
  

  

 
Abstract—A miniature optical imaging probe based on a 

high-fill-factor MEMS mirror has been developed for 
nondestructive diagnosis of articular joint diseases and 
injuries.  The MEMS mirror scans ±30° at less than 6 V in both 
x- and y-axis. The outer diameter of the probe is 5.8 mm. 
Three-dimensional polarization-sensitive optical coherence 
tomography of canine meniscus has been successfully 
demonstrated. 

I. INTRODUCTION 
steoarthritis (OA) is a musculoskeletal disease that is 
causing pain and disability to ~70 million people in US 

alone[1]. The most common articular lesions leading to the 
progressive development of cartilage defects and OA are 
meniscal tears. Magnetic resonance imaging (MRI) is usually 
performed for diagnosis but conventional MRI offers limited 
resolution and contrast. Optical coherence tomography 
(OCT), on the other hand, can provide high-resolution 
cross-sectional images of highly-scattering biological tissues 
[2]. OCT can obtain ~10 µm resolutions and 1~3 mm 
imaging depths. By extracting polarization information, 
polarization-sensitive OCT (PS-OCT) can significantly 
increase the image contrast to tissue samples with strong 
birefringence. Study has shown that menisci have strong 
birefringence due to the orientation and organization of their 
collagen fibril networks [3][4]. PS-OCT has been applied to 
bovine articular cartilage and meniscus [5]-[7]. However, it is 
challenging to apply PS-OCT for in vivo arthroscopic 
imaging due to the requirements of small probe size and fast 
image speed. The most critical part in this type of application 
is the transverse light beam scanning. Several transverse 
scanning methods have been reported [8]-[12], but they have 
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limitations such as low coupling stability, slow speed, large 
size, or non-uniformity. 

MEMS devices typically have small size and high speed, 
making them ideal for miniaturizing OCT probes.  A few 
research groups have demonstrated promising results by 
combining MEMS micromirrors with OCT [13]-[21]. The 
transverse scanning can be based on electrothermal 
[13]-[15], electrostatic [16]-[19] or electromagnetic [20][21] 
actuation. The common problem for most existing MEMS 
mirrors is the small fill factors which are only about 5%. 
Using MEMS mirrors with small fill factors will result in 
large imaging probe sizes. Therefore, one of the challenges 
for OCT probe miniaturization is to develop MEMS mirrors 
with high fill factors.  

In this paper, we report the 3D PS-OCT imaging results 
of a handheld OCT probe based on a MEMS mirror with a fill 
factor as high as 25%.  

 

II. MEMS MIRROR  
In order to achieve high fill factor without using 

complicated multi-wafer bonding or mirror transfer process, 
electrothermal bimorph actuation is chosen. As shown in 
Fig. 1(a), the mirror plate is supported by four identical 
bimorph (Al/SiO2) actuators on the four sides.  Each actuator 
has three bimorph segments that are folded to reduce the 
actuator area and thus increase the fill factor [15]. A Pt heater 
is embedded in each actuator for electrothermal actuation. 
The initial elevation of the mirror plate is caused by the 
residual stress inside the bimorph beams and the mirror plate 
moves downward upon electrothermal actuation. This design 
can achieve a tip-tilt-piston motion with the tip-tilt scanning 
generated by differentially driving the two opposite actuators 
and the piston motion by simultaneously driving the four 
actuators. The compactly-folded actuators enable a high fill 
factor of 25% with a large mirror aperture of 1×1 mm2 on a 
device footprint of only 2×2 mm2. Fig. 1(a) shows the SEM of 
a fabricated MEMS mirror. The fabricated mirror 
demonstrated optical scan angles of ±30º at the driving 
voltage of only 5.5 V, as shown in Fig. 1(b). 
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Fig. 1. (a) An SEM picture of a fabricated micromirror.  
(b) Optical scan angles vs. voltage applied on each actuator. 

 

III. MEMS-BASED OCT PROBE 
The packaging scheme of the OCT probe is illustrated in 

Fig. 2(a), where all the micro-optical components are 
installed into a high-precision-machined cylindrical vessel. 
The jacket of the distal tip of the optical fiber is stripped off 
and the fiber is cut with an angle of 8 degree to avoid the 
Fresnel backreflection.  A GRIN lens with a diameter of 
700 µm is employed to focus the sample optical beam.  The 
working distance of the probe can be adjusted by controlling 
the distance between the fiber and the GRIN lens. A 2D 
MEMS micromirror (Fig. 1(a)) is assembled into a square 
pocket in the vessel.  The loaded vessel is slipped into a 
flexible biocompatible transparent fluorinated ethylene 
propylene (FEP) tube. The diameter of the cylindrical vessel 
is 5 mm.  The total outer diameter of the probe is 5.8 mm. 
Figs. 2(b), 2(c) and 2(d) respectively show the close view of 
the packaged probe without the FEP tube, the packaged probe 
with a US dime, and the probe in OCT imaging of a canine 
meniscus. 
 

IV. PS-OCT SYSTEM 
The balanced-detection PS-OCT system is shown in Fig. 3.  

The light source has a central wavelength of 1310 nm and 
FWHM of 75 nm, corresponding to 10 µm axial resolution in 
free space.  The output light is polarized to 45° with respect to 
the optical axis of the crystal inside the polarization 

modulator that is driven by a square-wave voltage to generate 
periodic phase shifts of zero and π/2. The corresponding two 
Stokes vectors of the output light are orthogonal in the 
Poincaré sphere representation so that the birefringence 
measurements are independent of the orientation of the 
optical axis in the sample.  In the detection arm, the returning 
optical beam is split into two polarization channels.  The 
scanning rate of the optical delay line is 1 kHz.  The rapid 
scanning mirror in the delay line is laterally shifted to 
generate a carrier frequency of 500 kHz.  The interference 
fringe signals from the two polarization channels are detected 
by two balanced photodetectors (BPD) and the BPD output 
signals are streamed into a PC via a high speed data 
acquisition board. The phase resolved method [22][23] is 
employed to calculate structural and polarization sensitive 
images.  
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Fig. 3.  Schematic diagram of the polarization sensitive optical coherence 
tomography. P: polarizer; OC: optical circulator; PC: polarization controller; 

RSOD: rapid scanning optical delay line; BS: 2 × 2 beam splitter; PBS: 
polarization beam splitter; DA and DB: balanced photodetectors. 

Fig. 2. OCT probe packaging.  (a) Cross-sectional view (along the tube). (b) 
A close view of the probe without the FEP tube. (c) A packaged probe with a 

US dime. (d) OCT imaging of a canine meniscus. 
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V. RESULTS 
Ex vivo 2D and 3D PS-OCT imaging of a canine meniscus 

have been performed to show the capability of the system.  A 
canine knee joint was cut open (Fig. 2(d)) to expose the 
menisci. The packaged OCT probe was positioned at 
different locations of the menisci.   A lateral scanning area of 
2.3 × 2.3 mm2 was obtained by driving two opposite pairs of 
the actuators with two sets of voltages, i.e., 0~4 V for the 
circumferential direction scanning and 0.5~3.5 V for the 
longitudinal direction scanning.   

Fig. 4 shows 2D and 3D PS-OCT images of the canine 
meniscus. The 2D Stokes parameter images, corresponding 
to I, U, V and Q, respectively, are shown in Fig. 4(a), where 
each row represents one of the two polarization states.  
Fig. 4(b) shows the 3D OCT reconstructed from the intensity 
parameter I. The measured axial resolution (FWHM) of the 
structural image is 11.2µm in air. For PS-OCT images, 
accumulated double-pass phase retardation images are often 
employed to represent the tissue birefringence, but this 
requires a strong surface signal as reference.  In our case, the 
surface signal is relatively weak. So, only one of the Stokes 
parameter images, Q, is used to reconstruct the 3D PS-OCT 
image instead of using the phase retardation image, as shown 
in Fig. 4(c).  
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Fig. 4. (a) 2D Stokes parameters images (2.3×1.6 mm2). (b) 3D OCT 
(2.3×2.3×1.6mm3). (c) 3D PSOCT (2.3×2.3×0.8mm3) of a canine meniscus. 

  
 
The two shadowed areas in Fig. 4(a) are artifacts due to 

two blots on the FEP tube. It is noticed that a flat surface of 
the sample will be slightly curved in the 2D OCT image.  This 
is because the center of the MEMS mirror is not located at the 
center of the light beam.  Also the path length difference due 
to the circumferential and longitudinal scanning is not 
compensated.  Birefringence measurement will be affected by 

the same reasons. In addition, the tissue birefringence 
property measured with the MEMS-based probe will be 
slightly different from the case where a lateral scanning stage 
is used since the birefringence is orientation- dependant. 
Furthermore, by observing the polarization states of the light 
backscattered from the inner and outer surfaces of the FEP 
tube, we have noticed that the FEP tube also exhibits certain 
birefringence, which varies due to different path-lengths 
between the two tube surfaces at different locations. Thus the 
polarization states backscattered from the sample also varied 
slightly along the lateral scanning direction.  

VI. CONCLUSION 
A 5.8mm-diameter miniature handheld OCT probe based 

on a high-fill-factor MEMS mirror has been designed, 
manufactured and packaged. This high-fill-factor MEMS 
mirror design can be used to further reduce the diameter of 
OCT probes. Three-dimensional PS-OCT of a canine 
meniscus has been successfully obtained using the MEMS 
OCT probe. This PS-OCT probe design is promising for 
nondestructive arthroscopic diagnosis and intervention of 
various articular joint diseases and injuries. The artifacts of 
the OCT images will be corrected via signal processing in the 
future. The next generation probe with smaller diameter is 
being developed in our group. 
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