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Low-Cost Fiber Optic Cantilever Accelerometer With
a Spherical Tip Based on Gaussian Beam Focusing

Lianjin Hong, Mingze Wu , Yongyao Chen, and Yue Li

Abstract—We propose and demonstrate a low-cost and simple
fiber optic cantilever accelerometer with a spherical tip based on
Gaussian beam focusing. The accelerometer consists of ceramic
ferrule, ceramic sleeve, receiving fiber and emitting fiber, where
both fibers are single mode fiber, the ferrule and sleeve have
characteristics of high precision, which reduce the difficulty of
optical alignment. The end of the emitting fiber is made into a
spherical tip for focusing the Gaussian beam to improve sensitivity.
When the accelerometer is in operation, the emitting fiber acts as a
cantilever beam, the acceleration can be measured by detecting the
transmission power. Further, our experimental results show that
the spherical fiber tip can improve the acceleration sensitivity by
67% over 10 Hz–1000 Hz without reducing the working bandwidth.
In addition, it is found that the fiber accelerometer has a high signal-
to-noise ratio (SNR) up to 60 dB, and a low harmonic distortion of
better than -30 dB, rendering a quasi-8-shaped directionality at the
working frequency ranging from 10 Hz to 1200 Hz. This clever sen-
sor structure may have potentials for developing high-performance
and cost-effective accelerometers and hydrophones.

Index Terms—Accelerometer, fiber optic cantilever, spherical
tip, gaussian beam focusing, intensity demodulation.

I. INTRODUCTION

ACCELEROMETERS play an important role in scientific
research and various industrial fields such as robots, en-

vironmental surveillance, navigation systems and underwater
acoustics [1]–[4]. Conventional accelerometers are mainly based
on capacitive [5] and piezoelectric [6] techniques. These types
of sensor have mature manufacturing technology, stable perfor-
mance and commercialization. However, extremely vulnerable
to electromagnetic interference is the key performance limitation
of their application in harsh environments. To overcome the
technical obstacle, the fiber-based acceleration sensing attracts
considerable interests due to its electromagnetic interference
immunity, light weight and high sensitivity.
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Fig. 1. Schematic diagram of the fiber cantilever accelerometer with a
spherical tip.

In recent years, fiber optic cantilever beams have been widely
studied in the field of vibration sensing. Wu et al. reported a fiber
cantilever accelerometer based on modal interferometer with a
large fringe visibility of up to 30 dB [7]. This accelerometer
uses the lateral vibration of the fiber cantilever beam induced
by vibrations to change the optical path difference between
the cladding mode and the core mode. In the experiment, the
accelerometer needs to set the initial operating point. This fiber
cantilever sensor has a simple structure but complex opera-
tion. Guo et al. proposed a compact fiber cantilever ultrasonic
sensor [8]. The sensor head is a Fabry-Perot interferometer
formed by a single-mode fiber end face and a free end face
of a fiber cantilever beam. The change of the F-P cavity length
is caused by the axial vibration of the cantilever beam induced
by ultrasonic and this sensor has a signal-to-noise ratio of up to
70 dB. However, the operating frequency of the fiber sensor is in
the ultrasond band due to the limitation of the sensor structure.
Dass et al. studied a high sensitivity fiber cantilever acoustic
sensor based on direct light power measurement [9]. The sensor
consists of a single mode fiber (SMF) micro tip and a SMF. The
SMF micro tip place in front of a vertically cleaved SMF end
face to receive the light emitted from the vertically cleaved SMF.
The received power was modulated by the vibration of the SMF
micro tip induced by acoustic. However, the packaging of this
sensor is difficult because the rigorous alignment condition is
difficult to achieve. Therefore, a vibration sensor with compact
structure, low cost, high sensitivity and simple operation is
desired.

In this paper, we proposed a fiber optic cantilever accelerom-
eter with a spherical tip based on Gaussian beam focusing. The
clever structural design enables it to have simple structure and
low cost. It consists of a receiving fiber and an emitting fiber,
which are encapsulated with ceramic ferrule and sleeve (Fig. 1).
In the accelerometer, an emitting fiber acts as a cantilever beam
responding to the acceleration, and its free end has a spherical
tip to focus Gaussian Beam. The acceleration measurement is
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Fig. 2. Output light from the fiber with plane end face as a Gaussian beam.

obtained by using a low cost intensity modulation fiber-optic
system. The experimental results show that the spherical tip can
improve the sensitivity by 67% over 10 Hz–1000 Hz without
reducing the working bandwidth. In addition, it is found that
the fiber accelerometer has a high SNR up to 60 dB, and a
low harmonic distortion of better than −30 dB, rendering a
quasi-8-shaped directionality at the working frequency from
10 Hz to 1200 Hz.

II. THEORY ANALYSIS

The schematic diagram of the fiber cantilever accelerometer
is shown in Fig. 1. It consists of a ceramic ferrule, a ceramic
sleeve, and a pair of single mode receiving and emitting fibers.
The emitting fiber acts as a cantilever beam mass-spring system.

The end of the emitting fiber is made into a sphere, with a
gap l and an axial pre-offset dpre between the fiber end and the
receiving fiber. When a light beam is emitted from the fiber can-
tilever, part of the energy is received by the receiving fiber. The
amount of received energy depends on the relative position of the
fiber cantilever and receiving fiber. When there is acceleration,
the cantilever is equivalent to a mass spring system, and the
acceleration can be measured directly by detecting the power
transmitting from the sensor. The deflection of the cantilever
beam changes with the stimulus of the external acceleration,
which leads to the change of the received intensity. Further, the
deflection and slope of the free end of the fiber cantilever beam
that subject to the external uniform load P could be given by the
following equations [10]:

δf =
PL4

8EJ
(1)

θf =
PL3

6EJ
(2)

where P represent external force or pressure, E is the Young’s
modulus of the fiber, L is the length of the cantilever beam, J
is the inertia moment. It is known that the intensity distribution
of the fundamental mode of a single mode fiber can be approxi-
mated by a Gaussian field distribution [11]–[13]. When the end
face of the emitting fiber is a flat plane shown in Fig. 2, the
intensity distribution in the cross section at the free end can be
expressed as [14]

Ir = I0exp

(−2r2

w2
0

)
(3)

where Ir is the light intensity at a fiber radius of r, I0 is the light
intensity at r = 0, w0 is the mode-field radius of fiber.

Further, according to the characteristics of Gaussian beam,
the intensity distribution of the light beam in the air cavity (the
air gap region between emitting and receiving fibers) can be
expressed as

I(r, z) = I ′0exp
(
− 2r2

w2(z)

)
(4)

where I ′0 = I0(w0/w(z))
2, w(z) = w0[1 + (θ0z/w0)

2]1/2 is
the mode-field radius, θ0 is the divergence angle of a Gaussian
beam that is given by θ0 = w0/z0 = λ/πw0 = sin−1 NA, NA
is the numerical aperture of the fiber, z0 is called Rayleigh dis-
tance and z represents the distance from a point in the air cavity
to the end face of the cantilever. The mode-field radius of a single
mode fiber w0 can be obtained by the Matthews criterion [14].
We can see from (4) that Ir = I(r, 0). The corresponding power
received by the receiving fiber can be calculated by taking the
integral of the light field distribution over the receiving fiber core

W =

∫∫
S

I(r, l)rdrdθ =

∫∫
S

I ′0exp
(
− 2r2

w2(l)

)
rdrdθ (5)

where S is the area of the receiving fiber core. Noted that, the
received energy could be modulated by the axis offset of the
two fibers. The calculated received power by (5) is plotted as a
function of the axis offset d shown in Fig. 3(a) for air gap lengths
l of 20μm, 40μm, 60μm, 80μm and 100μm, respectively.

It can be seen from the Fig. 3(a) that when there is no axis
offset, the received energy is the maximum. As the amount of
axis offset increases, the received energy gradually decreases.
Near the d = 0, the energy changes slowly, and then with the
increase of d, the rate of energy reduction gradually accelerates
and stabilizes at a constant value for a certain distance which is
the linear region. In the production of the accelerometers, dpre
should be set in this linear region. When the offset increases
to a certain value, the change of received energy slows down
again, and the energy gradually approaches zero. The curves
with different l have the same changing trend (see Fig. 3(a)). As
l increases, the rate of energy reduction will decrease. This is
because the Gaussian beam broadens as the propagation distance
increases. In summary, on the end face of the receiving fiber,
the smaller the mode-field radius of the Gaussian beam is, the
higher the sensitivity of the accelerometer can be obtained. For
this type of accelerometer, the pre-offset dpre should be in the
linear region, the slope of linear region in Fig. 3(a) reflects the
sensitivity of the sensor. According to the numerical results,
when dpre is in the linear region we can express the change of
received power as following.

ΔW = I ′0 · kl ·Δd (6)

where kl is a constant varying with l. According to the geometric
relation in Fig. 4, Δd can be further expressed as following

d = dpre + δf + l · θf = dpre +
PL4

8EJ
+

PL3l

6EJ
(7)

Δd = Δδf + l ·Δθf =
ΔPL4

8EJ
+

ΔPL3l

6EJ
, (8)

providing that a small deflection angle of the cantilever is applied
here.
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Fig. 3. (Color online) (a) The calculated received power curves. (b) The
experimental receiving power curve of the fiber with a spherical tip measured at
l= 80 m, in comparison with the experimental and theoretical power distribution
of the fiber with a plane end face.

Fig. 4. The geometric relation of the emitting fiber and receiving fiber with a
small deflection angle.

The pressure responsivity can be transformed to the acceler-
ation responsivity by using [15]

ΔP =
π

2
r′ρΔa (9)

which gives the acceleration responsivity of

ΔW

Δa
=

π

2
r′I ′0ρkl

(
L4

8EJ
+

L3l

6EJ

)

=
π

2
r′I ′0ρkl

L3

2EJ

(
L

4
+

l

3

)
(10)

Fig. 5. Focusing a gaussian beam with a lens at the beam waist.

where ρ is the fiber density, a is acceleration and r′ is the radius
of fiber. The value of l is small relative to the value of L, so
the term containing l in (10) can be ignored. The acceleration
sensitivity in units of g−1 can be expressed as

ΔW

Δa
≈ (9.8)

π

2
r′I ′0ρkl

L4

8EJ
(11)

From the above equation, it is obvious that, the acceleration
sensitivity is affected by the parameters of L and kl. It should
be pointed out that, increasing the length L can improve the
sensitivity, but the value of L determines the resonant frequency
of the cantilever which limits the effective working bandwidth
of the sensor. The first-order natural frequency (f0) of the fiber
optics cantilever is defined as

f0 =
3.516

2πL2

√
EJ

ρAS
(12)

where ρ is the density of the fiber, AS is the cross-sectional
area of the fiber. The accelerometer should have a flat response
within the operating frequency. The maximum operating fre-
quency should be less than the resonant frequency. Therefore, the
selection of the value of L is limited to the compromise between
sensitivity and the operating frequency. Another way to increase
sensitivity is to increase the value of kl. This requires reducing
the radius of the mode field on the end face of the receiving
fiber. Therefore, in order to improve the sensitivity, a spherical
tip fiber structure is proposed to achieve focused Gaussian beam
to reduce the mode field size, which could act as a thin lens to
improve the sensitivity without sacrificing the rang of working
bandwidth (Fig. 5). Noted that, the spherical tip can be made by
optical fiber fusion splicer, and the optical microscope image of
the fiber spherical tip is shown in Fig. 6(a). To verify the focusing
effect of the spherical tip, the receiving fiber and the emitting
fiber with a spherical tip were fixed on two five-dimensional
fiber alignment brackets for testing. The distance between the
two fibers is set to 80μm. As a comparison, an emitting fiber with
a plane end face is also tested under the same conditions. The
test result is shown in Fig. 3(b), the experimental received power
of the emitting fiber with plane end agree with the simulation
results of (5), which proves the correctness of the above theory
model. The experimental result of emitting fiber with a spherical
tip illustrates that the received power decreases faster as the
amount of offset increases, which indicates the Gaussian beam
has been focused. Furthermore, we introduce a coefficient ks to
express the gain due to the beam focusing and the acceleration
sensitivity can be expressed as

ΔW

Δa
≈ (9.8)

π

2
r′I ′0ρklks

L4

8EJ
(13)
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Fig. 6. (a) The optical microscope image of the fiber spherical tip; (b) The
assembled fiber accelerometer; (c) The micrograph of the internal structure of
the sensor.

According to the analysis and the test result, the value of ks is
greater than one, so the higher sensitivity can be obtained.

III. EXPERIMENT

The ceramic ferrule and ceramic sleeve are selected for sensor
fabrication. The sensor head is shown in Fig. 6(b). The ceramic
sleeve has a gap that enables the measurement of parameters
l and dpre during the manufacturing process of the sensor. The
emitting and receiving fibers pass through a ceramic ferrule. The
length of the cantilever beam is selected according to the actual
application and fixed with ultraviolet (UV) curing adhesive. The
receiving fiber end is exposed a short distance from ceramic
ferrule for accurately measure l such as in Fig. 6(c). The two
ferrules are connected by a ceramic sleeve. The pre-offset dpre
can be achieved by embedding a shim of a certain thickness
between the ferrule and the sleeve, as shown in Fig. 1.

The experimental system is shown in the Fig. 7, which is
composed of SLD source (THORLABS), isolator, photodetector
with a gain of 25 dB, signal generator (Agilent 33522 A), power
amplifier (B & K 2719), shaker (B & K 4809), charge-voltage

Fig. 7. Arrangement of the experimental system.

Fig. 8. The time domain spectra of the fiber spherical tip accelerometer by the
drive acceleration of 0.1 g, 0.2 g and 0.3 g at a sinusoidal signal of 1000 Hz.

converter (B & K 2647), pulse (B & K 3109) and a reference
accelerometer (B & K 8305). A fiber cantilever accelerometer
with a spherical tip was fabricated with dpre = 10μm, l =
100μm and L = 7.1 mm. The accelerometer is measured with
the experimental system, whose time-domain spectra of the
fiber cantilever sensor for acceleration 0.1 g, 0.2 g and 0.3 g
at the sinusoidal frequency of 1000 Hz is shown in Fig. 8,
respectively. The relationship between the output voltage and the
time is consistent with the sinusoidal signal. The corresponding
peak-to-peak output voltages are 0.201 V, 0.403 V, and 0.601 V,
respectively, which has a good linear relationship with accelera-
tion. We also tested the sensor continuously within 1 h under the
same excitation condition at a reference frequency of 1000 Hz.
The deviation of the sensor output voltage is within ±0.76%.
From the test, it is confirmed that this accelerometer has a good
stability. The frequency response of the sensor is shown in Fig. 9.
The resonant frequency of the fiber cantilever with a spherical
tip is 2286 Hz. The frequency response is almost constant in
the range of 10 Hz–1200 Hz which corresponds to the linear
working range of the accelerometer. Fig. 10 shows the relative
power spectrum of the accelerometer with an acceleration of
0.3 g at 1000 Hz. It shows that the relative signal at 1000 Hz is



HONG et al.: LOW-COST FIBER OPTIC CANTILEVER ACCELEROMETER WITH A SPHERICAL TIP BASED ON GAUSSIAN BEAM FOCUSING 6800706

Fig. 9. (Color online) Measured frequency response of two fiber optical
accelerometers.

Fig. 10. Frequency domain response of the sensor driven by 0.3 g, 1000 Hz.

very strong. In addition, it is found that, the harmonic distortion
is −39 dB which means that the sensor response is linear [16],
and a high signal-to-noise ratio (SNR) up to about 60 dB can be
obtained from the Fig. 10.

For comparison, the fiber cantilever with a plane end face was
fabricated with similar geometric parameters (dpre = 10 m, l =
100m and L = 7.3 mm). The normalized sensitivity curves of
the two sensors (the plane fiber end and spherical fiber end)
ranging from 10 Hz to 2500 Hz are shown in Fig. 9. The res-
onance frequency of the accelerometer with a plane fiber end
is 1780 Hz which is different from the resonance frequency of
the accelerometer with a spherical tip. This could be due to
the difference enface structures and slight differences between
the lengths of the cantilevers. Fig. 9 shows that the spherical
tip of fiber cantilever can improve the sensitivity of the sensor
without reducing the working bandwidth and the sensitivity was
improved by 67% over 10 Hz–1000 Hz.

Furthermore, it is found that the fiber accelerometer has
directivity which is due to axisymmetric energy distribution of
the Gaussian beam. Due to the fact that the change of received
power is caused by the vibration-induced variation of the energy
distribution on the end face of receiving fiber. The energy
distribution on the end face of the receiving fiber is symmetrical
about the axis whose direction is along the pre-offset. Due to

Fig. 11. The directional response of the fiber optical accelerometer with a
spherical tip.

the pre-offset setting, the energy distribution changes linearly
along the pre-offset direction. Above measurements were made
with the sensor being driven along the direction of pre-offset
which is its most responsive axis. When the vibration is along
the direction perpendicular to the pre-offset, the variation of
received energy is slight because of the bilateral symmetry of
the energy distribution about the pre-offset on the end face of the
receiving fiber. This is equivalent to not setting a pre-offset in
the direction of perpendicular to the pre-offset. As can be seen
from Fig. 3(a), the slopes of the curves are almost 0 at dpre = 0,
therefore the sensor is insensitive in this direction. The proposed
fiber cantilever accelerometer with a spherical tip is investigated
by applying acceleration in different directions. For example, the
normalized directional response at 1000 Hz is shown in Fig. 11
and the sensor has a quasi-8-shaped directionality.

IV. CONCLUSION AND DISCUSSION

In this paper, we demonstrated a fiber spherical tip accelerom-
eter. The fiber accelerometer consists of ceramic ferrule, ceramic
sleeve, receiving fiber and emitting fiber. The ceramic ferrule
and the ceramic sleeve are commercial standard parts with
extremely high precision, which reduces the difficulty of optical
alignment, while at very low cost. The end of the emitting optical
fiber is made into a spherical tip by arc discharge to focus
Gaussian Beam. Simple analytical models have been derived to
calculate the received power, and the analytical results were in
good agreement with the measured results. A prototype fiber
accelerometer of the spherical tip sensor was fabricated and
calibrated in the experiments. The resonant frequency of the
prototype is 2286 Hz, which is determined by the length of the
cantilever beam. The working range of the prototype is 10 Hz–
1200 Hz. For comparison, a plane end face fiber accelerometer
was fabricated, and the measurements of sensitivity of the two
sensors (with and without the spherical tips) demonstrate that
the spherical tip sensor can improve the sensitivity by over 67%
ranging from 10 Hz–1000 Hz without reducing the working
bandwidth. Further, the prototype sensor shows a high SNR up
to about 60 dB, a high harmonic distortion of −39 dB, and a
quasi-8-shaped directionality. The proposed fiber accelerometer
has advantages of good sensitivity, simple structure, convenient
manufacture and low cost. According to previous reports [17],
[18], this type of sensor can be improved for vibration displace-
ment or vibration velocity sensing by changing the fluid viscous
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damping around the cantilever beam, which could be attractive
for vector hydrophones and has great potential for many sensing
applications.
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