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Abstract: Photoacoustic imaging acquires the absorption contrast of biological tissue with ultrasound resolu-
tion. It has been broadly investigated in biomedicine for animal and clinical studies. Recently, a micro-electro-
mechanical system (MEMS) scanner has been utilized in photoacoustic imaging systems to enhance their perfor-
mance and extend the realm of applications. The review provides a recap of recent developments in photoacoustic
imaging using MEMS scanner, from instrumentation to applications. The topics include the design of MEMS
scanner, its use in photoacoustic microscopy, miniature imaging probes, development of dual-modality systems,
as well as cutting-edge bio-imaging studies.
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0 Introduction

Optical imaging of tissue provides useful informa-
tion through light-tissue interactions. In the optical
spectral range, tissue is a highly scattering medium.
Thus, the fine resolution is restricted at low imag-
ing depth in tissue. Alternatively, high imaging depth
can be achieved by diffused light but with poor spa-
tial resolution. It remains challenging to attain fine
spatial resolution at depths by pure optical imag-
ing. Fortunately, listening to tissue through convert-
ing light into sound waves, which are much less scat-
tered, makes fine spatial resolution at depths possi-
ble. Absorption of light by tissue produces acoustic
waves through photoacoustic effect. By detecting the
acoustic waves, photoacoustic images can be acquired
to restore tissue absorption information. The hybrid
imaging modality is particularly useful for biomedicine
because of rich optical contrasts of tissue according
to its chemical composition[1-2]. Photoacoustic imag-
ing has drawn increasing attention in the past fif-
teen years, and a variety of applications such as vas-
cular biology[3-4], neurology[5], ophthalmology[6-7] and
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cardiology[8-9] have been explored. Compared with con-
ventional ultrasound imaging that reveals only mechan-
ical contrasts, photoacoustic imaging measures optical
absorption contrasts which are closely related to human
physiological and pathological information. Therefore,
photoacoustic imaging is of significant biomedical and
clinical value.

Major components of a photoacoustic imaging sys-
tem include a pulsed laser, an ultrasonic transducer,
data acquisition components such as a digitizer, and
a computer for system control, data storage and im-
age construction. Two major image formation meth-
ods have been used in photoacoustic imaging. The
first method is inverse reconstruction based on acous-
tic detection at many locations, which is termed as
photoacoustic computed tomography (PACT). PACT
systems can be constructed using an ultrasonic array
or a synthetic array by scanning. The second method
is by scanning a focused transducer or a focused laser
to obtain information of each scanning point, which is
termed as photoacoustic microscopy (PAM) and can
provide higher resolution than PACT. PAM can be
further categorized into acoustic-resolution PAM (AR-
PAM)[10], where a focused transducer is scanned to
have lateral resolution decided by the acoustic focus,
and optical-resolution PAM (OR-PAM)[11], where a fo-
cused laser is scanned to provide high lateral resolution
determined by the optical focal spot size. OR-PAM
provides higher lateral resolution than AR-PAM, while
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AR-PAM has deeper penetration in tissue than OR-
PAM. In terms of imaging speed, a single pulse can
generate a two-dimensional (2D) or three-dimensional
(3D) image in PACT if the ultrasonic array is used[12].
The frame rate is determined by the pulse repetition
rate and typically can achieve tens of frames per second.
On the other hand, fast scanning is needed in PAM to
achieve a similar frame rate as in PACT. For example,
in order to acquire 100 point × 100point within 0.1 s,
the scanning rate must be at least 100 kHz. Thus, a
laser with a high repetition rate as well as fast scan-
ning is essential to realize high-speed PAM imaging.

Currently, the need to perform PAM with a more
user-friendly device and interface is growing as more
extensive exploration of potential biomedical applica-
tions. For example, PAM conducted in an endo-
scopic manner or in hand-held operation has been
developed[13-14]. Besides, the imaging speed mentioned
above plays a key role in in vivo and clinical applica-
tions. One of the main challenges to realize the above
functions and performance is the design and integra-
tion of the scanning component. A motorized stage
can be used for mechanical scanning of a PAM imag-
ing head, but such setup suffers from low speed and
bulky size. A galvanometer mirror has been used to
improve the speed, yet there is still a large gap to be

bridged for real-time imaging[15]. With the advance of
micro-electro-mechanical system (MEMS) technology,
the MEMS-based scanner has brought hope to new gen-
eration PAM to realize good functionalities. The com-
pact MEMS scanner can be integrated in a PAM system
to enable fast scanning, hand-held operation or endo-
scopic applicability.

In this review, brief introductions are given to
scanning-based photoacoustic imaging implementations
and the technology for MEMS scanner. Then, the re-
view presents the recent development of the MEMS
scanner adopted in AR-PAM and OR-PAM systems.
After that, we discuss the further advance of the MEMS
scanner-based photoacoustics in several aspects includ-
ing hand-held probes, dual-modality imaging, and novel
biomedical applications. Throughout this review, re-
cent relevant works are incorporated. Finally, a sum-
mary and a future outlook are given.

1 Scanning Photoacoustic Microscopy
and the MEMS Scanner

1.1 Scanning Photoacoustic Microscopy
Mechanical scanning of the imaging head using a

motorized stage can be employed to acquire 2D or 3D
PAM images. For AR-PAM, as shown in Fig. 1(a), the
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imaging head typically consists of a conical lens, a con-
denser and a focused transducer. The conical lens and
the condenser can provide dark-field light illumination,
and the focused transducer enables lateral resolution
(tens to hundreds of µm). Figure 1(b) shows in vivo
AR-PAM of a mouse’s dorsal subcutaneous vessels[16],
where a is the photoacoustic amplitude. However, an
easy and fast operation of AR-PAM remains challeng-
ing due to the bulky components and low mechan-
ical scanning speed. A potential solution is to use
scanning mirror-based AR-PAM[17], which achieves fast
scanning by circumventing the need for physical scan-
ning of the imaging head. Synthetic aperture focusing
technique can be further used to extend the depth of
focus in AR-PAM[16-17]. For OR-PAM, the imaging
head may comprise an objective, an optical-acoustic
combiner and an ultrasonic transducer, as shown in
Fig. 1(c). Like scanning AR-PAM, a motorized stage
can be used for scanning[18]. Figure 1(d) shows OR-
PAM of hemoglobin oxygen saturation (sO2) in a mouse
ear[18]. Alternatively, laser-scanning OR-PAM has been
developed for fast scanning[15]. The ultrasonic trans-
ducer is kept stationary while the laser light is raster
scanned by a galvanometer scanner. Data acquisition
time of less than 2min for 256 point× 256point scan-
ning can be achieved. Fast voice-coil scanning OR-
PAM can achieve real-time B-scan imaging, 20Hz over
a 9mm scanning range and 40Hz over a 1mm scanning
range[19]. Individual red blood cells (RBCs) in capillar-
ies were in vivo imaged in real time. Fully-motorized
OR-PAM employs both the 2D galvanometer scanner
and the 3D motorized stage, which enables five comple-
mentary scanning modes with high imaging speed and
wide field of view[20]. The fully-motorized OR-PAM
system is able to simultaneously quantify microvascu-
lature diameter, sO2 and blood flow. Thus, it has po-
tential for measuring metabolic rate of oxygen. As can
be seen, the advance of scanning PAM not only benefits
the system’s performance but also extends the scope of
PAM applications.
1.2 MEMS Scanner Technology for Photoa-

coustic Microscopy
As mentioned above, scanning PAM performed with

a two-axis motorized stage suffers from slow imaging
speed and relatively bulky setup and thus is mainly
suitable for tabletop operations. Small size imaging
probe with fast imaging speed is crucial to facilitate
preclinical and clinical applications of PAM. In the past
few years, MEMS scanning mirrors have been widely
developed[21-22]. They have small size and fast scanning
speed and thus are a good choice of scanning compo-
nents for constructing compact and hand-held imaging
probes. MEMS scanning mirrors are first developed
for steering optical beam in air. The MEMS scan-
ner has been used in multiple medical imaging modal-
ities such as optical coherence tomography[23], multi-

photon microscopy[24] and confocal microscopy[25]. Be-
sides, endoscopic imaging technology has been greatly
advanced by making use of the MEMS scanner in nu-
merous medical imaging applications[26]. However, for
PAM and ultrasound microscopy, such MEMS scanner
is not suitable because it cannot be operated in water
which serves as the coupling medium for high-frequency
acoustic waves. In order to address this issue, water-
immersible or waterproof MEMS scanning mirrors have
been developed later to make them workable in a water
environment. A one-axis MEMS scanner was developed
with a small form factor[27]. The scanner consisting of a
mirror plate supported by polymer hinges and an elec-
tromagnetic microactuator is able to perform one-axis
scanning of 12.1◦ at a resonance frequency of 210Hz in
water. The overall size of the scanner module is less
than 7mm × 5 mm × 7mm. A two-axis MEMS scan-
ner capable of 2D scanning was developed to acquire
3D images[28], as shown in Fig. 2(a). The scanner has
electromagnetic microactuators to drive a silicon mirror
plate. The fast axis has a resonance frequency of 164Hz
and a scanning angle of ±10◦ (AC driving) or ±12◦ (DC
driving) in water operation, while the slow axis reaches
a resonance frequency of 38Hz and a scanning angle
of ±6◦ (AC driving) or ±10◦ (DC driving) in water
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operation. Another two-axis polydimethylsiloxane
(PDMS) based waterproof scanner with a flexible struc-
ture was constructed[29], as shown in Fig. 2(b). The
scanner size is 15mm× 15mm× 15mm, and its max-
imum scanning angles are 18◦ and 13◦ for two axes,
respectively, in water operation.

2 PAM by MEMS Scanner

2.1 AR-PAM by MEMS Scanner
Xi et al.[30] reported the first MEMS-based scanning

photoacoustic imaging system, as shown in Fig. 3. In
this system, the MEMS scanning mirror with an aper-
ture size of 1 mm × 1mm is used to scan unfocused
light which passes through the hollow center of a ring-
shaped polyvinylidene fluoride transducer with a cen-
tral frequency of 2.5MHz. The diameter of the probe
is 11.5mm. The probe has a lateral resolution of less
than 0.7mm and an axial resolution of less than 0.5mm.
Besides, the imaging depth up to 2.5mm and the imag-
ing area of 9mm × 9mm with 50 pixel × 50 pixel are
achieved. Ex vivo imaging of small objects in tissue
and in vivo imaging of blood vessels on a human hand
were demonstrated. While it is promising in the first
attempt, the probe needs to be optimized in several
aspects such as increasing scanning speed, improving
spatial resolution, and reducing the probe size for en-
doscopic applications.
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Fig. 3 MEMS-based AR-PAM[30]

2.2 OR-PAM by MEMS Scanner

We developed a prototype of a miniature OR-PAM
probe using a commercial MEMS scanner for the raster
scan of the laser beam[31-32]. Besides, a microring res-
onator capable of broadband ultrasound detection was
used for photoacoustic detection. A lateral resolution
of 8.8µm and an axial resolution of 19µm are achieved.
The schematic is shown in Fig. 4(a). The prototype
is operated in transmission mode with the microring
detector beneath the sample, which hampers in vivo
imaging applications. A transparent microring may
be used to enable reflection-mode PAM[33]. Yao et
al.[34] implemented wide-field fast-scanning OR-PAM
using the above-mentioned water-immersible MEMS
scanning mirror. The optical and acoustic beams are
confocally aligned by using an optical-acoustic beam
combiner and are simultaneously steered by the MEMS
scanner, which ensures uniform photoacoustic sensitiv-
ity with fast scanning. The MEMS mirror plate (size:
9mm× 9mm; thickness: 0.5mm) was made of silicon
with gold coating to provide good optical and acous-
tic reflection. Besides, the hinges to support the mir-
ror plate were made of high-strength flexible materials
to resist surface tension forces in water. The system
has a lateral resolution of 2.4 µm and an axial resolu-
tion of about 26µm. A B-scan imaging rate of 400Hz
over a 3mm scanning range is achieved. Volumetric
imaging is realized by scanning the MEMS mirror (fast
axis) and the step motor (slow axis). By virtue of
high imaging speed, the flow dynamics of RBCs and
carbon particles in a mouse ear was imaged in vivo.
The MEMS-based OR-PAM has potential for studying
highly dynamic biological processes. A similar design
with confocal configuration of the laser and acoustic
beams can be used to maintain high sensitivity. Kim
et al.[35] further demonstrated a two-axis waterproof
MEMS scanner made of flexible PDMS for OR-PAM.
Figure 4(b) shows the schematic of the system. As
shown in Fig. 4(c), the MEMS scanner consists of a
movable part of PDMS coated with a thin aluminum
film. The scanning is torsionally actuated by electro-
magnetic forces. PDMS has low stiffness and is thus
advantageous in reducing the required driving volt-
age. Moreover, by utilizing the high resistance and
hydrophobic property of PDMS, it has the waterproof
characteristic to avoid a short circuit in water. A wide
2D scanning range of 9 mm× 4 mm can be realized.
The footprint of the MEMS scanner has a compact size
of 15mm× 15mm× 15mm. Similar spatial resolutions
are achieved, 3.6 and 27.7µm along the lateral and ax-
ial directions, respectively. For volumetric 3D imaging,
a data acquisition rate of 0.25Hz and an actual display
rate of 0.14Hz are demonstrated. The system is com-
pact with fast imaging ability, which can be useful for
clinical applications.
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Fig. 4 MEMS-based OR-PAM

3 Derived Development

3.1 Hand-Held Miniature Probe
Figure 5 illustrates the hand-held PAM probe and

image. Yang et al.[36] developed a miniature hand-held
probe. A light beam with a spot size of 0.8mm in diam-
eter is delivered to the probe and scanned by the MEMS
mirror. The probe has an axial resolution of 0.5mm and
a lateral resolution of 0.2—0.7mm depending on the
imaging depth. Lin et al.[37] demonstrated a compact
hand-held OR-PAM probe capable of fast imaging, as
shown in Fig. 5(a). On the basis of the work of utilizing
the one-axis water-immersible MEMS scanner by Yao
et al.[34], the group further developed a two-axis MEMS
scanner with custom-designed housing to realize hand-
held operation. The performance of the probe is 5µm

for the lateral resolution, 26 µm for the axial resolu-
tion, and 2Hz for the 3D imaging rate over an imag-
ing volume of 2.5mm× 2.0mm× 0.5mm. The hand-
held probe (dimensions: 80mm× 115mm× 150mm) is
able to perform OR-PAM more flexibly than conven-
tional benchtop systems. For example, a volunteer’s
leg can be imaged by the probe, as shown in Fig. 5(c).
Park et al.[38] reported a similar hand-held OR-PAM
probe with a much smaller size, 17mm in diameter, as
shown in Fig. 5(b). The calibrated lateral resolution is
16 µm; the B-scan and volume imaging rates are 35 and
0.2Hz (for 200point× 700point scanning), respectively.
In vivo imaging of mouse ears, eyes and brains was
demonstrated. Figure 5(d) shows photoacoustic max-
imum amplitude projection (MAP) image of a mouse
eye.
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3.2 Dual-Modality Imaging
The MEMS scanner may be used to scan the laser

beam for other imaging modalities, and thus another
imaging modality can be integrated to provide ad-
ditional information. Figure 6 illustrates the dual-
modality imaging. Yang et al.[36] demonstrated a dual-
modality probe integrating photoacoustic imaging and
diffuse optical tomography (DOT). The MEMS scanner
is used to scan both the pulsed laser for photoacoustic
imaging and the continuous wave laser for DOT. As
shown in Fig. 6(a), a ring-shaped transducer is used to
detect photoacoustic signal for photoacoustic imaging,
while an array of optical fibers placed along circular

paths is used to collect diffused light for DOT. The
probe can be applied to image-guided surgery, where
DOT (resolution: 3—4mm) can be used to identify the
location and size of the tumors and photoacoustic imag-
ing (resolution: 0.2—0.7mm) can then be used to accu-
rately visualize tumor margins. Integrating OR-PAM
and confocal fluorescence microscopy (CFM), we pro-
posed a prototype of a miniature probe[32]. The probe
consists of a MEMS scanner, an objective lens and a mi-
croring resonator for ultrasound detection, as shown in
Fig. 7. Lateral resolution for both OR-PAM and CFM
was measured to be 8.8 µm; axial resolution of PAM
and CMF was determined experimentally to be 19 and

Array of optical fibers

Transducer

100 µm
PAM

100 µm
CFM

(a) Photograph of the probe for PAM

and DOT[36]

(b) PAM of a rat bladder (left) and CFM of a canine

bladder (right)[32]

Fig. 6 Dual-modality imaging
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53 µm, respectively. Equipped with dual contrasts,
the probe is able to image not only microvasculature
(absorption contrast) but also cellular structure (fluo-
rescence contrast). Ex vivo imaging of animal bladder
tissue was demonstrated, as shown in Fig. 6(b). The
probe is mainly based on optical fibers and can be fur-
ther developed and housed for in vivo endoscopic imag-
ing applications. Other than the above two examples,
other imaging modality based on point-by-point scan-
ning, such as optical coherence tomography[39], may be
integrated to the MEMS mirror-based PAM.
3.3 Novel Biomedical Applications

Xi et al.[40] demonstrated MEMS mirror-based pho-
toacoustic imaging for intraoperative applications. In
vivo 3D photoacoustic imaging of tumor implanted in
the abdomen of a mouse before and after surgery was
obtained, as shown in Fig. 8. Then, through accurate
3D map of the tumor, inspecting the completeness of

tumor resection becomes possible. Besides, quantita-
tive analysis of photoacoustic images was also demon-
strated. The probe is small and thus can facilitate
image-guided surgery applications such as resection of
breast tumors. In order to facilitate in vivo and clin-
ical applications, real-time imaging guidance is crucial
and further improvement in the imaging speed of the
probe is needed. Yao et al.[41] demonstrated high-speed
functional PAM of a mouse brain in action. By using
the MEMS scanner, a B-scan imaging rate of 400Hz
over about 3 mm scanning range and a 3D volumetric
imaging rate of 1 Hz over 3mm× 2mm scanning area
are achieved. In 3D imaging, fast-axis scanning is by
the MEMS mirror and slow-axis scanning is by a mo-
tor. The PAM system was used to image the vascu-
lar morphology, blood flow, oxygenation and oxygen
metabolism in the mouse brain at resting and stimu-
lated stages. Figure 9 shows PAM of brain responses
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Fig. 8 Photograph and 3D photoacoustic image of the mouse with a tumor implanted in the abdomen before and after

surgery[40] (mm)
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with electrical stimulations of mice. Fractional pho-
toacoustic amplitude changes (shown in yellow) are su-
perimposed on the vascular image (shown in red). Se-
quential photoacoustic excitation by using two consec-
utive laser pulses with a 500ns delay between them was
used to measure sO2, which enables high-speed imag-

ing of sO2 as compared with the conventional dual-
wavelength method[42]. The PAM is a highly comple-
mentary method to other imaging modalities in study-
ing the mouse brain.

Finally, the properties and characteristics of the re-
lated published works are summarized in Table 1.
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LH——Left hemisphere,

LHS RHS
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500 µm

0 20

RHS—Right hindlimb stimulationRH—Right hemisphere,
LHS—Left hindlimb stimulation,

Fig. 9 PAM of brain responses with electrical stimulations of mice[41]

Table 1 Summary of PAM by MEMS scanner

Specialty
MEMS

technology

Lateral

resolution/µm

Special

specification
Application Source

Miniature
probe

Electrothermal
actuation

> 240 11.5 mm diameter Intraoperative
photoacoustic
imaging

Refs. [30,40]

All optical Electrostatic
actuation

8.8 — PAM and CFM,
bladder imaging

Refs. [31-32]

Hand-held
operation

Electrothermal
actuation

> 200 25 mm diameter PAM and DOT Ref. [36]

Fast imaging One-axis,
water-immersible

2.4—3 400 Hz B-scan rate over
3mm range

Functional PAM of
mouse brain

Refs. [34,41]

Two-axis,
waterproof

3.6 0.25 Hz 3D PAM rate — Refs. [29,35]

Hand-held
operation and
fast imaging

Two-axis,
water-immersible

5 80 mm× 115mm× 150 mm
dimensions, 2Hz 3D
PAM rate

PAM of human skin
and leg

Ref. [37]

Two-axis,
waterproof

16 17 mm diameter, 0.2Hz
3D PAM rate

PAM of mouse brain
and eye

Ref. [38]

4 Conclusion

In this paper, the progress of MEMS scanning mirror-
based photoacoustic imaging in various aspects is re-
viewed. The MEMS scanner has advantages in fast

scanning and miniature size, which makes the MEMS
scanner favorable to be employed in scanning photoa-
coustic imaging. It is essential to design and fabri-
cate a particular MEMS scanner to well suit the needs
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of PAM imaging. For example, development of the
water-immersible or waterproof MEMS scanner facil-
itates easy integration of the scanner in OR-PAM. Fur-
thermore, specialized design of the MEMS scanner for
different imaging applications is also important due to
achievable scanning angles, power requirements, scan-
ning speed and size. It has been demonstrated that em-
ploying the MEMS scanner in PAM facilitates biomed-
ical and clinical applications such as functional PAM
of the mouse brain. Besides, MEMS mirror-based
PAM has shown derived applications such as hand-held
probes and dual-modality imaging. As the technolo-
gies continue to advance, we expect to see more power-
ful applications besides imaging, such as image-guided
therapy and theranostics. Thus far, for MEMS mirror-
based photoacoustic imaging in human, only imaging of
a red mole on a volunteer’s leg was demonstrated. More
clinical studies will be needed in the future to bring the
technology from laboratories to hospitals.
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[5] DEÁN-BEN X L, SELA G, LAURI A, et al. Functional
optoacoustic neuro-tomography for scalable whole-
brain monitoring of calcium indicators [J]. Light: Sci-
ence & Applications, 2016, 5: e16201.

[6] HU S, RAO B, MASLOV K, et al. Label-free pho-
toacoustic ophthalmic angiography [J]. Optics Letters,
2010, 35(1): 1-3.

[7] JIAO S, JIANG M, HU J, et al. Photoacoustic ophthal-
moscopy for in vivo retinal imaging [J]. Optics Express,
2010, 18(4):3967-3972.

[8] SETHURAMAN S, AGLYAMOV S R, AMIRIAN J
H, et al. Intravascular photoacoustic imaging using an
IVUS imaging catheter [J]. IEEE Transactions on Ul-
trasonics, Ferroelectrics, and Frequency Control, 2007,
54(5): 978-986.

[9] JANSEN K, VAN DER STEEN A F W, VAN
BEUSEKOM H M M, et al. Intravascular photoacous-
tic imaging of human coronary atherosclerosis [J]. Op-
tics Letters, 2011, 36(5): 597-599.

[10] ZHANG H F, MASLOV K, STOICA G, et al. Func-
tional photoacoustic microscopy for high-resolution
and noninvasive in vivo imaging [J]. Nature Biotech-
nology, 2006, 24(7): 848-851.

[11] MASLOV K, ZHANG H F, HU S, et al. Optical-
resolution photoacoustic microscopy for in vivo imag-
ing of single capillaries [J]. Optics Letters, 2008, 33(9):
929-931.

[12] WANG L V, YAO J. A practical guide to photoacous-
tic tomography in the life sciences [J]. Nature Methods,
2016, 13(8): 627-638.

[13] HAJIREZA P, SHI W, ZEMP R J. Real-time handheld
optical-resolution photoacoustic microscopy [J]. Optics
Express, 2011, 19(21): 20097-20102.

[14] YANG J M, CHEN R, FAVAZZ C, et al. A 2.5-
mm diameter probe for photoacoustic and ultrasonic
endoscopy [J]. Optics Express, 2012, 20(21): 23944-
23953.

[15] XIE Z, JIAO S, ZHANG H F, et al. Laser-scanning
optical-resolution photoacoustic microscopy [J]. Optics
Letters, 2009, 34(12): 1771-1773.

[16] CAI D, LI Z, LI Y, et al. Photoacoustic microscopy in
vivo using synthetic-aperture focusing technique com-
bined with three-dimensional deconvolution [J]. Optics
Express, 2017, 25(2):1421-1434.

[17] CAI D, LI Z, CHEN S L. Photoacoustic microscopy
by scanning mirror-based synthetic aperture focusing
technique [J]. Chinese Optics Letters, 2015, 13(10):
101101.

[18] HU S, MASLOV K, WANG L V. Second-generation
optical-resolution photoacoustic microscopy with im-
proved sensitivity and speed [J]. Optics Letters, 2011,
36(7): 1134-1136.

[19] WANG L, MASLOV K, YAO J, et al. Fast voice-coil
scanning optical-resolution photoacoustic microscopy
[J]. Optics Letters, 2011, 36(2): 139-141.

[20] LI L, YEH C, HU S, et al. Fully motorized optical-
resolution photoacoustic microscopy [J]. Optics Let-
ters, 2014, 39(7): 2117-2120.

[21] DENG P, MA W. Nonlinearity investigation of the
MEMS scanning mirror with electrostatic comb drive
[C]// Proceedings of the 9th IEEE International Con-
ference on Nano/Micro Engineered and Molecular Sys-
tems (NEMS). Hawaii: IEEE, 2014: 212-215.

[22] NAONO T, FUJII T, ESASHI M, et al. A large-scan-
angle piezoelectric MEMS optical scanner actuated by
a Nb-doped PZT thin film [J]. Journal of Microme-
chanics and Microengineering, 2014, 24(1): 015010.

[23] PAN Y, XIE H, FEDDER G K. Endoscopic optical co-
herence tomography based on a microelectromechani-
cal mirror [J]. Optics Letters, 2001, 26(24): 1966-1968.

[24] JUNG W, TANG S, MCCORMIC D T, et al. Minia-
turized probe based on a microelectromechanical sys-
tem mirror for multiphoton microscopy [J]. Optics Let-
ters, 2008, 33(12): 1324-1326.

[25] PIYAWATTANAMETHA W, RA H, MANDELLA M
J, et al. 3-D near-infrared fluorescence imaging using
a mems-based miniature dual-axis confocal microscope
[J]. IEEE Journal of Selected Topics in Quantum Elec-
tronics, 2009, 15(5): 1344-1350.

[26] QIU Z, PIYAWATTANAMETHA W. New endoscopic
imaging technology based on MEMS sensors and actu-
ators [J]. Micromachines, 2017, 8(7): 210.



10 J. Shanghai Jiao Tong Univ. (Sci.), 2018, 23(1): 1-10

[27] XU S, HUANG C H, ZOU J. Microfabricated
water-immersible scanning mirror with a small form
factor for handheld ultrasound and photoacoustic
microscopy [J]. Journal of Micro/Nanolithography,
MEMS, MOEMS, 2015, 14(3): 035004.

[28] HUANG C H, YAO J, WANG L V, et al. A water-
immersible 2-axis scanning mirror microsystem for ul-
trasound andha photoacoustic microscopic imaging ap-
plications [J]. Microsystem Technologies, 2013, 19(4):
577-582.

[29] KIM J Y, LEE C, PARK K, et al. A PDMS-based 2-
axis waterproof scanner for photoacoustic microscopy
[J]. Sensors, 2015, 15(5): 9815-9826.

[30] XI L, SUN J, ZHU Y, et al. Photoacoustic imaging
based on MEMS mirror scanning [J]. Biomedical Op-
tics Express, 2010, 18(23): 1278-1283.

[31] CHEN S L, XIE Z, LING T, et al. Miniaturized all-
optical photoacoustic microscopy based on microelec-
tromechanical systems mirror scanning [J]. Optics Let-
ters, 2012, 37(20): 4263-4265.

[32] CHEN S L, XIE Z, GUO L J, et al. A fiber-optic sys-
tem for dual-modality photoacoustic microscopy and
confocal fluorescence microscopy using miniature com-
ponents [J]. Photoacoustics, 2013, 1(2): 30-35.

[33] LI H, DONG B, ZHANG Z, et al. A transparent broad-
band ultrasonic detector based on an optical micro-
ring resonator for photoacoustic microscopy [J]. Scien-
tific Reports, 2014, 4: 4496.

[34] YAO J, HUANG C H, WANG L, et al. Wide-field
fast-scanning photoacoustic microscopy based on a
water-immersible mems scanning mirror [J]. Journal
of Biomedical Optics, 2012, 17(8): 080505.

[35] KIM J Y, LEE C, PARK K, et al. Fast optical-
resolution photoacoustic microscopy using a 2-axis

water-proofing mems scanner [J]. Scientific Reports,
2015, 5: 7932.

[36] YANG H, XI L, SAMUELSON S, et al. Handheld
miniature probe integrating diffuse optical tomography
with photoacoustic imaging through a MEMS scanning
mirror [J]. Biomedical Optics Express, 2013, 4(3): 427-
432.

[37] LIN L, ZHANG P, XU S, et al. Handheld optical-
resolution photoacoustic microscopy [J]. Journal of
Biomedical Optics, 2017, 22(4): 041002.

[38] PARK K, KIM J Y, LEE C, et al. Development of
a photoacoustic handheld probe using 2-axis MEMS
scanner [C]//Photons Plus Ultrasound: Imaging and
Sensing 2017. San Francisco: SPIE, 2017: 100641N.

[39] KIM S, LEE C, KIM J Y, et al. Two-axis
polydimethylsiloxane-based electromagnetic micro-
electromechanical system scanning mirror for optical
coherence tomography [J]. Journal of Biomedical Op-
tics, 2016, 21(10): 106001.

[40] XI L, GROBMYER S R, WU L, et al. Evaluation of
breast tumor margins in vivo with intraoperative pho-
toacoustic imaging [J]. Optics Express, 2012, 20(8):
8726-8731.

[41] YAO J, WANG L, YANG J M, et al. High-speed label-
free functional photoacoustic microscopy of mouse

brain in action [J]. Nature Methods, 2015, 12(5): 407-
410.

[42] ZHANG H F, MASLOV K, SIVARAMAKRISHNAN
M, et al. Imaging of hemoglobin oxygen saturation
variations in single vessels in vivo using photoacous-
tic microscopy [J]. Applied Physics Letters, 2007, 90:
053901.


