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Abstract
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Acoustic/ultrasonic sensors are devices that can convert mechanical energy into electrical signals. The Fabry—Perot
cavity is processed on the end face of the double-clad fiber by a two-photon three-dimensional lithography
machine. In this study, the outer diameter of the core cladding was 250 um, the diameter of the core was 9 um,
and the microcavity sensing unit was only 30 um. It could measure ultrasonic signals with high precision. The
characteristics of the proposed ultrasonic sensor were investigated, and its feasibility was proven through
experiments. Its design has a small size and can replace a larger ultrasonic detector device for photoacoustic signal
detection. The sensor is applicable to the field of biomedical information technology, including medical diagnosis,
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Introduction
According to recent reports, an increasing number of
chronic diseases are endangering people’s physical and
mental health, such as colorectal cancer, liver cancer,
stomach cancer, and gastrointestinal cancer [1]. Technolo-
gies that enable early detection and timely diagnosis are
thus particularly important. Digestive tract diagnosis
commonly used in clinical practice is mainly based on
in vitro imaging detection and endoscopic imaging detec-
tion. However, in vitro imaging is limited by its resolution
and sensitivity; it is often difficult to achieve early detec-
tion and diagnosis of small lesions, including nourishing
blood vessels (usually small in scale). Medical gastrointes-
tinal endoscopes can directly reach the lesion area for
observation; therefore, they can often provide more abun-
dant and accurate lesion details than in vitro imaging.
Existing clinical digestive endoscopes mainly include
white light endoscopes, fluorescence endoscopes, and
ultrasound endoscopes. White light endoscopy and
fluorescence endoscopy can provide optical images of
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the inner surface of the digestive tract, including the
superficial blood vessels. Nevertheless, owing to the lim-
ited penetration depth, they cannot provide information
about the blood vessels deep in the lesion. Although
endoscopic ultrasonography has good penetrating ability
and can provide deep information, such as the depth of
tumor invasion [2], it is difficult to perform fine imaging
of tiny early tumors or blood vessels around the tumor
because of its low contrast. Clinical endoscopic imaging
technology has obvious deficiencies in the early detec-
tion and diagnosis of tumors. Thus, development of new
endoscopic technologies and devices is urgently needed.
In recent years, photoacoustic biomedical imaging has
been studied by many scholars. Photoacoustic imaging is
a new type of biomedical imaging method based on the
difference in optical absorption and employs ultrasound
as the information carrier. Photoacoustic imaging com-
bines the high optical contrast and high penetration
depth of the ultrasound to achieve cross-molecule, cell,
tissue, and organ imaging [3]. Photoacoustic endoscopic
imaging technology, which combines photoacoustic im-
aging and endoscopic technology, can provide in situ
biological tissue structure and function information in
the body [4, 5]. Because of its potential for clinical
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practice, it has become the main research and applica-
tion development direction of photoacoustic imaging
technology.

The photoacoustic endoscopy system integrates op-
tical fibers, ultrasound transducers, mirrors, and
microlenses into the tip probe of the endoscope, per-
forms scans by rotating the photoacoustic endoscopic
probe, and utilizes the characteristics of the tissue to
generate an ultrasound image after absorbing light
energy. The transducer performs detection and acqui-
sition, and it reconstructs the optical absorption dis-
tribution image of the cavity tissue through an
inversion algorithm [6-8]. It has significant clinical
application prospects and is thus an increasing focus
of researchers.

To realize its clinical application, it is necessary to
develop new ultrasonic detection technology. Early
photoacoustic imaging technology relies on piezoelec-
tric ceramic ultrasonic transducers, which have prop-
erty limitations. Its detection bandwidth is not
adequately high and the sensitivity is low. In particu-
lar, the endoscopic probe is large in volume [9, 10].
The interferometric sensor, which is based on the
Fabry—Perot (F-P) cavity, remains valuable to re-
searchers [11, 12]. It can achieve high-sensitivity
ultrasonic detection and can simultaneously meet the
requirements of a small size and high sensitivity.
However, the shape and size of the F-P cavity affect
the sensitivity. Therefore, an ultrasonic signal detec-
tion system that integrates the F-P flat-cavity sensing
unit on the end face of the double-clad fiber (DCF)
was developed to achieve miniaturization and high
sensitivity. Because the photoacoustic signal belongs
to the signal in the ultrasonic range, the sensor unit
is integrated on the end face of the DCF with an
outer diameter of only 250 um. The overall size and
structure is small, and it has high sensitivity and a
large bandwidth. It is expected to be used in endo-
scopic photoacoustic clinical research.
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Methods and principles

To further miniaturize the endoscopic probe, while en-
gendering a higher sensitivity and larger detection band-
width, an all-optical detection endoscopic photoacoustic
microscopy imaging technology was developed. First, a
set of ultrasonic detection devices, which have high inte-
gration ability and a small size, were built. They theoret-
ically have the advantages of a higher sensitivity and
large bandwidth and can be used for ultrasonic signal
detection. The response principle of this ultrasonic sen-
sor was analyzed, and the phase modulation mechanism
of the microcavity was assessed.

To further reduce the size of the detection unit and to
detect ultrasonic signals, as shown in Fig. 1, a sensor
based on the F-P cavity was designed. When the ultra-
sonic signal is generated by the ultrasonic transducer
and transmitted to the surface of the F-P cavity under
the action of the water medium, the ultrasonic wave will
modulate the cavity length of the F-P cavity and affect
the phase change of the detection light. Multiple inter-
ferences in the cavity and the reflected light intensity
changes were detected to verify the feasibility of the sen-
sor and its characterization sensitivity.

Because the polymer material has a high optical elastic
coefficient and high deformability, the sensitive response
can be improved under the action of sound pressure.
This optically transparent polymer material is used to
process the F-P cavity. It has been shown that the
polymer-based fiber-tip F-P cavity ultrasonic hydro-
phone has a sensitivity and noise equivalent pressure
(NEP) comparable to current piezoelectric poly (vinyli-
dene fluoride) (PVDF) ultrasonic sensing devices [13].
Regarding microcavity sensing detection, an investiga-
tion and comparison with previous experimental results
determined that the flat-concave F-P polymerization
cavity can provide better photoacoustic image quality
than the flat F-P [14].

In this study, based on theoretical analysis, the cavity
length with a large reflectivity response was selected for
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Fig. 1 (a) Schematic diagram of ultrasound detection based on the F-P cavity. The red area is the fiber core, the light blue area is the first inner
cladding of the fiber, and the yellow area is the gold film formed by gold plating on the end face of the fiber. In addition, the arc part is the
structure made of photoresist, and the F-P cavity is formed with the end face of the fiber. (b) Pattern layout of the F-P cavity using design
software to create a model diagram corresponding to the arc-shaped part of (a)

(b)

Ly




Yang et al. Visual Computing for Industry, Biomedicine, and Art

a simulation. The cavity length was machined to achieve
precision using two-photon 3D photolithography (Pho-
tonic Professional GT, Nanoscribe, Germany). A more
appropriate flat—concave cavity length and radius of
curvature was selected. The cavity length range with
high precision was 10-68 um, and it was processed on
the tip of the double-clad fiber by two-photon 3D lithog-
raphy. The designed F-P cavity structure was intended
to ensure precision and efficient batch production, and
the two-photon 3D photolithography machine solved
the processing problem. It can produce any desired 3D
precise structure on the end face of the optical fiber and
can choose a photoresist with different refractive indices.
This capability engenders the possibility of testing
ultrasonic signals in F-P resonators. Therefore, the
microcavity is processed and formed by a two-photon
three-dimensional lithography machine at one time. It
has high precision and can provide highly precise laser
scanning to guarantee subsequent high-sensitivity sensor
detection. The processing principle is shown in Fig. 2b.
The left side of Fig. 2a is the axial view after processing,
and the right side is the end face of the microcavity. The
difficulty of this method is that the fiber end face must
be very clean and flat, which is the key to ensuring mass
production in a later stage. The theoretical design mini-
mizes the impact of processing errors on sensitivity and
stability.

Through the theoretical analysis and simulation, the
optical path system was initially established, as shown in
Fig. 3. The 1550 nm light is coupled in the double-clad
fiber (Thorlabs, DCF13, 1250-1600 nm, ©¥105 pum /
125 pm cladding), and a 1550 nm light (SM-1550-
CEYEL) was used as the interference optical path. A 20
MHz ultrasonic transducer (Olympus, V354, 20 MHz/
.25, 1,152,178) was used as the signal source, and deion-
ized water was employed as the coupling medium for
ultrasonic signal detection. When the 1550 nm probe
light propagates in the F-P cavity, the matched cavity
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length satisfies the interference of the probe light in the
cavity. The ultrasonic pressure wave changes the refract-
ive index of the water on the cavity surface and affects
the light interference in the cavity, thereby influencing
the reflected brightness changes [15]. The optical sensi-
tivity of the microcavity is defined by a slight change in
the reflected light. The round-trip phase of the ideal
non-divergent light in the cavity can be expressed as eq.
(1). In the case of a fixed wavelength, changes in refract-
ive index and cavity length are two important causes of
phase changes, as shown in the equation. In addition,
one of the most important primary factors in the detec-
tion of acoustic signals is acoustic sensitivity, which is
the modulation of the cavity length by pressure dp, as
shown in eq. (2). One substitutes eq. (1) into eq. (2) to
obtain relational eq. (3), which further exemplifies that
the pitch modulation of the microcavity is the main rea-
son for the phase change.
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Furthermore, one of the measurement indices of the
F-P microcavity performance is the high quality (Q) fac-
tor, which is defined as the ratio of the energy loss per
round trip to the initial energy stored in the cavity. Here,
L is the cavity spacing of the F-P microcavity length, A0
denotes the wavelength at resonance, and k the frac-
tional power loss coefficient per round trip.

When the F-P cavity design matches the beam, a lar-
ger Q value is obtained, as shown in eq. (4). To increase
the sensitivity as much as possible by increasing the

(a) (b)

Fig. 2 Two-photon lithography using a 3D direct-laser-writing (DLW) system (Photonic Professional GT, Nanoscribe). a Left: Cross-section of the
processed structure. Upper right: End face of the processed structure. b Left: Schematic diagram of the actual machining model. Right: Local
enlarged figure in the dotted line box of the left figure
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Fig. 3 Schematic diagram of the F-P mode system. The 1550 nm fiber laser is connected with toroidal port 1 through a flange device. Interface
port 3 is connected with the optical fiber. The optical intensity change returned by the detection light through the F-P cavity interference of the
optical fiber is received by the photoelectric detector, and the test results are obtained after amplification and acquisition processing. PD:
Photoelectric detector; DAQ: Data collection card; PC: Personal computer

mirror reflection coefficient of the plano-concave cavity,
the light capture time can be prolonged, and the signifi-
cant number of round trips in the cavity can be in-
creased. This results in a high Q factor and a higher
cavity transfer function at the periodic damage [10, 15].
In addition, a coating fixture was designed to coat the
end surface of the double-clad fiber with a high-
reflection film by thermal evaporation. This helps to in-
crease the adhesion of the F-P cavity on the end face of
the fiber and increases the number of round-trips of the
light in the cavity, which, once again, results in a higher
Q factor and a higher cavity transfer function at the
periodic damage [16]. The incident acoustic wave modu-
lates the optical thickness of the F-P cavity, produces an
optical phase shift between the optical fields reflected
from both sides of the F-P cavity, and produces corre-
sponding reflection intensity modulation.

_ 4L

=7k

(4)

Another variable that is important to consider is visi-
bility, which is a measure of the depth of the reflectivity
peaks in the transfer function [15]. The visibility is de-
fined in eq. (5), where P, is the maximum power in
reflection mode, and P,,;, is the minimum reflection
power at the reflectance minimum of the reflection
mode interferometer transfer functions (ITFs). For a
non-diverging (collimated) beam, the visibility is 1. The
acoustic sensitivity has certain requirements in terms of
the choice of cavity thickness for a large acoustic band-
width. In addition, the mirror material forming the F-P
cavity has certain mechanical and optical properties. To
increase the sensitivity, it is necessary to build an F-P
cavity with higher optical sensitivities. The design of an
F-P cavity with higher optical sensitivity could be

achieved by increasing the mirror reflectivities [15].
Thus, increasing the reflectivity can effectively enhance
the sensitivity.

From eq. (3), the influence of ultrasonic pressure on
the cavity length, which in turn affects the change in
reflected light intensity, is observed. This thereby affects
the sensitivity of the entire probe. Therefore, a high op-
tical sensitivity is achieved when a small modulation in
phase d¢ produces the largest change in the reflected
light dR. For a non-diverging beam, this can be achieved
by increasing the mirror reflectivity to make the slope of
the reflectivity peak sharper. The acoustic sensitivity in
the F-P cavity is defined as the modulation of the
optical phase by a pressure dp. Equation (6) is used to
express the overall sensitivity, combined with the acous-
tic sensitivity expression in eq. (2), and obtain the overall
expression of the sensitivity of eq. (7), where R is the re-
flectivity and E is Young’s modulus [17].
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Pmax + Pmin
dR dRd¢
*“ap " dpdp ©
_ dR4mn L 7)
*Tde 1 E
Results

In theory, the actual processing technology was exempli-
fied and analyzed, while considering the related issues
such as the system stability. Moreover, the optical path
of the system was optimized many times. Considering
the experimental test problem, the ultrasonic transducer
was used as the ultrasonic signal source, and the mea-
sured acoustic signal was nearly 13 Pa. At the present,
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Fig. 4 Frequency response calibration: F-P measured time-domain signal. The fiber is placed vertically and inserted into the tank, as shown in
Fig. 3. The bottom of the tank is a layer of transparent film, and the bottom of the cling film is the ultrasonic transducer, which is vertically
upward relative to the optical fiber. The distance between the end face of the optical fiber and the transducer is approximately 1 mm. The signal
is measured by adjusting the distance and coupling angle between the transducer and the optical fiber
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we remain committed to advancing this research to
realize higher sensitivity. Through the optimized design
of the F-P structure, the theoretical sensitivity could
reach several tens of Pa to several Pa. Thus, biological
tissue imaging is expected to produce very good results.
For this study, a flat cavity with a cavity length of 30 um
and a radius of curvature of 680 was used. The ultra-
sonic source used was 20 MHz. The test medium was
deionized water. The test results are shown in Fig. 4.

For convenience of testing, the ultrasonic transducer
was assembled on the 3D translation device and fixed
the position of the sink. This avoided the direct
movement of the sensor causing sensor noise disturb-
ance. When the ultrasonic transducer was moved, the
signal changes could be measured, as shown in the
two signal diagrams on the left and right of Fig. 4.
The measured result has a sensitivity of approximately
13 Pa (the peak-to-peak of the signal value divided by
the root mean square of the noise) and a bandwidth
of nearly 20 MHz. For the treatment methods, previ-
ously reported studies [18] were referenced. The Q
factor was thus estimated to be approximately 3246
[=1550 x 211/3]. The peak output voltage measured by
the F-P sensor was 302 mV under a 107-kPa acoustic
pressure. Thus, the sensitivity of the F-P sensor was
determined to be approximately2.82 mV/kPa. Mean-
while, considering that the actual detection sensitivity
was not the expected result, the Q value of the ana-
lysis cavity was theoretically greater than that of the
planar microcavity [10]. An improved concave micro-
cavity design in one step will continue to be devel-
oped. Our research on the integration of different
microcavity structures on the end face of double-clad
fibers will also be expanding.

Conclusions

Optical ultrasonic inspection technology may offer the
prospect of overcoming the limitations described above.
Compared with piezoelectric receivers, optical ultrasonic
inspection technology can provide reverse mode detec-
tion and greatly reduce the size of the element. In
principle, it can reach the optical diffraction limit of a
few microns [19]. In summary, the feasibility of detecting
ultrasonic signals based on the microcavity detection
ultrasonic device was herein verified. The proposed de-
sign can be expected to replace the larger piezoelectric
ceramic detector [20]. It has the advantages of a small
size, high sensitivity, and mass production capability.

Discussion

This present work is intended to improve the signal-
to-noise ratio and signal stability of ultrasonic sig-
nals. After this objective is achieved, the advantages
of double-cladding fiber will be leveraged to simul-
taneously couple the excitation light and detection
light into the double-cladding fiber for all-optical
endoscopic detection. The sensing unit can be fur-
ther optimized and used as a photoacoustic endo-
scopic probe for clinical trials of the digestive tract.
It can additionally be employed for photoacoustic
endoscopic imaging research. It has the advantages
of a low cost, no ionization, no radiation, and high-
resolution real-time imaging of the human body. In
particular, imaging the tissues in the cavity and pla-
ques in the blood vessels can improve the early
diagnosis rate of tumors. This type of sensor based
on microcavity detection offers the benefits of an in-
trinsic type, all-fiber integration, small size, and high
sensitivity. The designed micro-cavity detection
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ultrasound unit is expected to be used in all-optical
endoscopic detection. It will realize non-destructive
detection and a more miniaturized sensor probe to
achieve a greater number of functions and to more
effectively serve clinicians.

Abbreviations

F—P: Fabry—Perot; DCF: Double-clad fiber; PVDF: Poly (vinylidene fluoride);

NEP: Noise equivalent pressure; Q: Quality factor; DLW: Direct-laser writing;
PC: Personal computer; DAQ: Data acquisition; PD: Photoelectric detector;

[TF: Interferometer transfer function

Acknowledgments
We thank our team and the Photonics Research Centre of Shenzhen
University for providing the experimental conditions.

Author contributions

WY, CZ and JZ approved the final versions of tables and figures and
obtained the authorization of each author for the submission after their
revision. WY, CZ, JZ and WS participated in the methodology and
experiment design, conducted the experiments and drafted the manuscript.
All' authors read and approved the final manuscript.

Funding

This work was supported in part by the Natural Science Foundation of
Guangdong Province, No. 2020A1515010958; and Key Project of Shenzhen
Science and Technology Plan, No. JCYJ20200109113808048.

Availability of data and materials
All data analyzed during this study are included in this published article.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 16 November 2020 Accepted: 15 March 2021
Published online: 08 April 2021

References

1. Lan Z, Chi WJ, Fu LY (2019) Analysis on the disease composition of
inpatients with digestive system malignant tumor in a hospital from 2013
to 2017. Chin Med Rec 20(1):53-56

2. Rosch T, Lightdale CJ, Botet JF, Boyce GA, Sivak MV Jr, Yasuda K et al (1992)
Localization of pancreatic endocrine tumors by endoscopic
ultrasonography. N Engl J Med 326(26):1721-1726. https://doi.org/10.1056/
NEJM199206253262601

3. Wang LV, Hu S (2012) Photoacoustic tomography: in vivo imaging from
organelles to organs. Science 335(6075):1458-1462. https://doi.org/10.1126/
science.1216210

4. Yang JM, Favazza C, Chen RM, Yao JJ, Cai X, Maslov K et al (2012) Toward
dual-wavelength functional photoacoustic endoscopy: laser and peripheral
optical systems development. Proc SPIE 8223:822316

5. Chan J, Zheng Z Bell K, le M, Reza PH, Yeow JTW (2019) Photoacoustic
imaging with capacitive micromachined ultrasound transducers: principles
and developments. Sensors 19(16):3617. https://doi.org/10.3390/519163617

6.  Finlay MC, Mosse CA, Colchester RJ, Noimark S, Zhang EZ, Ourselin S, et al
(2017) Through-needle all-optical ultrasound imaging in vivo: a preclinical
swine study. Light Sci Appl 6(12):217103. https://doi.org/10.1038/Isa.2017.1
03

7. LiY, Lin RQ, Liu CB, Chen JH, Liu HD, Zheng RQ et al (2018) Inside cover:
in vivo photoacoustic/ultrasonic dual-modality endoscopy with a
miniaturized full field-of-view catheter (J. biophotonics 10/2018). J
Biophotonics 11(10):e201870164

8. LiCY,Yang JM, Chen RM, Yeh CH, Zhu LR, Maslov K, et al (2014) Urogenital
photoacoustic endoscope. Opt Lett 39(6):1473-1476. https://doi.org/10.13
64/0L.39.001473

9. Zhou QF, Lau S, Wu DW, Shung KK (2011) Piezoelectric films for high
frequency ultrasonic transducers in biomedical applications. Prog Mater Sci
56(2):139-174. https://doi.org/10.1016/j.pmatsci.2010.09.001

(2021) 4:8

Page 6 of 6

10.  Guggenheim JA, Li J, Allen TJ, Colchester RJ, Noimark S, Ogunlade O, et al
(2017) Ultrasensitive Plano-concave optical microresonators for ultrasound
sensing. Nature Photon 11(11):714-719. https;//doi.org/10.1038/541566-017-
0027-x

11. Liu LL, Ren YQ, Wang M, Zou M (2020) Optical fiber fabry-perot
interferometer sensor fabricated by femtosecond laser-induced water
breakdown. Integr Ferroelectr 208(1):55-59. https://doi.org/10.1080/10584
587.2020.1728715

12. LiH, Zhao QC, Ni JS, Ma L, Zhang FX, Wang C (2020) Fabry-perot cavity-
based optical fiber pressure sensor. In: Peng Y, Dong X (eds) Proceedings of
2018 international conference on optoelectronics and measurement.
Lecture notes in electrical engineering, vol 567. Springer, Singapore, pp 45—
51. https://doi.org/10.1007/978-981-13-8595-7_5

13. Beard PC, Mills TN (1997) Miniature optical fibre ultrasonic hydrophone
using a Fabry-Perot polymer film interferometer. Electronic Lett 33:801-803

14. Jathoul AP, Laufer J, Ogunlade O, Treeby B, Cox B, Zhang E et al (2015)
Deep in vivo photoacoustic imaging of mammalian tissues using a
tyrosinase-based genetic reporter. Nature Photon 9(4):239-246. https//doi.
0rg/10.1038/nphoton.2015.22

15. Tao L (2012) High-Q optical micro-cavity resonators as high sensitive bio-
chemical and ultrasonic sensors. University of Michigan, Dissertation

16.  Chen BH, Chen YW, Ma C (2020) Photothermally tunable Fabry-Pérot fiber
interferometer for photoacoustic mesoscopy. Biomed Opt Express 11(5):
2607-2618. https://doi.org/10.1364/BOE.391980

17. Varu HS (2014) The optical modelling and design of Fabry Perot
interferometer sensors for ultrasound detection. Dissertation, University
College London

18.  Li GY, Guo ZD, Chen SL (2017) Miniature all-optical probe for large synthetic
aperture photoacoustic-ultrasound imaging. Opt Express 25(21):25023-
25035. https://doi.org/10.1364/0E.25.025023

19. Chen B, Chu F, Liu X, Li Y, Jian R, Jiang H (2013) AIN-based piezoelectric
micromachined ultrasonic transducer for photoacoustic imaging. Appl Phys
Lett 103(3):031118

20. Zhang E, Laufer J, Beard P (2008) Backward-mode multiwavelength
photoacoustic scanner using a planar Fabry-Perot polymer film ultrasound
sensor for high-resolution three-dimensional imaging of biological tissues.
Appl Opt 47(4):561-577. https://doi.org/10.1364/A0.47.000561

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1056/NEJM199206253262601
https://doi.org/10.1056/NEJM199206253262601
https://doi.org/10.1126/science.1216210
https://doi.org/10.1126/science.1216210
https://doi.org/10.3390/s19163617
https://doi.org/10.1038/lsa.2017.103
https://doi.org/10.1038/lsa.2017.103
https://doi.org/10.1364/OL.39.001473
https://doi.org/10.1364/OL.39.001473
https://doi.org/10.1016/j.pmatsci.2010.09.001
https://doi.org/10.1038/s41566-017-0027-x
https://doi.org/10.1038/s41566-017-0027-x
https://doi.org/10.1080/10584587.2020.1728715
https://doi.org/10.1080/10584587.2020.1728715
https://doi.org/10.1007/978-981-13-8595-7_5
https://doi.org/10.1038/nphoton.2015.22
https://doi.org/10.1038/nphoton.2015.22
https://doi.org/10.1364/BOE.391980
https://doi.org/10.1364/OE.25.025023
https://doi.org/10.1364/AO.47.000561

	Abstract
	Introduction
	Methods and principles
	Results
	Conclusions
	Discussion
	Abbreviations
	Acknowledgments
	Author contributions
	Funding
	Availability of data and materials
	Declarations
	Competing interests
	References
	Publisher’s Note

