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Abstract: We report a 1.65 mm diameter forward-viewing confocal endomicroscopic
catheter using a flip-chip bonded electrothermal MEMS fiber scanner. Lissajous scanning was
implemented by the electrothermal MEMS fiber scanner. The Lissajous scanned MEMS fiber
scanner was precisely fabricated to facilitate flip-chip connection, and bonded with a printed
circuit board. The scanner was successfully combined with a fiber-based confocal imaging
system. A two-dimensional reflectance image of the metal pattern ‘OPTICS’ was successfully
obtained with the scanner. The flip-chip bonded scanner minimizes electrical packaging
dimensions. The inner diameter of the flip-chip bonded MEMS fiber scanner is 1.3 mm. The
flip-chip bonded MEMS fiber scanner is fully packaged with a 1.65 mm diameter housing
tube, 1 mm diameter GRIN lens, and a single mode optical fiber. The packaged confocal
endomicroscopic catheter can provide a new breakthrough for diverse in-vivo
endomicroscopic applications.
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1. Introduction
Optical endomicroscopy such as confocal [1–3], optical coherence tomography (OCT) [4–9],
or multi-photon imaging [10–12] receive many attentions as a promising imaging tool for invivo diagnosis including optical biopsy [8, 13–15]. Miniaturized forward-viewing
endomicroscopic catheters have been developed for endomicroscopic imaging applications
and provide a new clinical trial through an accessory channel of a conventional endoscope.
Integration of a high-resolution optical imaging into a small diameter catheter provides a noninvasive and real-time diagnosis of suspected lesions in a gastrointestinal track. Resonant
fiber scanners are mainly applied for a forward-viewing catheter to provide high scanning
amplitude with low operating voltage. In particular, quadratic piezoelectric (PZT) tube
actuators are widely used in resonant fiber scanning owing to some technical merits, such as
compact and robust packaging [6, 7, 16–20]. Nevertheless, PZT resonant fiber scanners still
have some technical barriers for cost reduction.
Currently, micro-electro-mechanical system (MEMS) techniques have spurred a new
breakthrough in miniaturized endomicroscopic catheters. Small size, high speed, and low-cost
MEMS devices enable optical laser scanning within a restricted endoscopic accessory
channel. MEMS scanners are mainly divided by the actuation methods: electrostatic [2, 5,
21], electromagnetic [22, 23], and electrothermal actuation [4, 24–27]. For in vivo
applications, a driving voltage should be driven below the permissible voltage of 40 V pp
(IEC 60601-01). In this respect, the electrothermal actuation provides a large displacement
under several tens of volts or less [9]. Electrothermal MEMS mirrors have been developed for
side-viewing imaging [24, 27] and forward-viewing imaging [4]. For forward-viewing
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imaging using a MEMS mirror, the beam path should be folded and the size of the catheter is
increased (around 5 mm outer diameter). MEMS Fiber scanners with the electrothermal
actuation enable to overcome the size limitation of a forward-viewing MEMS mirror imaging.
X. Y. Zhang et al. demonstrated a one-dimensional electrothermal fiber scanner by using an
electrothermal stage [26], and Y. -H. Seo et al. recently demonstrated a two-dimensional
Lissajous scanned electrothermal MEMS fiber scanner [28]. The Electrothermal MEMS fiber
scanner provides an unfolded light path and offers ultrathin dimensions and low cost
compared to the conventional quadratic PZT fiber scanner.

Fig. 1. (a) Schematic of a compact endomicroscopic catheter with a Lissajous scanned
electrothermal MEMS fiber scanner. The MEMS fiber scanner is fabricated for flip-chip
bonding, which minimized electrical packaging dimensions. Resulting in the scanner packaged
with 1.65 mm diameter. (b) Working principle of the Lissajous scanned electrothermal MEMS
fiber scanner. Thermal expansion of hot arm structures induced by Joule heating enables lateral
scanning, and the bimorph structure between the silicon cantilever of the scanner and the
mounted optical fiber induces vertical scanning. The asymmetric structure of the microactuator
differentiates the effective stiffness in both directions, which enables Lissajous scanning.

Here we report a fully packaged 1.65 mm diameter forward-viewing confocal
endomicroscopic catheter using a flip-chip bonded electrothermal MEMS fiber scanner. The
miniaturization of the catheter was enabled by using a flip-chip bonding technique. The
MEMS fiber scanner has six gold (Au) pads on the top silicon of the scanner. The six Au pads
consist of two pads for electrothermal actuation and four pads for stable flip-chip bonding.
The MEMS fiber scanner is integrated by a 0.2 mm thick printed circuit board (PCB) with six
Au solder balls. Figure 1(a) shows the schematic of the compact packaged confocal
endomicroscopic catheter using a flip-chip bonded MEMS fiber scanner. The MEMS fiber
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scanner is fabricated for flip-chip bonding, which minimizes electrical packaging dimensions.
Resulting in scanner packaged with 1.65 mm diameter. Figure 1(b) shows the working
principle of the electrothermal MEMS fiber scanner. The lateral motion is derived by thermal
expansion of hot arm structures due to Joule heating and the vertical motion is also induced
by bimorph structures of the heated MEMS fiber scanner. The asymmetric structure of
microactuator differentiates the effective stiffness of an optical fiber in both directions, which
enables Lissajous scanning.
2. Device design and fabrication

Fig. 2. (a) Microfabrication procedures of a flip-chip bonded MEMS fiber scanner. The
microactuator is fabricated by using deep reactive ion etching (DRIE) on a heavily boron
doped 6 inch SOI wafer (Top: 30 μm, Buried oxide (BOX): 2 μm, Bottom: 400 μm). After
microactuator fabrication, the microactuator is released and flip-chip bonded with solder balls
and a 0.2 mm thick printed circuit board (PCB). The flip-chip bonded scanner is assembled
with optical fiber. (b) Top-view SEM image of the fabricated microactuator. The footprint
dimension indicates 1 x 5 x 0.43 mm3 . (c) Bottom-view SEM image of the microactuator.
The optical fiber is on the fiber groove of the microactuator. (d) An optical image of the
fabricated 6 in. SOI wafer. (e) Side SEM image of the flip-chip bonded scanner. A 0.2 mm
PCB is directly attached to the microactuator with solder balls. (f) Side-view SEM image of
the underfilled scanner.

Figure. 2(a) shows the microfabrication procedures of a flip-chip bonded MEMS fiber
scanner. The microactuator was fabricated by using deep reactive ion etching (DRIE) on a
heavily boron doped 6-inch silicon-on-insulator (SOI) wafer (top Si: 30 μm, buried oxide
(BOX): 2 μm, bottom Si: 400 μm in thickness). After microactuator fabrication, the
microactuator was released and flip-chip bonded with 80 μm solder balls. The flip-chip
bonded microactuator was assembled with a single mode optical fiber. Figure 2(b) shows a
top-view SEM image of the microactuator. On the top side, 6 Au pads and double hot arm
structures were well defined. The footprint dimension indicates 1 x 5 x 0.43 mm3 . Figure 2(c)
shows a bottom-view SEM image of the microactuator. The single mode optical fiber
(Thorlabs, SM-800) was assembled to the microactuator. Figure. 2(d) shows an optical image
of the fabricated 6 in. SOI wafer. Microactuators were successfully fabricated at a wafer
level. Figure 2(e) shows a side-view SEM image of the flip-chip mounted scanner. A 0.2 mm
thick printed circuit board (PCB) was attached to the microactuator with six solder balls.
After flip-chip bonding, a gap between the microactuator and the PCB was filled with
underfill epoxy (PT-4100), as shown Fig. 2(f).
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3. Lissajous scanning, confocal imaging, and catheter packaging

Fig. 3. (a)-(d) Lissajous patterns of the electrothermal MEMS fiber scanner. 378 ߤ݉ x 439 ߤ݉
field-of-view (F.O.V) Lissajous patterns were obtained within 16 V operation voltage
pp

(scanning time: 1/125, 1/40, 1/20, 1/4 sec). (e) Calculated result of fill factor of Lissajous
scanning pattern at 239 Hz, 207 Hz depending on scanning time (f) Schematic of the confocal
endomicroscopic system. MEMS fiber scanner is combined with the fiber-based confocal
system. (g) Optical image of reference metal target ‘T’ (line width is 80 μm ). (h) Twodimensional reflectance images of the metal pattern ‘T’ by using the confocal reflectance
imaging system and the flip-chip bonded MEMS fiber scanner. (i) Optical image of reference
metal pattern ‘OPTICS’. (j) Stitched confocal reflectance image of the metal pattern
‘OPTICS’.

Figures 3(a)-3(d) show Lissajous patterns of the electrothermal MEMS fiber scanner. 378 ߤ݉
x 439 ߤ݉ field-of-view (F.O.V) Lissajous patterns were obtained within 16 Vpp operation
voltage (scanning frequency: 239 Hz in x-axis, 207 Hz in y-axis, scanning time: 1/125, 1/40,
1/10, 1/4 sec). Figure 3(e) shows the calculated result for the fill factor in Lissajous scanning
at 239 Hz, 207 Hz depending on the scanning time. The Lissajous pattern is filled in 86% for
0.5 sec and 100% for 1 sec. Figure 3(f) shows a schematic of the confocal reflectance
endomicroscopic system. The MEMS fiber scanner was combined with the fiber-based
confocal system (256 x 256 pixel resolution). Figure 3(g) is an optical image of the reference
metal target ‘T’ (line width is 80 μm ). A two-dimensional reflectance image of the metal
pattern ‘T’ was obtained by using the confocal reflectance imaging system and the flip-chip
bonded MEMS fiber scanner, as shown Fig. 3(h). In reflectance image, the phase does not fit
correctly and there is some distortion, however, the image resolution can be improved
through image processing including phase correction for the MEMS scanner or feedback
control. Figure 3(i) is an optical image of reference metal pattern ‘OPTICS’. Figure 3(j) is a
stitched confocal reflectance image of the metal pattern ‘OPTICS’. 785 nm laser is used for
the confocal system, and the frame rate of the obtained image is 1 frame per second.
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Fig. 4. (a) Optical image of a compact packaged endomicroscopic catheter. The inner diameter
of the flip-chip bonded MEMS fiber scanner is only 1.3 mm and the endomicroscopic catheter
was precisely assembled with a 1.65 mm diameter stainless tube and 1 mm diameter GRIN
lens. Length of packaged catheter is 28 mm. (b) Ray tracing analysis with 1mm diameter
GRIN lens (Edmund #64524, NA = 0.55). ± 200 μm scanning amplitude is used for ray tracing
analysis. (Blue ray: center, green ray: ± 140 μm scanning amplitude, red ray: ± 200 μm
scanning amplitude). RMS beam diameter is 0.27 μm at center, and 2.38 μm at 200 μm
scanning amplitude. Working Distance at image side is 1 mm, and magnification is 1.1. (c)
Optical image of the packaged endomicroscopic catheter. (d) Optical image of the packaged
catheter assembled to laparoscopic functional channel.

Figure 4(a) shows the optical image of the fully packaged confocal endomicroscopic
catheter. A 20 mm long optical fiber was attached to the flip-chip mounted MEMS fiber
scanner, and a silicon mass was placed at the tip of the fiber, which increases scanning length
of the scanner [6]. The flip-chip bonded scanner not only minimizes dimensions of electrical
packaging, but also assists in the optical alignment of the fiber in catheter packaging. The
dimensions of all packaging components, such as scanner width, solder ball size, and PCB
thickness, have been precisely optimized to facilitate optical alignment. In the flip-chip
bonded scanner, the distance from the center of the optical fiber to the edge of PCB is 0.65
mm. Therefore, when the scanner was inserted into the stainless housing tube (OD: 1.65 mm,
ID: 1.3 mm), the fiber was centered in the housing tube without any additional component.
The confocal endomicroscopic catheter was assembled with a 1.65 mm diameter stainless
tube and a 1 mm diameter GRIN lens (Edmund #64524, NA = 0.55). For the precise fiber
centering, a zig with a 125 μm groove in the center was prepared, the flip-chip bonded fiber
scanner was inserted into a 1.65 mm diameter stainless tube, and the centering was adjusted
back and forth by using a specialized zig and fixed with epoxy. The packaged catheter is 28
mm in length. Figure 4(b) shows a ray tracing analysis for ± 200 μm in scanning amplitude
(Blue ray: center, green ray: ± 140 μm in scanning amplitude, and red ray: ± 200 μm in
scanning amplitude). The RMS beam diameter is 0.27 μm at center and 2.38 μm at 200 μm in
scanning amplitude, which provides 30,000 color pixels. The beam spot size can be decreased
by using a customized objective lens. The working distance at the image side is 1 mm and the
image magnification is 1.1x. Figures 4(c) and 4(d) show optical images of the packaged
catheter and the packaged catheter assembled to a laparoscopic functional channel.
4. Summary
In summary, we have successfully demonstrated a fully packaged 1.65 mm diameter confocal
endomicroscopic catheter using a flip-chip bonded electrothermal MEMS fiber scanner. The
MEMS fiber scanner was precisely designed with six pads for a flip-chip connection, and 378
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μm x 439 μm field-of-view (FOV) Lissajous patterns of the scanner were successfully
obtained within the range of 16 V pp operation voltage. The flip-chip bonded MEMS fiber
scanner was successfully combined with the confocal imaging system, and a two-dimensional
reflectance image was successfully obtained within 16 V pp operation voltage. The inner
diameter of the flip-chip bonded scanner is 1.3 mm with minimized flip-chip designed
packaging. The confocal endomicroscopic catheter was assembled with a 1.65 mm diameter
stainless housing tube and 1 mm diameter GRIN lens. This compact endomicroscopic MEMS
catheter can provide many opportunities for in-vivo endomicroscopic applications.
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