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Abstract:

 Microelectromechanical systems (MEMS) have an unmatched ability to incorporate numerous functionalities into ultra-compact devices, and due to their versatility and miniaturization, MEMS have become an important cornerstone in biomedical and endoscopic imaging research. To incorporate MEMS into such applications, it is critical to understand underlying architectures involving choices in actuation mechanism, including the more common electrothermal, electrostatic, electromagnetic, and piezoelectric approaches, reviewed in this paper. Each has benefits and tradeoffs and is better suited for particular applications or imaging schemes due to achievable scan ranges, power requirements, speed, and size. Many of these characteristics are fabrication-process dependent, and this paper discusses various fabrication flows developed to integrate additional optical functionality beyond simple lateral scanning, enabling dynamic control of the focus or mirror surface. Out of this provided MEMS flexibility arises some challenges when obtaining high resolution images: due to scanning non-linearities, calibration of MEMS scanners may become critical, and inherent image artifacts or distortions during scanning can degrade image quality. Several reviewed methods and algorithms have been proposed to address these complications from MEMS scanning. Given their impact and promise, great effort and progress have been made toward integrating MEMS and biomedical imaging.
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1. Introduction

Advanced optical imaging technologies such as scanning confocal microscopy [1], optical coherence tomography (OCT) [2], and multiphoton microscopy [3,4] have become important diagnostic tools in biomedicine. They are non-invasive and capable of in vivo assessment of tissue microanatomy below the epithelial surface in real time at resolutions (~0.5–10 μm) approaching those of conventional histological techniques, and combining these technologies with endoscopy further enables high-resolution optical imaging of internal organs [5]. Advancements in these optical imaging technologies have made substantial impacts in early detection, diagnosis, and treatment of diseases.

All these imaging techniques require mechanisms to deliver, focus, scan, and collect a single-mode optical beam. Although it is possible to achieve this using a single-mode optical fiber as the scanning catheter [6,7,8], most fiber-imaging approaches require resonant scanning in order to generate sufficient deflection for a reasonable field of view, thereby limiting the types of employable scan patterns.

Due to the capability of integrating complex functionality in small devices, microelectromechanical systems (MEMS) technologies have been explored to develop scanning devices for endoscopic imaging. MEMS scanning mirrors can perform large angle scanning without resonance, which enables arbitrary scan patterns. Their versatility further allows operation at resonance to achieve high-speed raster scanning, which is necessary for real-time en face imaging. Various MEMS scanning mirrors have been developed for beam steering in confocal microscopy [9,10,11,12,13,14], OCT [15,16,17,18,19,20,21], and two-photon microscopy [22]. In these micromirrors, 2D scanning motions can derive from thermoelectric, electrostatic, electromagnetic, or piezoelectric actuation, and the microfabrication adaptability of MEMS devices facilitates integration of additional functionality such as adjustable-focal-length scanning micromirrors [23] or dynamic aberration correction [24]. Varifocal MEMS micromirrors have demonstrated improvement in lateral image resolution without compromising the depth of focus [25,26], and they can also enable dynamic focus tracking in OCT imaging [27].

Although MEMS scanning micromirrors have also been developed for other applications such as optical communications and laser beam scanning, the focus of this review is on works specifically applied to biomedical imaging. In Section 2, we discuss various scanning micromirror technologies based on their actuation mechanisms; in Section 3, we discuss the efforts that have been made to correct and improve the images acquired by optical systems utilizing MEMS scanning mirrors; and in Section 4, we summarize the pros and cons of different scanning micromirror technologies and conclude the paper.



2. Scanning Micromirror Technologies

Various actuation mechanisms have been developed to achieve 2D scanning functionality for MEMS mirrors. The predominant approaches are thermoelectric, electrostatic, electromagnetic, and piezoelectric actuation, with each possessing advantages and disadvantages in various imaging modalities. In this section, we describe the basic principle of each technology and review the progress each has made.


2.1. Thermoelectric Actuation

Thermoelectric actuation typically involves thin bimorph actuation structures that utilize contrasting thermal expansion coefficients between the constituent materials. The actuation mechanism was first applied to a MEMS scanning micromirror fabricated on single-crystal silicon using a deep reactive-ion etch (DRIE) after complementary metal-oxide-semiconductor (CMOS) micromachining for OCT imaging [28]. In this work, the fabricated micromirror has a thermal actuation structure consisting of a multi-layer Al/oxide mesh and an integrated polysilicon heater, and the actuator connects one edge of the MEMS micromirror to the substrate. The mesh curls up after release of the micromirror structure due to the tensile stress in the Al layer and the compressive residual stress in the bottom SiO2 layer. Upon heating the actuator by driving an electric current through the polysilicon heater, the micromirror tilts back towards the substrate, thus achieving scanning motion. The micromirror achieved 17° of rotation under 15 mA of applied direct current (DC), and the 1 mm × 1 mm micromirror has a resonance frequency of 165 Hz. It was packaged in a 5 mm-diameter catheter tip for an endoscopic OCT system and applied to in vivo imaging of a porcine urinary bladder through cystotomy. An image resolution of 20 μm was achieved.

A similar micromirror was later applied to two-photon fluorescence and second-harmonic generation endoscopy by combining with a double-clad photonic crystal fiber, and the system was used for rat esophagus imaging [29]. In order to achieve two-dimensional scanning necessary for obtaining 3D volumetric images in OCT, a similar structure was designed and demonstrated instead with thermoelectric-bimorph beams that enabled an added rotation axis, as shown in Figure 1 [20]. The micromirror achieved a 40° rotation angle under ~6.3 mA applied current, and resonant frequencies of 445 and 259 Hz for the two scanning directions.

Figure 1. Scanning-electron microscopy (SEM) image of a 2D thermoelectric-actuated scanning micromirror [20]. Reproduced with permission from Xie, H., Journal of Selected Topics in Quantum Electronics; published by IEEE, 2004.
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Previous thermoelectric-actuated micromirrors had rotation axes about the edges of the mirror, which may pose complications for optical system design and alignment due to the lateral shift of the optical path accompanying rotation. Modifications to the thermoelectric-bimorph structures can overcome this limitation by anchoring at the center of the mirror edges, as shown in Figure 2 [21]. In order to increase the tilting angles of the micromirror, a folded architecture was designed for the thermoelectric bimorphs. The micromirror achieved ±15° of rotation under 5.5 V/15 mA of actuation voltage/current, and a resonant frequency of 400 Hz. The micromirror was packaged into an imaging probe for OCT with an outer diameter of 5.8 mm. With a new hidden actuator design, the die size was further reduced, yielding an OCT probe with a 2.8 mm diameter [30]. Figure 3 shows the packaging design and a photograph of the probe. The new thermoelectric-actuated micromirror achieved ±11.5° of rotation angle under 4.8 V of applied voltage, and a 406 Hz resonant frequency.

Figure 2. (a) SEM image of a 2D thermoelectric-actuated scanning micromirror with rotation axes about the center; (b) and (c) Close-up SEM images of the folded thermoelectric-bimorph structure [21]. Reproduced with permission from Xie, H., Optics Express; published by OSA Publishing, 2010.
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Figure 3. (a) Package design of an optical coherence tomography (OCT) probe employing a thermoelectric-actuated scanning micromirror with hidden actuators, a graded-index (GRIN) lens, a flexible printed circuit board (PCB), and a fluorinated ethylene propylene (FEP) tube for protection; (b) Photograph of the packaged OCT probe depicted in (a) [30]. Reproduced with permission from Xie, H., Journal of Microelectromechanical Systems; published by IEEE, 2012.
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The thermoelectric-bimorph structure can also actuate a platform vertically. By opening a hole in the platform for placing a lens, a movable lens can be realized to achieve focus depth scanning. Combining this with the two-axis scanning micromirror, a confocal microscope was demonstrated. The system achieved a ±26° optical scan range (corresponding to ±13° mechanical rotation angle) and over 400 μm in depth scan range. The lateral resolution and axial resolution were characterized to be 1.0 μm and 7.0 μm, respectively [14].

Thermoelectric-bimorph membranes can achieve tunable focal lengths for MEMS mirrors, and the radius of curvature of a gold-coated micromirror was tuned from 2.5 to 8.2 mm over a current-induced temperature range from 22 to 72 °C [31]. More recently, such a capability was combined with thermoelectric scanning actuation to achieve a tip-tilt-piston, varifocal micromirror [23], shown in Figure 4. Four bimorphs are positioned tangentially at the micromirror edges to suspend it above the substrate upon release. As shown in the zoom-in SEM image of Figure 4b, each of the four bimorph legs is connected at the tip to a polysilicon serpentine spring. Bending, twisting, and extension of the springs allow tilting of the micromirror, and actuating all four bimorph legs simultaneously at the same power provides piston motion. The 400 μm-diameter mirror surface is separated into eight polysilicon/gold bimorph wedges. The springs also serve as local heaters for these bimorph wedges to achieve a tunable radius-of-curvature. By applying a current between any of the two legs, the serpentine springs can be heated. The micromirror was able to achieve a mechanical tilt angle of ±20° with a total power of 90 mW, a tunable focal length of −0.48 to +20.5 mm with a total power of 27 mW, and a piston motion range of 300 μm. Degradation of mirror reflectivity due to the release holes on the micromirror surface was characterized to be 14%. The thermal actuation response time is ~5 ms for large angles. Although not specifically designed for biomedical imaging, the mirror size and frequency response may be further optimized for such applications.

Figure 4. SEM images of a thermoelectric varifocal MEMS scanning micromirror. (a) The four bimorph actuators provide piston and tilting motion; (b) Zoom-in of the device: the top of the four bimorph legs are connected to the micromirror through four serpentine springs, which allow for tilting the micromirror and heating the mirror wedges to adjust the focal length [23]. Reproduced with permission from Bishop, D., Optics Express; published by OSA Publishing, 2015.
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In addition to the previously described processes, a thermoelectric-actuated scanning micromirror has also been designed and fabricated using a silicon-on-insulator (SOI) MEMS process for endoscopic bioimaging [32]. The micromirror achieved a maximum angular tilt of 17° with 36.8 mW of actuation power. The minimum chip size designed was 1 mm × 1 mm with a 400 μm-diameter mirror plate.



2.2. Electrostatic Actuation

The electrostatic actuation mechanism is attractive for MEMS scanning micromirrors because the capacitive actuators draw very little current, therefore requiring low operating power despite the need for large applied voltages. Two main approaches, comb-drive and parallel-plate gap-closing schemes, have been widely explored for electrostatic actuation, and in this section, we discuss MEMS scanning micromirrors based on these two approaches.


2.2.1. Comb-Drive Actuation

Comb-drive actuated, scanning micromirrors have been demonstrated for OCT [16], OCT endoscopy [19,33], swept-source OCT [34], confocal microscopy [35,36], a near-infrared confocal microscope [37], two-photon fluorescence imaging [22], near-infrared fluorescence confocal imaging [12], and confocal endoscopy [38]. Typically, vertical comb-drive actuators are employed, which consist of comb structures initially vertically offset from each other. Upon applying a voltage, the electrostatic force pulls the movable comb up or down to align with the fixed comb, causing tilting of the micromirror. Compared to the gap-closing electrostatic actuation mechanism to be described in the next section, vertical comb-drive actuation can achieve a linear relationship between the mirror-tilting angle versus applied voltage. The actuators normally occupy substantial chip areas, which is the main drawback of this approach.

A MEMS scanning mirror utilizing angular vertical-comb (AVC) actuators was demonstrated for endoscopic OCT and reported in [19], and Figure 5 shows a SEM image and a schematic drawing of the device. The angular vertical-comb actuator can achieve larger scan angles for the same comb dimensions compared to standard vertical comb actuators. The device was fabricated by integrating surface and bulk micromachining processes to produce a micromirror having a diameter of 1 mm and a complete scanner area measuring 3 mm × 3 mm. As described earlier, electrostatic actuation serves as a capacitive load and draws very little current for low frequency actuation, in general less than 1–10 nA. The device was packaged with an achromatic lens (f = 10 mm) and a fiber collimator to realize an OCT catheter with diameter = 5 mm. The micromirror was mounted at 45° to the optical path; therefore, the OCT catheter captured side views with a working distance of ~2 mm. The non-resonant mechanical scanning angle was measured to be ±6° at >100 V bias, while operating under resonance [resonant frequencies = 463 Hz (for the inner axis) and 140 Hz (for the outer axis)] is expected to significantly increase the scanning angle. The MEMS OCT catheter was incorporated into an ultrahigh resolution OCT imaging system, and with all focusing optics optimized, the system achieved a transverse resolution of ~12 μm. The system was used for in vivo imaging of human skin and in vitro imaging of lime pulp and a hamster cheek pouch, achieving an imaging rate of 4 frames/s over a three-dimensional field of view measuring 1.8 mm × 1.0 mm × 1.3 mm corresponding to 500 × 500 × 1000 pixels.

Figure 5. A microelectromechanical systems (MEMS) scanning micromirror with angled vertical-comb actuators. (a) SEM image; (b) Schematic drawing of the device [19]. Reproduced with permission from Wu, M. C., Optics Express; published by OSA Publishing, 2007.
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The OCT catheter was also demonstrated using a MEMS scanning mirror comprised of conventional vertical comb-drive actuators fabricated on single-crystal silicon [33]. The diameter of the MEMS mirror was 1.2 mm, and the packaged catheter diameter was 4 mm. The micromirror achieved ±5° of mechanical scanning angle under 100 V bias. Due to the use of single-crystal silicon, the resonant frequencies were higher, measured at 2.4 and 1.8 kHz for the inner and outer axes. Volume images were obtained at a rate of 3 frames/s, with a three-dimensional field of view of 1.0 mm × 1.0 mm × 1.4 mm containing 400 × 200 × 560 pixels. When incorporated with spectral domain or swept-source OCT systems [34], higher frame rates can be achieved while using the MEMS scanning mirror catheter.

In conventional confocal microscopy, the axial resolution is determined by the numerical aperture (NA) of the focused beam. For high-resolution imaging, a large NA is required which leads to a short working distance. A dual-axes confocal microscope can overcome this limit [39] by utilizing two low-NA beams intersecting at a small focal volume for both illumination and light collection. The dual-axes confocal configuration can achieve higher axial resolution without compromising transverse resolution, and the long working distance enables post-object scanning, leading to a larger field-of-view with less aberrations. A MEMS double-mirror scanner was proposed and demonstrated to enable packaging of a dual-axes confocal microscope in a compact configuration [35,37]. Figure 6 shows a SEM image and a cross-sectional view of the various structures of the scanner. The scanner consists of two reflective mirror surfaces actuated simultaneously by self-aligned vertical comb-drives and is fabricated on a double SOI wafer, producing mirror surfaces each measuring 650 × 600 μm. The demonstrated maximum mechanical tilting angles in static mode are ±2.4° at 160 V for the outer axis and ±2.75° at 170 V for the inner axis. The resonant frequencies are at 500 and 2.9 kHz for the outer and inner axes, respectively, leading to an imaging frame rate of 8 frames/s. When operated under resonance, the micromirror achieves mechanical tilting angles of ±6.2° and ±3.6° for the outer and inner axes, respectively.

Figure 6. A MEMS double-mirror scanner for dual-axes confocal microscopy. (a) SEM image; (b) Cross-sectional view of the various structures of the scanner [35]. Reproduced with permission from Solgaard, O., Journal of Microelectromechanical Systems; published by IEEE, 2007.
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The dimensions of the MEMS chip are 3.4 mm × 2.9 mm, appropriate for packaging in a dual-axes confocal microendoscope scan head with a configuration as shown in Figure 7a [13]. Figure 7b shows a photograph of the 5.5 mm-diameter scan head without its cap, revealing the MEMS double-mirror scanner. Confocal imaging can be performed in either reflectance or fluorescence mode. The confocal images have a field-of-view of 362 μm × 212 μm containing 500 × 295 pixels. The transverse resolution of the images is 5 μm, while the axial resolution is 6.5 μm. The handheld dual-axis confocal microendoscope was used to successfully obtain ex vivo fluorescence images of excised tissue specimens from normal and dysplastic colonic mucosa, as well as in vivo fluorescence images in the colons of human patients. An improved split-frame configuration reduces the chip size of the MEMS dual-mirror scanner to 1.8 mm × 1.8 mm [40].

Figure 7. A dual-axes confocal microendoscope scan head containing a MEMS double-mirror scanner. (a) The schematic drawing of the package. Two collimated beams are focused by a parabolic mirror with a 5 mm diameter and numerical aperture NA = 0.5. En face scanning is achieved by the MEMS micromirror scanner enclosed in a 5.5 mm scan head; (b) Photograph of the scan head without its cap, showing the MEMS scanner mounted on an axial translation stage [13]. Reproduced with permission from Solgaard, O., Journal of Biomedical Optics; published by SPIE, 2012.
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2.2.2. Gap-Closing Actuation

Gap-closing actuation utilizes electrostatic attraction between two parallel structures: one is the scanning micromirror and the other is a bottom electrode. Since the electrodes are underneath the micromirror, this actuation mechanism can enable smaller overall die size. The relationship between mirror tilting angle and the applied voltage is not linear under DC actuation, therefore calibration is required in order to avoid image distortion.

A 1D MEMS scanning micromirror using gap-closing actuation was first employed in a confocal optical microscope, with 2D scanning achieved through incorporating two micromirrors scanning in orthogonal directions [10]. By employing quad-electrodes, 2D scanning can be integrated in one micromirror, and these devices have been applied in OCT imaging [9,18,41]. Figure 8 shows the SOI-based fabrication process and a top-view optical microscope image of such a device [18] where the MEMS micromirror employs a biaxial gimbal structure allowing 2D scanning of the mirror. The fabrication is based on SOI processes. It involves patterning and etching the micromirror, springs, and gimbal structures in the active Si layer; etching a backside window though the Si handle wafer down to the buried oxide layer; and then releasing the structure by removing the oxide layer. The backside window also allows for alignment with another Si wafer containing quad-electrode pedestals, which is not shown in the figure. Figure 9 plots the scanning performance of the device: static actuation results in a typical non-linear mechanical deflection versus applied voltage curve for gap-closing electrostatic actuated devices (Figure 9a), while the result is linear under resonant actuation (Figure 9b). Under DC actuation, the micromirror achieved a mechanical deflection angle greater than ±4° with 130 V bias. The same deflection angle could be achieved with less than 20 V alternating-current (AC) bias under resonance if a constant DC 60 V bias is applied. The DC bias ensured that the voltage applied to the mirror was always greater than zero and had the added benefit of reducing the AC voltage necessary for resonant scanning. The resonant frequencies are 472 and 399 Hz for the inner and outer axes, respectively. The MEMS scanning mirror was employed in an OCT system and images of a mouse ear were obtained successfully.

Figure 8. A 2D MEMS scanning micromirror. (a) Fabrication process: A, A double-side polished SOI wafer is shown. B, Plasma-enhanced chemical-vapor deposition (PECVD) is used to deposit conformal silicon nitride on both sides of the wafer, and the backside is patterned. C, The backside of the wafer is etched with potassium hydroxide (KOH) to the silicon oxide stop layer in the location of the mirrors. D, Phosphoric acid at 160 °C is used to remove the silicon nitride, and a layer of gold is deposited for the reflective mirror surface. E, Metal and silicon trenches are etched down to the oxide layer. F, Hydrofluoric acid (HF) is used to finish the release of the device; (b) Top-view optical microscope image of a gold-coated micromirror [18]. Reproduced with permission from Lin, L.Y., Biomedical Optics Express; published by OSA Publishing, 2015.
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Figure 9. The mechanical deflection angle of a 2D MEMS scanning micromirror using gap-closing electrostatic actuation. (a) DC actuation; (b) Resonant AC actuation with a constant 60 V DC bias. Reproduced with permission from Lin, L.Y., Biomedical Optics Express; published by OSA Publishing, 2015.
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The capability of focus-tracking allows scanning through a substantial range in the depth direction with high transverse resolution. Dynamic focus control was first demonstrated as a separate function in MEMS micromirrors using electrostatic attraction between the mirror membrane and an underlying frame. MEMS micromirrors with adjustable focus have been incorporated in a 1D OCT system [25], Doppler OCT [17], endoscopic confocal and OCT imaging [24], and a laser scanner when combined with a 1D or 2D scanning micromirror [42]. Figure 10 shows the cross-sectional view and a top-view microscope image of such a device [24]. The deformable micromirror membrane is fabricated on a layer of silicon nitride, and a layer of silicon dioxide is sandwiched between the nitride membrane and the Si wafer as the sacrificial layer. The sacrificial oxide release creates the initial air gap, and the final cavity depth is formed by an anisotropic wet etch of the (100) Si. The achieved focus scan range was 1.25 mm under 200 V bias [25].

Figure 10. A MEMS mirror with adjustable focus. (a) Cross-sectional view of the device, illustrating a two-step release process for creating a silicon nitride membrane; (b) Top-view microscope image of the device [24]. Reproduced with permission from Dickensheets, D.L., Journal of Micro/Nanolithography, MEMS, and MOEMS; published by SPIE, 2007.
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A focus-adjustable silicon nitride mirror membrane can be fabricated on top of a 2D gimbal MEMS scanning mirror to achieve an integrated 3D scanning device [27,43]. The devices reported in reference [27,43] have similar structures, but different fabrication processes and mirror geometries. Figure 11 shows the fabrication process reported in reference [27], and a SEM image of the device is shown in Figure 12a. The thicknesses of the mirror and the gimbal for the finished devices are ~20 μm, and the cavity beneath the mirror is ~4 μm deep. While the thickness of the device tethers was defined by the silicon nitride thickness (500 nm), width variations of the tethers between 10 and 40 μm allowed slight device tunability. The electrode pillars were fabricated utilizing anisotropic KOH etching of a Si wafer. An optical-microscopy image of the electrode pillar is shown in Figure 12b. The final device is assembled by aligning and inserting the pillar into the cavity under the micromirror device (Figure 11f).

Figure 11. Fabrication process for the 3D MEMS scanning mirror: (a) silicon oxide pads are deposited and patterned; (b) low-pressure chemical-vapor deposition (LPCVD) silicon nitride is deposited; (c) KOH etches the backside; (d) vias are created and the surface is metallized; (e) the metal layers are patterned, and the pattern is transferred into the nitride layer using RIE followed by DRIE trench etching; and (f) final release occurred in HF and KOH, with alignment to the bottom electrode wafer. Reproduced with permission from Lin, L.Y., Optics Express; published by OSA Publishing, 2013.
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Figure 12. (a) A SEM image of the MEMS scanning mirror with adjustable focus; (b) An optical microscopy image of the bottom quad-electrode pillar. Reproduced with permission from Lin, L.Y., Optics Express; published by OSA Publishing, 2013.
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The mechanical resonant frequency of the 3D MEMS scanning mirror was measured to be ~216 Hz. Softer tethers made of silicon nitride resulted in the reduced resonant frequency. The micromirror demonstrated a ±5° mechanical tilting angle at 140 V bias under DC actuation, and greater than ±4° tilting angle at 40 V under resonant AC actuation. Focus control was characterized using an optical surface profiler while applying a voltage between the mirror membrane and the Si frame underneath. As shown in Figure 13, between 50 and 95 V, the membrane exhibits significant deflection of the mirror’s center indicated by the dark blue color. A large focus-control range was achieved with the radius-of-curvature tunable from infinity to 50 mm with <100 V actuation. It was also observed that the deflection is uniformly distributed across the mirror which is important for high optical beam quality. Beam profile characterization of a reflected laser beam by the deformed micromirror showed good fitting to a Gaussian beam and confirmed that the optical beam was not distorted by the mirror membrane. When the optical system includes an additional focusing lens with a NA of 0.85, it can achieve a focus spot size as little as 5 μm. While this additional lens decreases the focused spot size, the achievable range of focal length control for the system is also decreased and needs to be considered in designing the overall optical system.

Figure 13. Experimental results for the radius-of-curvature control generated by applying a voltage between the mirror membrane and the Si frame underneath. Three corresponding optical surface profiler images at 50, 80 and 95 V applied bias are also shown. Reproduced with permission from Lin, L.Y., Optics Express; published by OSA Publishing, 2013.
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2.3. Electromagnetic Actuation

Electromagnetic actuation has also been explored to achieve MEMS scanning mirrors for biomedical imaging [11,15]. In reference [11], copper driving coils were electro-plated on the scanning mirror, which together with external permanent magnets formed the actuation structure. The mirror was 4.2 mm × 3.0 mm in size; it had resonant frequencies around 4 kHz; and it achieved a mechanical scanning range up to 8°. This scanning micromirror was used in a commercial Olympus confocal laser scanning microscope. In reference [15], a MEMS scanning catheter was developed for 3D endoscopic imaging with spectral-domain OCT. The two-axis scanning micromirror was fabricated on a SOI wafer, and after the fabrication was completed, a thin magnetic layer composed of a small NdFeB magnet was glued to the back of the micromirror manually. The packaged catheter had an outer diameter of 2.8 mm, and the resonant frequencies of the micromirror were 450 and 350 Hz for the inner and outer axes, respectively. It achieved a mechanical scanning range of ±10°. Since electromagnetic actuation mainly draws current, the actuation voltage was low (1–3 V). In vivo 3D images of human fingertips and oral cavity tissue were obtained to demonstrate the functionality of the scanning micromirror.



2.4. Piezoelectric Actuation

More recent explorations have incorporated the piezoelectric effect to actuate scanning mirrors due to its ability to achieve large static deflection with low power consumption while still boasting high speed. Owing to its ability to achieve both high resonant frequencies and significant static displacement, piezoelectric actuation supports flexibility in scan speed and imaging.

In particular, lead zirconate titanate (PZT) has emerged as a highly piezoelectric material exhibiting large actuation forces as compared to other piezoelectric films, and PZT is readily micromachinable in MEMS applications [44]. In reference [45], the authors demonstrated the utility of PZT piezoelectric transduction in a dual-mirror system oriented in a forward-looking probe, which is especially advantageous in evaluating larger or hollow organs. In this particular system, the mirror attaches at the end of a multilayer cantilever employing PZT as the actuation mechanism. The device developed from a thermally oxidized wafer followed by steps to create the piezoelectric actuator and the scanning mirror; in a two-step etch and release process, the authors independently defined the thickness of the optical mirror and that of the cantilever arm. Contrary to a tradeoff in previous fabrication methods, this procedure resulted in good control of both the actuation range and mirror smoothness, yielding mirror sizes of 600 μm × 840 μm and 700 μm × 1300 μm. The 600 μm × 840 μm mirrors produced a near-static scan range of ±7° at an actuation voltage of 20 V peak-to-peak with a maximum measured power consumption of 1 mW, and under resonant actuation and a voltage amplitude of 1.8 V, the mirror achieved an approximately ±8° response. With a 400 μm cantilever length, the two mirrors possessed resonant frequencies of 600 and 200 Hz, respectively. By reducing the cantilever to 200 μm, the resonant frequencies increased to as much as 2 kHz; however, a shorter cantilever results in reduced deflection. The micromirror was successfully demonstrated in a Fourier domain-OCT system.

Reducing the thickness of the PZT layer can result in larger displacements. An example was reported in reference [46], where a thin-film piezoelectric microactuator comprised of PZT was implemented and purposed for obtaining both lateral and vertical cross-sectioning in endoscopic dual-axes confocal imaging. In the MEMS architecture employing an SOI process flow, a dog-bone shaped mirror is connected to a gimbal platform by beam flexures, and the gimbal base is supported by outer folded legs with embedded thin-film PZT. The outer legs provide the mirror vertical translation, given the large range of motion induced by the thin-films. To actuate the inner mirror, high-frequency excitation of the PZT coupled resonant motion into the mirror for rotational scanning. With this scheme, the authors achieved nearly 200 μm of vertical translation at 18 V with a rotational motion of ±5.5° under 2 V AC actuation. Power requirements under resonance were on the order of 30 μW. The resonant frequency was observed as 3.8 kHz when holes were etched in the mirror platform, and 2.8 kHz for a solid mirror coated with gold. The system provided a field of view of 800 μm × 200 μm and was sized appropriately for application in endoscopy.




3. Image Correction

Image distortions can be caused by various mechanisms during image acquisition utilizing scanning mirrors. For example, the radial scan from the MEMS mirror can cause various distortions in OCT images, since an OCT interferogram is encoded with optical path length difference, potentially causing flat surfaces to appear curved. Conventionally, this type of distortion was corrected using algorithms based on a point-to-point method [47,48], which can consume substantial computing resources. In reference [49], the authors discuss a new method that directly manipulates the original spectral interferograms in the phase domain to correct the spherical distortion. The algorithm continues with a Fourier transform and 3D geometrical transformation to correct fan-shaped and keystone distortions.

Due to the non-linear nature of the gap-closing electrostatic actuation mechanism when driven at non-resonant frequencies, calibration of the driving waveforms is necessary for linear spatial scanning in 2D transverse imaging. This can be achieved through mapping the spatial displacement of the optical beam for a given array of input voltages. Reference [18] shows an example of successful image correction through this approach. In addition to the above-mentioned distortion mechanisms, resonant scanning in one direction demands higher frequencies, which introduce further distortion and divergence from theory. In reference [18], a local transformation-based method was further introduced to correct all distortion mechanisms in the calibration process. There are four key steps in this approach: (1) establish feature-point correspondences between the distorted image and the ground-truth image; (2) parameterize the distorted image and the ground-truth image, respectively, with the feature points; (3) compute the local warping parameters from the corresponding sub-region around each feature point; (4) de-warp the distorted image by applying the local warping parameters. Figure 14 demonstrates the result of the local de-warping image correction algorithm. The as-acquired image (Figure 14b) is substantially distorted from the ground-truth image taken under an optical microscope (Figure 14a). After applying the algorithm, the image is corrected (Figure 14c) and becomes much closer to the original target image.

Figure 14. Results of imaging correction using a local de-warping algorithm. (a) Optical microscope image of the target; (b) Image acquired through an electrostatic-actuated two-axis MEMS scanning mirror without any calibration and correction; (c) Corrected image after applying the local de-warping algorithm. Reproduced with permission from Lin, L.Y., Biomedical Optics Express; published by OSA Publishing, 2015.
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Reference [18] further discussed using a scanning speed correction technique [50] to correct the distorted image obtained through a spectral-domain OCT system due to non-linear spatial movement of the MEMS scanning mirror. The technique utilizes the cross-correlation between adjacent A-scans to estimate their lateral displacement. This relation enables interpolation to uniformly re-distribute A-scans along the lateral axis. The processing time for one frame of 1000 A-scans required approximately 0.2 s when implemented in MATLAB® (Natick, MA, USA). With a further optimized processing scheme, reference [50] achieved a rate of over 62,000 A-scans per second using a graphical processing unit (GPU) and parallel processing, thereby demonstrating the compatibility of this algorithm with real-time imaging. In reference [18], a mouse ear was imaged using spectral-domain OCT with a 2D MEMS scanning mirror. The corrected image after applying the scan-speed correction technique demonstrated elimination of motion artifacts.





4. Summary

In this paper, we review the progress of MEMS scanning mirrors for optical bio-imaging applications. We discuss the principles of various actuation mechanisms and summarize the performance of scanning micromirrors achieved by each actuation technology. In general, thermoelectric actuation can achieve large scanning angles for the micromirrors, and the overall device area can be compact; however, the actuation draws large currents, and the speed may be reduced due to thermal relaxation time. Electromagnetic actuation can in principle achieve large scanning angles, but it requires magnetic materials which can make fabrication and packaging of compact devices more challenging. Like thermoelectric actuation, it requires low actuation voltage but has a similar issue with current draw. Electrostatic actuation typically requires high voltages but consumes very little power since it draws almost no current. Two main approaches have been developed for electrostatic actuation: comb-drive and parallel-plate gap-closing actuators. The former can achieve linear actuation but in general results in larger device areas, while the latter can achieve compact device areas but the actuation is non-linear if not operated at resonance. More recent investigations have shown that piezoelectric actuation is another viable mechanism that can achieve large deflections in both the resonant and static cases, while also requiring less power; however, design and fabrication of these structures can be complex requiring materials not necessarily native to CMOS processing.

We also discuss additional functionality such as tunable focal lengths that can enhance MEMS scanning mirrors, and we show realization of the integrated devices using both electrothermal and electrostatic actuation approaches. The scanning motion of the MEMS mirrors can result in various artifacts during image acquisition, and various algorithms have been developed to correct distortions to improve image quality. Some of the demonstrated results are summarized in this paper.

MEMS scanning mirror technologies have made substantial impacts in many applications, with optical imaging in biomedicine being a significant one of them. Given the continuous efforts in this field, it is expected that the performance of these MEMS scanning mirrors will continue to improve which will enable optical imaging with higher resolution, speed, and functionality in more compact devices and systems.
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