of L1 and it
was aligned such that the sensor provides the max-
imum output. The light collected by the receiving
fiber was directed to a photodetector, part of a tran-
simpedance amplifier circuit, which converts the in-
put photocurrent to output voltage. This circuit was
designed to detect frequencies from DC up to
85 MHz. An oscilloscope was used to acquire and re-
cord the voltage signal from the transimpedance am-
plifier. Care was taken to align the returning optical
spot (reflected by the reflective surface) in the x
direction (remaining fixed after alignment) to make
sure that the spot translation on the y direction was
aligned on the diameter of the receiving fiber.
Misalignments on the x direction could provide a
characteristic curve shrunken in relation to the
actual curve.

The experimental results are shown in Figs. 5, 6,
and 7, in which the data were normalized for compar-
ison with the mathematical model simulation. The
experimental data are shown as square markers,
and the simulation is shown as a solid line. The
mathematical model was corroborated by the experi-
ment for sensors 4 ∕ 4, 4 ∕ 25, 4 ∕ 52.5, 25 ∕ 25, 25 ∕ 52.5,
and 52.5 ∕ 52.5 while the data of sensors 25 ∕ 4,
52.5 ∕ 4, and 52.5 ∕ 25 did not agree with the theory.
Sensors 25 ∕ 4 and 52.5 ∕ 4 presented experimental
data oscillating instead of the smooth behavior pre-
dicted by simulation. The experiment showed that
the receiving fiber with aR � 4 μm works as a slit
when the emitting fiber has a � 25 or 52.5 μm and
the characteristic curve amplitude varies randomly
as the speckles reach the receiving fiber core radius.
In this way, the use of the receiving fiber with aR �
4 μm is recommended only when the emitting fiber
has a � 4 μm, i.e., the 4 ∕ 4 sensor. Sensor 52.5 ∕ 25
presented a larger experimental curve and two
peaks, probably because of the pattern of the modes
coupled in the multimode emitting fiber. However,
sensor 52.5 ∕ 25 can still be used for angular displace-
ment measurements because its positive or negative
slope stays smooth and linear. The discrepancy be-
tween simulation and experiment for sensors 25 ∕ 4,
52.4 ∕ 4, and 52.5 ∕ 25 showed that care must be taken
when using a multimode emitting fiber, of which the
speckle pattern does not meet the homogeneous
Gaussian intensity profile assumed on the model;
this can be a relevant issue when the receiving fiber

Table 1. Simulation Resultsa

Configuration

Normalized
Sensitivity
[mV ∕ μrad]

Linear
Range
[μrad]

Operation
Point
[mV]

Nonlinearity
[%]

4 ∕ 4 �2.40 × Vmax� 194 �0.58 × Vmax� 0.98
4 ∕ 25 �1.93 × Vmax� 223 �0.50 × Vmax� 1.00
4 ∕ 52.5 �1.94 × Vmax� 221 �0.50 × Vmax� 0.98
25 ∕ 4 �0.67 × Vmax� 679 �0.60 × Vmax� 0.99
25 ∕ 25 �0.49 × Vmax� 949 �0.55 × Vmax� 0.99
25 ∕ 52.5 �0.44 × Vmax� 979 �0.50 × Vmax� 1.00
52.5 ∕ 4 �0.36 × Vmax� 1276 �0.60 × Vmax� 0.98
52.5 ∕ 25 �0.32 × Vmax� 1424 �0.59 × Vmax� 0.99
52.5 ∕ 52.5 �0.25 × Vmax� 1840 �0.54 × Vmax� 1.00
aThe parameter Vmax must be in units of volts.

Fig. 4. (Color online) Experimental setup.
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core radius is smaller than the emitting fiber core ra-
dius. Nevertheless, the mathematical model is useful
for designing the sensor configuration according to
the application requirements (e.g., sensitivity and
linear range). In addition, this model is general
and can be used to test for variations in other pa-
rameters, e.g., the cladding radius or the lens focal
distance.

In order to obtain the highest sensitivity for this
sensor, sensor configuration 4 ∕ 4 was chosen, which
has the highest normalized sensitivity: �2.40×
Vmax� mV ∕ μrad. Measuring the peak voltage with
the rigid mirror (reflective surface with reflectivity
of 100%), Vmax � 3.2 V (DC voltage) was obtained,

which results in a sensitivity of 7.7 mV ∕ μrad, for this
specific setup.

C. Ultrasound Detection

For dynamic operation, the fiber-optic sensor config-
uration shall be chosen according to the sensitivity
and linear range requirements of the measurement.
In this case, the configuration used in all experi-
ments was sensor 4 ∕ 4 due to its higher sensitivity.
The sensor’s reflective surface is then substituted
by the sample under analysis, and alignment of
the sensor head is accomplished. The θ angle is var-
ied to find and measure Vmax (DC voltage). Then the
operation point is set adjusting θ to a value that
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Fig. 5. Experimental results: (a) sensor 4 ∕ 4, (b) sensor 4 ∕ 25,
(c) sensor 4 ∕ 52.5.
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Fig. 6. Experimental results: (a) sensor 25 ∕ 4, (b) sensor 25 ∕ 25,
(c) sensor 25 ∕ 52.5.

10 July 2012 / Vol. 51, No. 20 / APPLIED OPTICS 4847



provides an output voltage of approximately
(0.58 × Vmax—Vmax ∕ 2 can also be used as a practical
value). At this point, the sensor is ready to perform
dynamic measurements and the oscilloscope can be
set to AC acquisition.

In the first experiment, a well-behaved signal (si-
nusoidal) was used to test the dynamic operation of
the sensor. The experimental setup shown in Fig. 4
was modified, substituting the reflective surface by
a piezoelectric transducer (without lens L2 and the
Q-switched laser). The optical source used was again
the CW Nd:YAG laser (wavelength of 532 nm and
55 mW of maximum output power). The transducer
resonance is centered on approximately 1 MHZ,

according to the manufacturer. The transducer tip
is circular with a diameter of 35 mm; its surface is
metallic (providing a reasonable optical reflectivity),
leading to Vmax � 0.34 V and, consequently, a sensi-
tivity of 0.82 mV ∕ μrad. A sinusoidal input voltage
V in � 10.2 V (peak-to-peak) with frequency of
1.02 MHz was applied to the transducer, and the out-
put voltage provided by the sensor was measured as
Vout � 14 mV (peak-to-peak). The input and output
voltage waveforms were acquired using the oscillo-
scope, and they are shown in Fig. 8. The frequency
response of the transducer was then acquired vary-
ing the input frequency from 0.2 to 2 MHz and mea-
suring the ratio between Vout and V in. The frequency
response curve is shown in Fig. 9, where the ratio
Vout ∕V in was normalized. Figure 9 shows the highest
resonance amplitude at 1.02 MHz and a smaller re-
sonance at 1.31 MHz. The linearity curve for the
transducer was then acquired, keeping the frequency
on the resonance, i.e., 1.02 MHz, and the voltage of
V in was varied from approximately 1 to 11 V (peak-
to-peak). The result is shown in Fig. 10. As can be
seen on the graphic, the piezoelectric transducer pre-
sents a linear response over the range analyzed.
These results show that the sensor is suitable to de-
tect a sinusoidal ultrasonic wave in the time domain
and to measure the frequency response and linearity
of a transducer.

A second experiment was performed aiming the
detection of nonsinusoidal signals: pulsed ultrasonic
waves. For this, the laser ultrasonics experimental
setup shown in Fig. 4 was used. A Q-switched Nd:
YAG laser, called the generation laser, was used to
generate ultrasonic pulses in aluminum samples.
This type of laser can generate longitudinal, shear
and surface waves [33–35]. The Q-switched laser
(wavelength of 1064 nm) was operated at single shot
with energy of 420 mJ and a pulse width of 9 ns in all
subsequent experiments. The laser spot diameter
was approximately 6 mm.

The first laser ultrasonics measurement was ac-
complished with an aluminum sample with dimen-
sions of 86 mm× 30 mm × 6.88 mm, i.e., 6.88 mm
thickness. This sample was polished on one side
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Fig. 7. Experimental results: (a) sensor 52.5 ∕ 4, (b) sensor
52.5 ∕ 25, (c) sensor 52.5 ∕ 52.5.

Fig. 8. Output signal (top) and input signal (bottom) for the
piezoelectric transducer.
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(to increase the amount of light reflected), and the
other side was painted black (to increase light
absorption). In this way, the generation laser was
pointed to the black side of the sample and the sensor
head was pointed to the polished surface. The gen-
eration laser spot and the sensor spot were aligned,
in the sample thickness direction, for the detection of
ultrasonic waves very close to their epicenters. Ad-
justing angle θ of the sample, the maximum voltage
output was measured as Vmax � 0.36 V, which
means a sensitivity of 0.86 mV ∕ μrad. Lens L2 was
used to decrease the generation laser spot to approxi-
mately 3 mm at the sample surface. The fluence was
5.9 J ∕ cm2. The light pulse from the generation laser
was used as a trigger on the oscilloscope to avoid jit-
ter and delay from the electronic circuits. The wave-
form acquired and registered in an oscilloscope is
shown in Fig. 11, where T corresponds to the trigger
(light pulse), 1L corresponds to the first arrival of the
longitudinal wave (after traveling through the thick-
ness once), and 3L corresponds to the second arrival
of the longitudinal wave (after traveling the thick-
ness three times). The distance traveled by the long-
itudinal wave between 1L and 3L corresponds to
twice the thickness; i.e., ΔSL � 2 × 6.88 mm. The
arrival time of 1L and 3L were measured as

t1L � 1.065 μs and t3L � 3.205 μs, respectively.
Time delay between 1L and 3L was calculated as
tL � t3L − t1L � 2.14 μs, and the longitudinal wave
velocity was evaluated as vL � ΔSL ∕ tL �
6.43 mm ∕ μs. The shear wave arrival can be also
observed in Fig. 11 as 1S. This wave traveled the
thickness once, so ΔSS � 6.88 mm. The shear wave
arrival time was measured as t1S � 2.17 μs. The
shear wave velocity was then evaluated as vS �
ΔSS ∕ tS � 3.17 mm ∕ μs. The ultrasonic velocity of
the longitudinal wave on aluminum, according to
[33], is approximately 6.42 mm ∕ μs, which means
an error of 0.2%. For the shear wave, the velocity
is approximately 3.13 mm ∕ μs, meaning an error
of 1.3%.

The second laser ultrasonics measurement was
accomplished to detect a surface (Rayleigh) wave
in an aluminum block with dimensions of 50 mm×
50 mm × 34 mm. The setup shown in Fig. 4 wasmod-
ified with the generation laser pointing on the front
surface of the sample, i.e., the polished side (the same
as the sensor head). The maximum output voltage
measured at the detection point was Vmax � 0.7 V,
leading to a sensitivity of 1.68 mV ∕ μrad. The genera-
tion laser was then focused with a positive cylindrical

Fig. 9. Frequency response of the piezoelectric transducer mea-
sured with the 4 ∕ 4 sensor.

Fig. 10. (Color online) Linearity of the piezoelectric transducer at
1.02 MHz.

Fig. 11. Longitudinal and shear wave detection on aluminum
sample. T, trigger; 1L, first longitudinal wave arrival (after travel-
ing through the thickness once); 3L, second longitudinal wave
arrival (after traveling the thickness three times); and 1S, first
shear wave arrival.

Fig. 12. Rayleigh wave detection on aluminum sample. T, trigger;
R, Rayleigh wave arrival.
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lens (instead of the spherical lens L2) with 50 mm of
focal length to generate a laser line with approxi-
mately 6 mm of height on the sample surface. The
distance between the generation laser line and the
sensor spot was ΔSR � 19.5 mm. The resulting
signal was acquired with the oscilloscope and is
shown in Fig. 12. In this figure, T is the trigger pulse
and R is the Rayleigh wave arrival. The time delay
between the trigger and the Rayleigh arrival mea-
sured was tR � 6.58 μs. Then, the resulting Rayleigh
velocity was vR � ΔSR ∕ tR � 2.96 mm ∕ μs. According
to [33], the velocity of the Rayleigh wave in alumi-
num is approximately 2.93 mm ∕ μs, which means an
error of 1%.

5. Conclusions

The fiber-optic sensor developed in this work is
highly sensitive to angular displacement; it has a lin-
ear response and a wide bandwidth, and it is simple
and low cost. Compared with other fiber-optic sen-
sors, a bundle of fibers is not necessary, the fibers
can be positioned further from the reflective surface,
the assembly and adjustment of parameters is sim-
pler, and it uses few optical components. Regarding a
hypothetical version using only one fiber (to both
emit and receive the light), the advantages of using
two fibers are the simplicity of the setup and the cost,
because it would require additional expensive optical
components. Besides, the sensor provides an output
voltage signal in the time domain directly, with no
additional circuits for demodulation as occurs in
the interferometer configurations.

The simulation results showed that the sensor con-
figurations tested are highly sensitive to small angle
variation (in the range of microradians) with nonli-
nearity less than or equal to 1%. Moreover, the simu-
lation showed that the fiber core radius (both the
emitting and the receiving fiber) influences the nor-
malized sensitivity of the sensor: it is inversely pro-
portional to the fiber core radius. As a result, sensor
4 ∕ 4 presented the highest normalized sensitivity,
�2.40 × Vmax� mV ∕ μrad (with a linear range of
194 μrad), and sensor 52.5 ∕ 52.5 presented the low-
est, ten times smaller, �0.25 × Vmax� mV ∕ μrad (with
a linear range of 1840 μrad). It was observed that the
actual sensitivity (unnormalized) of the sensor de-
pends on the reflectivity of the reflective surface.
Using a mirror as a reflective surface, sensor 4 ∕ 4
presented a sensitivity of 7.7 mV ∕ μrad.

Sensors 4 ∕ 4, 4 ∕ 25, 4 ∕ 52.5, 25 ∕ 25, 25 ∕ 52.5, and
52.5 ∕ 52.5 showed a good agreement between the
simulation and experiment, while sensors 25 ∕ 4,
52.5 ∕ 4, and 52.5 ∕ 25 did not agree. For the case of
sensors 25 ∕ 4 and 52.5 ∕ 4, the disagreement is due
to the combination of the speckle pattern from the
multimode emitting fibers (25 and 52.5 μm core ra-
dius) and the relatively small core radius of the re-
ceiving fiber, which is 4 μm for both sensors. The
receiving fiber in this case works as a slit, and, as
a consequence, the intensity can increase or decrease
according to the speckle position. Sensor 52.5 ∕ 25

provided a result in disagreement with the theory;
however, it can still be used for ultrasonic measure-
ments because its positive or negative slope stays
smooth and linear. The mathematical model showed
to be general and useful for designing the sensor con-
figuration according to the application requirements.

The sensor was initially tested to detect the sinu-
soidal vibration of a piezoelectric actuator. The time
domain waveform, the frequency response, and the
linearity of the actuator were acquired and showed
the potential of the sensor for the detection of ultra-
sonic waves and for characterization of piezoelectric
actuators. As part of a laser ultrasonics system, the
sensor was able to detect longitudinal, shear, and
surface waves (generated by the Q-switched laser).
The velocity of the longitudinal, shear, and surface
waves were measured on aluminum samples as
6.43, 3.17, and 2.96 mm ∕ μs, respectively, and the
presented error was smaller than 1.3%. The sensor
proved to be suitable for time-of-flight measure-
ments and nondestructive inspection, being an alter-
native to the piezoelectric or the interferometric
detectors.
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