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A MEMS Mirror-Based Confocal Laser
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Abstract—Scanning MEMS mirrors can extend confocal laser
microscopy into endoscopic applications, but the practical use of
MEMS mirror-based confocal endomicroscopy is hindered par-
tially by various image distortions such as barrel, fan-shaped
and nonlinear distortions. In this work, the nonlinear scanning
behaviors of an electrothermal MEMS mirror are analyzed and
incorporated into an optical scanning model that takes all these
three types of distortions into account. The model generates a 2D
spatial mapping that can be applied to correct all of the image dis-
tortions in one step without a calibration board. To experimentally
validate this method, a confocal laser endomicroscope employing a
two-axis scanning electrothermal MEMS micromirror is designed
and constructed, and confocal fluorescence images of a patterned
micro-structure are obtained with the endomicroscope. The results
show that the overall image distortion is reduced by at least one
order of magnitude in the length direction.

Index Terms—Confocal imaging, endomicroscope, MEMS
mirror, distortion correction, nonlinear.

I. INTRODUCTION

CONFOCAL microscopy is an important optical biomedi-
cal imaging technology and possesses diffraction-limited

resolution, optical sectioning ability and simple configuration
[1]. Compared to ultrasound (US), magnetic resonance imaging
(MRI), and computed tomography (CT), confocal imaging has
much higher resolution and lower risk, but it has shallow penetra-
tion depth [2]. Thus, endoscopic confocal microscopy is needed
to access internal organs. Combined diagnosis of morphology
and histology has been reported by integrating confocal imaging
into endoscopes [3], [4].

Confocal laser endomicroscope (CLE) is basically divided
into distal and proximal scanning types based on the position
of the laser scanning mechanism [5], [6]. Proximal scanning
is typically performed by utilizing galvanometers scanning the
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laser on the proximal end of a fiber bundle that relays the scanned
laser pattern to the tissue of interest inside an internal organ. This
method avoids the need to miniaturize the scanning devices, but
the achievable resolution and field of view (FOV) are limited
by the spacing of the individual fibers and the numbers of fibers
within the bundle [7], [8]. To achieve optical diffraction-limited
resolution, endoscope-based CLEs use single or two optical
fibers to guide a laser beam steered across the tissue by small-
sized laser scanners that are integrated into the distal tip of an
endoscopic probe, called distal scanning [9].

A variety of scanning mechanisms have been employed in
distal scanning CLEs, including piezoelectric fiber scanners
[10], electromagnetically actuated resonant armature systems
[7], and various microelectromechanical system (MEMS) mir-
rors [11], [12], but scanning MEMS mirrors are drawing the most
attention. In past decades, electrostatic [13], [14], [15], [16],
piezoelectric [17], [18], electromagnetic [19], and electrother-
mal [20], [21] MEMS mirrors have been applied to miniaturize
confocal microscopes. However, image distortions are always
generated due to the non-ideal movement characteristics of
MEMS mirrors, such as nonlinear motion and temperature drift.
The MEMS mirrors actuated at resonant states exhibit a sinu-
soidal motion, causing nonuniform scan in time domain [22],
which can be corrected by a re-indexing of the rendered image
[23]. A computer vision-based image de-warping method can be
used to correct the non-uniform distortion in optical coherence
tomography (OCT) images with test checkerboard patterns [24].
Hardware methods have also been reported for distortion-free
imaging without post-processing in OCT systems. For example,
the linear motion of scanning MEMS mirrors may be obtained
using an open-loop pre-shaped input signal [25], [26]. However,
unlike endoscopic OCT, a distal scanning CLE further suffers
from the radial distortion due to the high numerical aperture
(NA) of the small-sized objective lens. In addition, imaging
quality is also affected by the optical layout in a MEMS-based
laser scanning system. For example, fan-shaped distortion is
resultant when the incident laser light is reflected by a tip-tilt
micromirror [27]. A number of correction methods have been
developed to deal with fan-shaped distortions, such as numerical
modelling [28], grating target calibration [29] and simplified
first-order analytical modelling [30]. Co-contribution of multi-
ple distortions degrades imaging quality of CLEs, causing low
diagnostic accuracy. A standard calibration board may be used
to correct multiple distortions, but this method only works for
a reflectance CLE because the thickness of a standard board
(typically 1–1.5 mm) may be even greater than the working
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Fig. 1. A MEMS mirror employed in a CLE. (a) An SEM image. (b) An
illustration of one S-shaped ISC bimorph beam marked the red box of (a).
(c) Quasi-static response. (d) Frequency response.

distance (<1 mm) of a fluorescence CLE [5]. Fluorescence
confocal microscopy is much more widely used in clinical
practice because of its high specificity provided by various
fluorophores. Therefore, a method without calibration boards
is needed for a clinically useful confocal endomicroscope to
correct simultaneously all of the distortions caused by the optical
layout, high-NA objective lens, and MEMS nonlinear motion.

In this work, a new model-based image correction method
is proposed to correct the optical and nonlinear distortions of
a MEMS-based confocal endomicroscope in one step. A CLE
probe based on a two-axis scanning electrothermal MEMS mir-
ror is built to verify the proposed method. This CLE probe is
smaller and more robust compared to previous work using simi-
lar electrothermal actuators [21], [31]. This paper is arranged
as follows. The MEMS mirror employed, the optical design
and integration of the CLE system are described in Section II.
The optical and nonlinear distortions are analyzed and then the
proposed correction method is presented in Section III. After
that, the experimental verification results are given and discussed
in Section IV.

II. THE MEMS-BASED CONFOCAL LASER ENDOMICROSCOPE

A. The Two-Axis Electrothermally Actuated MEMS Mirror

The 2-axis MEMS mirror is the key component of the endo-
scopic probe that enables raster scanning in a narrow-confined
channel. A scanning electron microscope (SEM) image of the
mirror is shown in Fig. 1(a). The MEMS mirror has a footprint
of 1.5 mm × 1.3 mm and a square mirror plate with a side length
of 550 μm. The mirror plate is supported by four symmetrically-
placed S-shaped bimorph structures. One S-shaped bimorph
arm with an inverted-series-connected (ISC) structure is illus-
trated in Fig. 1(b), consisting of a non-inverted bimorph, a
sandwiched overlap segment, and an inverted bimorph. Each
bimorph deforms upon temperature change due to the difference
of the thermal expansion coefficients between aluminum (Al)
and silicon dioxide (SiO2). The deformations of the bimorphs

Fig. 2. The optical layout of the confocal endoscopic probe.

Fig. 3. Simulation performance of the optical design. (a)–(c) Geometric spot
diagrams at 785 nm and 830 nm for three MEMS scanning angles: 0°, 4.242°, 6°.
(d)–(e) Modulation transfer function plots calculated at all wavelengths (785 nm
and 830 nm) for axis (d) and marginal (e) points, respectively.

change the orientation and/or elevation of the mirror plate. The
temperature change is generated by a resistive heater made of
titanium (Ti) stripe embedded in the bimorph beams. When
driving voltages are applied to the four bimorph actuators, the
mirror plate performs tip-tilt-piston movement. The measured
quasi-static and frequency response of the employed MEMS
mirror are shown in Fig. 1(c) and (d), respectively.

B. Optical Design of the Confocal Endoscopic Probe

The optical layout of the proposed probe is shown in Fig. 2,
where a MEMS mirror chip is placed on an inclined plane of
45° with respect to the optical axis. A graded-index (GRIN)
lens and a prism are used to collimate and reflect a laser beam
(diameter: 0.31 mm) onto the MEMS mirror. Two achromatic
lenses (Edmund, 63714 & 49302) form a 4-f imaging system,
resulting in a 3.3× magnified laser beam (diameter: 1.023 mm)
to perform telecentric scanning on the back focal plane of the
objective lens (Thorlabs, 354140-B).

The above optical system has been simulated using the Ze-
max Optic Studio software [32]. The spot diagrams at different
MEMS scanning angles are shown in Fig. 3(a)–(c). It is obvious
that the larger the scanning angle is, the greater the spot size
becomes. As shown in Fig. 3(c), the RMS spot radius at 6°
scanning angle (y-axis) is 1.15 μm, which is less than the Airy
radii, i.e., 1.18 μm and 1.25 μm, of both the excitation light
(785 nm) and the emission light (830 nm peak wavelength).
The modulation transfer functions (MTFs) are calculated under
two wavelength condition, and the MTFs are classified as the
sagittal and tangential correction at a diffraction limit, 0° and
6° field angle. The MTFs at 0° and 6° are plotted in Fig. 3(d)
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Fig. 4. The system setup. (a) The illustration of the CLE system. (b) The
mechanical design of the probe assembly. The inset (lower left) is a photograph
of the assembled probe beside a Chinese Yuan coin. The packaged MEMS mirror
is shown in the upper right inset.

and (e), respectively, where the best and worst lateral resolvable
distance at 0.3 modulus are 1.05 μm and 1.42 μm on the optical
axis and at the edge of the field of view, respectively. Thus, this
design meets the diffraction limited resolution both at axial and
marginal lines. The theoretical axial resolution of the confocal
probe is 10.10 μm [33].

C. System Integration

The schematic diagram of the MEMS-based CLE system
is shown in Fig. 4(a), where a CW laser diode (Boson, FC-
785-070-SM-APC) is used as the excitation light source (center
wavelength: 785 nm). The laser beam emitting from a single
mode fiber (SMF) is coupled into a fiber collimator (FC1)
(Thorlabs, F280APC-780). The laser beam is filtered through an
excitation filter (Semrock, FF01-769/41-25) and then reflected
by a dichroic mirror (DM) (Semrock, FF801-Di02-25x36) into
another fiber collimator (FC2). Two collimators are mounted in
two collimator adapters (Thorlabs, KAD11F) to improve optical
coupling efficiency. The focused laser beam is coupled into a
home-made confocal endoscopic probe with a SMF (Nufern,
780-HP) pigtail. The laser emitting from the probe is shined
on a target and a raster scanning pattern is generated by the
MEMS mirror driven by a custom circuit board. The object
is pre-injected with indocyanine green (ICG) fluorophores, so
fluorescence is generated. The emitted light is collected by the
objective lens and de-scanned into the SMF whose core is used as
the confocal pinhole to remove out-of-focus light. An emission
filter (Semrock, FF01-832/37) mounted in a filter cube is used
to separate the excitation and emission light. The fluorescence
is collected by a photomultiplier (PMT) module (Hamamatsu,
H8259-02) after passing through the emission filter. The PMT
module converts the fluorescent photons to pulse signals that are
then transmitted to an electronic pulse counter implemented on
an FPGA kit (TERASIC, C5G). The pulse counter is connected
to a personal computer (PC) via a USB cable. Additionally,
LabVIEW software is used for image collection, storage and
display.

Fig. 5. Illustration of the 2-D scanning pattern in confocal imaging. (a) The
difference between the focal plane and the flat plane. (b) Field curvature. (c) The
ideal and real raster scanning patterns.

The mechnical structure of the MEMS-based probe is shown
in Fig. 4(b), where the MEMS mirror is integrated into the distal
end of the probe that consists of a stainless-steel housing and
optical components. Part 1 of the housing consists of a GRIN
lens, a prism, a MEMS mirror, and a flexible PCB. The MEMS
mirror is wire-bonded to the flexible PCB using gold bond wires
as shown in the upper right inset. Two achromatic lenses and an
objective lens are fixed into Part 2 and Part 3 with UV glue. The
lower left inset in Fig. 4(b) shows the assembled probe whose
length and diameter are 72 mm and 6 mm, respectively.

III. DISTORTION ANALYSIS AND CORRECTION METHOD

The confocal imaging is a point-by-point scanning process
using a pinhole to obtain optical signals in focal spots. For
rotational scanning, the focal plane is curved, as shown in
Fig. 5(a). The maximum deviations from a perfect plane to both
of the tangential and sagittal directions are less than 6 μm in the
optical scan angles ranging from 0° to 12°, as shown in Fig. 5(b).
As discussed in II.B, the axial resolution of this confocal system
is about 10 μm. Therefore, the focal plane can be treated as a
flat plane. During the confocal imaging, fluorescent light signals
are acquired at different focal planes. The 2D raster scanning
pattern at one focal plane is illustrated in Fig. 5(c), where the
actual MEMS scanned points on the focal plane are marked as
blue triangles while the ideal scanning pattern with a uniform
linear distribution is represented with black points. Due to the
nonlinear raster scanning behavior of the MEMS mirror, the real
scanning pattern (RSP) shown in blue triangles is distorted. If
the distorted RSP is not considered in the image reconstruction
process, the reconstructed image will be distorted as well.

A. Distortion Analysis

As shown in Fig. 6(a), an optical scanning model is built in
Zemax to analyze distortions generated by the optical factors,
i.e., optical layout and miniature high-NA lens, which will cause
fan-shaped distortions and barrel distortions, respectively. The
MEMS mirror plate X’O’Y’ in its still state is angled at β =
45◦ to both the incident and reflected laser beams as shown in
Fig. 6(b). When the two-axis mirror is deflected from−6° to 6° in
a linear raster manner, the reflected beams will be projected into
a fan-shaped pattern (blue dots) in the plane XOY, as shown in
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Fig. 6. The distortions caused by the optical factors. (a) The optical scanning
model. (b) The optical layout with the MEMS oriented at 45°. (c) The fan-shaped
distortion caused by the optical layout in (b). (d) The barrel distortion resulted
from the lens group. (e) The optical distortions caused by both the optical layout
and the lens group.

Fig. 6(c), so called fan-shaped distortion. Note that the perfect
projection pattern (black dots) at β = 0◦ is also plotted in
Fig. 6(c) as a reference. The positions of the blue dots can be
obtained using the following equations [27],{

X = d
cos(β−αx) sin 2αy

cos2αy cos 2αx−sin2αy cos 2β

Y = d
cos(β−αx) sin 2αy

cos2αy cos 2αx−sin2αy cos 2β

. (1)

where d is the distance from the mirror center to the plane XOY,
and αx and αy are the deflection angles around the X’ axis and
Y’ axis, respectively.

The miniature objective lens group, composed of two achro-
matic lenses and an aspheric objective lens in the green box in
Fig. 6(a), is used to simulate the real ray traces at the image plane.
The simulation result is plotted in Fig. 6(d), where the blue points
represent the real ray positions, which shows a barrel distortion,
while the black points are calculated using the ABCD matrix of
the lens group.

A Macro program based on Zemax programming language is
developed for the optical model to simulate the scanning process
by controlling the deflection anglesαx andαy . The intersections
(blue points) between focal spots and the imaged plane compose
the real scanning pattern, as shown in Fig. 6(e). The differences
between the linear and real scanning patterns result from the
distortions affected by these two optical factors. The scanning
pattern is rotated 180° about the X axis, and the blue points are
further compressed from the XOY plane to the imaged plane
due to the lens group.

B. Nonlinear Behaviors of the MEMS Mirror

In addition to the optical factors, the nonlinear movement
of the MEMS mirror is another primary factor for image dis-
tortions. The scanning patterns of the MEMS mirror driven by
triangular waves are measured by a position sensitive detector
(PSD) (ON-Tark, PSM2-20). The experimental setup is shown
in Fig. 7(a), where a collimated laser beam is reflected onto
the working MEMS mirror adhered to the Part1 of the confocal
probe held by a clamp, and the laser beam is then de-scanned
into the PSD through a beam splitter. Fig. 7(b) displays a typical
raster scanning pattern recorded by the PSD, where the slow-axis
arms deflected along the y-axis at 0.05 Hz while the fast-axis

Fig. 7. The nonlinear motion test of the MEMS mirror. (a) The experimental
setup for measuring the nonlinear movement. (b) A typical raster scanning
pattern of the MEMS mirror actuated by triangular waves. (c) A position
distribution histogram of the fast-axis scanning. (d) A position distribution
histogram of the slow-axis scanning.

Fig. 8. The position variations of the scanning traces for fast-axis (a) and
slow-axis (b) directions. (c) The mechanical scanning angle variations of the
scanning traces for fast-axis and slow-axis scanning directions.

arms change the direction back and forth along the x-axis at
20 Hz. The position distributions of the raster pattern are plotted
as histograms in Fig. 7(c) and (d), showing that both fast-axis
and slow-axis scanning traces are not uniform. On the edges
of the traces, the point density is much higher than that in the
middle region, which can result in nonlinear distortions when
the data are acquired using a fixed frequency.

To eliminate the influence of the nonlinear behaviors on image
distortions, the characteristics of the MEMS mirror scanning
movement must be figured out first. The 2D scanning traces
are further analyzed to obtain the scanning angle variations of
the MEMS mirror. All the fast-axis and slow-axis traces in one
scanning pattern are plotted using blue lines in Fig. 8(a) and (b),
respectively. The green lines and red lines are the average values
of the all-traces corresponding to the fast-axis and slow-axis
traces, respectively. The Euclidian distances (ED) and cosine
values (CV) of all-traces are calculated to evaluate the similarity
of all the traces. The average EDs are 1.23 and 1.70 for the fast
and slow axis, respectively, while the average CVs are 99.96%
and 99.89% for the fast and slow axis, respectively. It can be
seen that the trace variations of different scanning positions
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Fig. 9. The normalized curves of fast-axis (a) and slow-axis (b) mechnical
scanning angles at different amplitudes of triangular waves.

have high similarity. Therefore, only two average position curves
are needed to describe the nonlinear variation in each scanning
pattern. The two average position curves are used to calculated
the mechanical scanning angles in degree with the formula given
below,

θx/y = arctan

(
Lx/y

L

)
× 180

2π
(2)

where Lx and Ly are the x-axis and y-axis positions relative
to the center point, respectively, and L is the distance from the
MEMS mirror to the sensing surface of the PSD. The calculated
nonlinear scanning angles (NSA) for the fast and slow axis,
denoted as NSAfast and NSAslow, respectively, are shown in
Fig. 8(c).

In this MEMS-based confocal endomicroscope, the zoom
function can be achieved through changing the driving voltage
amplitude without the need to switch to different objectives. The
reason behind the zoom control is that the FOV generated by the
MEMS mirror can be regulated as shown in Fig. 1(c). Three
different voltage amplitudes (3 V, 4 V and 5 V) are chosen and
the corresponding scanning angle variations (normalized) of the
MEMS mirror are plotted in Fig. 9(a) and (b). The average EDs
are 0.078 and 0.049 for the fast and slow axis, respectively,
and the average CVs are 99.99% for both axes. Therefore, the
NSA variations under three driving voltage amplitudes have high
similarity in both fast-axis and slow-axis scanning processes,
and only one scanning pattern driven at one voltage amplitude
is required to obtain the NSA variations for the distortion cor-
rection.

C. Correction Method

Once the NSA variations are known, the optical scanning
model described in Fig. 6(a) can be used to obtain the real
scanning pattern. A mathematical manipulation is used to de-
scribe the confocal imaging process, consisting of sampling
and image reconstruction, as shown in Fig. 10. In the sampling
process shown in Fig. 10(a), the intensity values H(xi, yj) of an
equally-spaced stripe object are acquired at positionsRSP (i, j)
labeled as blue points. RSP is a M×N matrix. M and N are
determined by the following equations,{

i = 1, 2, . . . ,M ;M = FreqF /2FreqS
j = 1, 2, . . . , N ;N = FreqA/2FreqF

(3)

Fig. 10. Simulation of the image distortions and correction. (a) The sam-
pled object using real scanning pattern RSP (i, j). (b) 1-D raw data S(p)i,j .
(c) The 2-D mapping from 1-D raw data to 2-D image. (d) The raw image I(i, j)
constructed using the linear mapping. (e) The image I ′(i, j) corrected using real
mapping.

where FreqF and FreqS are the fast and slow-axis scanning
frequencies of the MEMS mirror, and FreqA is the data ac-
quisition frequency. These intensity values of the 2D plane are
sequentially stored as a 1D time serial data S(p)i,j , which
is transformed into a 2D matrix R(i, j)M×N , as shown in
Fig. 10(b). The image reconstruction process can be treated as
an inverse problem, i.e., it needs to map the raw data R(i, j) to
a 2D greyscale image I(i, j) with the spatial mapping P (i, j),
where P is also a M×N matrix. As shown in Fig. 10(c), the real
mapping PReal is the ray-tracing results at the image plane and
fuses three distortions through adding the NSAs into the optical
model, where the deflection angles are given by{

αx = NSAslow(i), i = 1, 2, . . . ,M
αy = NSAfast(j), j = 1, 2, . . . , N

. (4)

When using the linear mapping with a uniform spatial interval,
the raw image I(i, j) will generate distortions, as shown in
Fig. 10(d), where obvious bending and expansion of the marginal
regions can be seen due to the optical and nonlinear distortions.
Inversely, if the real spatial mapping is consistent with theRSP ,
the data S can be reconstructed as an actual image I ′(i, j)
without any distortions, as shown in Fig. 10(e). It should be
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Fig. 11. The method of distortion correction.

Fig. 12. Fluorescence confocal images of a microfabrication target. (a) An
SEM image of the microfabrication target with silicon cantilever beams. (b) A
confocal image of the region in the dashed box in (a). (c) The corrected image
of (b).

noted that the stripes of the reconstructed images are not smooth
because of the transformation from the point values into the pixel
values.

The method of distortion correction is outlined in Fig. 11.
This designed optical model inherently has the properties of the
fan-shaped and barrel distortions, and the nonlinear distortions
are calculated from the motion traces of the MEMS mirror. The
obtained NSAs are fused in the optical model to generate the
real scanning mapping using the ray-trace simulation. Therefore,
three distortions are integrated in this mapping, and the real
mapping is used to correct three distortions of the raw data
R(i, j) in one step.

IV. EXPERIMENTAL VERIFICATION

A microfabrication target with fine microstructures is used
to verify the imaging performance of the confocal endoscopy
system. Fig. 12(a) shows an SEM photograph of the target,
which includes silicon cantilever beams that are 420 μm long
and 7.7 μm wide with gaps of 18.7 μm. The target is fixed on
the bottom of a glass dish before filled with an ICG solution (10
μM). The red dashed box in Fig. 12(a) is the imaging region and
the corresponding raw confocal image is shown in Fig. 12(b),
where the beams appear curved and the rim area is expanded.
The confocal raw image is corrected using the real mapping
P (i, j), and the corrected image reveals that the curved beams
are straightened, as shown in Fig. 12(c).

The different imaging FOVs are used to verify this method
and zoom function of the CLE. The raw confocal images shown
in Fig. 13(a)–(c) are scaled by using the amplitudes of the driving
signals at 5 V, 4 V and 3 V. The corresponding corrected images
are shown at the bottom, where NSAs of the MEMS mirror

Fig. 13. The results of the distortion corrections at three driving amplitudes
of 5 V (a), 4 V (b) and 3 V (c), respectively. Top row: raw confocal images.
Bottom row: corrected confocal images.

driven at only 5 V amplitude are used in the optical model.
These corrected images show that the beams are more uniform
and parallel to each other compared with those raw images. Only
one pair of NSAs is needed, which greatly reduces the workload
of measuring the nonlinear motion characteristics of the MEMS
mirror.

The confocal images obtained at different driving voltages
are considered as three repeated samples for statistical analysis.
Three pairs of points at the edges of the stripes on the top, middle
and bottom regions are chosen to evaluate the effects of local
corrections for length dimensions, as illustrated in Fig. 13. The
following equations are used to quantify the degree of distortion,

Distortion(%) =

(
RD −AD

AD

)
× 100%. (5)

where the actual distances (AD) in the target are obtained using
an optical microscope, and the reconstructed distance (RD)
between a pair of points are represented by the red lines in the raw
and corrected images. A pair of points are chosen in the corrected
images according to the white auxiliary arrows assumed to be
parallel to the stripes, and the straight lines connecting the two
points are approximately perpendicular to the white arrows. The
distortion results are represented by a bar graphs with the mean
and standard deviation (SD) values, as shown in Fig. 14(a). The
distortion is reduced from 21.49% to −1.40% in the top region
and from 7.36% to −0.61% in the middle region. Therefore,
the whole factors including the optical and micromirror factors
result in an expansion especially at the border of the raw images.
The negative signs here represent that the RD is less than AD.
The SD values of the raw image distortions are large because of
the differences between the optical distortions in three different
scanning angles. Another reason is that the degree of distortion
depends on the position, as shown in Fig. 14(b). The distortions
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Fig. 14. (a) The results of the local distortion in the raw and corrected images.
(b) The distortions between the linear and real scanning patterns.

are calculated as

Distortion(%) =

(
ds− dc

dc

)
× 100% (6)

where ds is the offset distance from a blue point in the real
mapping to the corresponding black point in the linear mapping,
and dc is the hypotenuse length of the triangle composed of the
adjacent points in the linear mapping, as shown in Fig. 10(c).
In addition, the differences of the chosen points also affect the
degree of distortion.

The image processing algorithm runs on a desktop com-
puter with an AMD Ryzen 3 3200G CPU and 16 GB RAM
and is implemented by MATLAB programming language. In
our implementation, the time cost of the image correction in
Fig. 13(a) is 0.26 seconds. The robustness of this method will be
affected by the stability of the MEMS scanning motion, which
may have a slight variation after working for long time. The
information of the imaged stripes may be used to obtain the
scanning traces to make the distortion correction more robust in
the future. The correction results may also be influenced by the
probe assembling precision, which can be improved through the
precision machining technology.

V. CONCLUSION

In this work, a completely sealed fluorescence confocal en-
domicroscope is designed and constructed. This probe has sim-
ple structure and assembly process for large scale production.
Most importantly, the distortions resulted from the optical lay-
out, small lenses, and the nonlinear scanning of the MEMS mir-
ror are corrected effectively through an optical model method.
This method produces a predicted 2D mapping that can be used
for distortion-free image reconstruction, and it is particularly
useful in fluorescence imaging, like two-photon imaging, where
a checkboard is inconvenient to use for calibration. This method
has been experimentally verified using several confocal fluores-
cence images of a microfabrication structure. In the future, the
information of the image features will be explored to calibrate
the MEMS scanning traces that may be drifted after long-time
use to make this method more robust. This type of miniature
MEMS-based confocal probes may facilitate CLE technology
to clinical extension with more systematic investigations.
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