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Optical resolution photoacoustic microscopy (ORPAM),
benefiting from rich optical contrast, scalable acoustic resolution, and deep penetration depth, is of great importance
for the fields of biology and medicine. However, limited
by the size and performance of reported optical/acoustic
scanners, existing portable/handheld ORPAMs are bulky
and heavy, and suffer from low imaging quality/speed.
Here, we present an ultracompact ORPAM probe, which
is miniature and light, and has high imaging quality.
The probe only weighs 20 grams and has an outer size
of 22 mm × 30 mm × 13 mm, a high lateral resolution of
3.8 μm, and an effective imaging domain of 2 mm × 2 mm.
To show its advantages over existing ORPAMs, we apply
this probe to image vasculatures of internal organs in a
rat abdominal cavity and inspect the entire human oral
cavity. © 2018 Optical Society of America
OCIS codes: (110.0180) Microscopy; (110.5120) Photoacoustic
imaging; (170.6900) Three-dimensional microscopy.
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Optical resolution photoacoustic microscopy (ORPAM) remains one of the fastest growing biomedical imaging techniques
in the last decade [1–3]. Ongoing developments of ORPAM
focus on designing compact configuration, achieving high spatial resolving ability, and observing fast events. Various new
scanning devices and mechanisms have emerged within the past
few years [4–9]. Micro-electro-mechanical system (MEMS)
scanners own significant advantages due to their miniature size,
fast response, high stability, and low cost [10–12]. Recently,
Lin et al. and Kim et al., respectively, demonstrated the use
of water-immersible two-axis magnetic MEMS scanners to
build handheld ORPAMs [10,11]. However, the probes are still
bulky and heavy, having dimensions of 80 mm × 115 mm ×
150 mm and weighing hundreds of grams. In one study, a pencil
case probe with dimensions of 17 mm × 100 mm has been proposed, but it still weighs 160 grams and sacrifices the spatial resolution [13,14]. Besides magnetic MEMS scanners, another
study integrates an image bundle and a gradient index lens to
0146-9592/18/071615-04 Journal © 2018 Optical Society of America

build a portable probe. In addition to the limited field of view
(FOV) ∼ 0.8 mm, it weighs 500 g and has an outer size of
40 mm × 60 mm [15]. Recently, we have demonstrated a portable ORPAM capable of visualizing vasculatures in multiscale
organisms [16]. This was achieved by combining a rotary scanning mechanism with a compact system design. However,
although it is portable relative to tabletop ORPAMs, it is still
heavy and bulky for handheld devices and has difficulty holding
stability for a long time. The main features constraining the minimum size/weight and maintenance of system performance are
the bulky scanner size and complicated system configuration.
In this Letter, we present the design of an ultracompact
ORPAM probe using a two-dimensional electro-thermalbimorph-actuation-based MEMS scanner which is small, light,
and fast. In addition, the MEMS scanner owns a large optical
aperture and a large scanning angle. These features significantly
reduce the size and weight of the probe, improve the image
acquisition speed, and offer a large FOV. Furthermore, the
simple design of the light and acoustic paths enables a good
signal-to-noise ratio (SNR) of raw photoacoustic (PA) signals.
Figure 1(a) depicts the schematic of the system. Laser pulses
(532 nm, SPOT-10-200-532, Elforlight Ltd.) with a duration
of 5 ns emitting from a high repetition rate (up to 50 kHz) laser
are spatially filtered by a customized spatial filter consisting of
two objectives and a 15 μm pinhole, coupled into a singlemode fiber (HP460, Nufern) by a space-to-fiber coupler
(KT110, Thorlabs). The output laser beam from the fiber is
collimated by a fiber collimator (F220FC-532, Thorlabs
Inc.), and delivered into the imaging head. The collimated light
beam is converged by a doublet lens (DL) (GCL-010601,
Daheng Optics) and re-directed to a two-axis MEMS scanner
(WM-LS-5, WiO Tech) using a right angle prism (MRAP14.0, MT Optics). The scanner has a 2 mm round mirror plate
supported by four bimorph actuators. Two opposing actuators
control the rotation of one axis; therefore, the mirror plate can
rotate in both the x-axis and y-axis. We drive the scanner using
a multifunctional data acquisition card (PCI-6731, National
Instrument) with four triangle waveforms ranged from 1 to
5 V. Based on the performance evaluation of the MEMS scanner, it has a resonant frequency of ∼800 Hz and a maximal
optical scanning angle of 6°. In theory, it can support up
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Fig. 1. Schematic of the system configuration (a) and the photograph of an assembled imaging probe (b). PC, personal computer;
O1-O2, objective; DAQ, data acquisition card; AMP, amplifier;
PH, pinhole; L, convex lens; SMF, single-mode fiber; CL, collimation
lens; DL, doublet lens; P, prism; CG, cover glass; MEMS, microelectro-mechanical system; FG, function generator; T, transducer.

to 3.2 Hz full-view imaging with a frame size of 500 × 500
pixels in a 2 mm × 2 mm imaging area. Unfortunately, the
maximum repetition rate of our laser source is 50 kHz, leading
to an experimental time of 5 s for each volume data acquisition.
The induced PA signals are detected by a 10 MHz flat transducer (XMS-310-B, Olympus NDT) with an active aperture of
2 mm, a center frequency of 10 MHz, and a bandwidth of
80%; then it is amplified by a ∼39 dB preamplifier (5073
PR, Olympus) and, finally, digitized with a fast data acquisition
card (ATS-9325, Alazar Inc.) at a sampling rate of 100 MS/s.
The raw PA signals were filtered using a bandpass filter (5 to
20 MHz) to remove both low-frequency and high-frequency
electromagnetic noise. All depth-resolved A-lines were processed using a Hilbert transform and directly back-projected
to a rectangular coordinate.
Figure 1(b) is a photograph of the assembled probe which
weighs ∼20 g and has an outer size of 22 mm × 30 mm ×
13 mm. Inside the probe, a slanted ultrathin cover glass is used
as an optical window to allow the transmission of the light to
the sample with minimum distortion; it also reflects the lightinduced sound waves to the miniature acoustic transducer.
Meanwhile, water filled in the propagation path of the lightinduced ultrasound wave minimizes its transmission loss. It
is interesting to note that the liquid allows the existence of only
longitudinal acoustic waves while a solid converts a large portion of longitudinal acoustic waves to transverse waves that are
not detectable by conventional transducers. Compared with
solid acoustic coupling, liquid coupling would provide a better
SNR [10–14].
To evaluate the spatial resolution of the probe, we imaged
the sharp edge of a surgical blade, which was embedded in a
tissue mimicking background. The background of the phantom was solidified from a mixture of intralipid and ink to
simulate the general optical properties of biological tissue, in
which the optical absorption coefficient was 0.01 mm−1 and
the reduced scattering coefficient was 1.0 mm−1 . A sharp blade
was positioned horizontally on the surface of the phantom.
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Fig. 2. Evaluation of the ultracompact probe. (a) MAP image of a
surgical blade. (b) Raw (black) and Gaussian-fitted (blue) edge spread
function of the imaged blade edge. The derived LSF (red) is used to
estimate the lateral resolution. (c) Raw (black) and Gaussian-fitted
(blue) profiles of a typical Hilbert-transformed one-dimensional PA
signal. (d) MAP image of a mouse ear acquired by a classic transmission-mode ORPAM. (e) MAP image of the vascular network imaged
by the ultracompact probe in the same region with (d). (f ) Graphs
show the cross-sectional profile of the same blood vessel indicated
by dashed white lines in (d) and (e). T-ORPAM, transmission-mode
optical resolution PA microscopy.

Figure 2(a) shows a maximum amplitude projection (MAP)
image of the blade. As shown in Fig. 2(b), the measured lateral
resolution is 3.8 μm through deriving the line spread function
(LSF) and calculating the full width at half-maximum
(FWHM) of the LSF. The DL used for focusing the light beam
has a numerical aperture (NA) value of 0.1, which yields a theoretical lateral resolution of 3.2 μm. The resolution deterioration
is caused by both the curvature of the MEMS scanner (∼5 m in
radius) and the mismatches of the reflective indices among air,
glass, and water in the light path, which could be partially
solved by using a correction lens [4]. Considering that the laser
energy of each pulse after the imaging probe is 80 nJ and
the size of the optical focus is 3.8 μm, the energy density is
estimated to be ∼700 mJ∕cm2 at the optical focus in air.
When we assembled the probe, the optical focus was adjusted
to be ∼0.25 mm outside the imaging window. Therefore, the
energy density on the tissue surface is around 3.5 mJ∕cm2 ,
which is far below the American National Standards
Institute safety limit of 22 mJ∕cm2 . The axial resolution is
estimated to be 104 μm through calculating the FWHM
of a typical Hilbert-transformed depth-resolved PA signal
[Fig. 2(c)] [17], which is consistent with the theoretical estimation of 105 μm with a given center frequency and bandwidth of
the transducer [18].
In terms of the spatiotemporal resolution, it is feasible to
increase the imaging speed using a faster laser, improve the
lateral resolving capability via a high NA focusing lens, and
increase the axial resolution by customizing a transducer with
a high center frequency and an ultrawide bandwidth [19]. In
addition, regarding the effective imaging area of the current
probe, it is primarily limited by the maximal optical scanning
angle of the scanner and the active aperture of the transducer.
The distance between the center of the MEMS scanner and the
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imaging window is ∼15 mm, which enables a theoretical FOV
of 3.1 mm × 3.1 mm in consideration of a 6° optical scanning angle, which is larger than the active aperture of the transducer. It is feasible to obtain a large imaging area by using a
transducer with a large active aperture. However, when the
imaging area becomes large, there will be a severe distortion
of lateral resolution at the marginal area of the FOV induced
by the radial scanning of the MEMS scanner.
To compare the performance of our ultracompact probe
with tabletop ORPAMs, we carried out in vivo imaging of a
mouse ear using both the ultracompact probe and a classic
transmission-mode ORPAM with resolutions of 3.2 μm in lateral and 40 μm in axial [20]. BALB/c mice were anaesthetized
with chloral hydrate (50 mg/kg) by intraperitoneal injection.
The mouse ears were gently depilated to avoid the strong influence of hairs. We carried out imaging of a 2 mm × 2 mm
region in the ear with a frame size of 500 × 500 using the ultracompact probe. We imaged a region of 3 mm × 3 mm in the
same area of the mouse ear with a frame size of 2400 × 2400 by
using the transmission-mode ORPAM.
Figures 2(d) and 2(e) present the MAP images of a mouse
ear in the same region using the transmission-mode ORPAM
and the ultracompact probe, respectively. Both images are
capable of resolving the dense vascular network with nearly
identical contrast and resolution. We note that the vascular
structures in both images are slightly different, since we carried
out experiments separately. Figure 2(f ) shows the crosssectional profiles of the same blood vessel indicated by two
dashed white lines shown in Figs. 2(d) and 2(e). We find that
the blood vessels in Fig. 2(e) have smoother edges than those in
Fig. 2(d). The major reasons include (1) the vibrations may be
induced by the motorized scanner which loads the mouse and
water tank in the transmission-mode ORPAM or; and (2) the
low imaging speed of the transmission-mode ORPAM suffers
from motion artifacts from the mouse. The MEMS scanner in
the ultracompact probe is light, stable, and fast enough to avoid
both mechanical vibrations and motion artifacts.
To show the advantages of the ultracompact handheld
probe, we carried out imaging internal organs of rats, which
is inaccessible to all existing ORPAMs. Before the experiments,
female Wistar rats (250–300 g, n  5) were freely laid down on
a heating pad to maintain the body temperature at 37°C and
anaesthetized with chloral hydrate (50 mg/kg) by intraperitoneal injection. The abdominal cavity of the rat was opened by a
surgical blade to expose the internal organs. We held the probe
and performed full-view imaging of each organ using a frame
size of 800 × 800. The photograph in Fig. 3(a) shows an open
abdominal cavity of a rat. Figures 3(b)–3(e) present the PA
MAP images of the major organs in a rat abdominal cavity,
including ovary, uterus, colon, and bladder. During the experiments, the probe utilized the organ fluid as the coupling
medium for ultrasound transmission, avoiding potential infection caused by external coupling mediums such as ultrasound
gels and water. To date, except for the colon which can be imaged by PA endoscopy [21–23], there are no high-resolution
PA imaging techniques capable of imaging internal organs with
sufficient high resolving ability and FOV. Due to severe angiogenetic phenomena in cancer lesions [24], our probe has the
potential to capture primary, residual, and metastatic cancer
lesions in various internal organs using minimally invasive surgery in clinic. The experimental protocols of both mouse and
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Fig. 3. In vivo imaging of internal organs in an open rat abdominal
cavity. (a) Photograph of an open rat abdominal cavity. MAP images
of several vital organs in the abdominal cavity, including (b) ovary,
(c) uterus, (d) colon, and (e) bladder, which are indicated in the photograph (a).

rat experiments have been approved by the Southern University
of Science and Technology.
It is known that there are ultrahigh dense vascular networks
in the oral cavity, which are tightly associated with numerous
diseases such as oral ulcers, oral cancer, and cardiovascular
abnormalities in humans [21,25]. We carried out the in vivo
imaging of different tissues in the human oral cavity to demonstrate the clinical feasibility of the ultracompact probe in oral
disease detection. We imaged the entire oral cavities of three
volunteers. During the experiments, the volunteers sat on a
chair and wore a protection glass to avoid the potential damage
of the laser beam to their eyes. A technician held the probe and
imaged the upper lip, lower lip, pterygomandibular fold, back
surface of the tongue, and gum in the oral cavity. After the experiments, a dentist continued to examine the imaged areas for
seven days, and no abnormal symptom was observed. We have
obtained the consents from all the volunteers participating in
the experiments. Figure 4(a) presents the photograph of a

Fig. 4. In vivo human oral imaging. The photograph of a volunteer
participating in the inspection of his oral cavity (a). In vivo MAP images of the vasculatures in the human (b) upper lip, (c) lower lip,
(d) pterygomandibular fold, (e) back surface of the tongue, and
(f ) gum.

1618

Vol. 43, No. 7 / 1 April 2018 / Optics Letters

male volunteer participating in the imaging of the vasculatures
in oral mucosae. Figures 4(b)–4(d) show the MAP images of
the upper lip, lower lip, and pterygomandibular fold, respectively. We clearly observe a large number of capillary loops,
which grow vertically and start to bend and twist at the
early stage of cancerization in the top surfaces of mucosa in
human lips [Figs. 4(b) and 4(c)] and pterygomandibular folds
[Fig. 4(d)]. Figures 4(e) and 4(f ) present MAP images of vasculatures of the tongue and gum, respectively. The jagged edge
of the blood vessels in Fig. 4(e) was induced by the uncontrollable motion of the human tongue. In addition, the arbitrary
surface of the gum caused imbalanced sensitivity and lateral
resolution over the entire imaging area, as shown in Fig. 4(f ).
Although our previous portable ORPAM first demonstrates the
volumetric visualization of vasculatures in human lips [16], it is
still too bulky and heavy to examine the internal oral cavity. As
demonstrated in Fig. 4, the ultracompact probe enables the
inspection of the whole human oral cavity benefiting from
its miniature size.
In summary, we have successfully designed and built an
ultracompact handheld ORPAM probe, which is light and
miniature, and owns the capillary-level resolving capability.
This ultracompact probe has comparable performance with
tabletop ORPAMs. It is easy to use and widely applicable to
multi scale organisms. In addition, we show its specialty
through visualizing important organs in a rat abdominal cavity
and vasculatures of different tissues in a human oral cavity.
Furthermore, functional imaging with multispectral strategy
and molecular imaging with external enhancers envisage many
other applications, ranging from lower organisms such as zebrafish and Drosophila to advanced rodents such as canines and
primates. To further reduce the size of the entire probe, we can
customize a compact collimator and design a miniaturized
holder for a MEMS mirror.
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