Hwang et al. Micro and Nano Syst Lett (2017) 5:1
DOI 10.1186/5s40486-016-0036-4

® Micro and Nano Systems Letters

REVIEW Open Access

Microscanners for optical

® CrossMark

endomicroscopic applications

Kyungmin Hwang, Yeong-Hyeon Seo and Ki-Hun Jeong”

Abstract

endomicroscopic applications will be overviewed.

MEMS laser scanning enables the miniaturization of endoscopic catheters for advanced endomicroscopy such as
confocal microscopy, multiphoton microscopy, optical coherence tomography, and many other laser scanning
microscopy. These advanced biomedical imaging modalities open a great potential for in vivo optical biopsy without
surgical excision. They have huge capabilities for detecting on-demand early stage cancer with non-invasiveness. In
this article, the scanning arrangement, trajectory, and actuation mechanism of endoscopic microscanners and their
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Background

Over 80% of all cancers attribute to epithelial tissue and
the early stage detection of cancer based on resection
tissue or extracted body fluid for histological or cytologi-
cal examination substantially reduces the death rate [1].
However, conventional biopsy with surgical excision still
has some disadvantages such as random sample resec-
tion, time-consuming sample preparation, or physical
invasiveness. Recently, diverse endomicroscopes com-
bining advanced optical microscopic techniques with
clinical endoscopes open up optical biopsy that can
deliver many advantages of on-demand detection, pre-
cise sampling, and noninvasiveness. Laser scanning flu-
orescence microscopy such as confocal or multiphoton
microscopy has been actively applied for optical biopsy
in monitoring cellular metabolism inside highly scatter-
ing tissues such as in vivo human skin and more recently
optical coherence tomography has also been developed
for ophthalmological applications since the early 1990s
[2—4].These microscopic techniques are rapidly trans-
lated into clinical endoscopic applications. As a result,
the compactness of laser scanners remains prerequisite
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for miniaturizing laser-scanning endomicroscopes. For
the last decade, Microscanners using micro electrome-
chanical systems (MEMS) technology have been exclu-
sively utilized for endomicroscopic applications. The
device compactness allows both an endomicroscopic
package smaller than 3 mm in outer diameter and an
operational voltage lower than 40 V. i.e. the maximum
voltage limit for human body based on IEC 60601-01.
This article provides a mini-review for endomicroscopic
MEMS scanners, which covers the scanning arrange-
ments, the scanning trajectories, the actuation mecha-
nisms, and the packaging configuration with their
endomicroscopic applications.

Scanning arrangement

The scanning arrangement exhibits two distinct arrange-
ments of pre-objective or post-objective scanning
depending on the position of a MEMS scanner and an
objective lens. The pre-objective scanning displays that a
laser MEMS scanner is located prior to an objective lens
as illustrated in Fig. 1a. This arrangement allows a long
working distance between an objective lens and a tar-
get sample but it may cause significant off-axis aberra-
tion for a deflected scanning beam. In this case, the scan
length is determined by multiplying the focal length and
the angle of incidence of an input beam. The aberration
can be minimized by using a specialized f-0 lens, whose
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Fig. 1 Scanning arrangements of an endomicroscope depending on the position of a micro-scanner and an objective lens; a pre-objective and

diffraction-limited design is optimized for a flat field on
the image plane and low distortion [5]. In contrast, the
post-objective scanning exhibits that a microscanner is
placed after an objective lens as shown in Fig. 1b. Unlike
the pre-objective scanning, this arrangement delivers
small off-axis aberration as well as high image resolution.
However, the working distance becomes short due to the
taken space between an objective lens and a target sam-
ple and thus the selection of an objective lens with a high
NA objective is very limited in practical use.

Scanning trajectory

The scanning trajectory is governed by spiral scanning,
raster scanning, and Lissajous scanning of a laser beam
over a scanning area. Two dimensional scanning pat-
tern is obtained by employing two orthogonally scan-
ning waveforms of x = x, sin (w, t + ¢,) and y =y, sin
(w,t + @), where x and y are the scanning paths, x,, and
Yy, are the scanning amplitudes, t is the scanning time,
o, and o, are the scanning frequencies, and ¢, and ¢
y are the scanning phases on the horizontal and vertical
axes, respectively. The spiral scanning of a circular field-
of-view (FOV) is simply achieved by resonating a single
scanning fiber under two sine waveforms at v, = w, and
Ag = m/2. Seibel et al. have first demonstrated a single
scanning fiber with a tubular piezoelectric actuator in
2001 [6] and Myaing et al. have successfully demon-
strated 2D beam fiber scanning for multi-photon micros-
copy [7]. The main drawback of spiral scanning is the
non-uniform scanning density along a radial direction [8]
of the scanned area due to the altered scanning speed as
shown in a multiphoton microscopic image of 6 pm fluo-
rescent beads in Fig. 2a. In addition, the intrinsic off-axis
misalignment of a single fiber readily causes the mechan-
ical coupling between the vertical and horizontal axes of
a single scanning fiber [9].

The raster scanning is mainly obtained by using bi-
directional scanning waveforms with w,/w, = N, where
N is a positive integer as shown in Fig. 2b. A laser beam
scans laterally from left-to-right at a scanning fre-
quency of w,, then rapidly moves back to the left, and
scans the next line. During this time, the vertical posi-
tion increases steadily downward at a slow scanning
frequency of w,. The lateral and vertical scanning fre-
quencies determine the line resolution and the frame
rate, respectively. This raster scanning provides a rec-
tangular FOV as well as a simple reconstruction of the
scanned images by synchronizing the position of a scan-
ning beam spot with the operational signals. However,
raster MEMS scanners have some technical limitations
due to high driving voltages or low mechanical stabil-
ity for the slow axis. In other words, the fast and slow
scanning can be often achieved by operating at either
resonance or non-resonant frequency. However, the
non-resonant motion requires relatively much higher
operation voltage than the resonant motion [10]. Rivera
et al. have orthogonally attached two piezoelectric
bimorphs to a single mode fiber, which shows a reso-
nant motion for the fast lateral axis and a non-resonant
motion for the slow vertical axis. Piyawattanametha
et al. have successfully demonstrated raster scanning
with two resonant MEMS mirrors [11] but the MEMS
mirror with a low resonant frequency is vulnerable to
the external mechanical shock due to a small spring con-
stant. Do et al. also presented raster scanning endomi-
croscope using a non-resonant tubular piezoelectric
actuator [12]. The non-resonant raster scanner readily
changes the FOV with both uniform scanning density
and a stable orthogonal shape but it still requires high
driving voltages. The bottom image of Fig. 2b indicates
the microscopic image of ex vivo mouse tissue based on
the raster scanning [10].
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The Lissajous scanning can be achieved when two scan-
ning waveforms have a frequency relation of w,:w, = n:m,
where n and m are relative prime numbers. The Lissajous
scanning also provides a rectangular FOV. Although the
scanning pattern and the frame rate are more complex
than other scanning patterns, MEMS scanners typically
exhibit the Lissajous scanning under high resonant fre-
quencies for both the axes to secure high mechanical
stability. Compared to the spiral scanning, the Lissajous
scanning also shows high uniform illumination over the
full scaned area. Lissajous scanners have been demon-
strated by using a MEMS based lens scanner [13] and a
fiber scanner [9]. The bottom image of Fig. 2c displays
the OCT microscopic image of Korean coin with the
detection time of 1.5 s based on the Lissajous scanning.

Actuation mechanism of microscanners

The endomicroscopic microscanners mainly divide
into scanning mirror, a single optical fiber scanner [7, 9,
14-20], or a lens scanner [13, 21-24]. First, the scanning
MEMS mirrors are operated by using electrostatic [25—
31], electromagnetic [22, 32], or electrothermal [33-39]
actuation. An electrostatic force between suspending
and fixed electrodes induces the electrostatic actuation,

which allows a high scanning resonant frequency but it
often requires high operational voltages. Petersen et al.
reported the first electrostatic MEMS mirror based on a
parallel-plate structure in 1980 [26]. The maximum rota-
tional angle is £2° at an operational voltage of 300 V. The
parallel-plate structure has a relatively small rotational
angle at such high operating voltage due to the pull-in
effect [40]. A vertical comb drive overcomes the techni-
cal limitation of the parallel-plate actuators. The elec-
trostatic force between vertically located interdigitated
comb fingers results in a successful rotation of a silicon
mirror with a torsional spring. Aguirre et al. have demon-
strated an electrostatic gimbaled 2D MEMS mirror with
angular vertical comb drives [27], which offers the mirror
rotation angle of £6° at over 100 V (Fig. 3a) The scanning
mirror has a circular aperture with a diameter of 1 mm
within the footprint size of 3 mm x 3 mm.

The electromagnetic actuation allows an increased
scanning angle under a low operational voltage. The
Lorentz force induces attractive and repulsive actuation,
which can be selectively generated by changing the direc-
tion of a current flow inside active electric coils or per-
malloy. However, the compulsory existence of electric
coils hampers the size reduction of an endomicroscopic
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Fig. 3 Microscanners for endomicroscopy. a Electrostatic gimbaled 2D MEMS mirror [27], b Electromagnetic 1D MEMS mirror [32], € 1D single-crys-
talline silicon MEMS mirror [35], (reproduced by permission of the Institution of Engineering & Technology) d spiral PZT scanner [7], e Lissajous fiber
scanners using MTSO [14], f Lissajous scanned electrothermal MEMS fiber scanner [15], g electromagnetic MEMS microlens scanner [21],

h electrostatic MEMS lens scanner [13]

package. Miller et al. have demonstrated a 1D micro-
mirror with a rotation angle over 60° [32] (Fig. 3b). The
structure of the scanner is composed of a single-crystal-
line silicon plane (4 x 4 x 0.04 mm® tethered to the bulk
silicon substrate by two serpentine springs. A permalloy
layer (3 mm x 3 mm) which is located on the bottom
side of plate induces the magnetic actuation. Kim et al.
[22] have also reported an electromagnetic gimballed 2D
MEMS miirror. A rectangular MEMS mirror is mounted
on a two-axis gimbal platform with folded flexible hinges.
The device features a mirror plate of 0.6 mm x 0.8 mm
within a footprint size of 2.4 mm x 2.9 mm under a

post-objective configuration. The resonant frequencies
for each axis are 450 and 350 Hz, respectively, and the
mechanical rotation angle is around 40° at 3 V ,, opera-
tional voltages for the fast and slow axes.

The electrothermal actuation can also be achieved
by using bimorph microcantilevers of thermally mis-
matched bilayer films. For instance, a bimorph micro-
cantilever of thin aluminum and silicon dioxide films
can induce a large angular motion due to the high stress-
gradient, which is caused by the mismatch in the ther-
mal coefficient of expansion during Joule heating. The
electrothermal micromirrors exhibit a linear relationship
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between a rotation angle and an applied voltage. In par-
ticular, a simple configuration of a bimorph cantilever
substantially increases the fill factor of a mirror plate. Pan
et al. have reported an early model of a 1D electrother-
mal MEMS mirror [34]. The MEMS mirror is actuated
by the bimorph structure composed of Al and SiO,. The
footprint size of MEMS mirror is 1 mm x 1 mm and the
initial bending angle is 17°. They further improved the
scan angle up to 37° by using a 1D MEMS mirror [35]. In
this paper, they used a modified single-crystalline silicon
(CSC) micromirror, as shown in Fig. 3c. Jain et al. have
reported a two-axis electrothermal MEMS mirror at 2004
[36]. Two axis scanning is realized by using two bimorph
thermal actuators: a mirror actuator and a frame actua-
tor. The resonant frequencies of the mirror and frame
actuator structures are 445 and 259 Hz, respectively. Sun
et al. also have reported a gimbal-less two-axis electro-
thermal MEMS mirror [37]. Four microactuators on each
side increase a scanning area and satisfy lateral-shift-free
design suspending the mirror plate (1 mm x 1 mm). The
MEMS miirror scans 30° at DC 5.5 V voltage for both x-
and y-axes. Wang et al. have demonstrated a 2D electro-
thermal MEMS mirror, which has four pairs of unique
dual S-shaped bimorph structures [38].

The fiber scanning is often realized by using a piezo-
electric actuator [7-9, 14, 16—19]. A single optical fiber
is precisely mounted on a piezoelectric microactuator or
inside a quadrupole piezoelectric tube. The fiber scan-
ner typically operates at the resonant frequencies of an
optical fiber along the orthogonal axis and thus the fiber
length easily controls the scanning speed. This resonant
operation effectively obtains high scanning amplitude
below the maximum voltage limit for human body. The
fiber scanner often takes spiral scanning because a single
optical fiber exhibits the same stiffness for the orthogo-
nal scanning axes, which results in the same resonant
frequencies. Myaing et al. have reported the spiral scan-
ning of a single-mode optical fiber at 2.8 kHz resonant
frequencies for both the axes [7] (Fig. 3d). Lissajous
scanning fiber scanners have been recently developed by
operating a piezoelectric tube at two different operating
frequencies for both the directions after differentiating
the bi-directional spring constants of an optical fiber. For
instance, Park et al. have reported Lissajous fiber scanner
by using an off-set fiber fragment with micromachined
silicon structures to separate the two resonant frequen-
cies [9]. The silicon structures (0.5 x 0.5 x 1 mm?®) were
located at 3.5 mm and 13.5 mm of the 20 mm long fiber
apart from the actuator. The scanner has resonant fre-
quencies at 86 and 97 Hz for x and y-axes, respectively,
and shows the scanning amplitude of 732 and 591.7 pm
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at 40 V,,,. A micromachined tethered silicon oscillator
(MTSO) for endoscopic Lissajous fiber scanners has been
further demonstrated for the stiffness modulation of a
scanning optical fiber in a simple manner [14] (Fig. 3e).
Recently, the Lissajous fiber scanning has also been
demonstrated by using an electrothermal MEMS fiber
scanner. Double hot arm and cold arm structures with
a linking bridge and a mounted optical fiber on a silicon
fiber groove enable the separation of resonant frequen-
cies of a single optical fiber for Lissajous scanning [15]
(Fig. 3f).

Lastly, the lens scanning can also be employed for
endomicroscopic applications. Paired lenses on a mil-
limeter scale are mounted on electromagnetic [21] or
electrostatic [13, 23] microactuators, and they serve
as scanning lenses for two dimensional laser scanning.
Including commercial glass lenses, a plano-convex poly-
dimethylsiloxane (PDMS) microlenses [21] or gradient-
index (GRIN) lenses [13] can serve as a scanning lens. Siu
et al. have demonstrated a magnetically actuated MEMS
microlens scanner by employing external magnetic field
for actuation (Fig. 3g) [21]. The microlens scanner fea-
tures a plano-convex PDMS microlens and a ferromag-
netic nickel platform with a pair of suspension springs.
All the components except the PDMS microlens are
made of electroplated nickel and thus an external mag-
netic field induce a magnetic moment to rotate the nickel
platform with a periodic focal scanning trajectory. The
scanning angle shows 23° under an external magnetic
flux density of 22.2 x 107> Tesla. An electrostatic MEMS
lens scanner has also been demonstrated by Park [13,
24]. The lens scanner has two aspheric glass lenses on
orthogonally resonating electrostatic MEMS microstages
for Lissajous scanning pattern (Fig. 3h). The scanner
has the lateral angle of +4.6° at 277 Hz and the vertical
angle of £4.2° at 204 Hz as the lens mass provides high-Q
motions at low operating voltages of 5V, DCand 10 V,,,
AC.

Packaging configuration

The endomicroscope package has two different con-
figurations, which are side-looking and forward-look-
ing by incorporating diverse laser scanning microscopy
techniques such as optical coherence tomography and
confocal/multiphoton microscopy. The side-looking is
favourable for endomicroscopic imaging of tubular organs
or vasculatures such as intra-artery [41] or respiratory
organs [42] and further divides into either en-face or
circumferential imaging. The en-face imaging is often
achieved by using electrostatic, electromagnetic, or elec-
trothermal actuated MEMS mirrors. Figure 4a shows an



Hwang et al. Micro and Nano Syst Lett (2017) 5:1

a

SMF FC lens mirror

\Tio 2

/ D O
AL package

d  optical fiver
(angle cleaved)

Prism

Grin lens

(angle polished) ransparent
outer sheath

Fig. 4 Side looking endomicroscopy. a Electrostatic MEMS mirror
probe. OCT image of the hamster cheek pouch is obtained [27].

b Electromagnetic en-face endomicroscope. OCT image of the finger
was obtained [22]. ¢ Electrothermal MEMS mirror probe. OCT image
of glass tube filled with milk was obtained [38]. d Circumferential
probe with microprism. OCT image of a rabbit trachea was obtained

[43]

electrostatic MEMS mirror probe including a MEMS mir-
ror with an aluminium holder, a GRIN lens, an optical
fiber, and a small achromatic lens [27]. The MEMS mir-
ror is mounted at 45° to the optical axis of the lens and
the en-face scanner performs post-objective scanning
with minimal off-axis aberrations. This fully packaged
endoscopic catheter delivers the OCT image of a ham-
ster cheek pouch. Figure 4b shows an electromagnetic
en-face endomicroscope, where a permanent magnet and
wire-wound coils are located at the backside of the mir-
ror plate and inside an endoscopic probe, respectively.
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The fully packaged endomicroscopic catheter exhibits
2.8 mm in outer diameter and 12 mm in length [22]. The
MEMS mirror reflects light toward a specimen through a
cylindrical glass window. The catheter was combined with
a SD-OCT system to obtain the OCT images of a fin-
gertip. Figure 4c demonstrates an electrothermal MEMS
mirror for side-looking and en-face configuration [38].
The endomicroscopic probe consists of a mount base, a
GRIN lens, a GRIN lens fiber, and a MEMS mirror with
a post-objective arrangement within an outer diameter of
3.5 mm. The electrothermal 2D MEMS mirror success-
fully offers a raster scanned OCT image of glass tube filled
with milk. On the other hand, the circumferential imag-
ing is mainly obtained by rotating a right-angled along the
optical axis as described in Fig. 4d [43, 44]. Light from a
single optical fiber is focused through a GRIN lens and
circumferentially deflects perpendicular to the central
axis of an endomicroscopic catheter with a transparent
outer sheath by using a rotating microprism, which is
indirectly driven by an external [45] or internal micromo-
tor. The circumferential imaging can also be achieved by
rotating a prism-fiber module at the distal end [46].

In contrast, the forward-looking configuration facili-
tates tissue imaging prior to an endoscopic distal end.
This configuration offers many benefits, particularly for
gastrointestinal applications because the endomicro-
scopic probe is directly coupled through an accessory
channel of conventional clinical endoscopes and thus the
scanning laser beam is parallel to an endoscopic cam-
era. This configuration is often achieved by using a fiber-
coupled quadrupole piezoelectric tube with a graded
refractive index lens [20]. Liu et al. have demonstrated
endomicroscopic probe with a quadrupole piezotube
(2.4 mm outer diameter, 32 mm length). H.-C. Park et al.
also have demonstrated fully assembled with a hypoder-
mic tube housing of 3.2 mm outer diameter and a 2 mm
diameter GRIN objective and 5 mm in length as shown in
Fig. 5a. The fully packaged endomicroscope inside a gas-
trointestinal endoscope obtained a 3D OCT image of a
mouse ear (Fig. 5a) [9]. This tubular configuration facili-
tates simple packaging with the precise optical alignment,
particularly for forward-viewing endomicroscopic appli-
cations. A dual-axis confocal (DAC) endomicroscope
has also be developed for forward-looking tissue imag-
ing. DAC is effective to reject out-of-focus scattered light
for high axial resolution, particularly in turbid tissue by
applying two optical fibers oriented along the intersect-
ing optical axes of two objectives. Liu et al. have demon-
strated a dual-axes confocal reflectance microscope [28].
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They further improved a handheld micromirror-scanned
dual-axis confocal microscope, as shown in Fig. 5b [29].
GRIN lens is placed at the tip of DAC endomicroscope,
where two low NA beams are focused with a crossing
angle of 45° to minimize optical aberrations as well as
they provide a long working distance for the post-objec-
tive configuration [30]. Two pairs of actuators locate with
opposite directions, and Fig. 5b shows in vivo confocal
image of GFP-expressing medulloblastoma in a mouse.
The lens scanning has also been developed for for-
ward looking endomicroscopy by using electromagnetic,
electrothermal, or electrostatic actuation. Siu et al. have
demonstrated a magnetically actuated MEMS micro-
lens scanner assembled with an optical fiber [21]. The
microlens scanner is driven by an external AC magnetic
field, eliminating chip circuitry, and thermal deformation
induced by Joule heating. Duan et al. have demonstrated
an electrothermal MEMS actuator for a forward-looking
OCT imaging endomicroscope [39]. The probe com-
prises a fiber-GRIN lens-prism module, a two- axis
MEMS mirror whose size is 0.85 mm x 0.85 mm with
flexible PCB, stainless-steel mount, a glass window, and
an encapsulation tube. A MEMS mirror is mounted on
45° slope after the prism. This endomicroscopic probe
has the outer diameter of 5 mm and demonstrates the
OCT image of human nail after combining swept-source
OCT system as shown in Fig. 5¢c. An electrostatic MEMS
lens scanner also enables 2D optical scanning for for-
ward-looking OCT imaging. The probe consists of the
MEMS lens scanner, a printed circuit board (PCB), a
GRIN fiber collimator, and objective lens, and an alu-
minum housing (Fig. 5d) [13]. The MEMS lens scanner
mounted on the PCB was aligned along an optical axis on
a silicon fiber groove. The pre-objective design of silicon
lens holders and silicon fiber groove becomes compact,
facilitates the precise optical alignment, and provides a
long working distance. The endomicroscopic catheter has
an outer dimension of 7 x 7 mm with the 5 mm diameter
of the objective lens and successfully demonstrates the
SD-OCT image of a mouse ear as shown in Fig. 5d.

Conclusions

We have overviewed MEMS microscanners for endomi-
croscopic applications depending on scanning arrange-
ment, trajectories, scanning mechanism, and endoscopic
optical packaging configuration. Table 1 shows the sum-
mary of endomicroscopic microscanners. The scan-
ning arrangement has two different optical layouts of
pre-objective and post objective configuration, which
is determined by the position of an objective lens and
a microscanner. The pre-objective configuration is
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effective for a long working distance between the objec-
tive lens whereas the post-objective has no off-axis
aberration with relatively high image resolution. The
scanning trajectory includes spiral, raster, or Lissajous
scanning patterns. The spiral scanning, operated by
the same resonant frequencies for x-and y-axes, is ben-
eficial for the quarto-pole piezoelectric tube but not for
many other MEMS scanners. The raster scanning can
take many advantages for high speed laser scanning
endomicroscopy due to the simplicity in both the device
operation and the imaging processing. Conventional
MEMS scanners deliver the raster scanning but they
suffer from high voltage operation for the slow axis or
low mechanical stability with the low operational scan-
ning frequency. In contrast, the Lissajous scanners can
be often operated with fast scanning frequencies for
both the axes whereas the scanning trajectory becomes
relatively complicated. This operation accompanies with
high mechanical stability and resonant operation with
low operational voltages. The endomicroscopic MEMS
scanners are categorized into MEMS mirrors, scanning
fibers, and lens scanners. Electrostatic, electromagnetic,
and electrothermal actuations are commonly utilized for
MEMS mirror scanners and MEMS lens scanners. The
electrostatic actuation offers high-speed operation with
extremely low power consumption but it requires high
driving voltages. The electromagnetic actuation delivers
a large scanning angle with relatively low driving volt-
ages but it requires the permanent extra magnetic field.
The electrothermal scanners can also realize a large scan
angle at a low driving voltage but they have intrinsic lim-
itation in high-speed operation due to the cooling time.
In addition, the PZT based fiber scanners chiefly operate
at the resonant frequencies of a single optical fiber and
they performs an effective scanning amplitude below
the maximum voltage limit for human body and flex-
ible scanning speed by controlling the length of a fiber.
The endomicroscopic packaging is also divided into the
side looking and the forward looking. The side-look-
ing imaging provides the transverse images, which are
instrumental for tubular intra- organs or vasculatures.
This configuration often uses fiber prism assembly and
MEMS mirror scanners with 45°, which can serve as an
en-face scanner with the post-objective configuration for
the minimal off-axis aberration. The forward-looking
imaging realizes gastroscopic microscopy by combining
with conventional endoscopes because the optical axis is
parallel to that of an endoscopic camera. The fiber-cou-
pled PZT tube with a GRIN lens and the lens scanners
generally achieves the forward-looking configuration.
MEMS technology enables miscellaneous laser scanners,
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Packaging
configuration

Scanning
arrangement

Scanning
trajectories

Actuation mechanism

Author (year), Journal

Applications (ref)

Side-viewing

Forward-viewing

Non

Pre-objective

Post-objective

Pre-objective

Post-objective

Post-objective

Line

Line

Raster

Lissajous

Line

Spiral

Raster

Lissajous

Raster

Lissajous

Raster

1D electrostatic MEMS mir-
ror scanner

Micro motor

1D electrostatic MEMS mir-
ror scanner

2D electromagnetic MEMS
mirror scanner

2D electrostatic MEMS mir-
ror scanner

2D electrothermal MEMS
mirror scanner

2D electrothermal MEMS
mirror scanner

Quarter-tubular piezoelec-
tric actuator based fiber
scanner

1D electrothermal MEMS
mirror scanner

Quarter-tubular piezoelec-
tric actuator based fiber
scanner

Piezoelectric actuator based
fiber scanner

Quarter-tubular piezoelec-
tric actuator based fiber
scanner

2D electromagnetic MEMS
lens scanner

2D Electrostatic MEMS mir-
ror scanner

2D electrothermal MEMS
mirror scanner

Two pair of 1D electro-
thermal MEMS mirror
scanners for each axis

Quarter-tubular piezoelec-
tric actuator based fiber
scanner

Electrostatic MEMS lens
scanner

2D electrothermal MEMS
fiber scanner

2D electrostatic MEMS mir-
ror scanner

Two pair of 1D electrostatic
MEMS mirror scanners for
each axis

Piezoelectric actuator
based fiber scanner &
galvanometer-driven
mirror

Zara (2003), OL

Adler (2007), Nat Photo
Toshiyoshi (2011), ISOP

Kim (2007), OPEX
Aguirre (2007), OPEX
Wang (2013), BOE
Sun (2010), OPEX
Liu (2004), OL

Pan (2001), OL

Xie (2003), EL

Myaing (2006), OL
Meinert (2014), OPEX

Lurie (2015), OL
Zhang (2014), OL
Xi (2012), OL

Rivera (2011), PNAS

Do (2014), JBO

Siu (2007), OPEX
Kumar (2010), BM
Jain (2004), JSTQ
Duan (2014), ISBI
Liang (2012), JBO
Park (2014), OPEX

Park (2014), OL
Park (2012), OL

Seo (2016), OPEX
Ra (2008), OPEX

Liu (2010), JBO

Seibel (2001), ISOP

OCT [25]

OCT [45]
OCT [31]

SD-OCT [22]
OCT [27]
OCT [38]
OCT [37]

OCT [20]

OCT [34]
OCT [35]
TPF[7]

Confocal reflec-
tance imaging
[1e]

OCT-SFE [17]
SS-OCT [18]

OCT-TPF [19]
TPF/SHG [10]

TPF[12]

OCT/Confocal
imaging/TPF [21]

Confocal imaging
(23]

OCT [36]

SS-OCT [39]

OCT [15]

Confocal imaging
[30]

Confocal imaging
[29]

Confocal reflec-
tance imaging [6]
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Table 1 continued
Packaging Scanning Scanning Actuation mechanism Author (year), Journal Applications (ref)
configuration arrangement trajectories
Non Pre-objective Raster 2D electrostatic MEMS mir-  Piyawattanametha (2006),  TPF [11]

ror scanner oL
Non Non Line 1D electromagnetic MEMS  Miller (1997), Opt Eng [32]

mirror scanner

which have huge potential for miniaturized imaging
applications. The proper use of laser microscanners for
optical endomicroscopy will guide and lead more effec-
tive clinical applications for early cancer detection of
internal organs.
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