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Sensing an incoming acoustic signal is typically associated with absorbing the energy, perturbing the mea-
surement and therefore causing a deformation of the sensing elements, which is mainly related to the acoustic
wave pressure. Here, we demonstrated a fiber-tip based Fabry-Perot (FP) acoustic probe sensor, which was
directly printed on an optical fiber tip by a two-photon 3D printing technique and assembled by a glass horn
structure, which can improve the sensitivity. It showed that the sensor has a —3 dB bandwidth of 366.05 kHz at
the first resonant frequency of 467.84 kHz. A low noise-limited minimum detectable pressure level of 4.71 mPa/
Hz!/?@100 kHz is obtained. Due to the acoustic wave focusing property of the horn structure, the detected signal
intensity can be amplified by 4 times as the sensor located at the bottom position. It demonstrates that 3D printed
micro acoustic devices could be used for weak acoustic wave detection in the applications of partial discharge,

photoacoustic imaging and non-destructive detection.

1. Introduction

Acoustic emission (AE) plays a vital role in the fields of aerospace
engineering, mechanical engineering, and biomedical engineering, etc.,
as it can be used for imaging and detecting the fatigued parts at sub-
micron scale [1-4]. One of the main components is the acoustic wave
sensors. Many optic and piezoelectric sensors have been reported for
photoacoustic imaging [5-7] and structural health monitoring [8,9],
among other applications. Compared with piezoelectric transducers
[10], the optical AE sensors exhibit many merits, such as compact size,
immunity to electromagnetic interference, high sensitivity and wide
bandwidth [11,12]. Until now, various optical AE sensors have been
studied, such as interferometers [13-15], micro-rings resonators
[16-18], grating-based sensors [19-23]. Among these sensors, Fabry-
Perot (FP) interferometers have attracted great attention for their
compact structures. However, the sensitivity of FP-based AE devices is
still a critical issue.

Different works have been done to improve the pressure sensitivity.
For diaphragm-based FP sensors, sensitive vibrating diaphragms made
of metal [24], silicon [25], graphene [26,27], polymer [28,29] and
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chitosan [30] have been used to enhance the pressure sensitivity of the
FP acoustic sensor due to its outstanding mechanical properties like low
Young’s modulus. Noted that the sensitivity increases as the di-
aphragm’s thickness decreases. Therefore, various fabrication method-
ologies, such as splicing and chemical vapor deposition, are used for
fabricating thin diaphragms with thickness at nanoscale. However,
tremendous difficulties appear with the fabrication of a diaphragm with
a thickness below sub-micrometers [31]. Additionally, novel proper
design can achieve a relative high sensitivity. Zhang et al. designed spiral
microbeam-based FP devices by a 3D p-printing technique, which can
reach a high sensitivity of 118.3 mV/Pa and a low noise equivalent
acoustic signal level of 0.328 pPa/Hz!/? at audio frequency [32]. A
plano-concave microcavity can be designed and fabricated for flexible
FP sensors, which has a bandwidth of nearly 20 MHz and sensitivity is
approximately 2.82 mV/kPa [33]. Guggenheim et al. fabricated a plano-
concave polymer FP cavity for ultrasound detection, which showed a
broadband acoustic response of 40 MHz and a noise-equivalent pressure
of 1.6 mPa/Hz!/2[34]. Noted that the fabricated device should have a
high optical or acoustic quality factor to achieve a high sensitivity,
however, the fabrication could be relatively complicated. Recently, the
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direct laser writing technique through two-photon polymerization is
commonly used for fabrication of micro-optical devices for sensing ap-
plications [17,22,35,36]. Although this technique has a relatively high
resolution, the optical/acoustic quality factor of fabricated devices is
relatively low. In comparison, sound focusing structures, such as
concave acoustic focusing lens [37], flat Fresnel zone plates (FZP) lens
[38] and acoustic meta-material [39], are one of the most efficient ways
to achieve high sensitivity. Combined with miniature optical micro-
phones, the horn structure can be a simple and effective way to further
improve the encapsulated fiber tip-based FP AE sensors.

In this work, we proposed a glass horn structure encapsulated FP AE
sensor, in which the FP device was directly fabricated on a fiber tip by
the two-photon 3D printing technique. The sensor consists of a dia-
phragm with a thickness of 5 pm supported by four circular pillars. To
investigate the sensing performance, the mode coupling behavior be-
tween the diaphragms and supporting pillars is investigated. To further
improve sensitivity, a glass horn tube (GHT) is used for assembling the
device as a probe sensor, which plays a role of sound focusing wave-
guide. The test results show that the intensity of detected signal at 500
kHz can be greatly improved by 4 times compared the sensor without
GHT. Besides, the sensor has a first-order resonant frequency of 476.84
kHz and —3 dB bandwidth of 366.05 kHz. It demonstrates that the
proposed method is promising for fabricating high-sensitive FP AE
sensors, which can be used for acoustic wave detection.

2. Design and simulation
2.1. Sensor design

The schematic diagram of the proposed FP AE device is shown in
Fig. 1. Fig. 1(a) shows the fiber tip-based FP sensor with a cavity length
of 150 pm, a diameter of 100 pm and a 5 pm-thickness diaphragm with
variable distances W between adjacent pillars. Fig. 1(b) shows the FP
acoustic sensor placed at the bottom position inside the GHT, which acts
as an ultrasonic horn. It has been precisely designed to intensify the
acoustic wave energy and therefore amplify the acoustic pressure. The
side view of the device is shown in Fig. 1(c), where rg and r, are the
radius of the upper and the lower surfaces of the flare, respectively, and
H is the height of the GHT. Based on the theory of the geometric
acoustics, the acoustic wave is reflected and transmitted inside the GHT
and get focused at the bottom position [40]. Hence, the sensor can be
inserted into GHT for high acoustic pressure sensitivity. The bottom of
GHT was set z = 0 mm, and the pressure of the acoustic wave could be
influenced if the FP sensor moves along the z-axis, as shown in Fig. 1(c).

Considering the low reflectivity of the fiber end and diaphragm, the
FP sensor can be simplified as a two-beam interferometer and the
reflection intensity of the sensor can be expressed by [26]:

() = h(0) +B(3) + 2K (Dh(2) x cos (4”Tl> )

where Ig(I») is the total intensity of the reflected light, I» is the wave-
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length of the laser light, I;(I») and I5(I») are the reflected intensities
around R; at the air/diaphragm interface and Ry at the fiber/air inter-
face. n is the refractive index of the FP cavity, | is the cavity length. When
the acoustic is applied on the diaphragm, the diaphragm is vibrated, and
this causes a change of cavity length, Al, thus, the interference intensity
change can be illustrated as:

L (Wsin (4”7’”> Al )

8rn

Alp(d) = ——=

To ensure high acoustic pressure sensitivity, wide dynamic and

linear response range, the wavelength of the input laser light should be

fixed at the quadrature point (Q-point) where a maximal linear response
to acoustic wave induced phase change can be obtained.

2.2. Simulation

To characterize the dynamic response of the proposed sensor inside
GHT in the water environment, the resonant frequency and displace-
ments of the resonant cavity is simulated by a finite elements method
(FEM). The density, Young’s modulus and Poison ratio of the material
(IP-Dip) is 1100 kg/ms, 3.097 GPa and 0.49, respectively [41]. For the
circular-clamped diaphragm-based acoustic sensors, the resonant fre-
quency and acoustic pressure sensitivity are directly related to the dia-
phragm diameter and thickness. Additionally, the mode coupling could
happen as the pillar supports of the device has an impact on the overall
resonant frequency of the sensor. Fig. 2(a) shows that the resonant fre-
quency varies with the parameter W with a constant incident plane wave
pressure of 100 Pa, which shows that the pillars have a slightly coupling
influences on the resonant frequency of the diaphragm. The inset of
Fig. 2(a) shows the first-order resonant frequencies of the devices with
W =0 um and W = 50 um. The diaphragm displacements at the center
point versus applied pressure are simulated as shown in Fig. 2(b), which
demonstrates the sensor has a linear response between 10 Pa and 200 Pa.
By choosing the suitable W, thickness and diameter of the diaphragm,
the sensor’s resonant frequency and sensitivity can be flexible adjusted.

The acoustic pressure distribution in the GHT is simulated with the
incident plane wave of 100 Pa along z-axis. The pressure gain is defined
as the ratio of the pressure in different positions along the z-axis to the
amplitude of the incident pressure. As observed in Fig. 3(a), the pressure
is magnified to 7.42 times in the focal zone located in the bottom of the
GHT at a frequency of 500 kHz when rg, r, and H are 2 mm, 0.4 mm and
4 mm, respectively. Fig. 3(b) shows pressure gain along the z-axis from
6 mm to —2 mm with different frequencies, which changes along the
direction of the acoustic wave propagating and reaches a peak value at a
specific position z depending on the frequency. Fig. 3(c) shows the
maximum pressure gain and corresponding position along the z-axis at
different frequencies. Noted that it can realize a maximum pressure gain
within a relatively broadband range when the sensor is set at the bottom
position.

To further investigate the frequency response of the FP device with
the glass horn structure, Fig. 3(d) shows the displacements of the central
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Fig. 1. The Schematic diaphragm of pillars-supported micro-resonator on the fiber tip integrated with a glass horn tube. (a) Schematic diaphragm of the designed
acoustic sensor based on pillars-supported micro-resonator on the fiber tip. (b) The Schematic diaphragm of assembled FP sensor inside GHT. (c) The side view of the

proposed sensing elements in (b).
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Fig. 2. The simulated resonant frequency and pressure response of the sensor. (a) The first-order resonant frequency response of the diaphragm when a changing W
from O to 60 pm is used. The insets show the first-order frequencies when W = 0 and W = 50 um are selected, separately. (b) The diaphragm displacements of the
devices with W = 0 and W = 50 um versus applied pressures at first-order resonant frequency.
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Fig. 3. The simulated focusing process of the GHT. (a) The acoustic wave propagating and focusing process inside of the GHT in water. (b) The pressure gain along
the z-axis with different frequencies. (c) The maximum pressure gain and corresponding position along the z-axis with different frequencies. (d) The comparison of
displacements of the diaphragm at different positions inside GHT and without GHT.

diaphragm under an incident plane wave when the sensor was located at
different positions of the glass horn. It can be seen that the amplitude of
the deflection of the diaphragm decreases as the position z of the FP
sensor inside the horn increases, but is significantly larger than that of
the sensor without the glass horn. By optimizing the thickness, diameter
of the diaphragm and the spacing of the adjacent pillars, the resonant
frequency can be tuned to match the maximum pressure gain of the
GHT.

Next, the parameters of the GHT are investigated. A constant r, = 0.4
mm was used due to the fabrication issue. The pressure gain versus
various H and ry was simulated when the sensor was set at z = 0 mm.
Fig. 4(a) shows the pressure gain at a frequency ranging from 10 kHz to
1 MHz when rg is 2 mm and H is 3 mm, 4 mm and 5 mm, respectively. It
shows that the pressure gain increases as the frequency increases, and
this gain varies a lot when the frequency is below 500 kHz. Fig. 4(b)
shows that the gain increases as rg increases within a frequency range
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Fig. 4. Influences of the parameters of the GHT on the pressure gain and displacements of the sensor. (a) The pressure gain along the z-axis with different H from 10
kHz to 1 MHz when rg = 2 mm. (b) The pressure gain along the z-axis with different ry from 10 kHz to 1 MHz when H = 4 mm. (c) The comparison between simulated
displacements of the bare sensor and assembled sensor with GHT of different H. (d) The comparison between simulated displacements of the bare sensor and

assembled sensor with GHT of different ry.

from 500 kHz to 1 MHz.

Combining these geometry parameters of GHT with the sensor, the
displacements of the sensor with and without the glass tube is compared,
as illustrated in Fig. 4(c) and (d). The position of sensor is chosen to be z
= 0 mm for comparison. The results verify the displacements can be
relatively improved inside the GHT at non-resonant frequencies. Also,
the maximum displacement of 199 nm was achieved with rg = 2 mm and
H = 4 mm at the resonant frequency, which is magnified by a factor of
7.71 compared to the displacements of 25.8 nm without GHT. Based on
the simulation, the structure of the glass tube can be optimized to

Computer

(@)

enhance the pressure gain, when the frequency matches the resonant
frequency of the FP sensor. In this work, rg, r, and H are 2 mm, 0.4 mm
and 4 mm, respectively, in the following experiments.

3. Fabrication and experiments

3.1. FP sensor fabrication process

The proposed FP sensor is fabricated by a two-photon 3D printing
system (photonic professional GT II, Nanoscribe GmbH), which includes
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Fig. 5. The Schematic diaphragm of the 3D printing process on fiber tip. (a) Schematic diaphragm of printing ultrasonic sensor on the fiber tip based on the TPP
lithography system, where L1 and L2 are lens, and M1, M2, M3 and M4 are reflective mirrors. (b) The SEM image and reflection spectra of the FP sensor in air

and water.
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3 process steps. (1) The cleaved single-mode fiber was placed on a
customized fiber holder and immersed into a drop of photoresist, which
was prepared on a 63 x objective lens. The femtosecond laser was
focused on the fiber end facet through the objective lens by adjusting the
alignment system. The designed sensor was fabricated by the focused
laser beam in a layer-by-layer scanning manner (Fig. 5(a)). During the
fabrication, the slicing and hatching distance of the device model were
set as 100 nm. The writing speed and the femtosecond laser power were
5000 pm /s and 35 mW, respectively. It took about two hours for
fabrication. (2) After fabrication, the sample was firstly developed by
the propylene glycol methyl ether acetate (PGMEA) for 20 min and then
rinsed by isopropyl alcohol (IPA) for 5 min. (3) Due to the fragility of the
fabricated sensor on the fiber tip, the sensor may fall off from the fiber or
even be destroyed by accidental impinging and violent shaking. A drop
of ultraviolet (UV)-curable glue is applied on the connections between
the fiber end facet and the printed device by a tapered fiber-based arm
and then cured by a UV light for 10 min to improve the sensor’s me-
chanical stability. Compared with the FP sensor in air, the fringe
contrast in water decreases slightly, as shown in Fig. 5(b).The calculated
cavity lengths are 140.09 pm and 135.43 pm in air and water based on
fast Fourier transform (FFT) of the interference spectrum, which is very
close to the designed FP cavity length of 140 pm. The inset of Fig. 5(b)
shows a scanning electron microscopic (SEM) image of the printed
sensor on the fiber tip. The diameter, thickness of the diaphragm and the
distance between the pillars of the sensor are 100 pm, 5 pm and 50 pm,
respectively.

3.2. Experiments and results

The schematic diagram of the experimental setup for testing the
assembled sensor is shown in Fig. 6, which consists of a tunable laser
(TSL, TUNICS T100S-HP), a fiber optic circulator, a photoelectric de-
tector (Thorlabs, PDAO5CF2 Amplified Detector), an oscilloscope
(SIGLENT, SDS5034X), a piezoelectric transducer with a central fre-
quency of 500 kHz (OLYMPUS, SU-318) and a function generator. The
laser is tuned to a certain wavelength to make sure the phase is at the Q-
point. The FP sensor and GHT are placed parallelly and aligned to the
center of the transducer at the same level in water environment. The
sensor was kept at a fixed position while the GHT attached to the holder
of the motor can be moved. The transducer is driven by a function
generator. During the testing process, the distance between the trans-
ducer and the FP sensor should be kept constant and the detected signals
are recorded by the oscilloscope. The initial position of the FP sensor is
located at z = 10 mm. The GHT is moved by driving the motor, the
relative position z of the FP sensor inside the GHT is changed, which will
help to find the precise position of the maximum pressure gain to
enhance the sensor’s pressure sensitivity.

Tunable laser

Circulator
\/ﬁ

Photodetector

|

| <<
| Fixed sensor

I
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To testify the frequency response of the proposed device, a burst
signal of 100 kHz is applied to the sensor without the GHT. Fig. 7(a)
shows the detected time signal and frequency spectrum of the sensor,
which can achieve a signal-to-noise ratio (SNR) of 29.2 dB when acoustic
pressure is 13.6 Pa. Hence, the noise-limited minimum detectable
pressure level is measured as 4.71 mPa/Hz!/?> @100 kHz with a reso-
lution bandwidth of 10 kHz. Next, a periodic burst sinusoidal signal with
a voltage of 10 Vpp is generated. When the GHT approaches to the FP
sensor, the time domain detected burst signals are recorded. Fig. 7(b)
shows the output voltage detected by the photoelectric detector, which
shows the amplitude is sharply increased from the peak voltage of 1.7
mV to 6.81 mV when z is changed from 10 mm to 0 mm at a frequency of
500 kHz. The intensity of the detected signal is amplified by 4 folds than
that of the sensor without the GHT in water.

The normalized signal gain versus the GHT position at different
frequencies are shown in Fig. 7(c). When z is 4 mm, the FP sensor rea-
ches the opening face of the GHT. It can be seen that the signal gain can
achieve the maximum value when the sensor approaches at the bottom
of the GHT. Noted that the normalized signal gain is smaller than 1 when
the sensor is inside the GHT, which may be induced by the multi-
reflection acoustic wave from the inner side wall of the GHT accord-
ing to the simulated position of the scattered acoustic wave. Above all,
we can take the position of the maximum normalized signal gain as the
ideal position for the sound focusing, which can greatly enhance the
weak wave pressure detection. After fixing the relative position between
the FP sensor and the GHT, the assembled sensor can be directly tested in
the water.

To test the frequency response of the designed FP sensor around its
resonant frequency, the fixed sensor is placed at z = 0 mm. A pulser was
connected to the transducer to generate a relative broadband acoustic
wave. Fig. 8(a) and (b) show the time domain signal and corresponding
FFT of the transducer and the FP sensor located at z = 0 mm, respec-
tively. Compared with the transducer, the results indicate the probe
sensor has a resonant peak at the frequency of 476.84 kHz with a —3 dB
bandwidth of 366.05 kHz, which is comparable with the simulation.
Noted that the probe sensor has a wider bandwidth than the transducer,
indicating that the proposed sensor can be used for acoustic wave
detection. Additionally, although the acoustic wave transmission loss is
small due to the open-cavity structure of the probe device as the liquid
can flow in the device, it causes some problems if the device is not fully
filled with liquid. In future, a specific packaging with suitable structure
and material can be designed for the proposed device.

4. Conclusion

In conclusion, a novel assembled FP acoustic sensor was designed
and fabricated. The micro-resonant cavity supported by pillars was

Moving stage

Function signal generator

ransducer

Water tank

Fig. 6. The experimental setup for the frequency response of the assembled sensor.
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manufactured by the two-photon direct laser writing, which is a simple
and effective process to print micro-structure on the fiber tip. The results
showed the sensor has a low noise-limited minimum detectable pressure
level of 4.71 mPa/Hz/ 2@100 kHz, and the assembled FP sensor with an
GHT has a resonant frequency of 476.84 kHz with a —3dB bandwidth of
366.05 kHz and a high pressure sensitivity, which is amplified by 4 times
with respect to that of the FP sensor without GHT. The proposed sensor
has great potential in the applications of imaging, structure health
monitoring and non-destructive detection.
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