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Abstract

We report an ultralow-voltage, electrothermal (ET) microelectro-mechanical system (MEMS)
based probe for forward-viewing endoscopic optical coherence tomography (OCT) imaging. The
fully assembled probe has a diameter of 5.5 mm and a length of 55 mm, including the imaging
optics and a 40 mm long fiber-optic cantilever attached on a micro-platform of the bimorph ET
MEMS actuator. The ET MEMS actuator provides a sufficient mechanical actuation force as well
as a large vertical displacement, achieving up to a 3 mm optical scanning range with only a 3
Vacp-p drive voltage with a 1.5 Vpc offset. The imaging probe was integrated with a swept-
source OCT system of a 100 kHz A-scan rate, and its performance was successfully demonstrated
with cross-sectional imaging of biological tissues ex vivoand in vivo at a speed up to 200 frames
per second.

Optical coherence tomography (OCT) is a medical imaging modality that can provide cross-
sectional images of biological tissue with microscopic resolution and a few millimeters of
imaging depth non-invasively and in real time [1]. OCT can be a powerful diagnostic tool
especially for detecting early stage diseases developing from the superficial linings of
internal organs [2]. Translating OCT for internal organ imaging requires a scanning
endoscope/laparoscope. Recent development of endoscopic OCT technologies successfully
demonstrated the capability of OCT for detecting diseases in the gastrointestinal tract such
as Barrett’s esophagus [3], ulcerative colitis [4], and inflammatory bowel disease [5].
Potential applications in various other organs have also been actively investigated, such as
the respiratory tract [6] and pancreas [7].

For decades, various types of endoscopic catheters or probes have been developed.
Particularly circumferential scanning endoscopes, either with the entire endoscope rotated
with an external rotary joint at the proximal end [8,9] or with a beam reflector rotated with a
micromotor at the distal end [10], have been developed, and some have already been
translated into clinical trials or approved practices [11]. While circumferential scanning
endoscopes are suitable for surveying a large area along luminal organs, forward-viewing
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endoscopes are more desirable for image-guided biopsy or surgery. However, forward beam
scanning inside a miniature probe with limited space is challenging. It requires a
miniaturized scanner and often requires additional beam-folding optics to deflect the beam
towards forward direction. A few forward-viewing probes have been demonstrated by
scanning a fiber [12-20], rotating a pair of angled lenses [21], or by scanning a MEMS-lens
[22]. Among those, the fiber-optic scanner has attractive advantages due to its relatively
compact and simple configuration. In particular, a fiber-optic scanner with a tubular
piezoelectric (PZT) actuator has been demonstrated for OCT [12-14], multi-photon [15-18],
and confocal endoscopy [19]. A cantilevered optical fiber was attached to the distal end of a
PZT tube and resonantly scanned with either a spiral [12,14,15,18] or Lissajous [13,17,20]
pattern. A few non-resonant fiber-optic scanners based on a piezo bender actuator [16] or an
electro-magnetic actuator [19] have been reported but require a high operating voltage up to
200 V, which is an electrical safety concern for clinical applications.

Here we report an ultralow voltage electrothermal (ET) MEMS based fiber-optic scanning
probe for forward-viewing endoscopic OCT imaging. An ET bimorph MEMS actuator was
used to drive a fiber cantilever and allows forward beam scanning by a piston motion (out-
of-plane). The ET actuation offers a sufficient force, enables an ultralow voltage operation of
a MEMS scanner, and realizes both resonant and non-resonant scanning of a fiber cantilever
over a millimeter range, making it possible to perform raster beam scanning. The
performance of this new ET MEMS based fiber-optic scanning probe was demonstrated by
imaging biological tissues in real time along with a swept-source OCT (SS-OCT) system.

Figures 1A and 1B show the schematics of the fiber scanning mechanism with the ET
MEMS scanner and the probe assembly. A cantilevered fiber was mounted on the top of the
micro-platform of an ET MEMS scanner, and optical beam scanning was realized by
moving the fiber with the MEMS scanner along the vertical direction (indicated by the red
double-ended arrows). Figures 1C and 1D show SEM images of the ET MEMS scanner,
which was composed of a micro-platform, supported by two pairs of connecting frames with
a three-segmented bimorph actuator [23]. Each bimorph actuator consisted of a top
aluminum (Al) layer and a bottom silicon dioxide (SiO,) layer, which had a large difference
in the coefficient of thermal expansion (CTE). A platinum (Pt) layer was sandwiched
between the two layers as a Joule heating layer (Fig. 1D). When a voltage was applied
between a pair of three-segmented bimorph actuators, a current flowed along the Pt layer
and the temperature of the bimorph actuators would be increased by Joule heating (Fig. 1C).
As the temperature increased, each bimorph segment would bend downward as the higher
CTE layer, i.e., the Al layer, was on the top. Consequently, the micro-platform would be
lowered down. The supporting frames with a three-segmented bimorph actuator was
specifically designed to obtain a pure and efficient vertical (out-of-plane) motion of the
micro-platform. Each frame rotates in the opposite direction, which cancels out the lateral
shift during bending. The resistances of the two pairs of the three-segmented bimorph
actuators were measured to be 44 ohm and 74 ohm, respectively. This mismatch in
resistance could arise from microfabrication tolerances, contact resistances, and/or non-
uniform wiring during the assembling process. An additional resistor was added outside of
the probe in order to compensate the resistance mismatch and obtain a pure vertical motion.
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The ET MEMS based fiber-optic scanning probe consisted of three parts: an ET MEMS
scanner assembly with a 3D printed base, a fiber assembly, and an optics assembly. These
three parts were separately assembled and encased inside a hypodermic tube with a ~5.5 mm
outer diameter. Precision optical alignment between the fiber and the focusing optics was
crucial during probe assembly. Also, the fiber cantilever needed to be carefully placed along
the center line of the micro-platform of the MEMS scanner in order to avoid potential
imbalance of the force applied by each bimorph actuator during scanning. Custom designed
auxiliary structures, such as spacers and mating sleeves, were used between each assembly
component in order to ensure precise separation between adjacent components as well as
optical axis alignment. For example, the outer and inner diameters of the mating sleeves
should match with the inner diameter of the housing hypodermic tube and the outer diameter
of the spacers, respectively, in order to center all the components along the probe
longitudinal direction. This modular procedure enabled much efficient assembly with
minimal manual adjustment. Figures 1E and 1F show the photos of the probe assembly
components. For the assembly procedure, at first, the MEMS scanner was mounted on a 3D
printed base, which comprised wire/fiber grooves and a MEMS scanner mounting groove to
assist assembling (see Fig. 1B inset). Then, drive wires were directly soldered on the device
without any printed circuit board. Second, for the fiber assembly, an optical fiber was first
inserted into a ceramic ferrule of a 1.25 mm outer diameter. A 40 mm long fiber was then
cantilevered from the ceramic ferrule with epoxy, and the center of the fiber cantilever was
positioned on the top of the micro-platform of the ET MEMS scanner (20 mm away from
the fixed end). During assembling, a small DC voltage was applied to the MEMS actuator to
lower the initial position of the micro-platform for ease fiber mounting. The imaging optic
assembly consisted of two commercially available achromatic lenses of a 3 mm diameter.
The beam from the fiber was collimated by the first lens (# = 3 mm) and then focused by
the second lens (% = 9 mm). This conventional telescope configuration provided a
theoretical 3X magnification and an ~14 pum lateral resolution in the focal plane. Finally, the
MEMS scanner along with a base, the fiber assembly, and the optics assembly were
integrated inside a hypodermic tube. Figure 1G shows a photograph of the fully assembled
probe. The overall rigid length of the probe was 55 mm.

The beam scanning performance of the assembled ET MEMS fiber-optic probe was first
investigated before imaging studies. Figure 2A shows the frequency response of the ET
MEMS scanner. The ET MEMS fiber-optic scanner can be modeled as a cantilever
supported by the MEMS actuator, which in turn can be modeled as a spring. The resonant
frequency of the scanner is then mainly determined by the overall cantilever length and the
location of the MEMS actuator under the cantilever. In brief, a shorter cantilever length, or a
location of the MEMS actuator further from the fixed end provides higher resonant
frequency. Then, the cantilevered fiber length and the MEMS actuator location can be
chosen to have a resonant frequency that matches the sweeping speed of the OCT light
source and produce a given imaging frame rate. For example, with a 40 mm fiber length and
the MEMS scanner positioned 20 mm away from the fixed end (the ferrule), as shown in
Fig. 1A, the resonant frequency was measured to be ~100 Hz with a Q-factor of ~28.
Detailed information about the scanner design can also be found elsewhere [24]. At the
resonance, a 3 mm beam scanning range was achieved with an ultralow peak-to-peak
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actuation voltage of about 3 Vac witha 1.5 V¢ bias (i.e., V4, = 1.5 + 1.5 sin(wd)), as
shown in the inset photograph of Fig. 2A.

The sufficiently large actuation force generated by the ET MEMS scanner enabled not only
resonant but also non-resonant scanning of the fiber cantilever. Figure 2B shows the
displacement of a fiber tip when a DC voltage was applied to the scanner. A fiber tip
displacement greater than 1 mm could be readily achieved with an ultralow actuation voltage
of only 2 Vpc, which is 2 orders of magnitude lower voltage than previously reported non-
resonant scanners [16,19].

The imaging performance of the ET MEMS fiber-optic probe was demonstrated with an SS-
OCT system. Figure 3 illustrates the schematic of the SS-OCT system, which consisted of a
vertical-cavity surface-emitting laser (VCSEL) swept light source (Axsun Technologies).
The VCSEL provided a 100 kHz A-line scan rate at a central wavelength of 1310 nm and a 3
dB spectral bandwidth of approximately 88 nm (and a 10 dB bandwidth of ~130 nm).

The laser was divided into the sample and reference arms with a 90/10 fiber-optic coupler,
and the OCT interference signal was collected by a balanced detector. The VCSEL source
offered an internal linear & clock (with an imaging depth up to 6 mm in air), which was used
to trigger a high-speed DAQ card (AlazarTech) for synchronized data acquisition. An aiming
green laser (532 nm) was coupled into a sample arm with a fiber-optic wavelength division
multiplexer (WDM, Thorlabs). The axial resolution of the system was measured to be
approximately 9 um (in air) at an imaging depth of 1.5 mm, while the detection sensitivity
and the signal roll-off were measured to be over =115 dB (with a 9.2 mW incident power on
the sample) and —0.06 dB/mm, respectively. For OCT imaging, the MEMS probe was driven
at its resonant frequency of 100 Hz, with an ultralow peak-to-peak voltage of 3 V¢ and a
bias of 1.5 Vpc. The probe could achieve a 3 mm beam scanning range at the focal plane
located at 9 mm in front of the probe and equal to its working distance. Due to the limited
aperture and off-axis aberrations of the small diameter objective lenses, the image plane was
changed by ~0.4 mm at the maximum scan range. However, we were still able to obtain
diffraction-limited imaging performances with a measured lateral resolution of ~17 um. The
OCT imaging frame rate was determined by the driving frequency of the MEMS-based
fiber-optic scanner and the number of A-lines per frame for a given wavelength sweeping
rate of the light source. For example, in our particular experiments, we could choose either
100 frames per second (fps) for unidirectional imaging or 200 fps for bidirectional imaging
by adjusting the number of A-lines per image frame. It is noted that the resonant operation
of the fiber cantilever induces a phase delay between the MEMS scanner motion and the
fiber tip motion (/2 radian at resonance), and this phase delay was compensated by
carefully tuning the time delay between the probe drive waveform and the time window for
OCT signal acquisition. For OCT image reconstruction, about 80% of the scanning range
was linearly resampled, considering non-uniform (sinusoidal) scanning speed of the ET
MEMS scanner. Figures 4A-4C show representative /n vivo cross-sectional OCT images of
human nail fold, fingerprints, and an ex vivorat intestine sample captured with the ET
MEMS scanning probe in real time. Layered structures underneath the surface, such as the
nail plate, cuticle, stratum corneum, stratum spinosum, as well as sweat duct were
appreciated in Figs. 4A and 4B. Tissue layers, such as mucosa, submucosa, and muscularis
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propria were also identified in Fig. 4C. For the images presented in Fig. 4, the frame rate
was adjusted to 100 fps and 800 A-lines were captured to reconstruct each OCT image.

To conclude, we developed and demonstrated a new type of forward-viewing OCT imaging
probe based on an ET MEMS fiber-optic scanner. The probe was integrated with an SS-OCT
system, and real time imaging of biological tissues ex vivoand /n vivowas performed to
demonstrate the performance of the probe. The ET MEMS scanner provided a sufficiently
large force and enabled an ultralow (i.e., 3 Vacp—p + 1.5 Vpc) voltage operation at the
resonance and non-resonance of the fiber-optic cantilever. This unique advantage of the ET
actuation allows for step-wise linear beam scanning as well as fast resonant beam scanning
and can offer potential versatility in choosing a beam scanning pattern. Moreover, two-
dimensional raster scanning can also be conveniently realized by adding another in-plane
actuator. The current probe has an outer diameter of 5.5 mm due to the large footprint of the
MEMS scanner of 3 mm (at ~1 mm apart from the probe center). Further miniaturization of
the probe can be realized by reducing the MEMS scanner size with advanced designs. The
reported ET MEMS imaging probe can potentially provide an alternative avenue for
developing forward-viewing miniature OCT probes, such as miniature hand-held probes or
laparoscopic probes.
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Fig. 1.
Schematics of (A) the fiber scanning mechanism and (B) the probe assembly, consisting of

an ET MEMS actuator. (C), (D) SEM images of an integrated ET MEMS bimorph actuator;
a micro-platform is supported and actuated by two pairs of three-segmented bimorph
actuators with two connecting frames, which enable pure vertical motion with a large
scanning amplitude. Scale bar: 500 um. (D) Enlarged view of a three-segmented bimorph
actuator [white boxed area in (C)]. ET bimorph actuator is composed of an Al, SiO,, and Pt
layer. The Pt layer was sandwiched between the other two layers as a heating layer. Scale
bar: 500 um. (E) Photograph of the probe assembly; a 40 mm long fiber cantilever was
mounted on top of the micro-platform of the ET MEMS scanner. (F) Magnified view
showing the fiber was aligned with the center line of the ET MEMS scanner along the probe
longitudinal axis. (G) Photograph of a fully integrated probe. Objective lenses and the fiber
scanner were assembled with holders placed inside a hypodermic tube of a ~5.5 mm outer
diameter and a 55 mm overall rigid length.
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Fig. 2.
(A) Frequency response of the ET MEMS fiber-optic scanner. Resonant frequency of the

scanner was measured to ~100 Hz and a 3 mm beam scanning range was achieved with a
drive voltage of only 3 Vacpp ontop of a 1.5 Vpc bias. The inset in (A) shows a
photograph of the resonant beam scanning line in the focal plane. (B) Static displacement of
the fiber cantilever tip with respect to the drive DC voltages. A relatively large actuation
force of the ET bimorph actuator allows for a more than 1 mm fiber tip scanning range with
a less than 2 V¢ drive voltage.
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Fig. 3.

Sc%ematic of a SS-OCT system integrated with the ET MEMS based scanning probe. A
VCSEL with a 100 kHz A-line scan rate was used as the light source. A linear & clock
generated by the VCSEL was used as the A-line trigger for OCT data acquisition. An aiming
laser at 532 nm was coupled into the sample arm with a fiber-optic WDM. OC, fiber-optic
coupler; CIR, fiber-optic circulator; WDM, wavelength division multiplexer; BD, balanced
detector; CL, collimating lens; ND, neutral density filter; M, mirror.
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Fig. 4.
Representative OCT images captured with the ET MEMS based probe along with an SS-

OCT system. (A) /n vivohuman nail fold and (B) fingerprint images. Detailed tissue
structures, such as the layered nail plate (NP), cuticle (C), stratum corneum (SC), stratum
spinosum (SS), and sweat duct (SD) can be clearly identified. (C) Ex vivorat intestine
image; the submucosa (SM) layer can be identified between the mucosa (M) and muscularis
propria (MP) layers. Scale bars: 500 um.
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