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Abstract. Microscanning mirrors that can operate reliably under water are useful in both ultrasound and photo-
acoustic microscopic imaging, where fast scanning of focused high-frequency ultrasound beams is desired for
pixel-by-pixel data acquisition. We report the development of a new microfabricated water-immersible scanning
mirror with a small form factor. It consists of an optically and acoustically reflective mirror plate which is supported
by two flexible polymer hinges and driven by an integrated electromagnetic microactuator. It can achieve 1-axis
scanning of �12.1 deg at a resonant frequency of 250 Hz in air and 210 Hz in water, respectively. By optimizing
the design and enhancing the fabrication with high-precision optical three-dimensional printing, the overall size
of the scanning mirror module is less than 7 mm × 5 mm × 7 mm. The small form factor, large scanning
angle, and high-resonant frequency of the new water-immersible scanning mirror make it suitable for building
compact handheld imaging probes for in vivo high-speed and wide-field ultrasound and photoacoustic micros-
copy. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMM.14.3.035004]
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1 Introduction
Recently, ultrasound and photoacoustic microscopy have
become useful high-resolution microscopic imaging tech-
niques with a broad range of applications.1–3 To conduct
ultrasound and photoacoustic microscopy, a high-frequency
ultrasound beam (and also a pulsed laser beam in the case of
photoacoustic microscopy) is focused and mechanically
scanned over the imaging target pixel-by-pixel to acquire
the ultrasound data for image reconstruction. Usually, the
mechanical scanning is performed with a 2-axis motor
stage, which is often heavy, bulky, and slow, and is, there-
fore, mainly suitable for table-top operations. In the past few
years, microelectromechanical systems (MEMS) scanning
mirrors have been developed.4–6 They have a much smaller
form factor and much higher scanning speeds than the motor
stages, which make them a good choice of scanning elements
for developing compact imaging probes for handheld oper-
ations. However, current MEMS scanning mirrors are
designed for free-space optical beam steering in air. They
are not suitable for the underwater scanning operations
required by ultrasound and photoacoustic microscopy,
where water is used as the matching medium for the trans-
mission of high-frequency ultrasound waves.

To address this issue, we have developed a water-immersible
microscanning mirror, which can reliably operate in both air
and water to provide fast scanning of both optical and high-fre-
quency ultrasonic beams in water.7 It has been used to enable
high-speed and high-resolution photoacoustic microscopy to
capture the fast-changing functional information of biological
tissues.8–10 However, due to the limitations in its design and
construction, the water-immersible microscanning mirror has

a large form factor which cannot be accommodated inside a
compact probe for handheld imaging operations. In this
paper, we report the development of a new 1-axis water-
immersible microscanning mirror with a much smaller form
factor. By optimizing the design and improving the fabrication
by using high-resolution three-dimensional (3-D) printing, the
overall size of the water-immersible microscanning mirror has
been significantly reduced without any degradation in its scan-
ning performance. This makes it suitable for building compact
handheld imaging probes to conduct ultrasound and photo-
acoustic microscopy where the water-immersible scanning mir-
ror can be used to provide the primary (fast)-axis scanning.

2 Design
Figure 1 shows the schematic design of the new water-
immersible scanning mirror. A single-crystal silicon sub-
strate coated with a thin aluminum layer is used as the
reflective mirror plate. Silicon has a much higher acoustic
impedance than water and provides high-acoustic reflectiv-
ity, while the aluminum coating forms a good optical reflec-
tion layer. The mirror plate has a rectangular shape to better
fit the oval optical/ultrasound illumination spot. Compared
with that of conventional microscanning mirrors, the mirror
plate has a much larger size to provide a higher numerical
aperture for ultrasound beam steering. This is improtant to
ensure good acoustic sensitivity, especially when the ultra-
sound signals are weak. The mirror plate is supported by
two microtorsion hinges separated by a spacer frame
[Fig. 1(b)], which are made of high-strength biaxially ori-
ented polyethylene terephthalate (BOPET) film. Its low stiff-
ness and high fracture strain reduce the required driving
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force and avoid shock damage due to turbulence, especially
for a larger mirror plate. The outer ends of the two torsion
hinges are attached onto the spacer frame. Their inner ends
are anchored onto the cap structure on the inductor coil
housed in a supporting base, which also serves as the mount-
ing structure of the scanning mirror. Both the hinges and
magnets are buried underneath the mirror plate to minimize
the overall dimensions of the mirror module.

Electromagnetic actuation was chosen as the driving
mechanism. Compared with other microactuation mecha-
nisms, such as electrostatic, piezoelectric, and thermal meth-
ods, electromagnetic actuation does not need a high voltage
or electroheating,11,12 and is, therefore, more suitable in a
liquid environment. Compact electromagnetic actuation was
achieved by combining a single inductor coil with two pairs
of four rare-earth magnet discs attached onto the two ends of
the mirror plate with opposite polarities. When the AC cur-
rent flows through the inductor coil, the resultant magnetic
field creates a torque on the magnets and vibrates the mirror
plate around the two torsion hinges. To achieve significant
reduction of the overall size of the mirror module, improve-
ments were made over the previous design. First, instead of
being placed adjacent to the mirror plate, the two torsion
hinges are completely covered underneath it. Second, the
inductor coil is used as the supporting structure of the mirror
plate assembly. Third, the use of four magnets instead of two
provides a stronger and more uniform magnetic field, which
allows the use of a smaller inductor coil to drive the scanning
mirror.

In ultrasound and photoacoustic microscopy, the optical
and ultrasound signals are in the form of short pulses with a
typical repetition rate of 10 to 100 kHz. To maintain a dense
pixel formation, the vibration frequency of the scanning mir-
ror should be 10 to 100 of Hz. A maximal scanning angle
larger than 10 deg is desirable to provide a good field of
view. The main design parameters of the scanning mirror

are listed in Table 1. Based on these design parameters, a
preliminary mechanical analysis was conducted to provide
a first-order estimation of the scanning performances (e.g.,
scanning angle, resonant frequency, and driving current).13

The magnetic force (F) generated between the permanent
magnet discs and the inductor coil can be determined by

EQ-TARGET;temp:intralink-;e001;326;457F ¼ V ×Ms ×
∂H
∂z

; (1)

where V is the total volume of two permanent magnetic
discs, Ms is the effective magnetization of the two magnet
discs on each side, and H is the magnetic field intensity gen-
erated by the inductor. The torque Tmag generated by the
magnetic force and the resulting rotation angle (ϕ) can be
determined by

EQ-TARGET;temp:intralink-;e002;326;349Tmag ¼ F × L 0; (2)

EQ-TARGET;temp:intralink-;e003;326;318ϕ ¼ TL
JG

; (3)

where L, J, andG are the length, torsional moment of inertia,
and shear modulus of elasticity of the torsion hinges, respec-
tively, and L 0 is the work distance between the magnetic
force (F) and the torsion hinges. Assuming the torsion
hinge has a rectangular cross-section, the torsion moment
of inertia (J) can be determined by

EQ-TARGET;temp:intralink-;e004;326;216J ¼ wt3
�
16

3
− 3.36

t
w

�
1 −

t4

12w4

��
; (4)

where w is the width and t is the thickness of the torsion
hinge. The resonant frequency in air (fr air) can be estimated
by

EQ-TARGET;temp:intralink-;e005;326;138fr air ¼
1

2π

ffiffiffiffiffiffiffi
K⋆

m

r
; (5)

where K⋆ is the torsional force constant of the BOPET
hinges and m is the overall effective mass of the mirror plate
assembly. Due to the small movement of the mirror plate dur-
ing scanning, the damping from the air can be neglected.
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Fig. 1 Schematics of the water-immersible scanning mirror design:
(a) side view and (b) top view with mirror plates removed.

Table 1 Design parameters of the mirror.

Inductor Permanent magnets

Inductance 1 mH Thickness 0.8 mm

Diameter 3.125 mm

Spacing 3mm × 4mm

Mirror plate Supporting hinge

Length 7 mm Length 0.75 mm

Width 5 mm Width 5 mm

Thickness 0.3 mm Thickness 0.3 mm
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When the scanning mirror is immersed in water, the resonant
frequency (fr water) can be estimated by

EQ-TARGET;temp:intralink-;e006;63;626fr water ¼ fr air

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3πρb

2ρmt 0
ΓtðκÞ

s −1

; (6)

where ρ is the density of water, ρm and b are the effective
density and width of the mirror plate assembly, ΓtðκÞ is the
normalized hydrodynamic load (i.e., the “hydrodynamic
function”14), which depends on the normalized mode
order (κ), by

EQ-TARGET;temp:intralink-;e007;63;520ΓtðκÞ ¼
1

16

�
1þ 0.37922κ þ 0.072912κ2

1þ 0.37922κ þ 0.088056κ2 þ 0.010737κ3

�
;

(7)

and κ is determined by the mode number n (n ¼ 1 for first-
order resonance) and cantilever length L and width b15

EQ-TARGET;temp:intralink-;e008;63;443κ ¼ π

2
ð2n − 1Þ b

L
: (8)

Since the water tank (60-cm long, 30-cm wide, and 20-cm
deep) is much larger than mirror module (7 mm × 5 mm ×
7 mm), the boundary effect of the water tank on the damping
is negligible. Based on Eqs. (1)–(8), the estimated resonant
frequencies of the scanning mirror in both air and water are
listed in Table 2.

3 Fabrication and Assembly
The fabrication of the scanning mirror starts with the prepa-
ration of the reflective mirror plate. A 300 μm thick single-
crystalline silicon wafer was coated with a 150nm thick
aluminum layer by using electron-beam evaporation (PVD
75 Ebeam Evaporator, Lesker). After this, it was cut into
multiple 7 mm × 5 mm pieces using an automatic dicing
machine (1006A, Micro Automation), which will be used
as the reflective mirror plate. The torsion hinges, spacer
frame, and inductor cap were made by using a laser cutting
machine (PLS6.75, Universal Laser System). The torsion
hinges were cut out from a 75 μm thick BOPEF film, and
the spacer frame and inductor cap were cut out from a 1-
mm thick acrylic sheet. Because of its complex 3-D
shape, the inductor housing (with two mounting holes inside)
were fabricated by using a high-resolution optical 3-D printer
(Perfactory® Micro DDP, Envisiontec) with a maximal res-
olution of 30 μm.

After all the components were fabricated, the silicon mir-
ror plate, spacer frame, permanent magnetic discs (D101-
N52, K&J Magnetics), and BOPET torsional hinges were
first assembled and bonded together with silicone rubber
adhesive (RTV 108, Momentive Performance Materials)
[Fig. 2(a)]. Second, one end of the magnetic core of the
inductor coil (70F103AI-RC, BOURNS) was polished into
a flat surface, followed by the mounting and bonding of the

inductor cap. Next, the inner ends of the two torsional hinges
were bonded onto the inductor cap. In the last step, two elec-
trical wires were connected to the inductor coil and insulated
with silicone rubber adhesive. Figs. 2(e) and 2(f) show a
completely assembled scanning module. It has an overall
length, width, and thickness of 7, 5, and 7 mm, respectively,
which is much smaller than our previous scanning mirror
module with an overall size of 15 mm × 15 mm × 15 mm.7

4 Characterization
The scanning angle ϕ and resonance frequency fr of the
scanning mirror were characterized in air and water by
using a laser tracing method (Fig. 3). During the characteri-
zation, the scanning mirror was mounted on the bottom of a
water tank. A ruler was placed 35 mm away from the center
of the mirror plate. The laser beam from a laser pointer was
projected onto the mirror plate with an incident angle of
45 deg and reflected onto the ruler. The scanning angle
was calculated based on the trace of the laser beam on
the ruler. To determine the resonance frequency, AC driving
currents with the same amplitude but different frequencies
were applied. The resonance frequency is defined as the fre-
quency of the AC driving current when the scanning angle

Table 2 Estimated resonance frequencies.

f r air 263.42 Hz

f r water 215.73 Hz

Fig. 2 (a)–(d) Illustration of the scanning mirror assembly process
and (e)–(f) right-side and front-side views of a fully assembled scan-
ning mirror module.
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reaches its maximum. Figure 4(a) shows the scanning angles
at different frequencies both in air and in water. The ampli-
tude of the AC driving currents is 90 mA in air and 97 mA in
water, respectively. Due to the dynamic damping in water,
the resonance frequency drops from 250 Hz in air to
210 Hz in water, which are close to the estimated values.
Figures 4(b)–4(e) show the average values and standard devi-
ations of the optical tilting angles (based on five measure-
ments) as a function of the amplitude of the AC currents
when the scanning mirror was driven at its resonant fre-
quency in air and water, respectively. In water, as the current
increasing from 20 to 120 mA, the optical tilting angle
increases linearly from 4 deg to 12.5 deg. On the other
hand, as the current decreases from 120 to 20 mA, the lin-
earity can also be observed. In air, at low current, the optical
tilting angle also varies linearly with respect to the AC cur-
rent. However, at high current, linearity is distorted a little
because the tilting angle is so large that the BOPET hinge

Fig. 3 Laser tracing setup for the characterization of the scanning
angle and resonant frequency.

0

1

2

3

4

5

6

7

8

9

0 50 100 150 200 250 300 350 400

H
al

f 
an

g
le

 (
d

eg
)

Driving frequency (Hz)

air 90 mA

water 97 mA

(a) 0
2
4
6
8

10
12
14
16
18
20
22
24
26

O
p

ti
ca

l t
ilt

in
g

 a
n

g
le

 (
d

eg
)

20 30 40 50 60 70 80 90 100 110 120

Driving current (mA)

Mirror module driven in air at 250 Hz increasing 
current

(b)

0
2
4
6
8

10
12
14
16
18
20
22
24
26

2030405060708090100110120

Driving current (mA)

Mirror module driven in air at 250 Hz decreasing 
current

(c)

0

2

4

6

8

10

12

14

16

20 30 40 50 60 70 80 90 100 110 120 130 140

Driving current (mA)

Mirror module driven in water at 210 Hz 
increasing current

(d)

0

2

4

6

8

10

12

14

16

2030405060708090100110120130140

O
p

ti
ca

l t
ilt

in
g

 a
n

g
le

 (
d

eg
)

O
p

ti
ca

l t
ilt

in
g

 a
n

g
le

 (
d

eg
)

O
p

ti
ca

l t
ilt

in
g

 a
n

g
le

 (
d

eg
)

Driving current (mA)

Mirror module driven in water at 210 Hz 
decreasing current

(e)

Fig. 4 (a) Resonant frequency test results and (b)–(e) optical tilting angle test results.
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can no longer hold its mechanical property. Since the tilting
angles required in ultrasound and photoacoustic scanning are
usually smaller than nonlinear region values, it is safe to
draw a conclusion that the optical tilting angle increases lin-
early with the amplitude of the AC driving currents. In addi-
tion, a thermal conductivity and reliability test was also
performed when the scanning mirror was immersed in
water at 25°C. A thermal couple probe was put in direct
touch with the inductor coil to monitor the change of its tem-
perature. The scanning mirror was driven at 210 Hz with an
AC current of 230 mA. The temperature of the inductor coil
stayed constantly at 31°C. After being driven over 10 million
cycles, no noticeable degradation in the scanning perfor-
mance was observed.

5 Ultrasound Imaging Experiment
Using the water-immersible scanning mirror to steer a
focused ultrasound beam in water, pulse-echo ultrasound
microscopy of an optical-fiber target was successfully dem-
onstrated. The imaging setup (Fig. 5) includes a water tank, a
high-frequency (25 MHz) focused transducer with a focal
length of 50.4 mm (V324-SM-F2.00IN-PTF, Olympus),
the water-immersible scanning mirror, and a piece of
0.9-mm pencil lead as the imaging target. The scanning mir-
ror is placed 28 mm away from the transducer at an angle of

45 deg. The pencil lead is placed 32 mm away from the
center of the mirror plate, such that they are located in
the focal zone of the ultrasound transducer. The ultrasound
transducer is connected to a pulser/receiver system (5072PR,
Olympus) and an oscilloscope (TDX 2014B, Tektronix).
The pulses’ repetition rate and pulse width were set to be
5 kHz and 1 s, respectively. A data acquisition (DAQ)
card (PCI 6251, National Instruments) and a custom-built
current amplifier array were used to provide DC currents
to drive the scanning mirror from −350 to 350 mA with a
7 mA increment. This forms 100 scanning steps, correspond-
ing to a scanning area of 3 mm. The peak-to-peak voltage of
the received ultrasound signals were measured and averaged
128 times. To automate the scanning and data acquisition
process, a Labview (National Instruments) program was
developed to control the DAQ card and the oscilloscope.
Figure 6 shows the normalized averaged peak-to-peak volt-
ages as a function of the lateral and vertical scanning loca-
tion. The target width is 1.08 mm in the ultrasound image,
which agreed well with the actual pencil lead width. There
are two hot spots in the ultrasound image. One illustrates the
upper water-target interface and the other one illustrates the
bottom target-water interface. The space between these two
surfaces denotes the target.

6 Conclusion
In conclusion, we have demonstrated a new water-immersible
scanning mirror with a small form factor. Compared with its
predecessors, a significant size reduction of the entire scanning
mirror module has been achieved without sacrificing the scan-
ning range and speed. This is made possible with design
optimization and a seamless integration of conventional micro-
fabrication processes with new 3-D printing technologies.
Future work will be focused on its application in the develop-
ment of new handheld ultrasound and photoacoustic imaging
modalities.Fig. 5 The pulse/echo ultrasound microscopic imaging setup.

Fig. 6 Ultrasound B-scan result.
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