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A B S T R A C T   

A miniaturized ultrasound sensor based on optical fiber is designed and realized for multichannel parallel ul-
trasound detection and photoacoustic imaging. The fiber optic sensor is composed of a polymer coating, a 
reflective mirror and a single-mode optical fiber, with only 125 µm in diameter. By integrating the coherent 
demodulation technology and multiplexing technology, which using a relatively cheap fixed wavelength laser, 
hundreds of sensors could work simultaneously. Meanwhile, highly sensitive ultrasound detection has been 
demonstrated with the noise equivalent pressure as low as 0.46 kPa and the sensor exhibits a nearly omnidi-
rectional directivity. Furthermore, a photoacoustic imaging system based on three sensors working in parallel is 
demonstrated. High lateral resolutions of 165–217 µm and axial resolutions of 112–131 µm over a depth range of 
larger than 5 mm are obtained. A three-dimensional phantom imaging experiment is also demonstrated. 
Benefited from parallel detection, the imaging speed is three times faster than that of a single sensor. The 
miniaturized fiber optic ultrasound sensor probe provides a competitive alternative for mechanically scanning- 
free endoscopic imaging, which is beneficial from small size, omnidirectional directivity and parallel detection 
capability.   

1. Introduction 

Photoacoustic imaging technology is an emerging method which is 
based on optical absorption with ultrasound resolutions [1,2]. 
Compared with other existing imaging techniques, photoacoustic im-
aging provides high resolution, deep penetration depth and excellent 
optical contrast, simultaneously [3,4]. In photoacoustic imaging sys-
tems, short laser pulses are illuminated onto biological tissue to excite 
photoacoustic waves. Chromophores such as hemoglobin [5], melanin 
[6] or contrast media [7] in tissue will be heated by absorbing photons 
and then generate ultrasound signals through thermoelastic expansion. 
After distributed detection of the ultrasound signals, the image of light 
absorption distribution can be reconstructed [8,9]. In order to accu-
rately capture the ultrasound signals, ultrasound sensors with excellent 
performance are needed, where the piezoelectric sensors represent the 
current state of the art. However, piezoelectric sensors have several 
limitations as follows. Firstly, the piezoelectric sensor is sensitive to 
ambient electromagnetic disturbances due to electrical loading effects. 

This can result in the piezoelectric sensor fails to work in the harsh 
environment with strong electromagnetic interference. And the detec-
tion limit scales of piezoelectric sensor approximately inversely with the 
piezoelectric element size. Especially for high resolution imaging based 
on high acoustical frequency, this imposes an insufficient detection 
sensitivity, which can deteriorate the signal-to-noise ratio and fidelity of 
image. In addition, piezoelectric sensors are usually fabricated from 
acoustically resonant piezoceramic materials, which suffer from limited 
bandwidth around resonance frequency. This precludes a faithful rep-
resentation of the incident ultrasound wave and ultimately reduces the 
resolution of image. 

Ultrasound detection via fiber optic sensors is a promising field, and 
a number of different optical fiber sensing schemes have been developed 
in recent years [10–15]. Among them, fiber optic resonant structures for 
ultrasound sensors have strong competivity [12,16–18], due to the 
outstanding performances of high sensitivity and smaller size. In theory, 
the sensor structures including polymer-membrane based Fabry-Perot 
interferometers (FPI) [12,19], fiber gratings[15,20] and micro-ring 
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resonators[17] have extremely high sensitivity with a very small foot-
print owing to the long interaction length. The spectral sideband filter 
technique is commonly used to achieve signal demodulation for ultra-
sound detection [21–23]. While the technology relies on expensive 
tunable laser to track the highest slope of cavity transfer function, which 
makes the system costly. Meanwhile, mechanical scanning of ultrasound 
probe is required for imaging, which limit the imaging speed. Several 
imaging systems without mechanical scanning have been reported, 
which employ large scale fiber bundle with FPI deposited on the fiber 
end face [24,25]. However, the system still interrogates FPIs one by one, 
due that fabricating multiple FPIs with identical cavity lengths face great 
challenge [26]. The optimum operating wavelength of different FPIs are 
inconsistent, which eliminates the possibility of large scale multiplexing 
to improve the imaging speed. 

Interferometric fiber sensor is another type that is widely used for 
ultrasound detecting[11,13,27]. Compared with resonant sensors, 
interferometric sensors have lower demodulation cost and better mul-
tiplexing capability. The Mach-Zehnder interferometer and Michelson 

interferometer with simple structures are the most common ultrasound 
detection schemes[28,29]. The interrogation of these ultrasound sensors 
employs a single-wavelength laser, which provides a feasible solution 
for parallel ultrasound detection of multiple fiber sensors. For example, 
a 64 channel photoacoustic imaging system with coherent demodulation 
technique has been built and used for high frame rate photoacoustic 
imaging [11]. However, the interferometric sensor is not compact, 
resulting in the narrow directivity and poor spatial resolution. Besides, 
its sensitivity mainly depends on the length and material of sensing 
fiber, which leads to an undesirable sensitivity. Thus, compact and 
highly sensitive ultrasound sensors are of great desirable for wide ap-
plications in photoacoustic imaging and beyond. 

In this work, we propose a miniaturized fiber optic ultrasound probe 
with the diameter of only 125 µm, through coating a high elastic poly-
mer layer and a reflective mirror on the end face of single mode fiber. 
With the help of coherent demodulation technique, the signal from 
sensor can be captured with high sensitivity using a low-cost single- 
wavelength laser. Multichannel parallel ultrasound detection capability 
and nearly omnidirectional directivity are experimentally demon-
strated. Besides, a prototype of photoacoustic imaging system is devel-
oped and successfully applied for 2D and 3D high resolution 
photoacoustic imaging. 

2. Sensor fabrication and operation principle 

The schematic diagram of the fiber optic ultrasound sensor is shown 
in Fig. 1(a). To fabricate the sensor, a single mode fiber is cut by a fiber 
cleaver. Then the cleaved fiber is fixed in a customized dip-coater and 
the end-face of the fiber is parallel to the UV glue surface. Lower the 
fiber so that the fiber end-face is immersed into the UV glue to a depth 
about 2 mm. Afterwards, with a moving velocity of 50 µm/s, the fiber is 
pulled out the UV glue. A certain amount of UV glue is collected on the 
end face of fiber and forms a curved polymer coating. The amount of UV 
glue build-up at the fiber tip is determined by the viscosity of the UV 
glue and the speed of pulling. Therefore, the thickness of polymer 
coating can be controlled by adjusting these parameters. The UV glue 
attached on the fiber tip is cured by an UV lamp for 2 h and aged for 1 
week. After aging, a 100 nm thick gold reflective film is deposited on the 
sample surface using vacuum evaporation process. Finally, the sample is 
coated with another layer polymer film using dip-coating method to 
prevent water immersion. It should be noticed, the reflectivity of the 
interface between the optical fiber and the polymer is much lower than 
that of the gold mirror, so the interference caused by the reflected light 
can be ignored. Since the sensor is built on the end-face of optical fiber, 
the size of sensor depends on the optical fiber. Fig. 1(b) and (c) shows 

Fig. 1. (a) Schematic diagram of the fiber optic ultrasound sensor. Photograph 
(b) and micrograph (c) of the fiber optic ultrasound sensor probe. 

Fig. 2. (a) Schematic of the ultrasound detection system; (b) Sensitivity calibration; (c) Frequency response. DSO: Digital oscilloscope; φ: Phase modulator; BPD: 
Balance photodetector; AC: Alternating current; DC: Direct current; PZT: Piezoelectric transducer. 
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the photograph and micrograph of the fiber optic sensor with a diameter 
of 125 µm. 

When ultrasound wave is applied on the sensor tip, the thickness of 
polymer coating changes accordingly, resulting in the optical path 
change of interrogation light. In this way, the optical phase modulation 
of the reflected interrogation light from the polymer coating is achieved. 
According to ref [21], the relationship between phase shift of nth sen-
sor’s interrogation light dϕn and incident acoustic pressure Pn can be 
expressed as 

dϕn =
4n
λ

λa

E
sin

(
2πln

λa

)

Pn (1)  

Where λa and λ represent the wavelength of acoustic wave and inter-
rogation light, respectively. n and E denote the refractive index and 
Young’s modulus of the polymer material, respectively. ln is the polymer 
coating thickness of the nth sensor. Then, the coherent intensity 
demodulation method is used to convert the phase shift into the light 
intensity changes, which exhibits linear relationship by setting the 
initial static operating point at the quadrature point. The acoustic 
sensitivity Sn can be derived as the following equation 
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Where In1 and In2 are the optical intensities of the probe and the refer-
ence light of the nth sensor in Section 3.1, respectively. Therefore, the 
proposed sensor with smaller Young’s modulus and higher refractive 
index will have a higher ultrasound sensitivity. 

3. Ultrasound measurement 

3.1. System setup 

The system configuration of the ultrasound measurement is illus-
trated schematically in Fig. 2. Due that the phase changes caused by the 
incident ultrasound wave is extremely weak, coherent intensity detec-
tion technique for improving the signal-to-noise ratio is employed for 
the fiber optic ultrasound sensor. Hence, a Mach-Zehnder interferometer 
(MZI) with phase feedback mechanism is used for signal demodulation. 
The fixed wavelength laser with narrow linewidth outputs continuous 
light of 1550.12 nm, which is split into the probe light and the reference 
light by an 90%:10% coupler to improve interference contrast. To 
interrogate the sensors simultaneously, the probe light and reference 
light are divided into multiple channels, respectively. Limited by the 
experimental devices available in the laboratory, three channels are 
demonstrated in this work. Each probe light launches into a fiber optic 
ultrasound sensor through a circulator. The reflected light from the 
sensor is carried with incident acoustic signal and interfered with a 
reference channel. The interference signal is received and converted to 
electric signal by a balanced photodetector (BPD), and then the electric 

signal is split to alternating current (AC) and direct current (DC) signal. 
The AC signal represents the incident ultrasound signal and the DC 
signal indicates the slow shift of the MZI working-point. To achieve 
optimal sensitivity, the system has to operate at the quadrature point, 
where the phase difference between probe light and reference light is 
π/2. Phase modulators and a homemade controller are employed to 
stabilize the operating point of the reference channel. By adopting the 
Proportion Integration Differentiation (PID) controlling scheme, the 
phase of reference light can be dynamically adjusted by feeding the DC 
signal to the controller. In this way, the system always operates in the 
quadrature point and the phase vibration caused by the incident ultra-
sound wave can be linearly translated to the light intensity change. 
Briefly, the pressure of incident ultrasound signal is proportional to the 
amplitude of AC signal, which is digitized and recorded through an 
oscilloscope. 

3.2. Characterization of the ultrasound sensor 

To demonstrate the multichannel parallel ultrasound detection 
ability of the system, three sensors with polymer coating thickness of 
24.7 µm, 22.4 µm and 25.8 µm are fabricated. The sensitivity of fiber 
optic ultrasound sensors is calibrated using a 5 MHz unfocused ultra-
sound transducer. The generated pressure of the transducer is calibrated 
using a commercial (Polyvinylidene fluoride) needle hydrophone 
(NH200, Precision Acoustics). In this calibration, the distance between 
the ultrasound transducer and the fiber optic ultrasound sensor is about 
5 mm, which is the same as the distance between ultrasound transducer 
and commercial needle hydrophone. The voltages of output signals with 
different pressures and exhibited in Fig. 3(a). Linear fitting is used to 
calculate the sensitivity of the sensors. The result shows good linearity 
and similar sensitivity, which provides feasibility for parallel ultrasound 
detection of multi-sensors [30]. The slight inconsistency of sensitivity is 
caused by the differences in polymer coating thickness and the reflec-
tivity of mirrors. 

The typical measured signals of three sensors is shown in Fig. 3(b) 
when the pressure is 40 kPa. The output signals from three sensors 
exhibit similar waveforms. To evaluate the noise equivalent pressure 
(NEP), the acquired data with 1 μs before the ultrasound signal arrived is 
used to assess the noise level, the root-mean-square noise level is 1.6 mV 
over a 20 MHz measurement bandwidth. The output signal of sensor 1 
shows a peak-to-peak value of 138 mV, and the corresponding NEP is 
0.46 kPa, which is about three times lower than that of the commercial 
hydrophone. Although the NEP of the proposed sensor is approximately 
a factor of 11 higher than the FPI ultrasound sensor[31], the large-scale 
multiplexing capability still offers potential applications in rapid pho-
toacoustic imaging. In addition, the NEP of the sensor can be further 
reduced by using polymer with lower Young’s modulus and interroga-
tion laser with lower relative intensity noise and narrower linewidth. 

In order to measure the frequency response of the fiber optic ultra-
sound sensor, the discrete Fourier transformation is used both on the 

Fig. 3. (a) Ultrasound pressure sensitivity of the fiber sensors. (b) Output signals from three sensors. (c) Frequency response of the sensor.  
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recorded temporal response waveforms measured by the fiber sensor 
and the calibrated PVDF needle hydrophone. The calibrated frequency 
response of needle hydrophone is used to correct the hydrophone 
measurements. Subsequently, the frequency curve measured by the fiber 
sensor is compared to the corrected curve thus obtaining the frequency 
response. The frequency response is measured using a planar broadband 
ultrasound source shown in Fig. 2(c), which is generated by illuminating 
a 6 ns pulsed laser on a black paint coating. The normalized frequency 
response of the fiber optic ultrasound sensor is shown in Fig. 3(c). The 
fiber sensor exhibits a wide bandwidth over 14 MHz with − 6 dB cut-off 
frequency. Notably, the fiber sensor exhibits an uneven frequency 
response due to sharp diffraction boundary of the fiber tip, which can be 
mitigated by using a rounded fiber tip. 

Directivity response is of critical importance for imaging techniques 
such as photoacoustic tomography and diagnostic ultrasound imaging 
which employ back projection, phase array or other synthetic aperture 
methods. The directivity of the sensor is measured by using ultrasound 
transducers of 5 MHz, 15 MHz and 35 MHz within the frequency ranges 
of 0–8 MHz, 8–20 MHz and 35 MHz, respectively. As shown in the inset 
of Fig. 4(b), the transducers are rotated 180◦ around the fiber sensor 
with step of 5◦. Fig. 4(a) depicts the measured directional response of the 
fiber sensor. The sensor exhibits a relatively flat response from − 90–90◦

when the frequency is less than 13 MHz. For comparison, the directional 
response of the hydrophone at the same frequency is less than ± 20◦. 
Meanwhile, the fiber sensor also provides a superior directivity at higher 
frequencies. For example, the sensor’s omnidirectional response 

fluctuation is less than ± 5 dB at 22 MHz, which is shown in the Fig. 4 
(b). 

4. Photoacoustic imaging 

4.1. System setup 

To demonstrate the applicability of the fiber optic ultrasound sensor 
for photoacoustic imaging, several samples are selected for imaging. To 
this end, a photoacoustic imaging system based on aperture synthesis is 
built. The imaging probe consists of two components as the multimode 
optical fiber for photoacoustic excitation and fiber optic ultrasound 
sensors for photoacoustic detection. As shown in Fig. 5(b), the ultra-
sound sensors are fixed in V groove with a spacing of 250 µm, and the 
imaging probe has an ultra-small size, which is less than 1 mm. The 
multimode optical fiber with a core diameter of 200 µm and a numerical 
aperture of 0.38 is used for a wide-angle photoacoustic excitation. A 
nanosecond Nd: YAG pulsed laser is employed as the excitation source. 
The excitation laser with a wavelength of 1064 nm and a pulse duration 
of 6 ns is coupled into the multimode fiber using a series of lens. The 
maximum fluence of the phantom surface is about 12 mJ/cm2, which is 
below the American National Standards Institutes safety limit. To 
demodulate the output signal from the sensors, an interrogation system 
in Section 3.1 is developed. The measurement signals are digitalized and 
recorded by an oscilloscope with a sampling rate of 250 MHz. Two 
motors are assembled together to perform x- and y- direction scanning of 

Fig. 4. (a) Measured directional response map of the fiber sensor. (b) Directional response at selected frequencies; inset: schematic of directional response 
measurement. 

Fig. 5. (a) Schematic of the photoacoustic imaging system. Photograph (b) and schematic (c) of the photoacoustic imaging probe.  
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the imaging probe. A homemade LabVIEW program is used to control 
and synchronize excitation laser, motors and interrogation system. The 
excitation laser repetition frequency is 2 Hz. After data acquisition, the 
data is processed and reconstructed by MATLAB program. 

4.2. Data processing and image reconstruction 

Imaging reconstructed algorithm with excellent performance is the 
basis of high-resolution photoacoustic imaging. The high-resolution 
photoacoustic images are reconstructed by synthetic aperture focusing 
technique (SAFT) [32], which is commonly used in ultrasound imaging. 
Briefly, this is based on the standard delay-and-sum operation in the 
time domain for beam focusing to provide high lateral resolutions. The 
synthesized large aperture focusing signal is as follows: 

SSAFT(t) =
∑N− 1

i=0
S(i, t − Δti) (3)  

where S(i, t) is the photoacoustic signal detected at the scanning position 
i, Δti denotes the time delay applied to the signal received at the scan-
ning position i. N represents the total number of adjacent scanning lines 
included in SAFT summation. Generally, the coherence factor (CF), 
which is a real number ranging from 0 to 1, is used to further improve 
the focusing quality of SAFT images. 

CF(t) =

⃒
⃒
⃒
⃒
⃒

∑N− 1

i=0
S(i, t − Δti)

⃒
⃒
⃒
⃒
⃒

2

N
∑N− 1

i=0
|S(i, t − Δti) |

2

(4) 

By combining the SAFT data with the CF, the side lobes of SAFT 
image will be effectively suppressed. 

4.3. Spatial resolution and imaging depth range 

To characterize the lateral and axial resolutions of the photoacoustic 
imaging, five human hairs with diameter of 90 µm are used as the 
samples. The hairs were placed at five different depths at 0.5–5 mm. The 
imaging probe is interleaved scanned to achieve a spatial sampling in-
terval of 10 µm. After signal acquisition, the CF-SAFT algorithm as 
described previously is applied to reconstruct the photoacoustic image, 
and Hilbert transform is further used along the z direction to acquire the 
signal envelope. Signals are not averaged during reconstruction. The 
reconstructed image is illustrated in Fig. 6(a) and the hairs are clearly 
visualized. The Fig. 6(c) is an expanded view of the third reconstructed 
hairs. A horizontal profile and a vertical profile are taken through the 
center of the reconstructed hair at representative depth of 2.8 mm. 
Gaussian functions are used to fit the profiles as shown in Fig. 6(d) and 
(e), respectively, and the resolutions can be determined by the full width 
at half maximum of the Gaussian curves. Consequently, the lateral and 
axial resolutions at different depths can be estimated as presented in 
Fig. 6(b). It can be seen that the lateral resolutions are 165–217 µm over 
the depth range of 5 mm. The lateral resolution is mainly determined by 
the size of synthetic aperture, which is determined by the overlap of the 
excitation laser illumination aperture and the acoustic detection aper-
ture. With the increase of imaging depth, the synthetic aperture first 
increases and then decreases. Therefore, the lateral resolution first im-
proves and then deteriorates with the increase of imaging depth. 
Meanwhile, the axial resolution of the imaging system is distributed in 
the range of 112–131 µm. The axial resolution variation depends on 
both of the size of synthetic aperture and the frequency response of the 
sensor. With the increase of imaging depth, the size of synthetic aperture 
firstly becomes dominate, and then, the frequency response of the sensor 
gradually becomes dominate, hence the axial resolution firstly increases 
and then tends to be constant. 

Fig. 6. (a) Photoacoustic image of human hairs at different depth. (b) Lateral and axial resolutions at different depths. (c) The expanded view of the reconstructed 
hairs at 2.8 mm depth. (d) Horizontal profile and Gaussian fitting curve of (c). (e) Vertical profile and Gaussian fitting curve of (c). 

L. Yang et al.                                                                                                                                                                                                                                    



Photoacoustics 28 (2022) 100421

6

4.4. Three-dimensional phantom imaging 

A three-dimensional (3D) imaging experiment is carried out to 
further evaluate the performance of the photoacoustic imaging system. 
The phantom consists of four intersecting pencil leads at different 
depths, of which the photo is shown in Fig. 7(a). The imaging probe is 
raster scanned in a plane area of 10 mm × 10 mm with a space interval 
of 100 µm. A total number of 100 × 100 = 10000 PA signals are 
recorded for each tomogram. The two-dimensional (2D) CF-SAFT 
without signal average is employed for imaging reconstruction. Fig. 7 
(b) shows the 3D volume rendering PA image and Fig. 7(c-e) show the 
maximum intensity projection (MIP) images of the reconstructed 
tomogram. It is clear that the four intersecting pencil leads are clearly 
visible and located at different depths. The results demonstrate the high- 
resolution 3D imaging capability of our photoacoustic imaging system. 
The total scanning time for an image is about 28 min, which is three 
times faster than using a single ultrasound sensor. The long data 
acquisition time is mainly limited by the following aspects. Firstly, the 
excitation laser has a low repetition rate of 2 Hz. Secondly, the imaging 
probe requires mechanical scanning, since only three ultrasound sensors 
are used. In the future, in vivo imaging can be realized by increasing the 
imaging speed, which is achieved by using an excitation laser with high 
repetition rate and parallel detection technology with hundreds of 
sensors. 

5. Conclusion 

In summary, we have reported a miniaturized fiber optic ultrasound 
sensor that is only 125 µm in diameter. Coherent demodulation system 
based on a fixed-wavelength laser combined with multiplexing tech-
nology is used to interrogate multiple sensors simultaneously. Mean-
while, the sensor also exhibits a broadband frequency response up to 
14 MHz, a low NEP of 0.46 kPa and a near omnidirectional response. 
Furthermore, a photoacoustic imaging system is constructed based on 
the imaging probe, which consists of a multimode fiber and three fiber 
optic ultrasound sensors. With the help of CF-SAFT, high resolution 2D 
and 3D photoacoustic imaging over a lager depth range is achieved. The 
system exhibits high lateral resolutions of 165–217 µm and high axial 
resolutions of 112–131 µm, with a three-fold increase in imaging speed. 
The small size photoacoustic imaging probe is of great significance for 
high resolution endoscopic imaging of biological tissues. 
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